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Preface

This text is an introduction to Simulink ®, a companion application to MATLAB ®. It is written
for students at the undergraduate and graduate programs, as well as for the working professional.

Although some previous knowledge of MATLAB would be helpful, it is not absolutely necessary;
Appendix A of this text is an introduction to MATLAB to enable the reader to begin learning
both MATLAB and Simulink simultaneously, and to perform graphical computations and
programming.

Chapters 2 through 18 describe the blocks of all Simulink libraries. Their application is illustrated
with practical examples through Simulink models, some of which are supplemented with
MATLAB functions, commands, and statements. Some background information is provided for
lesser known definitions and topics. Chapters 1 and 19 contain several Simulink models to
illustrate various applied math and engineering applications. Appendix B is an introduction to
difference equations as they apply to discrete-time systems, and Appendix C introduces the reader
to random generation procedures.

This text supplements our Numerical Analysis with MATLAB and Spreadsheet Applications, ISBN
0-9709511-1-6. It is self-contained; the blocks of each library are described in an orderly fashion
that is consistent with Simulink’s documentation. This arrangement provides insight into how a
model is used and how its parts interact with each another.

Like MATLAB, Simulink can be used with both linear and nonlinear systems, which can be
modeled in continuous time, sample time, or a hybrid of these. Examples are provided in this text.

Most of the examples presented in this book can be implemented with the Student Versions of
MATLAB and Simulink. A few may require the full versions of these outstanding packages, and
these examples may be skipped. Some add-ons, known as Toolboxes and Blocksets can be
obtained from The MathWorks,™ Inc., 3 Apple Hill Drive, Natick, MA, 01760-2098, USA,

www.mathworks.com.

To get the most out of this outstanding application, it is highly recommended that this text is used
in conjunction with the MATLAB and Simulink User’s Guides. Other references are provided in
the reference section of this text.

The author wishes to express his gratitude to the staff of The MathWorks™, the developers of
MATLAB® and Simulink®, especially to Ms. Courtney Esposito, for the encouragement and
unlimited support they have provided me with during the production of this text.




This is the first edition of this title, and although every effort was made to correct possible
typographical errors and erroneous references to figures and tables, some may have been
overlooked. Accordingly, the author will appreciate it very much if any such errors are brought to
his attention so that corrections can be made for the next edition.

Orchard Publications
www.orchardpublications.com
info@orchardpublications.com
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Chapter 1

Introduction to Simulink

Simulink with a few examples. Tools for simulation and model-based designs will be pre-
sented in the subsequent chapters. Some familiarity with MATLAB is essential in under-
standing Simulink, and for this purpose, Appendix A is included as an introduction to MATLAB.

T his chapter is an introduction to Simulink. This author feels that we can best introduce

1.1 Simulink and its Relation to MATLAB

The MATLAB® and Simulink® environments are integrated into one entity, and thus we can
analyze, simulate, and revise our models in either environment at any point. We invoke Simulink
from within MATLAB. We begin with a few examples and we will discuss generalities in subse-
quent chapters. Throughout this text, a left justified horizontal bar will denote the beginning of
an example, and a right justified horizontal bar will denote the end of the example. These bars
will not be shown whenever an example begins at the top of a page or at the bottom of a page.
Also, when one example follows immediately after a previous example, the right justified bar will
be omitted.

Example 1.1

For the circuit of Figure 1.1, the initial conditions are i, (07) = 0, and v _(07) = 0.5 V. We will
compute v (t).
R L

1IN
1Q 1/4 H

+
c 1

. 7~ Ve(t)
i(t) 43F

vs(t) = ug(t)

Figure 1.1. Circuit for Example 1.1

For this example,
. . dv¢
=1 =i = CE (1.1)

and by Kirchoff’s voltage law (KVL),
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Ri, + L(ii + Ve = u(t) (1.2)
Substitution of (1.1) into (1.2) yields
dv d’ve
RC—=+LC—= +vc = uy(t) (1.3)
dt dt’

Substituting the values of the circuit constants and rearranging we get:

2
d d

2,
dve
dt dt
d2V dv¢
+4—+3v. =3 t>0 (1.5)
dt dt

To appreciate Simulink’s capabilities, for comparison, three different methods of obtaining the
solution are presented, and the solution using Simulink follows.

First Method — Assumed Solution

Equation (1.5) is a second-order, non-homogeneous differential equation with constant coeffi-
cients, and thus the complete solution will consist of the sum of the forced response and the natu-
ral response. It is obvious that the solution of this equation cannot be a constant since the deriva-
tives of a constant are zero and thus the equation is not satisfied. Also, the solution cannot
contain sinusoidal functions (sine and cosine) since the derivatives of these are also sinusoids.

. . —at . .
However, decaying exponentials of the form ke where k and a are constants, are possible candi-
dates since their derivatives have the same form but alternate in sign.

* . -8t —S,t
It can be shown™ thatif ke ' and kye ° where k, and k, are constants and s, and s, are the

roots of the characteristic equation of the homogeneous part of the given differential equation,

. -t —s,t . .
the natural response is the sum of the terms k;e ' and kye * . Therefore, the total solution will

be

v,(t) = natural response + forced response = v ,(t) + v {t) = kle_Slt + kze_szt +v(t) (1.6)

*  Please refer to Circuit Analysis II with MATLAB Applications, ISBN 0-9709511-5-9, Appendix B for a
thorough discussion.
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The values of s, and s, are the roots of the characteristic equation

S +4s+3 =0 (1.7)
Solution of (1.7) yields of s, = -1 and s, = -3 and with these values (1.6) is written as
vo(t) = ke + ke vt (1.8)

The forced component v (t) is found from (1.5), i.e.,

2

d
dve yLe 3y =23 50 (1.9)
ot

Since the right side of (1.9) is a constant, the forced response will also be a constant and we
denote it as vy = k;. By substitution into (1.9) we get

0+0+3k; =3

or
vep = ky = 1 (1.10)

Substitution of this value into (1.8), yields the total solution as
Ve(D)= v (D) +vep = kje T+ ke + 1 (1.11)

The constants k; and k, will be evaluated from the initial conditions. First, using v-(0) = 0.5 V

and evaluating (1.11) at t = 0, we get

ve(0) = ke’ +k,e’+1 = 0.5

Kk, +k, = —0.5 (1.12)
Also, .
o ove dve g
L=ie=Cq @ e
and
dve|  _1i@) _0 _, (1.13)
dt|_, € C '

Next, we differentiate (1.11), we evaluate it at t = 0, and equate it with (1.13). Thus,

dve
— = -k,-3k 1.1
dt | _, ! 2 (1.14)
Introduction to Simulink with Engineering Applications 1-3
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By equating the right sides of (1.13) and (1.14) we get

Simultaneous solution of (1.12) and (1.15), gives k; = —0.75 and k, = 0.25. By substitution into
(1.8), we obtain the total solution as
ve(t) = (=0.75¢ " +0.25¢ " + 1)uy(t) (1.16)
Check with MATLAB:
syms t % Define symbolic variable t
y0=-0.75*exp(-t)+0.25*exp(-3*t)+1; % The total solution y(t), for our example, vc(t)
y1=diff(y0) % The first derivative of y(t)
vl =
3/4*exp(-t)-3/4*exp (-3*t)
y2=diff(y0,2) % The second derivative of y(t)
v2 =
-3/4*%*exp(-t)+9/4*exp (-3*t)
y=y2+4*y1+3*y0 % Summation of y and its derivatives
y =
3

Thus, the solution has been verified by MATLAB. Using the expression for v(t) in (1.16), we

find the expression for the current as

dv _ _ “t -
i= i =i = cd—tC = %( %e t—%e 3‘) —e'e A (1.17)

Second Method — Using the Laplace Transformation

The transformed circuit is shown in Figure 1.2.

R L
LI +
1 0.25s ¢
- T
V(s) = 1/s Cj 3/4s Ve(s)
I(s) (F) V) l
0.5/s v

Figure 1.2. Transformed Circuit for Example 1.1
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. . . * .
By the voltage division expression,

Ve(s) = 3/4s .(l_g§»+g§= 15,05 _ 055 +2s+3
¢ (140.25s+3/4s) \s s s s(s>+4s+3) S s(s+ 1)(s+3)
Using partial fraction expansion,’ we let
0.582+2S+3 _ E+ ) I3 (118)

S+1)(5+3) s G (5+3)

:0.5s2+2s+3 -1
s+ D(s+3)| _,

2
r2 = M = —075
s(s+3) -
0.5s> +2s+3
S SLELLE = 025
s(s+1) | _,

and by substitution into (1.18)

2
Ve(s) = 05s"+2s+3 _ 1, -075 025
s(s+1)(s+3) s (s+1) (s+3)

Taking the Inverse Laplace transform* we find that
ve(t) = 1-0.75¢ " +0.25¢ "

Third Method - Using State Variables

. di
Ri; + L—dTL + Ve = ug(t) -

*  For derivation of the voltage division and current division expressions, please refer to Circuit Analysis I with

MATLAB Applications, ISBN 0-9709511-2-4.

T A thorough discussion of partial fraction expansion with MATLAB Applications is presented in Numerical
Analysis with MATLAB and Spreadsheet Applications, ISBN 0—9709511-1-6.

¥ For an introduction to Laplace Transform and Inverse Laplace Transform, please refer to Circuit Analysis I1
with MATLAB Applications, ISBN 0-9709511-5-9.

** Usually, in State—Space and State Variables Analysis, u(t) denotes any input. For distinction, we will denote
the Unit Step Function as uy(t) . For a detailed discussion on State—Space and State Variables Analysis, please
refer to Signals and Systems with MATLAB Applications, ISBN 0-9709511-6—7.
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By substitution of given values and rearranging, we obtain

1dip .
e (-Dip—ve+1
or
S = i v+ (1.19)

Next, we define the state variables x;, = i, and x, = v.. Then,

. di

X, = d_tL (1.20)
and

. dv

%= (1.21)
Also, q
and thus, q

. \ . .

or

%, = ixl (1.22)

Therefore, from (1.19), (1.20), and (1.22), we get the state equations

X; = —4x,-4x,+4
3

Xy = le

H - {—4 —4} H " muo(t) (1.23)
% 374 ollx| |o

and in matrix form,

Solution™ of (1.23) yields

* The notation x (x dot) is often used to denote the first derivative of the function X, that is, x = dx/dt.

T The detailed solution of (1.23) is given in Signals and Systems with MATLAB Applications, ISBN O-
9709511-6-7, Chapter 5.
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Xl _ e—t_e—?at
X -t -3t
2 1-0.75¢ +0.25¢

3t

Then,
X, =i = ¢ - (1.24)

and

X, = ve = 1-075¢ " +025¢ " (1.25)

Modeling the Differential Equation of Example 1.1 with Simulink

To run Simulink, we must first invoke MATLAB. Make sure that Simulink is installed in your sys-
tem. In the Command Window, we type:

simulink

Alternately, we can click on the Simulink icon shown in Figure 1.3. It appears on the top bar on
MATLAB’s Command Window.

Figure 1.3. The Simulink icon

Upon execution of the Simulink command, the Commonly Used Blocks are shown in Figure

1.4.

In Figure 1.4, the left side is referred to as the Tree Pane and displays all Simulink libraries
installed. The right side is referred to as the Contents Pane and displays the blocks that reside in
the library currently selected in the Tree Pane.

Let us express the differential equation of Example 1.1 as

d2V dv
€ = 4—5_3ve+3uy(t) (1.26)
P dt

A block diagram representing (1.26) is shown in Figure 1.5. Now, we will use Simulink to draw a
similar block diagram.
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¥

+

¥

uy(t)

Sirmulink
33 Commanly Used Blocks
y Continuous

m Discontinuities

# Discrete

#3 Logic and Bit Operations
#+ Lookup Tables

#| Math Operations

# Model Yerification

#3| Model-Wide Utilities

# Ports & Subsystems

# Signal Attributes

# Signal Routing

¥ Sinks

y Sources

# User-Defined Functions
+- ¥ Additional Math 2 Discrete
W Real-Time Workshop

E Signal Processing Blockset
E SimPower Jystems

W Simulink Extras

” Comrmorly Used Blocks

Continuous

W

<] =
=
i

am—ry

+]
1i

¢

+l_ [+l [+]
e
o

o [ L
Eﬂ&i*&'

I+
L

i

+]

Discrete

Digontinuities

Logiz and Bit Operations
Lookup Tables

kd ath O perations

Model Verification
Model-wide Utilities
Forts & Subsystems
Signal Attributes

Signal Routing

Sinks
Sources

Izer-Defined Functions

Additional Math & Dizcrete

Figure 1.4. The Simulink Library Browser

d7ve

dve
dt

Ve

Idt

fat

-3

Figure 1.5. Block diagram for equation (1.26)

To model the differential equation (1.26) using Simulink, we perform the following steps:

1. On the Simulink Library Browser, we click on the leftmost icon shown as a blank page on the
top title bar. A new model window named untitled will appear as shown in Figure 1.6.
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=] untitled E| [@@
File Edit Wiew Simulaktion Format  Tools  Help
D=2dES 100 |Momal

Ready 100%: odeds

Figure 1.6. The Untitled model window in Simulink.

The window of Figure 1.6 is the model window where we enter our blocks to form a block dia-
gram. We save this as model file name Equation_1_26. This is done from the File drop menu of
Figure 1.6 where we choose Save as and name the file as Equation_1_26. Simulink will add the
extension .mdl. The new model window will now be shown as Equation_1_26, and all saved
files will have this appearance. See Figure 1.7.

=l Equation_1_26 E| E'E'
File Edit Wiew Simulation Format  Tools  Help

O = H S v |1EI. |Nnrmal -
Ready 100%: ode3

Figure 1.7. Model window for Equation_1_26.mdl file

2. With the Equation_1_26 model window and the Simulink Library Browser both visible, we
click on the Sources appearing on the left side list, and on the right side we scroll down until
we see the unit step function. See Figure 1.8. We select it, and we drag it into the
Equation_1_26 model window which now appears as shown in Figure 1.8. We save file
Equation 1 26 using the File drop menu on the Equation_1_26 model window (right side of
Figure 1.8).

3. With reference to block diagram of Figure 1.5, we observe that we need to connect an ampli-
fier with Gain 3 to the unit step function block. The gain block in Simulink is under Com-
monly Used Blocks (first item under Simulink on the Simulink Library Browser). See Figure
1.8. If the Equation_1_26 model window is no longer visible, it can be recalled by clicking on
the white page icon on the top bar of the Simulink Library Browser.

4. We choose the gain block and we drag it to the right of the unit step function. The triangle on
the right side of the unit step function block and the > symbols on the left and right sides of
the gain block are connection points. We point the mouse close to the connection point of the
unit step function until is shows as a cross hair, and draw a straight line to connect the two
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blocks. We double—click on the gain block and on the Function Block Parameters, we
change the gain from 1 to 3. See Figure 1.9.

ulink, ”~ II‘ Conztant AIW

Commanly Used Blacks Counter Free-Running
Continuous @ Counter Limited .
E:z:::;““'“es (=] Dl Cock L eds
Logic and Bit Operations From File
Lookup Tables From “Workspace . I}
Math Cperations E Ground Step
Model Verification In1
Model-Wwide Ltilities Im Pulze Generator
Ports & Subsystems 7 Rarmp
Signal Attributes E Fandam Humber
Signial Reuting m Repeating Sequence
Binks rA Repeating Sequence Interpolated
ill:::;;ined Functions M| Repeating Sequence Stair
Additional Math & Discrete Signal Buider
il-Time Workshap Signal Generator
14l Processing Blockset IE Sine 'wave
Poweraystems — E
vlink Frtras vt | TTRT Uivifarmn Pancdam Komber =

Figure 1.8. Dragging the unit step function into File Equation_1 26

E] Equation_1_26

File Edit “iew Simulation Format Tools  Help
O =z E& L » o, Momal — v|
F >l>>
Step SEain
Ready 100%: oded

Figure 1.9. File Equation 1 26 with added Step and Gain blocks

5. Next, we need to add a thee—input adder. The adder block appears on the right side of the
Simulink Library Browser under Math Operations. We select it, and we drag it into the
Equation_1_26 model window. We double click it, and on the Function Block Parameters
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window which appears, we specify 3 inputs. We then connect the output of the of the gain
block to the first input of the adder block as shown in Figure 1.10.

>

Step Fain 1

+
Add

Figure 1.10. File Equation 1 26 with added gain block

6. From the Commonly Used Blocks of the Simulink Library Browser, we choose the Integra-
tor block, we drag it into the Equation_1_26 model window, and we connect it to the output
of the Add block. We repeat this step and to add a second Integrator block. We click on the
text “Integrator” under the first integrator block, and we change it to Integrator 1. Then, we
change the text “Integrator 1” under the second Integrator to “Integrator 2” as shown in Fig-

ure 1.11.
I I: . 1 » 1L

Step Gain 5 =
+
o Integrator Integratorz

Figure 1.11. File Equation 1 26 with the addition of two integrators

7. To complete the block diagram, we add the Scope block which is found in the Commonly
Used Blocks on the Simulink Library Browser, we click on the Gain block, and we copy and
paste it twice. We flip the pasted Gain blocks by using the Flip Block command from the For-
mat drop menu, and we label these as Gain 2 and Gain 3. Finally, we double-click on these
gain blocks and on the Function Block Parameters window, we change the gains from to —4
and -3 as shown in Figure 1.12.

J_%J' 1 1 C ]

+ L L
Step Gaind > g » »

Integratorz Soope

Gain3

Figure 1.12. File Equation 1 26 complete block diagram

dve

8. The initial conditions i;(07) = C m

=0, and v,(0) = 0.5V are entered by double
t=0

clicking the Integrator blocks and entering the values 0 for the first integrator, and 0.5 for the
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second integrator. We also need to specify the simulation time. This is done by specifying the
simulation time to be 10 seconds on the Configuration Parameters from the Simulation drop
menu. We can start the simulation on Start from the Simulation drop menu or by clicking on

.
the — icon.

9. To see the output waveform, we double click on the Scope block, and then clicking on the

dh . -
Autoscale icon, we obtain the waveform shown in Figure 1.13.

Time offset; 0O

Figure 1.13. The waveform for the function v(t) for Example 1.1

Another easier method to obtain and display the output v(t) for Example 1.1, is to use State-
Space block from Continuous in the Simulink Library Browser, as shown in Figure 1.14.

» == Ax+Bu |:|
yw = CxtOu
Step State-Space Scope
simout
To Workspace

Figure 1.14. Obtaining the function v(t) for Example 1.1 with the State—Space block.

The simout To Workspace block shown in Figure 1.14 writes its input to the workspace. As we
know from our MATLAB studies, the data and variables created in the MATLAB Command
window, reside in the MATLAB Workspace. This block writes its output to an array or structure
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that has the name specified by the block's Variable name parameter. It is highly recommended
that this block is included in the saved model. This gives us the ability to delete or modify selected
variables. To see what variables reside in the MATLAB Workspace, we issue the command who.

o AR e

From Equation 1.23,

The output equation is

y = Cx+du
or
y = [0 1]H+[01u
X3

We double-click on the State-Space block, and in the Functions Block Parameters window we
enter the constants shown in Figure 1.15.

=] Function Block Parameters: State-Space

State Space

State-zpace model:
dudt =t + Bu
y=Cr+Du

Parameters

A

[-4 -4 344 0] |
B:

1407 |
C:

101] |
0

L |
[mitial conditiones:

[1 2] |

Ahbzalute tolerance:

|aut|:| |

(] ” Cancel ] ’ Help Apply

Figure 1.15. The Function block parameters for the State—Space block.
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The initials conditions [x1 x2]' are specified in MATLAB’s Command Window as
x1=0; x2=0.5;

. . . 1 > .
As before, to start the simulation we click clicking on the ——— icon, and to see the output wave-

form, we double click on the Scope block, and then clicking on the Autoscale L icon, we
obtain the waveform shown in Figure 1.16.

A=1E3
SHLLH HARE DA S

Autoscale

Time offset: 0

Figure 1.16. The waveform for the function v (t) for Example 1.1 with the State-Space block.

The state-space block is the best choice when we need to display the output waveform of three or
more variables as illustrated by the following example.

Example 1.2
A fourth—order network is described by the differential equation

3

4 2
Q+a3d—z+a2g—%/+ali—i]+a0 y(t) = u(t) (1.27)
dt

att T d
where y(t) is the output representing the voltage or current of the network, and u(t) is any input,
and the initial conditions are y(0) = y'(0) = y"(0) = y"(0) = 0.

a. We will express (1.27) as a set of state equations
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b. It is known that the solution of the differential equation

4 2
(—1—3’ +2d
dt dt

<

> +y(t) = sint (1.28)

subject to the initial conditions y(0) = y'(0) = y"(0) = y"(0) = 0, has the solution

y(t) = 0.125[(3 —t°) - 3tcost] (1.29)

In our set of state equations, we will select appropriate values for the coefficients
as, a,,a;, and a, so that the new set of the state equations will represent the differential equa-
tion of (1.28) and using Simulink, we will display the waveform of the output y(t).

. The differential equation of (1.28) is of fourth-order; therefore, we must define four state vari-
ables that will be used with the four first-order state equations.

We denote the state variables as x,, x,, X5, and x,, and we relate them to the terms of the
given differential equation as

2 3
_ _dy _dy _dy
X = y(t) X2 = 4t X3 = ;[; X4 = —d? (1.30)
We observe that
Xl = X2
X2 = X3
44
_3] = X4 = _aoxl_a1X2_a2X3_a3X4+u(t)
dt
and in matrix form
X 0 1 0 O0fx] |0
I R P YRS, (1.32)
X, 0 0 0 1|lx| |0
Xy —dg —a; —d; —A3] |x, 1
In compact form, (1.32) is written as
X = Ax+bu (1.33)
Also, the output is
y = Cx+du (1.34)
where
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X 0 1 0 O S| 0
x= %, A=|0 O D O Xy 10 andu = u() (1.35)
X5 0 0 0 1 X3 0
Xy —ap —a; —a, —a, Xy 1
and since the output is defined as
y(t) = x
relation (1.34) is expressed as
Xy
y =100 0] +[0]u(t) (1.36)
X3
X4

. By inspection the differential equation of (1.27) will be reduced to the differential equation of
(1.28) if we let

a; =0 a, =2 a, =0 ag = 1 u(t) = sint

and thus the differential equation of (1.28) can be expressed in state—space form as

X, 01 0 0% 0
X 2|00 1 0% 10 sint (1.37)
X3 00 0 1]|x,] |0
X, -2, 0 -2 0]|x, 1
where
X, 0100 X, 0
x=1%, A= 001 O, x = |2, b:O, and u = sint (1.38)
% 0001 X3 0
X, -2, 0-2 0 X, 1
Since the output is defined as
y(t) = x,
in matrix form it is expressed as
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Xy

X3

y=[1000] +[0]sint (1.39)

X3

X4

We invoke MATLAB, we start Simulink by clicking on the Simulink icon, on the Simulink
Library Browser, we click on the Create a new model (blank page icon on the left of the top
bar), and we save this model as Example_1_2. On the Simulink Library Browser we select
Sources, we drag the Signal Generator block on the Example_1_2 model window, we click
and drag the State-Space block from the Continuous on Simulink Library Browser, and we
click and drag the Scope block from the Commonly Used Blocks on the Simulink Library
Browser. We also add the Display block found under Sinks on the Simulink Library
Browser. We connect these four blocks and the complete block diagram is as shown in Figure
1.17.

(i g I ]
Sigral Sthate-Space Scope

Genermator
Display

Figure 1.17. Block diagram for Example 1.2

We now double-click on the Signal Generator block and we enter the following in the Func-
tion Block Parameters:

Wave form: sine

Time (t): Use simulation time

Amplitude: 1

Frequency: 2

Units: Hertz

Next, we double-click on the state-space block and we enter the following parameter values
in the Function Block Parameters:
A:[0100;0010,000 1;-a0 —al1 —a2 —a3]
B:[0 0 0 1]

C:[1 00 0]

D: [0]
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Initial conditions: x0

Absolute tolerance: auto

Now, we switch to the MATLAB Command Window and we type the following:
>> a0=1; a1=0; a2=2; a3=0; x0=[0 0 0 O];

We change the Simulation Stop time to 25, and we start the simulation by clicking on the -
icon. To see the output waveform, we double click on the Scope block, then clicking on the

Autoscale # icon, we obtain the waveform shown in Figure 1.18.

Figure 1.18. Waveform for Example 1.2

The Display block in Figure 1.17 shows the value at the end of the simulation stop time.

Examples 1.1 and 1.2 have clearly illustrated that the State—Space is indeed a powerful block. We
could have obtained the solution of Example 1.2 using four Integrator blocks by this approach
would have been more time consuming.

|
Example 1.3

Using Algebraic Constraint blocks found in the Math Operations library, Display blocks found
in the Sinks library, and Gain blocks found in the Commonly Used Blocks library, we will create
a model that will produce the simultaneous solution of three equations with three unknowns.

The model will display the values for the unknowns z,, z,, and z; in the system of the equations
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a,z; +a,z, + a3z, +k; = 0

a7Z; +agZ, + agZ; +ky = 0
The model is shown in Figure 1.19.
Gain
! >|a1 P
I
I

T

= : kA1
Constant 1

Solve zl
™ s <

Algebraic Gonstaint 1 Dizplay 1

+ + + +

by

dd 1

Solve =
i
B =0 F =
Dizplay 2

Algebraic Constaint 2

]
]

hoy

dd 2

i
-1
¥

+ + +

g
Salwe =5
s [em 2| Zy
>|aEI | flzl=0 ;
|—’ + Algebraic Constraint 3 Display 3
Add 2

k=3
'—D{ag
Constant 3

Figure 1.19. Model for Example 1.3

Next, we go to MATLAB’s Command Window and we enter the following values:

al1=2; a2=—3; a3=—1; ad4=1; a5=5; a6=4; a7=—6; a8=1; a9=2;...

k1=-8; k2=-7; k3=5;

After clicking on the simulation icon, we observe the values of the unknowns as z; = 2,

z, = -3, and z; = 5.These values are shown in the Display blocks of Figure 1.19.

The Algebraic Constraint block constrains the input signal f(z) to zero and outputs an algebraic
state z. The block outputs the value necessary to produce a zero at the input. The output must

affect the input through some feedback path. This enables us to specify algebraic equations for
index 1 differential/algebraic systems (DAEs). By default, the Initial guess parameter is zero. We
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can improve the efficiency of the algebraic loop solver by providing an Initial guess for the alge-
braic state z that is close to the solution value.

An outstanding feature in Simulink is the representation of a large model consisting of many
blocks and lines, to be shown as a single Subsystem block. For instance, we can group all blocks
and lines in the model of Figure 1.19 except the display blocks, we choose Create Subsystem

from the Edit menu, and this model will be shown as in Figure 1.20" where in MATLAB’s Com-
mand Window we have entered:

al=5; a2=—1; a3=4; a4=11; a5=6; a6=9; a7=-8; a8=4; a9=15;...
k1=14; k2=-6; k3=9;

ot -0.312
Display 1

out
Display 2

outs -1.976
Display 3

Subsystem
Figure 1.20. The model of Figure 1.19 represented as a subsystem

The Display blocks in Figure 1.20 show the values of z,, z,, and z, for the values specified in
MATLAB’s Command Window.

The Subsystem block is described in detail in Chapter 2, Section 2.1, Page 2-2.
1.2 Simulink Demos

At this time, the reader with no prior knowledge of Simulink, should be ready to learn Simulink’s
additional capabilities. We will explore other features in the subsequent chapters. However, it is
highly recommended that the reader becomes familiar with the block libraries found in the Sim-
ulink Library Browser. Then, the reader can follow the steps delineated in The MathWorks Sim-
ulink User’s Manual to run the Demo Models beginning with the thermo model. This model can
be started by typing thermo in the MATLAB Command Window.

In the subsequent chapters, we will study each of the blocks under each of libraries in the Tree
Pane. They are listed in Table 1.1 below in alphabetical order, library, chapter, section/subsection,
and page number in which they are described.

* The contents of the Subsystem block are not lost. We can double-click on the Subsystem block to see its con-
tents. The Subsystem block replaces the inputs and outputs of the model with Inport and Outport blocks. These
blocks are described in Section 2.1, Chapter 2, Page 2-2.
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TABLE 1.1 Simulink blocks

Block Name Library Chapter | Section/Subsection Page
Abs Math Operations Group 8 8.1.14 8-10
Add Math Operations Group 8 8.1.2 8-2
Algebraic Constraint Math Operations Group 8 8.1.23 8-18
Assertion Model Verification 9 9.9 9-12
Assignment Vector / Matrix Operations 8 8.2.1 8-19
Atomic Subsystem Ports & Subsystems 11 11.5 11-4
Backlash Discontinuities 4 4.7 4-9
Band-Limited White Noise Signal Generators 15 15.2.12 15-17
Bias Math Operations Group 8 8.1.5 8—4
Bit Clear Bit Operations Group 6 6.2.2 6-13
Bit Set Bit Operations Group 6 6.2.1 6-12
Bitwise Operator Bit Operations Group 6 6.2.3 6-14
Block Support Table Modeling Guides 10 10.3 10-9
Bus Assignment Signal Routing Group 13 13.1.3 13-2
Bus Creator Commonly Used blocks 2 2.6 2-1
Bus Selector Commonly Used blocks 2 2.6 2-7
Check Discrete Gradient Model Verification 9 9.10 9-13
Check Dynamic Gap Model Verification 9 9.8 9-10
Check Dynamic Lower Bound |Model Verification 9 9.5 9-6
Check Dynamic Range Model Verification 9 9.7 9-9
Check Dynamic Upper Bound |[Model Verification 9 9.6 9-8
Check Input Resolution Model Verification 9 9.11 9-14
Check Static Gap Model Verification 9 94 9-5
Check Static Lower Bound Model Verification 9 9.1 9-2
Check Static Range Model Verification 9 9.3 9-4
Check Static Upper Bound Model Verification 9 9.2 9-3
Chirp Signal Signal Generators 15 15.2.9 15-14
Clock Signal Generators 15 15.2.17 15-26
CodeReuse Subsystem Ports & Subsystems 11 11.6 11-9
Combinational Logic Logic Operations Group 6 6.1.5 6—4
Compare To Constant Logic Operations Group 6 6.1.7 6-10
Compare To Zero Logic Operations Group 6 6.1.6 6-9
Complex to Magnitude-Angle |Complex Vector Conversions Group 8 8.3.1 8-24
Complex to Real-Imag Complex Vector Conversions Group 8 833 8-25
Configurable Subsystem Ports & Subsystems 11 11.8 11-19
Constant Commonly Used blocks 2 2.4 2-6
Cosine Lookup Tables 7 7.8 7-16
Coulomb and Viscous Friction |Discontinuities 4.11 4-14
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TABLE 1.1 Simulink blocks

(con’t)

Block Name Library Chapter | Section/Subsection Page
Counter Free-Running Signal Generators 15 15.2.16 15-25
Counter Limited Signal Generators 15 15.2.15 15-24
Data Store Memory Signal Storage and Access Group 13 13.2.2 13-15
Data Store Read Signal Storage and Access Group 13 13.2.1 13-14
Data Store Write Signal Storage and Access Group 13 13.2.3 13-15
Data Type Conversion Commonly Used blocks 2 2.17 2-29
Data Type Conversion Signal Attribute Manipulation 12 12.1.5 12-5
Inherited
Data Type Duplicate Signal Attribute Manipulation 12 12.1.2 12-2
Data Type Propagation Signal Attribute Manipulation 12 12.1.3 12-4
Data Type Propagation Signal Attribute Manipulation 12 12.1.10 12-12
Examples
Data Type Scaling Strip Signal Attribute Manipulation 12 12.1.4 12-5
Dead Zone Discontinuities 4 4.3 4—4
Dead Zone Dynamic Discontinuities 4 4.4 4-5
Decrement Real World Increment / Decrement 18 18.2 18-3
Decrement Stored Integer Increment / Decrement 18 18.4 18-5
Decrement Time To Zero Increment / Decrement 18 18.6 18-7
Decrement To Zero Increment / Decrement 18 18.5 18-6
Demux Commonly Used blocks 2 2.7 2-11
Derivative Continuous-Time Linear Systems 3 3.1.2 3-2
Detect Change Edge Detection Group 6 6.3.3 6-21
Detect Decrease Edge Detection Group 6 6.3.2 6-20
Detect Fall Negative Edge Detection Group 6 6.3.6 6-24
Detect Fall Nonpositive Edge Detection Group 6 6.3.7 6-25
Detect Increase Edge Detection Group 6 6.3.1 6-18
Detect Rise Nonnegative Edge Detection Group 6 6.3.5 6-23
Detect Rise Positive Edge Detection Group 6 6.3.4 6-22
Difference Discrete—Time Linear Systems 5 5.1.8 5-9
Digital Clock Signal Generators 15 15.2.18 15-27
Direct Lookup Table (n-D) Lookup Tables 7 1.6 7-9
Discrete Derivative Discrete—Time Linear Systems 5 5.1.9 5-10
Discrete Filter Discrete—Time Linear Systems 5 5.1.6 5-5
Discrete State-Space Discrete—Time Linear Systems 5 5.1.10 5-11
Discrete Transfer Fen Discrete—Time Linear Systems 5 5.1.5 5-4
Discrete Zero-Pole Discrete—Time Linear Systems 5 5.1.7 5-8
Discrete-Time Integrator Commonly Used blocks 2 2.16 2-26
Display Data Viewers 14 14.2.4 14-13
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TABLE 1.1 Simulink blocks

(con’t)
Block Name Library Chapter [ Section/Subsection Page

Divide Math Operations Group 8 8.1.10 8-7
Doc Text (DocBlock) Documentation 10 10.2.2 10-8
Dot Product Math Operations Group 8 8.1.12 8-8
Embedded MATLAB User—Defined Functions 16 16.3 16-3
Function

Enable Ports & Subsystems 11 11.3 11-2
Enabled and Triggered Ports & Subsystems 11 11.11 11-30
Subsystem

Enabled Subsystem Ports & Subsystems 11 11.10 11-27
Environment Controller Signal Routing Group 13 13.1.9 13-9
Extract Bits Bit Operations Group 6 6.2.5 6-17
Fen User—Defined Functions 16 16.1 16-2
First-Order Hold Sample & Hold Delays 5 5.2.2 5-22
Fixed-Point State-Space Additional Discrete 17 17.3 17-4
Floating Scope Data Viewers 14 14.2.2 14-8
For Iterator Subsystem Ports & Subsystems 11 11.13 11-36
From Signal Routing Group 13 13.1.13 13-11
From File Models and Subsystems Inputs 15 15.1.3 15-2
From Workspace Models and Subsystems Inputs 15 15.1.4 15-2
Function-Call Generator Ports & Subsystems 11 11.4 11-3
Function-Call Subsystem Ports & Subsystems 11 11.12 11-34
Gain Commonly Used blocks 2 2.10 2-16
Goto Signal Routing Group 13 13.1.15 13-13
Goto Tag Visibility Signal Routing Group 13 13.1.14 13-12
Ground Commonly Used blocks 2 2.2 2-4
Hit Crossing Discontinuities 4.10 4-13
IC (Initial Condition) Signal Attribute Manipulation 12 12.1.6 12-6
If Ports & Subsystems 11 11.15 11-40
If Action Subsystem Ports & Subsystems 11 11.15 11-40
Increment Real World Increment / Decrement 18 18.1 18-2
Increment Stored Integer Increment / Decrement 18 18.3 18—4
Index Vector Signal Routing Group 13 13.1.7 13-7
Inport Commonly Used blocks 2 2.1 2-2
Integer Delay Discrete-Time Linear Systems 5 5.1.2 5-2
Integrator Commonly Used blocks 2 2.14 2-20
Interpolation (n-D) Using Lookup Tables 7 7.5 7-8
PreLookup

Interval Test Logic Operations Group 6 6.1.3 6—2
Interval Test Dynamic Logic Operations Group 6 6.14 63
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TABLE 1.1 Simulink blocks

(con’t)

Block Name Library Chapter | Section/Subsection Page
Level-2 M-File S-Function User—Defined Functions 16 16.5 16—7
Logical Operator Commonly Used blocks 2 2.12 2-18
Lookup Table Lookup Tables 7 7.1 7-2
Lookup Table (2-D) Lookup Tables 7 7.2 7-3
Lookup Table (n-D) Lookup Tables 7 7.3 7-5
Lookup Table Dynamic Lookup Tables 7 7.7 7-15
Magnitude—Angle to Complex |Complex Vector Conversions Group 8 8.3.2 8—24
Manual Switch Signal Routing Group 13 13.1.10 13-9
Math Function Math Operations Group 8 8.1.16 8—11
MATLAB Fcn User—Defined Functions 16 16.2 16-2
Matrix Concatenate Vector / Matrix Operations 8 8.2.3 8-21
Memory Sample & Hold Delays 5 5.2.1 5-21
Merge Signal Routing Group 13 13.1.8 13-8
MinMax Math Operations Group 8 8.1.19 8—-14
MinMax Running Resettable  |Math Operations Group 8 8.1.20 8-15
Model Ports & Subsystems 11 11.7 11-17
Model Info Documentation 10 10.2.1 10—-6
Multiport Switch Signal Routing Group 13 13.1.11 13-10
Mux Commonly Used blocks 2.7 2-11
Outport Commonly Used blocks 2.1 2-2
Polynomial Math Operations Group 8.1.18 8—14
Prelookup Index Search Lookup Tables 7.4 -1
Probe Signal Attribute Detection 12 12.2.1 12—14
Product Commonly Used blocks 2.4 2—6
Product of Elements Math Operations Group 8.1.11 87
Pulse Generator Signal Generators 15 15.2.3 15-5
Quantizer Discontinuities 4 4.9 4-12
Ramp Signal Generators 15 15.2.5 15-9
Random Number Signal Generators 15 15.2.10 15—14
Rate Limiter Discontinuities 4 4.5 4-6
Rate Limiter Dynamic Discontinuities 4 4.6 4-8
Rate Transition Signal Attribute Manipulation 12 12.1.8 12-8
Real-Imag to Complex Complex Vector Conversions Group 8 8.3.4 8-26
Relational Operator Commonly Used blocks 2 2.11 2-17
Relay Discontinuities 4 4.8 4-11
Repeating Sequence Signal Generators 15 15.2.8 15-13
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TABLE 1.1 Simulink blocks
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(con't)

Block Name Library Chapter [ Section/Subsection Page
Repeating Sequence Signal Generators 15 15.2.14 15-22
Interpolated
Repeating Sequence Stair Signal Generators 15 15.2.13 15-21
Reshape Vector / Matrix Operations 8 8.2.2 8-20
Rounding Function Math Operations Group 8 8.1.17 8-13
S-Function Ports & Subsystems 11 11.18 11-43

User-Defined Functions 16 16.4 16—7
S—Function Builder User—Defined Functions 16 16.6 16—13
S—Function Examples User—Defined Functions 16 16.7 16—13
Saturation Commonly Used blocks 2 2.13 2-19

Discontinuities 4 4.1 4-7
Saturation Dynamic Discontinuities 4 4.2 4-3
Scope Data Viewers 14 14.2.1 14-6
Selector Signal Routing Group 13 13.1.6 13-6
Shift Arithmetic Bit Operations Group 6.2.4 6—-16
Sign Math Operations Group 8.1.13 8-9
Signal Builder Signal Generators 15 15.2.4 15-6
Signal Conversion Signal Attribute Manipulation 12 12.1.7 12-7
Signal Generator Signal Generators 15 15.2.2 154
Signal Specification Signal Attribute Manipulation 12 12.1.9 12-11
Sine Lookup Tables 7 7.8 7-16
Sine Wave Signal Generators 15 15.2.6 15-9
Sine Wave Function Math Operations Group 8 8.1.22 8—17
Slider Gain Math Operations Group 8 8.1.8 8-6
State-Space Continuous-Time Linear Systems 3 3.13 3-6
Step Signal Generators 15 15.2.7 15—-11
Stop Simulation Simulation Control 14 14.3 14—-14
Subsystem Commonly Used blocks 2 2.1 2-2
Subsystem Examples Ports & Subsystems 11 11.17 11-41
Subtract Math Operations Group 8 8.1.3 8-3
Sum Commonly Used blocks 2 2.9 2-15
Sum of Elements Math Operations Group 8 8.1.4 8—4
Switch Commonly Used blocks 2 2.8 2-14
Switch Case Ports & Subsystems 11 11.16 11-41
Switch Case Action Subsystem |Ports & Subsystems 11 11.16 11-41
Tapped Delay Discrete—Time Linear Systems 5 5.13 5-3
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TABLE 1.1 Simulink blocks

(con’t)

Block Name Library Chapter | Section/Subsection Page
Terminator Commonly Used blocks 2 2.3 2-5
Time-Based Linearization Linearization of Running Models 10 10.1.2 10—4
To File Model and Subsystem Outputs 14 14.1.3 14-2
To Workspace Model and Subsystem Outputs 14 14.1.4 14—4
Transfer Fen Continuous-Time Linear Systems 3 3.1.4 3-6
Transfer Fen Direct Form 11 Additional Discrete 17 17.1 17-2
Transfer Fen Direct Form II Additional Discrete 17 17.2 17-3
Time Varying
Transfer Fen First Order Discrete—Time Linear Systems 5 5.1.11 5—-14
Transfer Fen Lead or Lag Discrete—Time Linear Systems 5 5.1.12 5-15
Transfer Fen Real Zero Discrete—Time Linear Systems 5 5.1.13 5—18
Transport Delay Continuous-Time Delay 3 3.2.1 3-10
Trigger Ports & Subsystems 11 11.2 11-2
Trigger—Based Linearization Linearization of Running Models 10 10.1.1 10-2
Triggered Subsystem Ports & Subsystems 11 11.9 11-25
Trigonometric Function Math Operations Group 8 8.1.21 8—16
Unary Minus Math Operations Group 8 8.1.15 8-10
Uniform Random Number Signal Generators 15 15.2.11 15—16
Unit Delay Commonly Used blocks 2 2.15 2-24
Unit Delay Enabled Additional Discrete 17 17.7 17-9
Unit Delay Enabled Additional Discrete 17 17.9 17-12
External IC
Unit Delay Enabled Resettable |Additional Discrete 17 17.8 17-11
Unit Delay Enabled Resettable |Additional Discrete 17 17.10 17-13
External IC
Unit Delay External IC Additional Discrete 17 17.4 17-6
Unit Delay Resettable Additional Discrete 17 17.5 17-17
Unit Delay Resettable Additional Discrete 17 17.6 17-8
External IC
Unit Delay With Preview Additional Discrete 17 17.13 17-17
Enabled
Unit Delay With Preview Additional Discrete 17 17.14 17-19
Enabled Resettable
Unit Delay With Preview Additional Discrete 17 17.15 17-20
Enabled Resettable External RV
Unit Delay With Preview Additional Discrete 17 17.11 17-15
Resettable
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TABLE 1.1 Simulink blocks

(con't)

Block Name Library Chapter | Section/Subsection Page
Unit Delay With Preview Reset-| Additional Discrete 17 17.12 17-16
table External RV
Variable Time Delay Continuous-Time Delay 3 3.2.2 3-11
Variable Transport Delay Continuous-Time Delay 3 3.2.3 3-12
Vector Concatenate Vector / Matrix Operations 8 8.2.4 8-23
Weighted Moving Average Discrete—Time Linear Systems 5 5.1.14 5-19
Weighted Sample Time Signal Attribute Detection 12 12.2.2 12-15
Weighted Sample Time Math |Math Operations Group 8 8.1.6 85
While Iterator Subsystem Ports & Subsystems 11 11.14 11-38
Width Signal Attribute Detection 12 12.2.3 12-16
Wrap To Zero Discontinuities 4 4.12 4-16
XY Graph Data Viewers 14 14.2.3 14-12
Zero-Order Hold Sample & Hold Delays 5 5.2.3 5-23
Zero-Pole Continuous-Time Linear Systems 3.1.5 3-8
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1.3 Summary

MATLAB and Simulink are integrated and thus we can analyze, simulate, and revise our mod-
els in either environment at any point. We invoke Simulink from within MATLAB.

When Simulink is invoked, the Simulink Library Browser appears. The left side is referred to as
the Tree Pane and displays all libraries installed. The right side is referred to as the Contents
Pane and displays the blocks that reside in the library currently selected in the Tree Pane.

We open a new model window by clicking on the blank page icon that appears on the leftmost
position of the top title bar. On the Simulink Library Browser, we highlight the desired library
in the Tree Pane, and on the Contents Pane we click and drag the desired block into the new
model. Once saved, the model window assumes the name of the file saved. Simulink adds the
extension .mdl.

The > and < symbols on the left and right sides of a block are connection points.

We can change the parameters of any block by double-clicking it, and making changes in the
Function Block Parameters window.

We can specify the simulation time on the Configuration Parameters from the Simulation
drop menu. We can start the simulation on Start from the Simulation drop menu or by click-

ing on the > icon. To see the output waveform, we double click on the Scope block, and

then clicking on the Autoscale #h icon.

[t is highly recommended that the simout To Workspace block be added to the model so all
data and variables are saved in the MATLAB workspace. This gives us the ability to delete or
modify selected variables. To see what variables reside in the MATLAB Workspace, we issue
the command who.

The state—space block is the best choice when we need to display the output waveform of three
or more variables.

We can use Algebraic Constrain blocks found in the Math Operations library, Display blocks
found in the Sinks library, and Gain blocks found in the Commonly Used Blocks library, to
draw a model that will produce the simultaneous solution of two or more equations with two or
more unknowns.

The Algebraic Constraint block constrains the input signal f(z) to zero and outputs an alge-
braic state z. The block outputs the value necessary to produce a zero at the input. The output
must affect the input through some feedback path. This enables us to specify algebraic equa-
tions for index 1 differential/algebraic systems (DAEs). By default, the Initial guess parameter
is zero. We can improve the efficiency of the algebraic loop solver by providing an Initial guess
for the algebraic state z that is close to the solution value.
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1.4 Exercises

1. Use Simulink with the Step function block, the Continuous—Time Transfer Fcn block, and the
Scope block shown, to simulate and display the output waveform v of the RLC circuit shown

below where uy(t) is the unit step function, and the initial conditions are i; (0) = 0, and

ve(0).

X 2L ]
5+

Step Transfer Fon Scope
ROTQ C |+
3| v
u,t 1H[ G LF

2. Repeat Exercise 1 using integrator blocks in lieu of the transfer function block.

3. Repeat Exercise 1 using the State Space block in lieu of the transfer function block.

4. Using the State—Space block, model the differential equation shown below.

2sin(t+30°) - 5cos(t + 60°)

+
+
<
a
1l

0,and v',(07) = 05V

subject to the initial conditions v (0)
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1.5 Solutions to End-of-Chapter Exercises
Dear Reader:
The remaining pages on this chapter contain solutions to all end—of-chapter exercises.

You must, for your benefit, make an honest effort to solve these exercises without first looking at
the solutions that follow. It is recommended that first you go through and solve those you feel that
you know. For your solutions that you are uncertain, look over your procedures for inconsistencies
and computational errors, review the chapter, and try again. Refer to the solutions as a last resort
and rework those problems at a later date.

You should follow this practice with all end—of-chapter exercises in this book.
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The s—domain equivalent circuit is shown below.

©» | —

Lsg = Ve = Vour(s)
1/sC
Vin(s)

and by substitution of the given circuit constants,

Ve(s) = Voyur(s)

| —
W00
Ay

VIN(S) 1/5

By the voltage division expression,

(s-1/s)/(s+1/s) s

(s-1/s)/(s+1/s)+1 “Vin(s) = I “Vin(s)

Vour(s) =

from which
VOUT(S) _ S
Vin(s) |

Transfer function = G(s) =

We invoke Simulink from the MATLAB environment, we open a new file by clicking on the
blank page icon at the upper left on the task bar, we name this file Exercise 1 1, and from the
Sources, Continuous, and Commonly Used Blocks in the Simulink Library Browser, we
select and interconnect the desired blocks as shown below.

=] Exe rcise_1_1Y E| [E| E|

File Edit Wiew Simulation Format Tools Help

O E&

v 2 |15 |N|:|rmal j

=+1

St=p Transfer Fon Scope

As we know, the unit step function is undefined at t = 0. Therefore, we double click on the
Step block, and in the Source Block Parameters window we enter the values shown in the
window below.
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=] Source Block Parameters: Step @

Step

Output a step.

Farameters
Step time:
1l |
Initial walue:
01 |
Final walue:
L |
S ample time;
15 |

|nterpret wector parameters az 1-0

Enable zero crossing detection

I (] ] ’ Cancel ] ’ Help l

Next, we double click on the Transfer Fcn block and on the and in the Source Block Param-
eters window we enter the values shown in the window below.

| - ]
F+54+1

Step 1 Transfer Fon 1 Seope

On the Exercise 1 1 window, we click on the Start Simulation - icon, and by double-click-
ing on the Scope block, we obtain the Scope window shown below.
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Time offset; 0O

It would be interesting to compare the above waveform with that obtained with MATLAB
using the plot command. We want the output of the given circuit which we have defined as
Vour(t) = v(t). The input is the unit step function whose Laplace transform is 1/s. Thus, in

the complex frequency domain,

S 1

2
s +s+1

© | —

Vour(s) = G(s) - Vin(s) = =
s +s+1

We obtain the Inverse Laplace transform of 1/(s” +s + 1) with the following MATLAB script:

syms s
fd=ilaplace(1/(s"2+s+1))

fd = 2/3*37(1/2)*exp(-1/2*t)*sin(1/2*3~(1/2)*t)
t=0.1:0.01:15;...
td=2./3.*3./(1./2).*exp(—1./2.71).*sin(1./2.*3./(1./2).™1);...

plot(t,td); grid

The plot shown below is identical to that shown above which was obtained with Simulink.
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J Figure 1
Flz Edit View Insert Tools Deskbop ‘Window Help £

DxEs h 09 ¥ 08| 8O0

0.6

/\ -------------- — — ]
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2.
R __jR
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1Q L Cl+
%‘i Ve
ugt 17 Lt 1F
By Kirchoff’s Current Law (KCL),
1t dVC _ l—VC
LJywdtrCgr = —=

By substitution of the circuit constants, observing that v; = v, and differentiating the above
integro-differential equation, we get
2
dve dve

—+—+4+vc =0
dtz dt

Invoking MATLAB, starting Simulink, and following the procedures of the examples and
Exercise 1, we create the new model Exercise 1 2, shown below.
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= Exercise_1_2

=JES

File Edit “iew Simulation Format Tools  Help
O = :EHS ¥ 2 |5 |N|:|rmal j
I+
— W+ w1 w1 ]
Step i

Integrator 2

Next, we double-click on Integrator 1 and in the Function Block Parameters window we set
the initial value to 0. We repeat this step for Integrator 2 and we also set the initial value to 0.
We start the simulation, and double-clicking on the Scope we obtain the graph shown below.

SB LPLL ABEBE

Time offset; 0O

The plot above looks like the curve of a quadratic function. This is reasonable since the first
integration of the unit step function yields a ramp function, and the second integration yields a
quadratic function.

Introduction to Simulink with Engineering Applications 1-35
Copyright © Orchard Publications



Chapter 1 Introduction to Simulink

3.
We assign state variables x; and x, as shown below where x, = i; and x, = v.
R i
_Ir —.
C
el c
i
T
Then,
X; = X,
Xy — Uyt .
+X,+X%X, =0
X; = X,
X; = Ax+Bu— i o] 0 T + 0 u,t
X =1 -1]|x,| [1
y=Cx+Du— [O ﬂ 1y [O}uot
and the initial conditions are
x0 = [119] = [0
X0 0
We form the block diagram below and we name it Exercise 1 3.
We double-click on the State-Space block and we enter the following parameters:
A=[0 1;-1 1]
B=[0 1]
c=[0 1T
D=[0]
Initial conditions: x0
The initial conditions are entered in MATLAB’s Command Window as follows:
x0=[0 0]
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) Exercise_1_3 ['-_I ['E@
File Edit Wiew Simulation Format  Tools  Help
=== L 3 15
» ®'= Ax+Bu I:l
i = GeetOu
Step State-Space Scope
Dizplay
Rea |100%: odeds

To avoid the unit step function discontinuity at t = 0, we double-click the Step block, and in
the Source Block Parameters window, we change the Initial value from O to 1.

The Display block shows the output value at the end of the simulation time, in this case 15. We
click on the Simulation start icon, we double-click on the Scope block, and the output wave-
form is as shown below. We observe that the waveform is the same as in Exercises 1 and 2.

) Scope [Z”E”E|
NS

Tirme offset: 0
4.
2
dve dve ) o o
— +—+ v = 2sin(t+30°) - Scos(t+60°)
subject to the initial conditions v (07) = 0, and v',(07) = 0.5 V
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2
dv dv dv . .
We let x; = v¢ and x, = —d—tg Then, x, = —f = Xx,,and X, = —TC Expressing the given
dt
equation as

dve dve . :
— = —E—VC+23m(t+30°)—5cos(t+60°) = —X,—X; +2sin(t+30°) - 5cos(t+ 60°)
dt

we obtain the state-space equations
X, = —X,—X; +2sin(t+30°) - 5cos(t+60°)

In matrix form,

% = Ax + Bu = H - {0 1} H + H(25in(t+30°)—5cos(t+60°))
=1 -1 x| |0

y = Cx+Du= g {] H + [o] (2sin(t +30°) - Scos(t + 60°))

X3

subject to the initial conditions

Our simulation model is as shown below.

=] Exe rcise_1_4 E| [El @ |

File Edit Wiew Simulabion  Format  Tools  Help
O =& LI, 2 |'|5 |N|:-rma| j
F
o b
~/ \—P
Sine Wave 1 + oooo s = AxeBu [ ]
——-+ W o ™ w = CxOu

Ty R, Swew | o
Sire Wane 2 i
Display LY

Ready 100%s oded5

1. We double-click on the Sine Wave 1 block and in the Source Block Parameters, we make
the following entries:
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Sine type: Time based

Time (t): Use simulation time
Amplitude: 2

Bias: 0

Frequency: 2

Phase: pi/6

and we click on OK

2. We double-click on the Sine Wave 2 block and in the Source Block Parameters, we make
the following entries:

Sine type: Time based

Time (t): Use simulation time
Amplitude: -5

Bias: O

Frequency: 2

Phase: 5*pi/6

and we click on OK

3. We double-click on the Signal Generator block and in the Source Block Parameters, we
make the following entries:

Waveform: Sine

Time (t): Use external signal
Amplitude: 1

Frequency: 2

and we click on OK

4. We double-click on the State-Space block and in the Source Block Parameters, we make
the following entries:

A: [0 1;-1 -1],B=[1 0], C=[0 1], D=]0], Initial conditions [x10 x 20]
and we click on OK

5. On MATLAB'’s Command Window we enter the initial conditions as
x10=0; x20=0;
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6. We click on the Start Simulation icon, and double-clicking on the scope we see the wave-
form below after clicking on the Autoscale icon.

-0.02
.|:|.|:|4 -

-0.06

Time offset; 0O

1-40 Introduction to Simulink with Engineering Applications
Copyright © Orchard Publications



Chapter 2

The Commonly Used Blocks Library

his chapter is an introduction to the Commonly Used Blocks Library. This is the first
I library in the Simulink group of libraries and contains the blocks shown below. In this chap-
ter, we will describe the function of each block included in this library and we will perform

simulation examples to illustrate their application.

Commonly UsedBlocks

--@I -

ot
Ground - Temninator oo Co o, Scope

L

Bus Bus Oermus
GCreator  Selector

@ D«‘* ® b = b AND L o

Sain Frodust  Felforal  Logiea  Satraton
Dperator Cperator

1 1 . Ts

- F - F B

s z z1

Imtegratar UnitDelay  Discrete-Time
Integratar
Gonwert F In1 outt [
Oata Type Conversion Subsystam
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Chapter 2 The Commonly Used Blocks Library

2.1 The Inport, Outport, and Subsystem Blocks

ni Qutl -

In

Cut

Subsystamn

Inport blocks are ports that serve as links from outside a system into the system. Outport blocks
are output ports for a subsystem. A Subsystem block represents a subsystem of the system that
contains it. As our model increases in size and complexity, we can simplify it by grouping blocks
into subsystems. As we can see from Example 1.3 in Chapter 1, if we increase the number of the
simultaneous equations, this model increases in size and complexity.

To create a subsystem before adding the blocks it will contain, we add a Subsystem block to the
model, then we add the blocks that make up the subsystem. If the model already contains the
blocks we want to convert to a subsystem, we create the subsystem by grouping the appropriate

blocks.

Example 2.1

Figure 2.1 shows the model of Example 1.1, Figure 1.12 in Chapter 1. We will create a subsystem
by grouping all blocks except the Step and the Scope blocks.

o
[ 1 1 ]
o 1 1
Step Sain "+ ™ ™ ™
Add Integrator 1 Integrator 2 Soope
4 [—
GF@ain 2
-3
Eain 3

Figure 2.1. Model for Example 2.1

As a first step, we enclose the blocks and connecting lines that we want to include in the sub-
system within a bounding box. This is done by forming a rectangle around the blocks and the con-
necting lines to select them. Then, we choose Create Subsystem from the Edit menu, and Sim-

ulink replaces the selected blocks and connecting lines with a Subsystem block as shown in Figure
2.2.
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——{ I out] —— |:I

Step

Subsystemn Scope

Figure 2.2. Model for Example 2.1 with Subsystem block

Next, we double-click on the Subsystem block in Figure 2.2, and we observe that Simulink dis-
plays all blocks and interconnecting lines as shown in Figure 2.3 where the Step and Scope blocks
in Figure 2.2, have been replaced by In1 and Outl blocks respectively.

> : 1 1
n e e L o I o
it

Integrator 2

Gain 3

Figure 2.3. Model for Example 2.1 with Inport and Outport blocks

The Inport (In1) and Outport (Outl) blocks represent the input to the subsystem and the output
from the subsystem respectively. The Inport block name appears in the Subsystem icon as a port
label. To suppress display of the label In1, we select the Inport block, we choose Hide Name from
the Format menu, then choose Update Diagram from the Edit menu.

We can create any number of duplicates of an Inport block. The duplicates are graphical repre-
sentations of the original intended to simplify block diagrams by eliminating unnecessary lines.
The duplicate has the same port number, properties, and output as the original. Changing a dupli-
cate's properties changes the original's properties and vice versa.

To create a duplicate of an Inport block, we select the block, we select Copy from the Simulink
Edit menu or from the block's context menu, we position the mouse cursor in the model's block
diagram where we want to create the duplicate. and we select Paste Duplicate Inport from the
Simulink Edit menu or the block diagram's context menu.

For the rules by which Simulink assigns port numbers, please refer to the Simulink’s Help menu

for this block.
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2.2 The Ground Block

=

Gnound

The Ground block can be used to connect blocks whose input ports are not connected to other
blocks. If we run a simulation with blocks having unconnected input ports, Simulink issues warn-
ing messages. We can avoid the warning messages by using Ground blocks. Thus, the Ground
block outputs a signal with zero value. The data type of the signal is the same as that of the port to
which it is connected.

|
Example 2.2

Let us consider the model shown in Figure 2.4 where K1 = 3 +j1 and K2 = 4 +j3 and these
values have been specified in MATLAB’s Command Window. Upon execution of the Simulation
start command, the sum of these two complex numbers is shown in the Display block.

Sum
KA 7+ di ||
Display

Constant 1

K2

Constant 2

Figure 2.4. Display of the sum of two complex numbers for Example 2.2

Next, let us delete the block with the K2 value and execute the Simulation start command. The
model is now shown as in Figure 2.5.

Sum

KA | I ||
Constant 1 Dizplay

Figure 2.5. Model for Example 2.2 with Block K2 deleted.

Now, let us add the Ground block at the unconnected input of the Sum block and execute the
Simulation start command. The model is now shown as in Figure 2.6.
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Surn
KA G 23+ 1i ||
Constant 1 Dizplay
Ground

Figure 2.6. Model of Figure 2.5 with a Ground block connected to the Sum block

2.3 The Terminator Block

Termninator

The Terminator block can be used to cap blocks whose output ports are not connected to other
blocks. If we run a simulation with blocks having unconnected output ports, Simulink issues
warning messages. We can avoid the warning messages by using Terminator blocks.

Example 2.3

Let us consider the unconnected output of the Sum block in Figure 2.7.

Sum
Kl —MH+ - &

Constant 1

Kz

Const@ant 2
Figure 2.7. Sum block with unconnected output for Example 2.3
Figure 2.8 shows the Sum block output connected to a Terminator block.

Sum

. G
Constant 1 Teminator
K2
Constant 2

Figure 2.8. Sum block of Figure 2.7 with output connected to a Terminator block
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2.4 The Constant and Product Blocks

i [ s 3

Constant Product

The Constant block is used to define a real or complex constant value. This block accepts scalar
(1x1 2-D array), vector (1-D array), or matrix (2-D array) output, depending on the dimension-
ality of the Constant value parameter that we specify, and the setting of the Interpret vector
parameters as 1-D parameter. The output of the block has the same dimensions and elements as
the Constant value parameter. If we specify a vector for this parameter, and we want the block to
interpret it as a vector (i.e., a 1-D array), we select the Interpret vector parameters as 1-D param-
eter; otherwise, the block treats the Constant value parameter as a matrix (i.e., a 2-D array).

By default, the Constant block outputs a signal whose data type and complexity are the same as
that of the block's Constant value parameter. However, we can specify the output to be any sup-
ported data type supported by Simulink, including fixed-point data types. For a discussion on the
data types supported by Simulink, please refer to Data Types Supported by Simulink in the Using
Simulink documentation.

The Product block performs multiplication or division of its inputs. This block produces outputs
using either element-wise or matrix multiplication, depending on the value of the Multiplication
parameter. We specify the operations with the Number of inputs parameter. Multiply(*) and
divide(/) characters indicate the operations to be performed on the inputs.

Example 2.4

The model is shown in Figure 2.9 performs the multiplication (3 +j4) x (4 +j3) x (5 -j8). After
the Start simulation command is executed, it may be necessary to stretch the Display block hori-
zontally to read the result.

2+di
Ennsmntl

443 - >|| Z00 + 125 | |
Constant 2 Dizplay

S 6 Froduct
Constant 2

Figure 2.9. Model for Example 2.4
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The Divide block is an implementation of the Product block. It can be used to multiply or divide
inputs.

Example 2.5
The model is shown in Figure 2.10 performs the division (3 +j4)/(4 +j3).

Zedi —I_>
Constant 1 ®

nE A —>|| 005 + 0267 |
A+30 Divide Dizplay

Constant 2

Figure 2.10. Model for Example 2.5

2.5 The Scope Block

[

Scope

The Scope block displays waveforms as functions of simulation time. The Scope block can have
multiple y—axes with a common time range. We can adjust the amount of time and the range of
input values displayed, we can move and resize the Scope window, and we can modify the Scope's
parameter values during the simulation. The Scope block does not automatically display the
waveforms, but it does write data to connected Scopes. The Scope's input signal or signals will be
displayed if after a simulation is terminated, we double—click on the Scope block and the signal(s)
will then be displayed. The Scope assigns colors to each signal element in this order: yellow,
magenta, cyan, red, green, and dark blue. When more than six signals are displayed, the Scope
cycles through the colors in the order listed. The Scope block is described in detail in Subsection
14.2.1, Chapter 14, Page 14-6.

2.6 The Bus Creator and Bus Selector Blocks

i

Bus Bus
Creator Selector

To understand the uses of the Bus Creator and Bus Selector blocks, let us review the concept of a
signal bus which can be thought of as a bundle of several wires held together by tie wraps. Graph-
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ically, we can represent a bus as a composite signal comprised of a set of individual signals with a
group of lines, each line representing an individual signal. We use Bus Creator blocks to create
signal buses and Bus Selector blocks to access the components of a bus. Simulink hides the name
of a Bus Creator and Bus Selector blocks when we copy them from the Simulink library to a
model. However, we can make the names visible by clicking Show Name on the Format menu.
Making the names visible is a good idea since the Bus Creator, Bus Selector, Mux, and Demux
blocks are all represented by a heavy vertical line. The Mux and Demux blocks are described in
the next section.

The Bus Creator block is normally shown as a heavy vertical line. We use this block to combine
a set of signals into a bus, i.e., a group of signals represented by a single line. The Bus Creator
block, when used in conjunction with the Bus Selector block, described later also in this section,
allows us to reduce the number of lines required to route signals from one part of a diagram to
another. This makes our diagram easier to understand.

Example 2.6

The model of Figure 2.11 simulates the combined functions sin2t, (%sinZt, and Isin2tdt into a

bus and displays all three on a single scope.

Sine Wawe
i [

Derivative Scope

1

s sirout
Integrator

Bus To Workspace
Creator

Figure 2.11. Model for Example 2.6

We begin by entering the following in the MATLAB Command Window:
syms t; y=sin(2*t), der_y=diff(y), int_y=int(y)

and MATLAB displays

y:
sin(2*t)

der_vy =
2*cos (2*t)

int_y =

2-8 Introduction to Simulink with Engineering Applications
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-1/2*cos (2*t)

From the Sources Library browser, we select the Sine Wave block and we drag it into a new

model window which we name Figure_2_11. From the Continuous Library' Browser we select
the Derivative block and we drag it into the model window. Also, from the Continuous Library
Browser, we select the Integrator block and we drag it into our model. From the Commonly
Used Blocks Library Browser we select the Bus Creator block and we drag it into the model win-

dow. Then, we select the Scope and Simout to Workspace blocks from the Sinks Library* and
we drag them into the model window. On the model window we click on the Integrator block
and on the Function Block Parameters dialog box we set the initial condition to zero. Also, on
the model window we click on the Bus Creator block and on the Function Block Parameters

dialog box we change the number of inputs from 2 to 3. We connect the blocks as shown in Figure
2.11.

Now, we configure Simulink to run the simulation for 10 seconds (the default value). We choose
the parameters shown in Figure 2.12 from the Simulation menu of the model.

] Configuration Parameters: Example 2 1/Configuration

Select Simulation time
Solver Start tirne: 1] Stop time: | 10.0
Data Import/Export
D!:tlmlzatllnn Solver optiong
[=- Diagrostics
Sample Time Type: ‘Wariable-step | Solver: odedh [Dormand-Prince] w
Data Inh_agrily Max step size: auto Relative tolerance: [1e-3
EDWE'SI.N." Min step size: auto Abzolute tolerance: | auto
Cannectivity - )
Compatibility Initial step gize: auto
tiodel Referencing Zero crozzing control: | Usze local gettings w

Hardware Implementation
Figure 2.12. Specifying the configuration parameters for Example 2.6

We close the Configuration Parameters dialog box by clicking the OK button, and Simulink
applies the parameters. Finally, we double click the Scope block and the output is as shown in
Figure 2.13. To scale the vertical axis as shown in Figure 2.13, we move the cursor close to the
vertical axis, we right—click, and we enter the lower and upper limits shown in Figure 2.13.

The Bus Creator block assigns a name to each signal on the bus that it creates. This allows us to
refer to signals by name when searching for their sources (see Browsing Bus Signals) or selecting
signals for connection to other blocks. The block offers two bus signal naming options. We can
specify that each signal on the bus inherit the name of the signal connected to the bus (the
default) or that each input signal must have a specific name. To specify that bus signals inherit

*The Sources Library is described in Chapter 15.
T The Continues Library is described in Chapter 3.
% The Sinks Library is described in Chapter 14.
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their names from input ports, we select Inherit bus signal names from input ports from the list
box on the block's parameter dialog box. The names of the inherited bus signals appear in the Sig-
nals in bus list box shown in Figure 2.14.

Figure 2.13. Output waveforms for Example 2.6

EJ Function Block Parameters: Bus Creator

X

BuzCreatar

Thiz block creates a bug zignal from itg inputs,

Parameters

Inherit buz zignal names from input ports

Mumber of inputs: |3

Signalz in buz
zignall

zighal3

Figure 2.14. Bus Creator function block parameters dialog box

The Bus Editor allows us to change the properties of the bus types objects. We select the Bus Edi-
tor from the model’s Tools menu. For details, please refer to the Simulink Owner’s Manual or
Simulink’s Help menu.

Often, it is desirable to annotate our models. These annotations provide textual information
about a model. We can add an annotation to any unoccupied area of our model. To insert an
annotation, we double—click in an unoccupied section of the model, then a small rectangle
appears, and the cursor changes to an insertion point. We start typing the annotation text and we
observe that each line is centered within the rectangle. Then we can move it to the desired loca-
tion by dragging it. We can choose another Font and Text Alignment from the Format menu. We
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can delete an annotation by first selecting it, holding down the Shift key and pressing the Delete
or Backspace key.

2.7 The Mux and Demux Blocks

L

Dernus

Before describing the Mux and Demux blocks, let us review the functions of a multiplexer (mux)
and demultiplexer (demux).

Multiplexing is a method of sending multiple signal streams of information on a carrier at the same
time in the form of a single, complex signal and then recovering the separate signals at the receiv-
ing end. Analog signals are commonly multiplexed using Frequency Division Multiplexing (FDM),
in which the carrier bandwidth is divided into subchannels of different frequency widths, each
carrying a signal at the same time in parallel. Cable television is an example of FDM. Digital sig-
nals are commonly multiplexed using Time Division Multiplexing (TDM), in which the multiple
signals are carried over the same channel in alternating time slots. If the inputs take turns to use
the output channel (time division multiplexing) then the output bandwidth need be no greater
than the maximum bandwidth of any input. If many inputs may be active simultaneously then the
output bandwidth must be at least as great as the total bandwidth of all simultaneously active
inputs. In this case the multiplexer is also known as a concentrator.

A demultiplexer performs the reverse operation of a multiplexer. Figure 2.15 shows a functional
block diagram of a typical 4-line time—division digital multiplexer / demultiplexer pair.

A ) A Truth Table
X
B——» — = B 0 0]A
Multiplexer »| Demultiplexer 0 1|B
C—»t X —»C 1 ojc
1 1|D

D ——» — D

St So St So

Figure 2.15. Digital Mux—Demux pair

In Figure 2.15, A, B, C, and D represent input data to be multiplexed and appear on a single
transmission path denoted as X. This path will carry the data of input A, B, C, or D depending
on the settings of the selection switches S, and S, . These setting must be the same on both the
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multiplexer and demultiplexer. For instance, if the setting are S; = 0 and S; = 1, the output

line X of the multiplexer will carry the data of signal C and it will appear at the output line C on
the demultiplexer. The other combinations are shown in the truth table of Figure 2.15. A model
for a digital multiplexer is presented in Chapter 11, Example 11.2, Page 11-4.

The Simulink Mux block combines its inputs into a single output. An input can be a scalar, vec-
tor, or matrix signal. For details, please refer to the Simulink Owner’s Manual or Simulink’s Help
menu. The Mux block's Number of Inputs parameter allows us to specify input signal names and
dimensionality as well as the number of inputs. A value of —1 means that the corresponding port
can accept signals of any dimensionality. Simulink hides the name of a Mux block when we drag
it from the Simulink block library to a model. However, we can make the name visible by clicking
Show Name on the Format menu.

The Simulink Demux block extracts the components of an input signal and outputs the compo-
nents as separate signals. The block accepts either vector (1-D array) signals or bus signals (see
Signal Buses in the Using Simulink documentation for more information). The Number of out-
puts parameter allows us to specify the number and the dimensionality of each output port. If we
do not specify the dimensionality of the outputs, the block determines the dimensionality of the
outputs for us.

Simulink hides the name of a Demux block when we drag it from the Simulink library to a model.
However, we can make the name visible by clicking Show Name on the Format menu.

Let n represent an n—element input vector, and p represent the block output scalar signals where
p cannot be greater than n.

Casel:p = n

If we specify p outputs for a n—element input vector, the Demux block will output the same num-
ber of outputs as the number of elements in the input vector. For instance, if the input to the
Demux block is a four-element vector, and we specify four outputs, the Demux block will output
four scalar signals. However, if we specify the number of outputs as fewer than the number of
input elements, the Demux block will distribute the elements as evenly as possible over the out-
puts.

Casell: p<n

a. n mod p = 0: The Demux block outputs p vector signals each having n.p elements. For
instance, if the input to the Demux block is an eight—element vector, and we specify four out-
puts, the Demux block will output four two-element vectors.

b. n mod p = m: The Demux block outputs m vector signals each having n./p + I elements and
p —m signals having n/p elements. For instance, if the input to the Demux block is a five—ele-
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ment vector, and we specify three outputs, the Demux block will output two 2—element vector
signals and one scalar signal.

For other cases please refer to the Simulink Owner’s Manual or Simulink’s Help menu.

We use —1 in a vector expression to indicate that the block should dynamically size the corre-
sponding port. If a vector expression comprises positive values and —1 values, the Demux block
assigns as many elements as needed to the ports with positive values and distributes the remain
elements as evenly as possible over the ports with —1 values.

|
Example 2.7

The input to a Demux block is a [1 x 9] row vector (digits 1 through 9) and the block output has
three ports. We want to specify that there will be four elements on the second port, and the first
and third ports will be dynamically sized. We will create a model that will meet these specifica-
tions.

The model is shown in Figure 2.16. We first drag the Constant block from the Sources of the
Simulink Library Browser into a new model window, we drag the Demux block from the Com-
monly Used Blocks Library Browser, we drag the Display blocks from the Sinks Library Browser,
and we make the connections as indicated.

We double—click on the Constant Block and we enter the row vector [1 2 3 4 5 6 7 8 9].
We uncheck the Interpret vector parameter as 1-D. We double click on the Demux block and
for the Number of outputs we enter [-1, 4 —1]. The numbers displayed appear after we start
the simulation. We observe that there are three elements on the first output port, four on the sec-
ond, and two on the third. The elements on the second port are as specified, and those on the first
and third rows are dynamically sized.

] | 7| 7] |
Dizplay 1
[ Sl | a] | 5] | 5] | 7]
Constant Display 2
Sl | 5] | 9]
Dizplay 3
Dlrnus:
Figure 2.16. Model for Example 2.7
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For additional examples please refer to Simulink’s Help menu. Some of these examples have
replaced the Display blocks with Terminator blocks. As we’ve learned earlier, a Terminator block
prevents warnings about unconnected output ports.

2.8 The Switch Block

Y

—

Switch

The Switch block will output the first input or the third input depending on the value of the sec-
ond input. The first and third inputs are called data inputs. The second input is called the con-
trol input and it is specified on the Function Block Parameters for the Switch block. The fol-
lowing options are available:

u2>=Threshold

u2>Threshold

u2~=0

where u2~=0 indicates a non-zero condition.
|
Example 2.8

In Figure 2.17, the Function Block Parameters for the Switch block has been set for u2>=Thresh-
old, Threshold =0, in the Source Block Parameters for the Sine Wave we have entered Ampli-
tude=1, Bias=75, Frequency =1, and in MATLAB’s Command Window we have entered the
statement a=70;

[ 7448
w=T Sgin Display
-
Threshold =0 [ 7445
_b._. -
Swdtch Display 3
a
Constant Display =

Defined in MATLAR's
Corrmand Window)

Figure 2.17. Switch block set for u2>=Threshold, Threshold=0

In the model of Figure 2.17, Input 2 satisfies the selected criterion u2>=Threshold where Thresh-
old =0, and thus the Switch block outputs the first input, i.e., y = 75 + sinx.
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In the model of Figure 2.18, Input 2 does not satisfy the selected criterion u2>=Threshold where
Threshold =76, and thus the Switch block outputs the third input, i.e., a = 70.

" 74408
w=7 SHsin Display
]
Threshald 275 s
— . :
Seaitch Dizplay 2
a
Constant Display =

Defined in MATLAE's
Cornrmand Window)

Figure 2.18. Switch block set for u2>=Threshold, Threshold=76

2.9 The Sum Block

%

The Sum block is an implementation of the Add block which is described in Subsection 8.1.2,
Chapter 8, Page 8-2. This block performs addition or subtraction on its inputs. This block can
add or subtract scalar, vector, or matrix inputs. From the Block Parameters dialog box we can
choose the icon shape of the block, rectangular or round. We specify the operations of the block
with the List of Signs parameter. Plus (+), minus (-), and spacer (|) characters indicate the oper-
ations to be performed on the inputs. If there are two or more inputs, then the number of charac-
ters must equal the number of inputs. For example, "+—+" requires three inputs and configures
the block to subtract the second (middle) input from the first (top) input, and then add the third
(bottom) input.

|
Example 2.9
Let us consider the matrices A, B, and C defined in MATLAB’s Command Window as:

A=[3+4j 1+0j 5-2j; 2-3j 4+ 7-4j; 1+6] 8-5] 4+7|];
B=[4+3] 0+2] —2+5j; —3+2j 6+7] —3-4j; 1+8] -5-3j 2-7]];
C=[-2+3] 7+2] —5-2j; 3-2) 4-7] —4+3j; -3+8] 7-4j —6+9j];

The model in Figure 2.19 performs the operation A +B - C.
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A

Gonstant 1 N
| g+ 4i]] 5] | e

F i gl == 0| CENEL] 8- 111

Constant 2 _ | S+ 6] | -4 - di] | T2-0i]
Dizplay
Surn

G

Constant 3

Figure 2.19. Model for Example 2.9

2.10 The Gain Block

>

Eain

The Gain block multiplies the input by a constant value (gain). The input and the gain can each
be a scalar, vector, or matrix. We specify the value of the gain in the Gain parameter. The Multi-
plication parameter lets us specify element-wise or matrix multiplication. For matrix multiplica-
tion, this parameter also lets us indicate the order of the multiplicands.

Example 2.10

The model shown in Figure 2.20 performs the matrix multiplication A - B where A = [1 -1 2]'

and B = [2 3 4}.

I 2] | 2] | 4]

Bx”"lb_" 7] | 3| 1]
| | 5] | 5]

Constant Gain

Display
Figure 2.20. Model for Example 2.10
We double—click on the Constant block and we enter [1 1 2]’ . The apostrophe is required to
indicate that this is a column vector. Next, we double click on the Gain block, we enter the row
vector [2 3 4} , and for Multiplication we choose Matrix (u*K). Initially, the Display block may

show just one value with two small black triangles at the lower right corner. This tells us that we
must resize the Display block in both directions to see all the elements of the resultant 3 x 3
matrix.
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2.11 The Relational Operator Block

==

Featonal
Cperator

The Relational Operator block performs the specified comparison of its two inputs. We select
the relational operator connecting the two inputs with the Relational Operator parameter. The
block updates to display the selected operator. The supported operations are given below.

Operation Description:

== TRUE if the first input is equal to the second input

~ = TRUE if the first input is not equal to the second input

< TRUE if the first input is less than the second input

<= TRUE if the first input is less than or equal to the second input
>= TRUE if the first input is greater than or equal to the second input

> TRUE if the first input is greater than the second input

Example 2.11

The model shown in Figure 2.21 determines whether the determinants of the matrices A and B
defined below are equal or unequal.

2 3 5 2 1 =2
A=11 0 -1 =3 0 1
2 1 0 5 -1 0

In MATLAB’s Command Window, we enter A and B as follows:
A=[2 -3 5;1 0-1;-2 1 0];B=[21 -2, -3 0 1;5 -1 0];

det[A)
Dietemninant SR
of Watix 4
—» !
Felatonal Dizplay
det[B) Qperator

Determinant
of Matrix B

Figure 2.21. Model for Example 2.11
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In the Source Block Parameters dialog box of the Constant blocks we enter det(A) and det(B).
The Display block in Figure 2.21 indicates that the determinants of Matrices A and B are equal.

2.12 The Logical Operator Block

AND |

Lagical
Cperator

The Logical Operator block performs the specified logical operation on its inputs. An input
value is TRUE (1) if it is nonzero and FALSE (0) if it is zero. The Boolean operation connecting
the inputs is selected with the Operator parameter list in the Function Block Parameters dialog
box. The block updates to display the selected operator. The logical operations are given below.

Operation Description:
AND - TRUE if all inputs are TRUE
OR - TRUE if at least one input is TRUE
NAND - TRUE if at least one input is FALSE
NOR - TRUE when no inputs are TRUE
XOR - TRUE if an odd number of inputs are TRUE
NOT - TRUE if the input is FALSE and vice-versa

The number of input ports is specified with the Number of input ports parameter. The output type
is specified with the Output data type mode and/or the Output data type parameters. An output
value is 1 if TRUE and 0 if FALSE.

Example 2.12

The model shown in Figure 2.22 simulates the Boolean expression D = A - B +C " where the dot
denotes the ANDing of the variables A, B, and the plus (+) sign denotes the ORing of A - B
with C. The blocks indicated as Variable A, Variable B, and Variable C are Constant blocks. We
specify the values A = 1, B = 0,and C = 1 in MATLAB’s Command Window, and after exe-

The ANDing operation has precedence over the ORing operation. For instance, the Boolean expression
A - B + C implies that A must first be ANDed with B and the result must be ORed with C as shown in Fig-
ure 2.22. The dot symbol between A and B is often omitted. For a detailed discussion on Boolean expressions,

please refer to Digital Circuit Analysis and Design with an Introduction to CPLDs and FPGAs, ISBN O-
9744239-6-3.
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cution of the Simulation start command we observe the values 0 and 1 in Display 1 and Display 2
blocks respectively.

A Dizplay
> AND |
' — [ —C—
Variable 4
Logical :
Cperator 1 Lagical Dizplay 2
Qperator 2
= C
Warnable B “anable S

Figure 2.22. Model for Example 2.12

2.13 The Saturation Block

B

Satimation

The Saturation block establishes upper and lower bounds for an input signal. When the input sig-
nal is within the range specified by the Lower limit and Upper limit parameters, the input signal
passes through unchanged. When the input signal is outside these bounds, the signal is clipped to
the upper or lower bound. When the Lower limit and Upper limit parameters are set to the same
value, the block outputs that value.

Example 2.13

For the model shown in Figure 2.23 the Constant block performs the function y = 3x> where x
and y are specified in MATLAB’s Command Window as

¥ e I

Constant Satation

| | A (=

Display
Figure 2.23. Model for Example 2.13
x=0: 1: 6; y=3."xX."2;
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and on the Function Block Parameters dialog box for the Saturation block we have specified the
Upper limit at 75 and the Lower limit at 1. The MATLAB statement above specifies 7 (0
through 6) values of x and these are shown in the Display block of Figure 2.23. The last is also 75
because we specified the Upper limit to be that value.

2.14 The Integrator Block

14
=

Integratar

The Integrator block integrates its input and it is used with continuous—time signals. As shown in
the Configuration Parameters dialog box which is displayed after selecting the Integrator block
and clicking on Simulation in the model window, we can use different numerical integration
methods to compute the Integrator block's output. The Configuration Parameters window that
appears when we double—click on the Integrator block and then on Simulation shown in Figure
2.24.

] Configuration Parameters: untitledfConfiguration

Select: Simulation time
Solver Start tirne: [IE Stop time: | 10.0
Drata [mport/E sport
D!:tlmlzatllnn Solver optiong
[=- Diagrostics
Sample Time Type: W ariahle-step | Salver: odeds [Daormand-Prince) w
Drata Y alidity Max step size: auto Relative tolerance: |1e-3
Type EDh\th[SIDn Wik step size: auto Abzolute tolerance: |auto
Cannectivity - ]
Compatibility Initial step size: auto
todel Referencing Zera crazsing contral: | Enable all w
Hardwiare Implementation | A tomaticaly handle data trarsfers between tasks

todel Referencing
= Real-Time Workshop
Comments
Sumbolz
Customn Code
Diebug
Interface

Figure 2.24. The configuration parameters window for the Integrator block

Simulink treats the Integrator block as a dynamic system with one state, its output. The Integra-
tor block's input is the state's time derivative. The selected solver computes the output of the
Integrator block at the current time step, using the current input value and the value of the state
at the previous time step. The block also provides the solver with an initial condition for use in
computing the block's initial state at the beginning of a simulation run. The default value of the

initial condition is 0.
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The Function Block Parameter dialog box shown in Figure 2.25 allows us to specify another
value for the initial condition or create an initial value input port on the block. It also allows us to
specify the upper and lower limits of integration, create an input that resets the block's output
(state) to its initial value, depending on how the input changes, and create an optional state out-
put that allows us to use the value of the block's output to trigger a block reset. Depending on the
options selected, the Integrator block appears in any of the nine forms shown in Figure 2.26.

=1 Function Block Parameters: Integrator,

| rteagratar

Continuous-time integration of the input zignal.

Parameters
External reset: v
Initial condition suurce:| internal V|

Initial condition:

0 |
[] Lirit autput

|Ipper zaturation limik;

[ |
Lower zaturation limit:

[ |
[] Show saturation port

[] Show state port

Abzolute tolerance:

|aut|:|

[] lgnore limit and rezet when linearizing

[] Enable zero crassing detection

[ F, l ’ Cancel ] ’ Help ] Apply

Figure 2.25. Function Block Parameters for the Continuous Integrator block

The Integrator 1 block in Figure 2.26 is the default block. This block appears when the Function
Block Parameters in the dialog box are in their default states. The appearance of the Integrator 2
through Integrator 9 blocks depends on the settings in the block’s parameter dialog box. Thus,

Integrator 2 block — Initial condition source: external. All other parameters in their default states.
Integrator 3 block — Limit output: check mark. All other parameters in their default states.

Integrator 4 block — External reset: rising. All other parameters in their default states.
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Figure 2.26. Different configurations for the Integrator block
Integrator 5 block — External reset: falling. All other parameters in their default states.
Integrator 6 block — External reset: either. All other parameters in their default states.
Integrator 7 block — External reset: level. All other parameters in their default states.
Integrator 8 block — Show state port: check mark. All other parameters in their default states.
Integrator 9 block — External reset: rising.

Initial condition source: external.

Limit output: check mark

Show saturation port: check mark

Show state port: check mark

The Integrator block's state port allows us to avoid creating algebraic loops when creating an
integrator that resets itself based on the value of its output. An algebraic loop is formed when two
or more blocks with direct feedthrough (the output of the block at time t, is a function of the
input at time t) form a feedback loop. The basic problem with algebraic loops is that the output, y,
at time, t, is a function of itself. An algebraic loop generally occurs when an input port with direct
feedthrough is driven by the output of the same block, either directly, or by a feedback path
through other blocks with direct feedthrough. An example of an algebraic loop is the simple loop
shown in Figure 2.27.

For the model of Figure 2.27,y = 10-y ory = 5.

Another example of a model with algebraic loops is the model of Figure 1.19, Solution of 3 equa-
tions with 3 unknowns, Chapter 1, Page 1-19.
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Figure 2.27. An example of an algebraic loop

For further discussion on algebraic loops, please refer to Simulink’s User Manual, Help menu for
the Integrator block, and MATLAB Technical Report 7.1 — Algebraic Loops and S—Functions,
http://www.utexas.edu/math/Matlab/Manual/tec7.1.html. S-Functions are described in Chapter
15.

The Integrator block's state port makes it possible to avoid creating algebraic loops when creating
an integrator that resets itself based on the value of its output. The state port shown in Integrators
8 and 9 in Figure 2.26 is intended to be used specifically for self-resetting integrators (see Creating
Self-Resetting Integrators), and Handing off a state from one enabled subsystem to another (see
Handing Off States Between Enabled Subsystems) in Simulink’s Help menu. The state port
should only be used in these two scenarios. When updating a model, Simulink checks to ensure
that the state port is being used in one of these two scenarios. If not, Simulink signals an error.

Example 2.14
The model of Figure 2.28 simulates the differential equation

2
dve dve 3
dtz + 4—dT + 3VC = 3u0(t)

subject to the initial conditions v(0) = 0.5 and v'<(0) = 0.

The Constant 1 and Constant 2 blocks represent the initial conditions.
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Figure 2.28. Model for Example 2.14

2.15 The Unit Delay Block

1
- F
z

Uit Dizlay

The Unit Delay block delays its input by the specified sample period. That is, the output equals
the input delayed by one sample. If the model contains multirate transitions, we must add Unit
Delay blocks between the slow—to—fast transitions. For fast—to—slow transitions we use Zero—
Order Hold blocks. The Zero—Order Hold block is described in Subsection 5.2.3, Chapter 5, Page
5-23. For multirate transitions it is preferable to use the Rate Transition block since it is easier to
use and offers a wider range of options. Multirate transitions and the Rate Transition block are
described in Subsection 12.1.8, Chapter 12, Page 12-8.

This Unit Delay block is equivalent to the z' discrete—time operator shown in Figure 2.29. It is
one of the basic blocks for designing digital filters as shown in Figure 2.30.

X(t)

X(t)

Continuous Time

L [X(D)]
— 1/s

s—domain

<L [x(D)]

x[n+ 1]

x[n]

Delay

Discrete Time

Z{x[n+1]}

] <AxnD

—domain

Figure 2.29. Analogy between integration and delay devices
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y[n] = x[n]+v[n] Y[l =xin=1] y[n] = Ax[n]

Figure 2.30. Recursive and non—recursive digital filters

The unit delay appears also in the definition of the discrete time system transfer function H(z)
shown in relation (2.1) below.

-1 -2 -k
N(z) _ @+a1z +az +..+3az

1 =50 z

(2.1)

-1 -2 -
l+b,z +by,z " +...+bz

With the Unit Delay block, the first sampling period and initial conditions are specified in the
Function Block Parameters dialog box. The time between samples is specified with the Sample
time parameter. A setting of —1 means the sample time is inherited.

The Unit Delay block also allows for discretization of one or more signals in time, or for resam-
pling the signal at a different rate. If our model contains multirate transitions, then we must add
Unit Delay blocks between the slow—to—fast transitions. The sample rate of this block must be set
to that of the slower block. An example is presented in the next section of this chapter.
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2.16 The Discrete-Time Integrator Block

k. Ts

— F

=1

Dizcrete- Time
Integrator

The Discrete-Time Integrator block performs discrete—time integration or accumulation of a
signal. We use this block in discrete—time systems instead of the Continuous Integrator block in
continuous—time systems. This block can integrate or accumulate using the Forward Euler, Back-
ward Euler, and Trapezoidal methods. For a given step n, Simulink updates y(n) and x(n + ).
The block's sample time in integration mode is T and in triggered sample time is AT. In accumu-
lation mode, T = I and the block's sample time determines when the block's output is computed

but not the output's value. The constant K is the gain value. Values are clipped according to
upper or lower limits. Purely discrete systems can be simulated using any of the solvers. For addi-
tional information, please refer to the Simulink Owner’s Manual or Simulink’s Help menu.

The Discrete-Time Integrator block allows us to:

1. Define initial conditions on the block dialog box or as input to the block.
2. Define an input gain (K) value.

3. Output the block state.

4. Define upper and lower limits on the integral.

5. Reset the state depending on an additional reset input.

With continuous time systems, the Forward Euler method, also known as Forward Rectangular,
or left-hand approximation, truncates the Taylor series after two terms. Thus,

y(t+h) = y(t) +hy'(t) (2.2)

and assuming that the value at point ¢ is correct, the Forward Euler method computes the value
at point ¢ + &. With Simulink, the continuous time integrator 1/s in discrete time integration
with the Forward Euler method is approximated by T/(z—-1). As mentioned earlier, T is the
block's sample time. The Forward Euler method is the default. With this method, input port 1
does not have direct feedthrough. The resulting expression for the output of the block at step » is

y(n) = y(n-1)+K-T-u(n-1) (2.3)

The steps to compute the output are listed in the Help menu for this block.

* For a detailed discussion on Taylor series, please refer to Numerical Analysis Using MATLAB and Spread-
sheets, ISBN 0-9709511-1-6
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The Backward Euler method, also known as Backward Rectangular or right-hand approxima-
tion, also truncates the Taylor series after two terms. The difference is that the derivative is
evaluated at point ¢ + 4 instead of at point ¢. Thus,

y(t+h) = y(t) + hy'(t+h) (2.4)

With Simulink, the continuous time integrator 1/s in discrete time integration with the Back-
ward Euler method is approximated by Tz/(z-1). With this method, input port 1 has direct
feedthrough. The resulting expression for the output of the block at step # is

y(n) = y(n-1)+K-T-u(n) (2.5)
The steps to compute the output are listed in the Help menu.

In numerical analysis, relation (2.6) below is known as the first—order trapezoidal integration rule.
y(n) = %[x(n)+x(n— D]+y(n-1) n>0 (2.6)

With Simulink, the continuous time integrator 1/s in discrete time integration with the Trape-
zoidal method is approximated by (T/2)(z+1)/(z—-1). With this method, input port 1 has
direct feedthrough. When T is fixed (equal to the sampling period), the resulting expression for
the output of the block at step n is

x(n) = y(n—1)+K-(T/2)-u(n-1) 2.7)

If T is variable (i.e. obtained from the triggering times), the block uses another algorithm to com-
pute its outputs. In either case, the steps to compute the output are listed in the Help menu.

A discrete-time accumulator is characterized by the difference equation

n n—1

y(n) = z x[{] = Z x[l] +x[n] = y[n—1]+x[n] (2.8)
b= —w l=—w

The output y[n] at time instant » is the sum of the input sample x[z] at time instant » and the
previous output y[n—I] at time instant n— I, which is the sum of all previous input sample val-
ues from —oo to n— 1. In other words, the accumulator cumulative adds, i.e., it accumulates all
input sample values.

A discrete-time integrator may be represented by any of the blocks shown in Figure 2.31. Any of
these blocks can be selected from the Integrator method menu in the Function Blocks Parame-
ters dialog box.
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Figure 2.31. Discrete-time integrator blocks

1
Example 2.15

For the model of Figure 2.32, the parameters of a Pulse Generator Block found under the
Sources Simulink Library are set as follows:

Pulse type: Time based

Time (t): Use simulation time
Amplitude: 0.25

Period (secs): 2
Pulse width (% of period): 50
Phase delay (secs): 0

1 K. Tz
—» - > —
z =1 Scope
Fulze Unit Delay Dizcrete-Time Integrator  Bus
Generator Forsmard Euler Creator

Figure 2.32. Model for Example 2.15

After the Simulation start command is issued, the Scope in Figure 2.33 displays the pulse wave-
form which is the output of the Unit Delay block and the output of the Discrete—Time Integrator
which is the accumulation (integration) of the input waveform. To center the waveform on the
scope, we right-click on the y—axis, we left—click on the Axes properties, and in the Scope proper-
ties window we enter Y-min: —1.5, and Y-max: 1.5.
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Figure 2.33. Waveforms for the model of Figure 2.32

2.17 Data Types and The Data Type Conversion Block

Carwvert o

Oam Type Corwersion

There are two classes of data types: those defined by MATLAB and Simulink users, and those
strictly defined by MATLAB. The latter type is referred to as MATLAB built—in data types. Sim-
ulink supports all built—in MATLAB data types except int64 and uint64. Table 2.1 lists the built—

in data types supported by Simulink.

TABLE 2.1 Built-in data types supported by Simulink

Type Name Description

single Single-precision floating point
double Double-precision floating point
int8 Signed 8-bit integer

uint8 Unsigned 8-bit integer

int16 Signed 16-bit integer

uint16 Unsigned 16-bit integer

int32 Signed 32-bit integer

uint32 Unsigned 32-bit integer

In addition to the above, Simulink defines the boolean (1 or 0) type and these are represented
internally by the uint8 values.
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The Data Type Conversion block converts an input signal of any Simulink data type to the data
type and scaling specified by the block's Output data type mode, Output data type, and/or Output
scaling parameters. The input can be any real- or complex—valued signal. Thus, if the input is
real, the output is real, and if the input is complex, the output is complex. We must specify the
data type and/or scaling for the conversion. The Data Type Conversion block handles any data
type supported by Simulink, including fixed—point data types.

The Input and output to have equal parameter is used to select the method by which the input is
processed. The possible values are Real World Value (RWYV) and Stored Integer (SI):

We select Real World Value (RWYV) to treat the input as V = SQ + B” where S is the slope and
B is the bias. V is used to produce Q = (V — B)/S, which is stored in the output. This is the default
value. Select Stored Integer (SI) to treat the input as a stored integer, Q. The value of Q is
directly used to produce the output. In this mode, the input and output are identical except that
the input is a raw integer lacking proper scaling information. Selecting Stored Integer may be use-
ful if we are generating code for a fixed-point processor so that the resulting code only uses inte-
gers and does not use floating-point operations. We also can use Stored Integer if we want to par-
tition our model based on hardware characteristics. For example, part of our model may involve
simulating hardware that produces integers as output.

Example 2.16

The model is shown in Figure 2.34 uses three Data Type Conversion blocks. In the Data Type
Conversion 1 block the input is processed as Stored Integer (SI) and scales the value 63 to be
shown as 7.875 . In the Data Type Conversion 2 block the input is processed as Real World Value
(RWV) so that the input and output will be equal. We use the third block to treat the input as a
Stored Integer with no scaling so that the Display 3 block will show the true value 63.

THEHTS

Display 1

sfiza_End

gy [Lounle '3‘:‘[;"?” o Corent |ERRE0E TETS
Dizplay 2

Constant Dat@ Type Conversion 1 Data Type Conversion 2

S
Dizplay 2

Data Type Conversion 3

Figure 2.34. Model for Example 2.16

*  We observe that this is the equation of a straight line with non—zero y-intercept, that is, y = mx +b
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We double-click the Data Type Conversion 1 block in Figure 2.34 and on the Function Block
Parameters dialog box shown in Figure 2.35, we change the Output data type mode from Inherit
via back propagation to Specify via dialog. On the new Function Block Parameters dialog box
shown in Figure 2.36, we enter the following:

Output data type: sfix(8)
Output scaling value: 2A-3

Input and output to have equal: Stored Integer (Sl)

=] Function Block Parameters: Data Type Conwversion’l

[rata Tope Conversion

Corvert the input bo the data type and scaling of the output,

The converzion haz bwo pozsible goals. One goal is ta have the Beal Warld Y alues of
the input and the output be equal. The ather goal iz to have the Stored |nteger Y alues
af the input and the output be equal. Overflows and quantization errors can prevent
the goal fram being fully achiewved.

The input and the output zuppart all built-in and fised point data pes.

Farameters

Output data type rmode: | aEIEE Nl =T = ]
|nput and output to have equal:| Stored Integer [S1)
Found integer calculations toward: | Floor

[] Saturate on integer averflaw

Sample time [-1 for inkerited]:
-1

| ok ][ Cancel ” Help ” Apply

Figure 2.35. Function Block Parameters Dialog Box 1 for Example 2.16

The labels in Figure 2.34 are displayed by choosing Format>Port/Signal Displays >Port Data
Types. Display 1 block shows the value 7.875. This is because the binary presentation of 63 with
8 bits is 00111111 and since we specified the Output scaling value as 2A-3, the binary point is
shifted 3 places to the left of the least significant bit, and becomes 00111.111 whose value in dec-
imal is 7.875. Display 2 block shows the same value for reasons explained below. Display 3 block
shows the true value 63. This is because we specified the Output scaling value as 220, and thus
the binary number is 00111111 whose value in decimal is 63.
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=] Function Block Parameters: Data Type Conversion

[rata Tope Conversion

Corvert the input bo the data type and scaling of the output,

The converzion haz bwo pozsible goals. One goal iz ta have the Beal Warld Y alues of
the input and the output be equal. The ather goal iz to have the Stored |nteger Y alues
af the input and the output be equal. Overflows and quantization errors can prevent
the goal fram being fully achiewved.

The input and the output zuppart all built-in and fised point data tpes.

Farameters

Output data bwpe mode: | EEs= ] =R = !

Cutput data type [e.q. sh«[16], wint[3), float]*zsingle']):

[sfs(B) |
Output szaling value [Slope, g, 279 ar [Slope Biaz), e, [1.25 3]):

23 |

[] Lack output scaling against changes by the autascaling toal

Input and output to hawve equal:| Stored Integer [S1) v|

Raound integer caloulations taward: | Flaar v|

[] Saturate on integer overflow

Sample time [-1 for inherited):

a |

I k. l [ Cancel ] ’ Help ] Apply

Figure 2.36. Function Block Parameters Dialog Box for the Data Type Conversion 1 block, Example 2.16

Next, we double-click the Data Type Conversion 2 block and we enter the following informa-
tion:

Output data type mode: Specify via dialog

Output data type: sfix(8)

Output scaling value: 2/A-3

Input and output to have equal: Real World Value (RWV)

The Function Block Parameters dialog box for the Data Type Conversion 2 block are as shown in
Figure 2.37.
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2] Function Block Parameters: Data Type Conversion 2

Data Tope Converzion

Convert the input to the data type and zcaling of the output,

The converzion has bwo possible goals. One goal iz to have the Real \wWaorld alues of
the input ahd the output be equal. The ather goal iz to hawve the Stared Integer YW alues
af the input and the output be equal. Overflows and quantization erors can prevent
the goal fram being fully achieved.

The input and the output zuppart all built-in and fised point data pes.

Parameters

Output data bppe mode: |§5 [
Output data type [e.g. sfiz(16], wint2], floatzingle']):

v 3] |
Output sealing value [Slope, e.g. 2°-9 o [Slope Bias). e.g. [1.25 3])

23 |
[] Lock output zcaling against changes by the autascaling tool

Input and output to have equal:| Feal wWorld Yalue [Biwi] V|
Fiound integer calculations tl:uwan:l:| Floar V|

[] Saturate on integer averflaw

Sample time [-1 far inkerited]:

& |

[ k. l ’ Cancel l ’ Help ] Apply

Figure 2.37. Function Block Parameters Dialog Box for the Data Type Conversion 2 block, Example 2.16

Finally, we double-click the Data Type Conversion 3 block and we enter the following:
Output data type mode: Specify via dialog

Output data type: sfix(8)

Output scaling value: 270

Input and output to have equal: Stored Integer (Sl)

The Function Block Parameters dialog box for the Data Type Conversion 3 block are as shown in

Figure 2.38.
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=] Function Block Parameters: Data Type Conwversion 3

[rata Type Conversion

Corwvert the input to the data type and zcaling of the output,

The converzion has bwo possible goals. One goal iz to have the Real \wWaorld Walues of
the input and the output be equal. The ather goal iz to hawve the Stared Integer Y alues
af the input and the output be equal. Overflows and quantization erors can prevent
the goal from being fully achieved.

The input and the output zuppart all built-in and fised point data pes.

Parameters

Dutput data type mode: | = 8= (=] )

Output data type B0, sfis[16], uink[3]. float]'single']):
i3] |
Qutput scaling value [Slope, e.g. 2°-9 ar [Slope Biaz), e.g. [1.25 3])

20 |

[] Lock output scaling against changes by the autascaling tool

Input and output to have equal:| Stored Integer [51] v|
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i |

k. l ’ Cancel l ’ Help Apply

Figure 2.38. Function Block Parameters Dialog Box for the Data Type Conversion 3 block, Example 2.16
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2.

18 Summary

A Subsystem block represents a subsystem of the system that contains it.
Inport blocks are ports that serve as links from outside a system into the system.
Outport blocks are output ports for a subsystem.

The Ground block can be used to connect blocks whose input ports are not connected to
other blocks. If we run a simulation with blocks having unconnected input ports, Simulink
issues warning messages. Using Ground blocks to ground those blocks avoids warning mes-
sages. The Ground block outputs a signal with zero value. The data type of the signal is the
same as that of the port to which it is connected.

The Terminator block can be used to cap blocks whose output ports are not connected to
other blocks. If we run a simulation with blocks having unconnected output ports, Simulink
issues warning messages. Using Terminator blocks to cap those blocks avoids warning mes-
sages.

The Constant block generates a real or complex constant value. The block generates scalar
(1x1 2-D array), vector (1-D array), or matrix (2-D array) output, depending on the dimen-
sionality of the Constant value parameter and the setting of the Interpret vector parameters as
1-D parameter. By default, the Constant block outputs a signal whose data type and complex-
ity are the same as that of the block's Constant value parameter. However, we can specify the
output to be any supported data type supported by Simulink, including fixed-point data types.

The Product block performs multiplication or division of its inputs. This block produces out-
puts using either element-wise or matrix multiplication, depending on the value of the Multi-
plication parameter. We specify the operations with the Number of inputs parameter. Multi-
ply(*) and divide(/) characters indicate the operations to be performed on the inputs.

The Scope block displays waveforms as functions of simulation time. The Scope block can
have multiple y-axes with a common time range.

We use Bus Creator blocks to create signal buses and Bus Selector blocks to access the com-
ponents of a bus. Simulink hides the name of a Bus Creator and Bus Selector blocks when we
copy them from the Simulink library to a model. However, we can make the names visible by
clicking Show Name on the Format menu.

The Bus Editor allows us to change the properties of the bus types objects. We select the Bus
Editor from the model’s Tools menu.

We can add an annotation to any unoccupied area of our model. To insert an annotation, we
double-click in an unoccupied section of the model, a small rectangle appears, and the cursor
changes to an insertion point. We start typing the annotation text and we observe that each
line is centered within the rectangle. Then we can move it to the desired location by dragging
it. We can choose another Font and Text Alignment from the Format menu. We can delete an
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annotation by first selecting it, holding down the Shift key and pressing the Delete or Back-
space key.

® The Mux block combines its inputs into a single output. An input can be a scalar, vector, or
matrix signal. Simulink hides the name of a Mux block when we drag it from the Simulink
block library to a model. However, we can make the name visible by clicking Show Name on
the Format menu.

® The Demux block extracts the components of an input signal and outputs the components as
separate signals. The Number of outputs parameter allows us to specify the number and,
optionally, the dimensionality of each output port. If we do not specify the dimensionality of
the outputs, the block determines the dimensionality of the outputs for us. Simulink hides the
name of a Demux block when we drag it from the Simulink library to a model. However, we
can make the name visible by clicking Show Name on the Format menu.

® The Switch block outputs the first input or the third input depending on the value of the sec-
ond input. The first and third inputs are called data inputs. The second input is called the
control input and it is specified on the Function Block Parameters for the Switch block.
The following options are available:

u2>=Threshold

u2>Threshold

u2~=0

where u2~=0 indicates a non-zero condition.

® The Divide block is an implementation of the Product block. It can be used to multiply or
divide inputs.

¢ The Gain block multiplies the input by a constant value (gain). The input and the gain can
each be a scalar, vector, or matrix. We specify the value of the gain in the Gain parameter. The
Multiplication parameter lets us specify element—wise or matrix multiplication. For matrix mul-
tiplication, this parameter also lets us indicate the order of the multiplicands.

¢ The Relational Operator block performs the specified comparison of its two inputs. We select
the relational operator connecting the two inputs with the Relational Operator parameter.
The block updates to display the selected operator. The supported operations are given below.

Operation Description:

== TRUE if the first input is equal to the second input

~ = TRUE if the first input is not equal to the second input
< TRUE if the first input is less than the second input

<= TRUE if the first input is less than or equal to the second input
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>= TRUE if the first input is greater than or equal to the second input
> TRUE if the first input is greater than the second input

e The Logical Operator block performs the specified logical operation on its inputs. An input
value is TRUE (1) if it is nonzero and FALSE (0) if it is zero. The Boolean operation connect-
ing the inputs is selected with the Operator parameter list in the Function Block Parameters
window. The block updates to display the selected operator. The supported operations are
given below.

Operation Description:

AND - TRUE if all inputs are TRUE

OR - TRUE if at least one input is TRUE

NAND - TRUE if at least one input is FALSE
NOR - TRUE when no inputs are TRUE

XOR - TRUE if an odd number of inputs are TRUE
NOT - TRUE if the input is FALSE and vice-versa

The number of input ports is specified with the Number of input ports parameter. The output
type is specified with the Output data type mode and/or the Output data type parameters. An
output value is 1 if TRUE and 0 if FALSE.

e The Saturation block sets upper and lower bounds on a signal. When the input signal is within
the range specified by the Lower limit and Upper limit parameters, the input signal passes
through unchanged. When the input signal is outside these bounds, the signal is clipped to the
upper or lower bound. When the Lower limit and Upper limit parameters are set to the same
value, the block outputs that value.

® The Integrator block outputs the integral of its input. We can use different numerical integra-
tion methods to compute the Integrator block's output. The Integrator block's state port
allows us to avoid creating algebraic loops when creating an integrator that resets itself based
on the value of its output. An algebraic loop is formed when two or more blocks with direct
feedthrough (the output of the block at time ¢, is a function of the input at time t) form a
feedback loop. The basic problem with algebraic loops is that the output, y, at time, ¢, is a
function of itself.

e The Unit Delay block delays its input by the specified sample period. That is, the output

equals the input delayed by one sample. This block is equivalent to the z ' discrete—time oper-
ator. This block allows for discretization of one or more signals in time, or for resampling the
signal at a different rate. If our model contains multirate transitions, then we must add Unit
Delay blocks between the slow—to—fast transitions. The sample rate of the Unit Delay block
must be set to that of the slower block.
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¢ The Discrete-Time Integrator block performs discrete-time integration or accumulation of a
signal. This block appears also in the Discrete Library Browser. We use this block in discrete—
time systems instead of the Continuous Integrator block in continuous—time systems. The
block can integrate or accumulate using the Forward Euler, Backward Euler, and Trapezoidal
methods.

® There are two classes of data types: those defined by MATLAB and Simulink users, and those
strictly defined by MATLAB. The latter type is referred to as MATLAB built-in data types.
Simulink supports all built-in MATLAB data types except int64 and uint64. Table 2.1 lists the
built-in data types supported by Simulink.

e The Data Type Conversion block converts an input signal of any Simulink data type to the
data type and scaling specified by the block's Output data type mode, Output data type, and/or
Output scaling parameters. The input can be any real- or complex—valued signal. If the input
is real, the output is real. If the input is complex, the output is complex. This block requires
that we specify the data type and/or scaling for the conversion. Also, the Data Type Conver-
sion block handles any data type supported by Simulink, including fixed—point data types. The
Input and output to have equal parameter is used to select the method by which the input is
processed. The possible values are Real World Value (RWYV) and Stored Integer (SI).
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2.19 Exercises

1

2.

Repeat Example 2.6 using the Mux block instead of the Bus Creator block.

It is desired to convert a DC signal from 2.5 volts to 5.0 volts, another DC signal from 12 volts
to 15 volts, and a third from +15 volts to —15 volts. The conversions are to be performed at a
distant location. Create a model that includes a Bus Creator block, a Signal bus, and a Bus
Selector block to accomplish these conversions.

. Using Constant blocks, a Product block, and the Display block, perform the operation

(3+j4)/(4+j3)x(5-38) .

. Using a Constant block, a Gain block, and a Display block, perform the matrix multiplication

A - A* where

A= [1FiZ ] Ax = |1-i2
30 2-33 30 2+i3

. Create a model similar to that of Example 2.5 with the constant 255 as input that will display

the true value in one Display block and will scale this number by a factor of eight to be shown
in another Display block.

. Explain why when the Start simulation command is issued for the model shown below, an error

message is displayed.

[ fz——p T
. -+ L
Step Gain 1
it e ™ 1 - ]
Add #aF
Integrator
Integratar 2 Seope
0.5 o
Lonstant 1 Constant 2
-4
Gain2
-3
Sain3

. The parameters of a Pulse Generator Block found under the Sources Simulink Library are set as

follows:
Pulse type: Time based

Time (t): Use simulation time
Amplitude: 0.25
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Period (secs): 2
Pulse width (% of period): 50
Phase delay (secs): 0

Integrate this pulse using a Unit Delay block and the Backward Euler integration method.
Compare the output with the Forward Euler Integration block in Example 2.9.

8. Create a model to simulate the Boolean expression D = A(B + C) + AB ; Display the value of

the output variable D for all combinations of the variables A, B, and C T

9. Using a model with a Relational Operator block, prove or disprove that the beta function
B(5, 4) is equal to the gamma function I'(5) - T'(4)/T(5+4).

10. Create a model to display a three-phase power system on a single Scope block where the
waveforms of three phases are three sine waves 120° degrees apart.

11. Create a model to display a sine wave with unity amplitude clipped at points +0.5 and -0.5.

*  Variables in parentheses have precedence over other operations.
T In other words, form the truth table for this Boolean expression. For a detailed discussion on truth tables, please
refer to Digital Circuit Analysis and Design with an Introduction to CPLDs & FPGAs, ISBN 0-9744239-5-5.
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2.20 Solutions to End-of-Chapter Exercises

1.
We substitute the Bus Creator block with the Mux block, we double click on the Mux block
and in the Function Block Parameters window, we change the number of inputs to 3.
[
W
Sine Wave
] it | -
Derivative Soope
L—{= ;— L— P  simout
Integrator M To Workspace
2.

2.3

- [ 5]
= ™2 -1

Constant 1 Gain 1 Display 1

12 4

<signald=
Constant 2 Gain 2 Display 2
- -
= ZsignaT -1 il
Constant 3 Gain 3 Display 3

Bus Bus
Greator Selector

The Constant blocks are selected and dragged from the Sources Simulink Library Browser, the
Bus Creator (left bus), Bus Selector (right bus), and Gain blocks from the Commonly Used
Simulink Library Browser, and the Display blocks from the Sinks Simulink Library Browser.
The Signal bus is normally shown as a single line arrow. It will change to a three line arrow
when we click on the Start simulation icon.

The “Signal bus” annotation was created by double-clicking in a blank space of the model
block, and in the small rectangle we entered this annotation. We moved it to location shown
by dragging it.

We connect the blocks as shown in the figure below. We double-click on the Constant blocks
and we enter the complex numbers shown. Then, we double click on the Product block, and
on the Function Blocks Parameters, in Number of inputs, we type */*. This sequence defines 3
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inputs, a multiplication, a division, and another multiplication. After executing the Start simu-
lation command, it may be necessary to stretch the Display block to see the result.

Z+di
Constant 1 .

A+3i -+ >| | 7.04 - 5.26i |
Constant 2 — | Display

Product

S-8i

Constant 3
4.
A= (1112 ] Ax = (1712 ]
3 2-33 3 2+j3

We enter the elements of matrix A in the Constant block, and the elements of matrix A* in

the Gain block. After the Simulate start command is executed, the product appears on the
Display block.

. [ S+ 3] | -1+ i
=2 | g-15] | 13- 5i]
Constant Eain Diizplay
5.

ses double » e sfixig_En3 -] e sfixig_En3 ==5

Display 1

Constant Dat Type Conversion Dat Type Conversion 2 i

. I:D[guir:lert int1g =540

Data Type Conversion 3 Dizplay
The Data Type Conversion 1 block treats the input as a real-world value, and maps that
value to an 16-bit signed generalized fixed-point data type with a scaling of 2A-3. When the
value is then output from the Data Type Conversion 2 block as a real-world value, the scaling
and data type information is retained and the output value is 000011111111.000, or 255.
When the value is output from the Data Type Conversion 3 block as a stored integer, the
scaling and data type information is not retained and the stored integer is interpreted as
000011111111000, or 2040. For all three Data Type Conversion blocks after double-clicking,
we change the Output data type mode from Inherit via back propagation to Specify via dia-
log. On the new Function Block Parameters window we enter the following:
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7

Output data type — all three blocks: sfix(16)
Output scaling value — block 1: 2/A-3, blocks 2 and 3: 20

Input and output to have equal — blocks land 2: Real World Value (RWV), block 3: Stored
Integer (SI)

Next, we double-click the Data Type Conversion 2 block and we enter the following informa-
tion:

Output data type mode: Specify via dialog

Output data type: sfix(8)

Output scaling value: 2/A-3

Input and output to have equal: Real World Value (RWV)

Finally, we double-click the Data Type Conversion 3 block and we enter the following:
Output data type mode: Specify via dialog

Output data type: sfix(8)

Output scaling value: 220

Input and output to have equal: Stored Integer (Sl)

The Inport and Outport labels are displayed by choosing Format>Port/Signal Displays >Port
Data Types.

The state ports are intended to be used specifically for self-resetting integrators (see Creating
Self-Resetting Integrators), and Handing off a state from one enabled subsystem to another
(see Handing Off States Between Enabled Subsystems) in Simulink’s Help menu for the Inte-
grator block. The state port should only be used in these two scenarios. When updating a
model, Simulink checks to ensure that the state port is being used in one of these two scenar-
ios. If not, Simulink signals an error.

The simulation model and the output of the Discrete-Time Backward Euler Integrator are
shown below.

1 I Ts =
> = L =1 Scope
Fulse Upit Delay  Discrete-Time Integrator g
Generator Backward Eular Cireator
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A comparison of the waveform above and that of Figure 2.33 in Example 2.15 shows that the

accumulation (integration) begins one step n earlier. We recall that for the Forward Euler Dis-
crete—Time Integrator,

y(n) = y(n-1)+K-T-u(n-1)
and for the Backward Euler Discrete-Time Integrator,

y(n) = y(n—-1)+K-T-u(n)

The model is shown below where the blocks indicated as Variable A, Variable B, and Variable
C are Constant blocks. We begin by specifying the values for the combination A = 0, B = 0,

and C = 0 in MATLAB’s Command Window, and after execution of the Simulation start
command we observe the value 0 in Display Output D block.

0 1
E HOT
g Mo | T ) 0
\ariable B Logical : AND o
Operator NOT 1 Logical : ]
Cperatar OF 1 Logical o
Cperator AMD Logical Display Cutput O
o o Cperator OF 2
B 1]
- I—I I,
: HOT
Variable G \ariable 4 o AND
Lagical -
Lagical
Cperatar NOT 2
pemr Operator AND 2

The remaining combinations for the variables A, B, and C and the corresponding value of the
output D are shown in the truth table below.
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Inputs Output
A | B C D
0 0 0 0
0 0 1 0
0 1 0 1
0 1 1 1
1 0 0 1
1 0 1 1
1 1 0 0
1 1 1 1

9. The model below indicates that B(5,4) = I'(5)-T'(4)/T(5+4).

S N
Beta Function

|_> ==
B Fielational Dizplay
Cperator

Garnma Function

In the Source Block Parameters for the Beta Function block we enter beta(5,4), and in the
Source Block Parameters for the Gamma function we enter gamma(5)*gamma(4)/gamma(9).
For both functions, on the Signal data types we select int8.

10.

The model is shown below where in The Source Block Parameters for the Sine Wave 1 block
the phase is specified as O radians, for the Sine Wave 2 block the phase is specified as 2n/3
radians, and for the Sine Wave 3 block the phase is specified as 4n/3 radians.

Sirne Wawre 1

Sire Wimwve 2 Scope

Ir“'.ll Bus

1,V,r Greator

Sine Wawve 3

The three-phase waveforms are shown below.
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11.

The model is shown below where in the Saturation block’s parameters dialog box we have
specified Upper and Lower limits at points +0.5 and —0.5 respectively.

[
1'-.,;'r > Scope
Sine Wawe Satumation EBus

Creator

The input and output waveforms are shown below.
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in the Simulink group of libraries and contains the Continuous-Time Linear Systems
Sub-Library, and the Continuous-Time Delays Sub-Library blocks shown below. We
will describe the function of each block included in this library and we will perform simulation

T his chapter is an introduction to the Continuous Blocks library. This is the second library

examples to illustrate their application.

Confinuous-Time Linear Systems

Y b

Dlelay

1
- F dusdt
Imtegrator Denvative
w'= AstBu | a0 =1}
w = CetOu =+1 s[5+1)
State-Space Transfer Fon Zero-Fale

Continuous-Time Delays

Tu:-ii"': i

By

Transport Variable

\arable

Tirme Delay TAnsport Delay

Introduction to Simulink with Engineering Applications

Copyright © Orchard Publications

3-1



Chapter 3 The Continuous Blocks Library

3.1 The Continuous-Time Linear Systems Sub-Library

The Continuous-Time Linear Systems Sub-Library contains the blocks described in Subsec-
tions 3.1.1 through 3.1.5 below.

3.1.1 The Integrator Block

LS
=

Integrator

The Integrator block is described in Section 2.14, Chapter 2, Page 2-20.
3.1.2 The Derivative Block

dusdt f

Derivative

The Derivative block approximates the derivative of its input. The initial output for the block is
zero. The accuracy of the results depends on the size of the time steps taken in the simulation.
Smaller steps allow a smoother and more accurate output curve from this block. Unlike blocks
that have continuous states, the solver does not take smaller steps when the input changes rap-
idly. Let us consider the following simple example.

Example 3.1

We will create a model that will compute and display the waveform of the derivative of the func-
tion y = cosx.

The model is shown in Figure 3.1, and the input and output waveforms are shown in Figure 3.2.

[ ]

Scope

ﬁU e o/t

Sine Wawe Dervative Bus
Creator

Figure 3.1. Model for Example 3.1

To convert the sine function in the Sine Wave block to a cosine function, in the Source Block
Parameters dialog box we specify Phase = n/2. As we know, the derivative of the cosine func-
tion is the negative of the sine function and this is shown in Figure 3.2.

3-2 Introduction to Simulink with Engineering Applications
Copyright © Orchard Publications



The Continuous—Time Linear Systems Sub—Library

To scale the vertical axis in Figure 3.2, we move the cursor near that axis, we right—click, and we
set the values as indicated. We will follow this practice in subsequent illustrations.

Figure 3.2. Input and output waveforms for the model of Figure 3.1

The Simulink Help for the derivative block states that using the MATLAB function linmod to
linearize a model that contains a Derivative block can be troublesome. Let us elaborate on linear-
ization.

We prefer to work with linear functions since the slope is constant and thus we can find the out-
put for any input. Unfortunately, the equations that describe the behavior of most physical phe-
nomena are non-linear. If we are interested in values of the function close to some point (a,b), we

can replace the given function by its first Taylor polynomial, which is a linear function.” We recall
that the Taylor series are defined as in relation (3.1) below.

" (n)
f(x) = f(xg) +f'(x0)(X - Xo) + fé—fo)(x —xp) .+ fn—(!xo)(x —xo)" (3.1)

In (3.1), the first two terms on the right side define an equation of a straight line, i.e., y = mx +b,

a linear function. For example, if y = f(x) = x*, the first two terms on the right side of (3.1) at
point x=3 are represented by 9 + 6(x —3) = 6x—9. The same is true for a function f of two vari-

ables, say x and y, i.e., f(x,y), where if we let L denote the local linearization at the point (a, b),
we get

L(x,y) =f(a,b) + %(a, b)(x—a)+ %(a,b)(y—b) (3.2)

* The first Taylor polynomial is often called the local linearization.
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Relation (3.2) yields the three numbers required to define the local linearization. The first number
is the value of f at point (a, b), the second is the value of the partial derivative with respect to x
at point (a, b), and the third is the value of the partial derivative with respect to y at point (a, b).

Taking the partial derivative of z = f(x,y) = x"+y" and evaluating it at the point (, 2) we find
that the local linearization is w = L(1,2) = 5+2(x-1)+4(y-2). We observe that this local
linearization contains x and y terms of first degree. We can plot these functions with the follow-

ing MATLARB script. The plot is shown in Figure 3.3.

x=-3:0.01:3; y=X; z=x.2+y.2;...
w=5+2.%(x—1)+4.*(y-2);...
plot(x,z,x,w); grid

20

10

-10

20f-.

an : : : : :

Figure 3.3. An example of linearization at a specified point

MATLARB provides three functions to extract linear functions in the form of state—space matrices
A, B, C,and D. We recall that the input—output relationship in terms of these matrices is
X = Ax+ Bu
(3.3)
y = Cx+Du
where x represents the state(s), u the input, and y the output, and the inputs and outputs must
be Inport and Outport blocks. Other blocks cannot be used as inputs and outputs.

Example 3.2

We will use the MATLAB linmod(‘x’) function to extract the linear model for the model shown
in Figure 3.4.

We save the given model as Figure 3 4, and in MATLAB’s Command Window we execute the
command [A,B,C,D]=linmod('Figure_3_4'). MATLAB displays the four matrices as
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1
{? = ™ 524 5546
Transfer Fon 1

1
— .‘—

s+2

Transfer Fon 2

Figure 3.4. Model for Example 3.2

A =
-5 -6 -1
1 0 0
0 1 -2
B =
1
0
0
C =
0 1 0
D =
0

and thus the model of Figure 3.4 can be represented as

-5 -6 -1 1
X=11 0 o0|x+]|ou
0 1 =2 0

y = [0 1 o]x+ [o]u

The Simulink Extras library contains the Switched derivative for linearization block and the
Switched transport delay for linearization block. The former should be used in place of the
derivative when we are linearizing the model. It approximates the derivative with a proper trans-
fer function. The latter delays the input by a specified amount of time. It can be used to simulate a
time delay.

To avoid possible problems with derivatives we can incorporate the derivative block in other

blocks.
1 ——
Example 3.3

Let us consider the model of Figure 3.5.
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1
||

In — Cut
Derivative Transfer Fon

Figure 3.5. Model with derivative block

Recalling that differentiation in the time domain corresponds to multiplication by s in the com-

plex frequency domain minus the initial value of f(t) at t = 0, that is,
' d -
£1() = 3, £(0) < sF(s) ~ £(0)

and assuming that the initial value is zero, we can replace the model of Figure 3.5 with that of Fig-
ure 3.6.

: 5 -
I1n » 524+ 55+0 CL "
Transfer Fon

Figure 3.6. Model equivalent to the model of Figure 3.5

3.1.3 The State-Space Block

®' = AxtBu
y = GxOu

State-Space
The State-Space block implements a system defined by the state—space equations

X = Ax+ Bu
3.4)

y = Cx+Du
where x and u are column vectors, matrix A must be an n xn square matrix where n represents
the number of the states, matrix B must have dimension n xm where m represents the number
of inputs, matrix C must have dimension » xn where r represents the number of outputs, and

matrix D must have dimension » xm .

For examples with the state—space block please refer to Chapter 1, Examples 1.1 and 1.2.

3.1.4 The Transfer Fcn Block

1
—_— 3
=+1

Transfer Fcn
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The Transfer Fen block implements a transfer function where the input V,; (s) and output

V,(s) can be expressed in transfer function form as the following equation

v
G(s) = —O—ut—(s—) 3.5)
Vin(s)
|
Example 3.4
Let us consider the op amp circuit of Figure 3.7.
L 1/sC
Rl R2 R3 T 2
Yo L e
i 1/SC1 + out (S
= I 1 ;
Figure 3.7. Circuit for Example 3.3 to be simulated.
It can be shown™ that the transfer function of the op amp circuit of Figure 3.7 is given by
v _
G(S) — out(s) — 1 (3.6)
V..(s) R, [(1/R,+1/R,+1/R;+sC, )(5R,C,) + 1/R,]
and this transfer function describes a second order lowpass filter. For simplicity, we let
and by substitution of these values into (3.6) we obtain
A% _
G(s) = voul®) _ 1 (3.7)

Vi) [24+3s+1]

Assuming that the input V, (s) is the unit step function, we will create a model using the Trans-

fer Fen block to simulate the output V,(s).

The model is shown in Figure 3.8 where in the Function Block Parameters dialog box for the
Transfer Fen block we have entered —1 for the numerator and [1 3 1] for the denominator.

* The derivation of this transfer function is shown in Chapter 4, Signals and Systems with MATLAB Applica-
tions, ISBN 0-9709511-6-7.
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al 1]
j ™ 2435+ ™

Stap Transfer Fon Seope

Figure 3.8. Model for Example 3.4

Upon execution of the Simulation start command, the Scope displays the waveform shown in Fig-
ure 3.9.

Figure 3.9. Output waveform for the model of Figure 3.8

3.1.5 The Zero-Pole Block

=1}
z[5+1)

Zero-Fole

The Zero-Pole block implements a system with the specified zeros, poles, and gain in the s—
domain. This block displays the transfer function depending on how the parameters are specified:

1. If each is specified as an expression or a vector, the icon shows the transfer function with the
specified zeros, poles, and gain. If we specify a variable in parentheses, the variable is evaluated.
For example, if in the Function Block Parameters dialog box we specify Zeros as [2 4 6 8], Poles

as [13579], and Gain as 25, the block looks like as shown in Figure 3.10."

2552 -4 -3 -8
[~ 1 -2 s~ 57 -2

Zero-Fale

Figure 3.10. The Zero-Pole block specified in vector form

* We may need to stretch the block to see the entire block shown above.
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2. If each is specified as a variable, e.g., zeros, poles, Gain, in MATLAB’s Command Window we
enter

zeros=[2 4 6 8]; poles=[1 3 5 7 9]; Gain=25;

the block shows the variable name followed by (s) if appropriate. For this example the block
appearance will be as shown in Figure 3.11.

Eaintzeros(s]

pioles(s)

Zero-Fale

Figure 3.11. The Zero-Pole block specified as variables

Example 3.5

The system transfer function of a system has a gain factor of 1.5, zeros at —2 *j, and poles at -3
and at — 1 £j. We will create a model to display the step response of this system.

The model and the input and output waveforms are shown in Figures 3.12 and 3.13 respectively.

> 1.5E+2+[ll+2-])
s+ 35+ 1+ ]+ 1) Scope
Step Zero-Fale Bus
Creator

Figure 3.12. Model for Example 3.5

Figure 3.13. Input and output waveforms for the model of Figure 3.12
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3.2 The Continuous-Time Delays Sub-Library

The Continuous-Time Delays Sub-Library contains the blocks described in Subsections 3.2.1
through 3.2.3 below.

3.2.1 The Transport Delay Block

LRy

TRansport
Dzl

The Transport Delay block delays the input by a specified amount of time. It can be used to sim-
ulate a time delay. At the start of the simulation, the block outputs the Initial input parameter
until the simulation time exceeds the Time delay parameter. The Time delay parameter must be
nonnegative. Best accuracy is achieved when the delay is larger than the simulation step size.

Example 3.6

For the model shown in Figure 3.14, the Time delay in the Function Block Parameters dialog box
is specified as 2, and this delay is shown in Figure 3.15.

I B
U o E’%( I:re:Smr

Sine Wawve Transport
Dizlmy |:|

Scope
Figure 3.14. Model to illustrate the use of the Transport Delay block

Figure 3.15. Input and output waveforms for the model of Figure 3.14
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When an output is required at a time that does not correspond to the times of the stored input
values, the Transport Delay block interpolates linearly between points. For a more detailed dis-
cussion please refer to the Help menu for this block.

The Transport Delay block does not interpolate discrete signals. Instead, it returns the discrete
value at the required time.

3.2.2 The Variable Time Delay Block

Toiﬁ r

Warable
Tirne Del=y *

The Variable Time Delay block and the Variable Transport Delay block appear as two blocks in
the Simulink block library. However, they are actually the same built—in Simulink block with dif-
ferent settings of a Select delay type parameter. In the Variable Time Delay mode, the block has a
data input, a time delay input, and a data output. The block's output at the current time step
equals the value of its data input at a previous time which is equal to the current simulation time
minus a delay time specified by the block's time delay input.

Example 3.7

The model in Figure 3.16 shows a Variable Time Delay block where the Signal Generator block
output is a square wave and the Constant block is set to the value 0.5 to introduce a delay of 0.5
second. The input and output of the Variable Time Delay block are shown in Figure 3.17.

oooo
o - L1
= To
Signal =1
Geéiﬁmnr *anable Bus s
Tirme Delay — Srester
0.5
Constant

Figure 3.16. Model with Variable Time Delay
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Figure 3.17. Signal Generator block and Variable Time Delay block for the model of Figure 3.16

3.2.3 The Variable Transport Delay Block

Variable
Transport Delay

In the Variable Transport Delay block the output is equal to the value of its data input at an ear-
lier time which is equal to the current time minus a transportation delay. If we let u(¢) be the
input, ¢,(¢) the transportation delay, and y(#) the output, then

y = u(t-ty(v) (3.8)
Example 3.8

From electric circuit theory, we know that an alternating current i through a capacitor C leads

the voltage v by 90°. Using a Variable Transport Delay block, we will create a model that will

display the current and voltage waveforms.

The model and the input and output waveforms are shown in Figures 3.18 and 3.19 respectively.

oooo
[e2) [ |:|
I Ti
Sigrnal - E Scope
Generatar Variable I:re:Smr
Transport Delay
piid
Constant

Figure 3.18. Model for Example 3.8
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Figure 3.19. Input and output waveforms for the model of Figure 3.18
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3.3 Summary
¢ The Integrator block outputs the integral of its input at the current time step.

® The Derivative block approximates the derivative of its input. The block accepts one input
and generates one output. The initial output for the block is zero. For nonlinear models, we
can use the MATLAB function linmod to linearize a model that contains a Derivative block.
To avoid problems, it is recommended that before linearizing we replace troublesome blocks
with blocks found in the Simulink Extras library in the Linearization sublibrary. To avoid possi-
ble problems with derivatives we can incorporate the derivative block in other blocks.

e MATLAB provides three functions to extract linear functions in the form of state-space matri-
ces A, B, C, and D. The input-output relationship in terms of these matrices is

X = Ax+Bu
y = Cx+Du

where x represents the state(s), u the input, and y the output, and the inputs and outputs
must be Inport and Outport blocks. Source and Sink blocks cannot be used as inputs and out-
puts.

e The Simulink Extras library contains the Derivative for linearization block and the Transport
Delay block. The former should be used in place of the derivative when we are linearizing the
model. It approximates the derivative with a proper transfer function. The latter delays the
input by a specified amount of time. It can be used to simulate a time delay.

® The State-Space block implements a system defined by the state-space equations

X = Ax+Bu
y = Cx+Du

where x and u are column vectors, 4 and C must be matrices conformable for multiplication
with x, and B and D must be matrices conformable for multiplication with u.

® The Transfer Fen block implements a transfer function where the input V; (s) and output (y)

can be expressed in transfer function form as the following equation

Vou(s)

G(s) = V. (5)

® The Zero-Pole block implements a system with the specified zeros, poles, and gain in the s-
domain. The Zero-Pole block displays the transfer function depending on how the parameters
are specified. If each is specified as an expression or a vector, the icon shows the transfer func-
tion with the specified zeros, poles, and gain. If we specify a variable in parentheses, the vari-
able is evaluated.
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Summary

® The Transport Delay block delays the input by a specified amount of time. It can be used to
simulate a time delay. At the start of the simulation, the block outputs the Initial input param-
eter until the simulation time exceeds the Time delay parameter, when the block begins gener-
ating the delayed input. The Time delay parameter must be nonnegative. Best accuracy is
achieved when the delay is larger than the simulation step size.

e The Variable Time Delay block and the Variable Transport Delay block appear as two blocks
in the Simulink block library. However, they are actually the same built-in Simulink block with
different settings of a Select delay type parameter. In the Variable Time Delay mode, the block
has a data input, a time delay input, and a data output. The block's output at the current time
step equals the value of its data input at a previous time equal to the current simulation time
minus a delay time specified by the block's time delay input.

¢ In the Variable Transport Delay block the output at the current time step is equal to the
value of its data input at an earlier time equal to the current time minus a transportation delay.

If we let u(z) be the input, 7,(¢) the transportation delay, and y(#) the output, then

y = u(t-ty(t))

Introduction to Simulink with Engineering Applications 3-15
Copyright © Orchard Publications



Chapter 3 The Continuous Blocks Library

3.4 Exercises

1. Using MATLAB’s linmod(‘x’) function, express the model below in state—space form.

ol
Scope 1
oooo 1
5 . [ S I N
£ =+1
Signal Integrator Gain 1 Transfer Fen Secope 2
Generator

Gain 2

2. Create a model that includes a Transfer Fen block to simulate the output v, of the circuit
below where R, represents the internal resistance of the applied (source) voltage v,, and R,
represents the resistance of the load that consists of R, , L, and C. The values of the circuit

constants are Rg =100 Q,R; = 1 KQ,L = 10 mH, and C = 500 uF.

3. From electric circuit theory, it is known that charging a capacitor with a constant current pro-
duces a linear voltage across it, that is,

I
Ve = =t
€~ c
where C is the capacitance in farads, 7 is the constant current through the capacitor in
amperes, and V. is the linear voltage across the capacitor in volts. Using a Variable Transport
Delay block create a model to display the outputif I = 2 mA, C = 1000 uF, and the voltage
across the capacitor at some time 7, is V, = 2 v.
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3.5 Solutions to End-of-Chapter Exercises

1. The first step is to replace the source and sink blocks with Inport and Outport blocks as shown
below. This model is saved as Exercise_3_1A.

Cutd

b{m o = (3

=+ o

Gain 1 Transfer Fen

Gain 2

From MATLAB’s Command Window we execute the statement
[A,B,C,D]=linmod('Exercise_3_1A")

and MATLAB displays
A =

3 0

10 -1

B =

1

0
C =

1 0

0 1
D =

0

0

Therefore, the linear model of the given model in state-space form is expressed as
X = 3.0 X + 1 u
10 -1 0
y = L0l 4 [0
0 1 0
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2.

The s — domain equivalent circuit is shown below.

The transfer function G(s) is readily found by application of the voltage division expression

R; +sL+1/sC

Vouls) = |
oul®) = IR +sLr1/sC )

Then,
Vour(s) Ry +Ls+1/sC
Via(s) ~ Ry+Ry +Ls+1/sC

G(s)=

Vou(s)  LCs+R; Cs+1
Vin(s) LCs2+(Rg+RL)Cs+1

G(s)=

With R, = 100 Q, R, = 1KQ, L

becomes

10 mH, and C = 500 pF, the transfer function

CVeu®)  5x 10707 +5x 10 s+ 1
G(s)= Vi 62 4
(8 5x10%%+55x10 *s+1

G(s)= Youl®) _ s”+ 5005 +2 x 10°
Vin(s)  §? 45505 +2 x 10°

This transfer function is very nearly unity for all values of the variable s and thus we expect
the output to be the same as the input. In the model shown below, the Signal Generator’s
waveform was chosen as sawtooth with amplitude 2 and frequency 0.25 Hz.
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Soope
oooo num s )
[ale}
denls)
Signal Transfer Fon Bus
Senerator

Creator

3.
V. = 1t = 2x10%
C_C -
Slope = m = 1/C. Then
3
o210ty
C 10
|
= =t = 2t
Ve C
2
t=t,===1
0= 5 §

The model and the input and output are shown below where the slope for the Ramp block is
set to 2 and the time delay of 1 second is specified by the Constant block.
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/

Rarmp
[Slope=2])

1

Constant
[1=ec)

- ]
| Ti EN
Variable Bus Seope

Transport Delay

Greator
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Chapter 4

The Discontinuities Blocks Library

in the Simulink group of libraries and contains the blocks shown below. We will describe
the function of each block included in this library and we will perform simulation examples
to illustrate their application.

T his chapter is an introduction to the Discontinuities Blocks library. This is the third library

Discontinuities
b 7 £ 3 b
Saturmation Dead one Rate Liriter
up up up
1] 7~C '!Ir 3 1] T_é '!1" [ 1] 7~L [
1o] I L]
Samraton Dead Zone Fate Limiter
Ciymarnic Oiymarnic Orymarnic
? = |
b ——F = F
Backlash Felay CAantizer
| -
2 L FLr
~
Hit Goulornb & Wwrap To Jeno
CroEsing Wigcous Friction
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Chapter 4 The Discontinuities Blocks Library

4.1 The Saturation Block

b

Satiation

The Saturation block sets upper and lower bounds on a signal. When the input signal is within
the range specified by the Lower limit and Upper limit parameters, the input signal passes through
unchanged. When the input signal is outside these bounds, the signal is clipped to the upper or
lower bound. When the Lower limit and Upper limit parameters are set to the same value, the
block outputs that value. This block is also described in Section 2.13, Chapter 2, Page 2-19.

Example 4.1 ~

We will create a model with a Saturation block where the upper limit is clipped at +0.5 and the
lower limit is clipped at —0.5. The input will be a sine function with amplitude 1 and frequency
0.25 Hz.

The model is shown in Figure 4.1 and the input and output waveforms are shown in Figure 4.2.

Signal
Generator |:|
oooo
L% |
Scope

Satumation

Figure 4.1. Model for Example 4.1

Figure 4.2. Input and output waveforms for the model of Example 4.10

* Another example with the Saturation block was given as Example 2.13, Chapter 2, Page 2.19.
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4.2 The Saturation Dynamic Block

Satuaton
Orymarnic

The Saturation Dynamic block bounds the range of the input signal to upper and lower satura-
tion values. The input signal outside of these limits saturates to one of the bounds where the input
below the lower limit is set to the lower limit, the input above the upper limit is set to the upper
limit. The input for the upper limit is the up port, and the input for the lower limit is the lo port.

|
Example 4.2

We will create a model with a Saturation block where the upper limit is clipped at +1 and the
lower limit is clipped at 0. The Signal Generator block is specified in the Block Parameters dialog
box as a sine function with amplitude 1 and frequency 0.25 Hz.

The values of the Constant blocks are entered in the MATLAB Command Window as:
a=1; b=0;

The model is shown in Figure 4.3 and the input and output waveforms are shown in Figure 4.4.

2
Constant 1
]
oooo P |
S U | ¥ Spope
- —lo
GSlgna] Satatan
enerator D'_l,ﬂ-lan'ﬂc
b
Const@ant 2
Figure 4.3. Model for Example 4.2
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Figure 4.4. Input and output waveforms for the model of Figure 4.3

4.3 The Dead Zone Block

s
/

Dead Sone

The Dead Zone block generates zero output within a specified region, called its dead zone. The
lower and upper limits of the dead zone are specified as the Start of dead zone and End of dead
zone parameters. The block output depends on the input and dead zone:

1. If the input is within the dead zone (greater than the lower limit and less than the upper limit),
the output is zero.

2. If the input is greater than or equal to the upper limit, the output is the input minus the upper
limit.

3. If the input is less than or equal to the lower limit, the output is the input minus the lower
limit.

|

Example 4.3

We will create a model with the Dead Zone block where the Function Block Parameters dialog
box for this block the start of the dead zone is —0.25, and the end of the dead zone is +0.25. The
input will be a sine waveform with amplitude 1 and frequency 0.2 Hz.

The model is shown in Figure 4.5 and the input and output waveforms are shown in Figure 4.6.
This model uses lower and upper limits of —0.25 and +0.25 with the Signal Generator block spec-
ified in the Block Parameters dialog box as a sine wave of unity amplitude. Since the input is
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greater than he upper limit, the output is the input minus the upper limit, i.e., 1.00 —0.25 = 0.75.
Likewise, for the negative half-cycle the output is — 1.00 — (-0.25) = -0.75.

Signal

Generator |:|
gooo II.-"
Pe¥e) |
.-"" Scope
Oead Sone Bus
Greator

Figure 4.5. Model for Example 4.3

Figure 4.6. Input and output waveforms for the model of Figure 4.5

4.4 The Dead Zone Dynamic Block

Dead Zone
Oiymarnic

The Dead Zone Dynamic block dynamically bounds the range of the input signal, providing a
region of zero output. The bounds change according to the upper and lower limit input signals
where:

1. The input within the bounds is set to zero.
2. The input below the lower limit is shifted down by the lower limit.
3. The input above the upper limit is shifted down by the upper limit.

The input for the upper limit is the up port, and the input for the lower limit is the lo port.
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Example 4.4

We will create a model with the Dead Zone Dynamic block where the input for the upper limit is
+1.0, and the input for the lower limit is —1.5. The input will be a sine waveform with amplitude
2 and frequency 0.2 Hz.

The model is shown in Figure 4.7 and the input and output waveforms are shown in Figure 4.8.

1
Dnnsmnt1_|_> up |:|
oooo - |
fele) u w
B | Scope
Sigral Bus
Generator -1.5 Dead Zone

Dymarnic Creatar

Constant 2

Figure 4.7. Model for Example 4.4

In Figure 4.8, the positive half-cycle of the output has a maximum value of 2.0 - 1.0 = 1.0; that
is, the input above the upper limit at the up port is shifted down by the upper limit whose value is
+1.0. The input for the lower limit at the lo port is —1.5. The negative half-cycle of the output
has a minimum value of —2.0 — (-1.5) = —0.5; that is, the input below the lower limit is shifted
down by the lower limit.

Figure 4.8. Input and output waveforms for the model of Figure 4.7

4.5 The Rate Limiter Block

-

Fate Limniter

4-6 Introduction to Simulink with Engineering Applications
Copyright © Orchard Publications



The Rate Limiter Block

The Rate Limiter block limits the first derivative of the signal passing through it. The equation
and parameters used with this block are described in the Help menu for this block. The Function
Block Parameters window for the Rate Limiter indicates that we can specify rising and falling slew
rates where the default values are +1 and —1 respectively.

To understand the meaning of the slew rate, let us consider a typical operational amplifier, or op
amp for short. There is a limit to the rate at which the output voltage of an op amp can change.
Therefore, manufacturers specify a new parameter referred to as the slew rate. By definition, the
slew rate (SR) is the maximum rate of change of an output voltage produced in response to a large
input step function and it is normally expressed in volts per microsecond, that is,

dvy,

dt

max

Slew Rate = SR = 4.1)
Of course, relation (4.1) is the slope of the output voltage under maximum rate of change condi-
tions. Typical slew rates range from 0.1 V/us to 100 V/us, and most internally compensated op
amps have slew rates in the order of 1 V/us. Figure 4.9 shows a step function of amplitude 10 V
applied to the input of a unity gain op amp, and the waveform at the output of this op amp.

v, (V) Vout (V)

lew rate = Slope
10— A 10 H- - ————
AN Vout

tjiin R ‘L

t

Figure 4.9. The resultant slew rate when a step function is applied to a unity gain op amp

The linearly rising slew rate shown in Figure 4.9 will not be produced if the input voltage is
smaller than that specified by the manufacturer. In this case, the slew rate will be a rising expo-
nential such as the rising voltage across a capacitor. In most op amps the slew rate is set by the
charging rate of the frequency compensating capacitor and the output voltage is

Vour = Vi(1—c ™% 4.2)

Example 4.5

We will create a model with a Rate Limiter block where the rising and falling slew rates will be the
default values and the input will be the unit step function.

* For a detailed discussion on operational amplifiers, or op amps for short, please refer to Chapter 5, Electronic

Devices and Amplifier Circuits with MATLAB Applications, ISBN 0-9709511-7-5.
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The model is shown in Figure 4.10 and the input and output waveforms are shown in Figure 4.11.

[

» Scope

Step Fate Limitar

Bus
Greator

Figure 4.10. Model for Example 4.5

Figure 4.11. Input and output waveforms for the model of Example 4.7

4.6 The Rate Limiter Dynamic Block

Fate Liriter
Crymarnic
The Rate Limiter Dynamic block limits the rising and falling rates of the signal. The external sig-
nal up sets the upper limit on the rising rate of the signal. The external signal lo sets the lower
limit on the falling rate of the signal.

Example 4.6

We will create a model with a Rate Limiter Dynamic block where the upper limit on the rising
rate of the signal will be +1 and the lower limit on the falling rate of the signal will be —1. The
input will be a sine function with amplitude 2 and frequency 2 Hz.

The model is shown in Figure 4.12 and the input and output waveforms are shown in Figure 4.13.
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1
Gonstant 1
N ]
1.U.f Ll | Scope
. — i
Sine Wave Fate Limiter
Ciymarnic
-1

Constant 2

Figure 4.12. Model for Example 4.6

Figure 4.13. Input and output waveforms for the model of Figure 4.12

For this example, the input is specified as a sine wave, and since the rate of change (slope or deriv-
ative) of the sine is the cosine, for the Sine Wave block we specified Amplitude 2, Frequency
2 Hz, and Phase n/2. The values +1 and -1 assigned to the Constant blocks represent the rising
and falling rates, that is, the slopes defined as the upper and lower limits respectively.

4.7 The Backlash”™ Block

A7

Eacklash

*In engineering, backlash is the amount of clearance between mated gear teeth in a gear pair. Some backlash

is required to allow for lubrication, manufacturing errors, deflection under load and differential expansion
between the gears and the housing. Backlash is created when the tooth thickness of either gear is less than the
tooth thickness of an ideal gear, or the zero backlash tooth thickness. Additional backlash is created when the
operating center distance of the gear pair is less than that for two ideal gears. Standard practice is to make allow-
ance for half the backlash in the tooth thickness of each gear.
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The Backlash block implements a system in which a change in input causes an equal change in
output. However, when the input changes direction, an initial change in input has no effect on
the output. The amount of side-to—side play in the system is referred to as the deadband. The
deadband is centered about the output. A system can be in one of three modes:

¢ Disengaged — In this mode, the input does not drive the output and the output remains con-
stant.

® Engaged in a positive direction — In this mode, the input is increasing (has a positive slope) and
the output is equal to the input minus half the deadband width.

¢ Engaged in a negative direction — In this mode, the input is decreasing (has a negative slope)
and the output is equal to the input plus half the deadband width.

For illustrations and examples please refer to the Help menu for this block.

Example 4.7

We will create a model with a Backlash block with deadband width of unity and initial output
zero whose input will be a square waveform with amplitude 1and frequency 0.25 Hz.

The model is shown in Figure 4.14, and the input and output are shown in Figure 4.15.

oooo
Gllmmenal. 4 ]
Signal Backlash
Generator Scope

Figure 4.14. Model for Example 4.7

Figure 4.15. Input and output for the model of Figure 4.14

In the Function Block Parameters window for the Signal Generator block in the Block Parameters
dialog box we have specified a square waveform with amplitude 1 and frequency at 0.25 Hz. In the
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Function Block Parameters dialog box for the Backlash block we have specified the deadband
width at 1 and initial output at 0. In Figure 4.15, we observe that the deadband extends from —0.5
to +0.5.

4.8 The Relay Block

[

—_F

Fielay

The Relay block output can switch between two specified values. When the relay is on, it remains
on until the input drops below the value of the Switch off point parameter. When the relay is off,
it remains off until the input exceeds the value of the Switch on point parameter. The block
accepts one input and generates one output. The Switch on point value must be greater than or
equal to the Switch off point. Specifying a Switch on point value greater than the Switch off point
value models hysteresis, whereas specifying equal values models a switch with a threshold at that
value.

Example 4.8
The Function Block Parameters dialog box for the Relay block in Figure 4.16 are specified as:

a. Switch on point: 10
b. Switch off point: 0
c. Output when on: 1

d. Output when off: 0

We will choose appropriate values for blocks a and b so that the Relay block output will be on.

a
* m
Eenstant 1 —ii
b Felay Display

Constant 2

Figure 4.16. Model for Example 4.8

Two appropriate values would be a = 11 and b = 1. Thus in the MATLAB Command Window
we have entered:

a=11; b=1;
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4.9 The Quantizer Block

s
-

Quantizer

The Quantizer block passes its input signal through a stair-step function so that many neighbor-
ing points on the input axis are mapped to one point on the output axis. The effect is to quantize
a smooth signal into a stair-step output. The output is computed using the round—to—nearest
method, which produces an output that is symmetric about zero. That is,

y = qxround(u/q) 4.3)

where y is the output, u is the input, and q is the quantization interval.

Example 4.9

We will create a model with a Quantizer block with Quantization Interval 0.25. The input will be
a sine waveform with amplitude 1 and frequency 0.25 Hz.

The model is shown in Figure 4.17 and the input and output waveforms are shown in Figure 4.18.

oooo '_r'_
[t g
_r"I Scope
Signal Cuantizer Bus
Senemtor Creator

Figure 4.17. Model for Example 4.9

Figure 4.18. Input and output waveforms for the model of Figure 4.17
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4.10 The Hit Crossing Block

Hit
Crogsing

The Hit Crossing block detects when the input reaches the Hit crossing offset parameter value in
the direction specified by the Hit crossing direction (rising, falling, or either) parameter. To see
where the crossing occurs, we click on the Show output port check box. If the Show output port
check box is not selected, the block ensures that the simulation finds the crossing point but does
not generate an output.

.
Example 4.10

We will create a model with the Hit Crossing block where the Hit crossing offset is set at —1. The
input is a sine waveform with amplitude 1 and frequency 0.25 Hz.

The model is shown in Figure 4.19, and the input and output waveform in Figure 4.20. The Data
Type Conversion block converts the output of the Hit Crossing block which is Boolean, i.e., logi-
cal 0 or logical 1, to double so that both inputs to the Bus Creator block are of the same type.

oooo
i P  Convert
Scope
Signal Hit Data Type Sonwversion Bus
Generator Crossing Creator

Figure 4.19. Model for Example 4.10

Figure 4.20. Input and output waveforms for the model of Figure 4.19
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As stated in the Help menu, the use of the Hit Crossing block is illustrated in the hardstop and
clutch demos. In the hardstop demo, the Hit Crossing block is in the Friction Model subsystem. In
the clutch demo, the Hit Crossing block is in the Lockup Detection subsystem.

4.11 The Coulomb and Viscous Friction Block

—++

Goulomb &
Wigeous Friction

The Coulomb and Viscous Friction block models Coulomb (static) and Viscous (dynamic) fric-
tion. The block produces an offset at zero and a linear gain elsewhere. The offset corresponds to
the Coulombic friction; the gain corresponds to the viscous friction.

As we know from physics, friction is a force that resists the relative motion or tendency to such
motion of two bodies in contact. Friction is undesirable in some parts of rotating machinery such
as bearings and cylinders, but very beneficial in the automotive industry such as the design of
brakes and tires. Theoretically, there should be no friction in a motor with zero velocity, but in
reality, a small amount of “static” (no velocity) friction known as Coulomb friction, is always
present even in roller or ball type anti—friction bearings. Viscous friction, on the other hand, is
friction force caused by the viscosity of lubricants.

The Coulomb friction function, the Viscous friction function, and the combined Coulomb plus
Viscous friction functions are illustrated in Figure 4.21.

Friction force | F fc Friction force Fey Friction force| ! fov
heFy By VE, "
v v v
Sliding velocity Sliding velocity Sliding velocity
(a) Coulomb friction (b) Viscous friction (c) Coulomb plus Viscous friction
Figure 4.21. Coulomb friction and Viscous friction functions
The Coulomb friction function is defined as
Fi.o = #ucFy 4.4)
where p. is the Coulomb friction coefficient.
The Viscous friction function is defined as
4-14 Introduction to Simulink with Engineering Applications
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Fpy = nyvFy (4.5)
and the Coulomb plus Viscous friction is defined as
ch+fv = HvVFni“CFn (4.6)

Coulomb friction force can be represented by at least four different continuous functions. Each of
these functions involves one constant that controls the level of accuracy of that function's repre-
sentation of the friction force. Simulink uses the default values [1 3 2 0] for the offset (Cou-

lomb friction value). For the signal gain (coefficient of viscous friction) at nonzero input points
the default is 1.

Example 4.11

We will create a model with the Coulomb and Viscous Friction block where the Function Block
Parameters for this block the offset are the default values, the gain is 2, and the input is the Step
function.

The model is shown in Figure 4.22 and the input and output waveforms are shown in Figure 4.23.

1]

I ™ f"ll-’f Scope

Step Coulomb & Bus
Viscous Friction Greator

Figure 4.22. Model for Example 4.11

Figure 4.23. Input and output waveforms for the model of Figure 4.22
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4.12 The Wrap to Zero Block
L

WwrRap To Jero

The Wrap To Zero block sets the output to zero if the input is above the value set by the Thresh-
old parameter, and outputs the input if the input is less than or equal to the Threshold.

Example 4.12

We will create a model with a Wrap to Zero block where the Threshold in the Function Block
Parameters is specified as 75. We will choose an appropriate value for the input to this block so
that the output will display the input value.

The model is shown in Figure 4.24. Any input value equal of less than 75 will cause the Wrap to
Zero block to display the input value.

74 » T
Constant  Wrap To Sero Dizplay

Figure 4.24. Model for Example 4.12
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4.13 Summary

® The Saturation block sets upper and lower bounds on a signal. When the input signal is within
the range specified by the Lower limit and Upper limit parameters, the input signal passes
through unchanged. When the input signal is outside these bounds, the signal is clipped to the
upper or lower bound. When the Lower limit and Upper limit parameters are set to the same
value, the block outputs that value.

¢ The Saturation Dynamic block bounds the range of the input signal to upper and lower satu-
ration values. The input signal outside of these limits saturates to one of the bounds where the
input below the lower limit is set to the lower limit, the input above the upper limit is set to the
upper limit. The input for the upper limit is the up port, and the input for the lower limit is the
lo port.

® The Dead Zone block generates zero output within a specified region, called its dead zone.
The lower and upper limits of the dead zone are specified as the Start of dead zone and End of
dead zone parameters. The block output depends on the input and dead zone.

¢ The Dead Zone Dynamic block dynamically bounds the range of the input signal, providing a
region of zero output. The bounds change according to the upper and lower limit input signals.

e The Rate Limiter block limits the first derivative of the signal passing through it. We can
specify rising and falling slew rates.

¢ The Rate Limiter Dynamic block limits the rising and falling rates of the signal. The external
signal up sets the upper limit on the rising rate of the signal. The external signal lo sets the
lower limit on the falling rate of the signal.

e The Backlash block implements a system in which a change in input causes an equal change
in output. However, when the input changes direction, an initial change in input has no effect
on the output. The amount of side-to-side play in the system is referred to as the deadband.
The deadband is centered about the output.

e The Relay block allows its output to switch between two specified values. When the relay is
on, it remains on until the input drops below the value of the Switch off point parameter.
When the relay is off, it remains off until the input exceeds the value of the Switch on point
parameter. The block accepts one input and generates one output. The Switch on point value
must be greater than or equal to the Switch off point. Specifying a Switch on point value
greater than the Switch off point value models hysteresis, whereas specifying equal values
models a switch with a threshold at that value.

¢ The Quantizer block passes its input signal through a stair-step function so that many neigh-
boring points on the input axis are mapped to one point on the output axis. The effect is to
quantize a smooth signal into a stair-step output. The output is computed using the round-to-
nearest method, which produces an output that is symmetric about zero.
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e The Hit Crossing block detects when the input reaches the Hit crossing offset parameter
value in the direction specified by the Hit crossing direction (rising, falling, or either) parame-
ter. To see where the crossing occurs, we click on the Show output port check box. If the
Show output port check box is not selected, the block ensures that the simulation finds the

crossing point but does not generate output.

e The Coulomb and Viscous Friction block models Coulomb (static) and viscous (dynamic)
friction. The block models a discontinuity at zero and a linear gain otherwise. The offset corre-
sponds to the Coulombic friction; the gain corresponds to the viscous friction.

e The Wrap To Zero block sets the output to zero if the input is above the value set by the
Threshold parameter, and outputs the input if the input is less than or equal to the Threshold.
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4.14 Exercises

1. Create a model with a Backlash block whose input is the Step block and the Function Block
Parameters for both blocks are the default values.

2. Create a model with the Coulomb and Viscous Friction block where the Function Block
Parameters for this block the offset are the default values, the gain is 0.5, and the input is the
Ramp function with unity slope.

3. Using the Dead Zone block, create a model that will display the following input (yellow) and
output (magenta) waveforms.

4. Using the Hit Crossing block, create a model with the Hit crossing offset set at 1 and the input
is a square waveform with amplitude 1 and frequency 0.25 Hz.

5. Create a model with a Quantizer block with Quantization Interval 0.2. The input is a straight
line passing through the origin with slope 0.25.

6. Create a model with a Relay block and choose appropriate values so that the relay will be in
the off condition.
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4.15 Solutions to End-of-Chapter Exercises

1.
2.
= L]
_/ ™ | Secope
Rarnp Coulomb & Bus
Wiscous Friction  Creator
3.
The model is shown below where the waveform for the Signal Generator block is chosen as
Saw Tooth, unity amplitude, and 0.2 Hz frequency. The Dead Zone block parameters are set
for lower limit of —0.5 and upper limit +0.5
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oooo lI,-"
T =
,-"'I Scope
Signal Dead Zone Bus
Generator Craator

4.
1]
i | |  Convert
o Scope 2
Sigral Hit Oam Type Conwersion
Generator Crossing
The output of the Hit Crossing block is shown as a pulse with 50% duty cycle. Since the input
signal reaches the offset value and remains at this value, the block outputs 1 from the hit time
till the time when the input signal leaves the offset value.
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5.
- L]
_/ > L Seope
Farp Quantizer Eus
Creator
6.
o o Lo
b Felay Display
Constant 2
The Function Block Parameters for the Relay block in the above model are specified as:
a. Switch on point: 4
b. Switch off point: O
c. Output when on: 1
d. Output when off: 0
Two appropriate values would be a = 5 and b = 4. Thus, in the MATLAB Command Win-
dow we enter:
a=5; b=4;
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Chapter 5

The Discrete Blocks Library

the Simulink group of libraries and contains the Discrete-Time Linear Systems Sub-
Library, and the Sample & Hold Delays Sub-Library blocks shown below. We will
describe the function of each block included in this library and we will perform simulation exam-
ples to illustrate their application.

T his chapter is an introduction to the Discrete Blocks library. This is the fourth library in

Discrete-Time Linear Systems

Maowing Avermge

Sam ple & Hold Delays

1]

e

M ernony

ek o b
First-Cirder Zera-Crder
Hold Hold

1L a4 | o |4 X KT |
- ala -
Zz Z ve z1
Unit Delay Integer Delay  Tapped Dalay Dizcrete- Tirne
Integrator
1 1 [=1]
3 —_— F
z+0.5 140,51 z[=-0.5)
Discreate Discrete Filter Discrete
Transfer Fcn Zero-Fale
=1 | Wizl | win =G HOu(n)
z T=z #[m+ 1 EA=MHBUn)
Difference Digcrete Derwatve Dizcrete State-Space
0.05z =075 z0.75
B B B
=0.095 =095 =
Transfer Fon Transfer Fen Transfer Fon
First Crder Lead orLag Feal Zero
.|I|||||||||||||I|.}
‘Wizighted
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5.1 The Discrete-Time Linear Systems Sub-Library

The Discrete-Time Linear Systems Sub-Library contains the blocks described in Subsections
5.1.1 through 5.1.14 below.

5.1.1 The Unit Delay Block

1
- F
z

Uit Dizlay

The Unit Delay block is described in Chapter 2, Section 2.15, Chapter 2, Page 2-24.
5.1.2 The Integer Delay Block

-4

ke
=

Integer Delay

The Integer Delay block delays its input by N sample periods. Both the input and the output can
be scalar or vector.

Example 5.1

We will create a model using an Integer Delay block with five delays (N = 5) where the input
will be a discrete sine wave with amplitude 1, frequency 1 Hz, and sample time 0.1 s.

The model is shown in Figure 5.1 and the input and output waveforms are shown in Figure 5.2.

= L]
|-|_|-| ™ _-"—:5 Scope

Sine Wave Integer Delay GB'-'Sm
reator

Figure 5.1. Model for Example 5.1

For the Sine Wave block, in the Block Parameters dialog box we specified:
Sine type: Time based

Sample time: 0.1

For the Integer Delay block, in the Block Parameters dialog box we specified:
Initial condition: 0.0

Number of delays: 5
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Figure 5.2. Input and output waveforms for the model of Figure 5.1

5.1.3 The Tapped Delay Block

4
Celays

Tapped Delay
The Tapped Delay block delays its input by the specified number of sample periods, and outputs

all the delayed versions. Each delay is equivalent to the z~' discrete—time operator, which is rep-
resented by the Unit Delay block.

Example 5.2

We will create a model using a Tapped Delay block with five delays (N = 5) where the input is a
a discrete sine wave with amplitude 1, frequency 0.5 Hz, and sample time 0.25 s.

The model is shown in Figure 5.3 and the input and output waveforms are shown in Figure 5.4.
We observe that unlike the Integer Delay block in Subsection 5.1.2, the Tapped Delay block out-
puts all the delayed versions.

S
|J"-| I Delays
I-,_,-' Soope
Sine Wawe Tapped Delay Bus

Creator

Figure 5.3. Model for Example 5.2

For the Sine Wave block, in the Block Parameters dialog box we specified Sine type: Time based,
Frequency: 0.5, Sample time: 0.25. For the Tapped Delay block, in the Block Parameters dialog
box we specified Initial condition: 0.0, Number of delays: 5
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Figure 5.4. Input and output waveforms for the model of Figure 5.3

5.1.4 The Discrete-Time Integrator Block

K. Ts
— B
=1

Oiscrete- Tine
Integrator

The Discrete-Time Integrator block is described in Section 2.16, Chapter 2, Page 2-26.

5.1.5 The Discrete Transfer Fcn Block

1
z+0.5

Discrats
Transfer Fon

The Discrete Transfer Fen block implements the &—transform transfer function described by
the following equation:

n n-1
aoz +alz +...+a._.z

G(z) = N2 _ m (5.1)
D(z) b02n+blzn_1+...+bmzn_m

The order of the denominator must be greater than or equal to the order of the numerator.

|
Example 5.3

It is known that the discrete transfer function of a system is

0951z

2

G(Z) = s
7z +0.618z+1
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We will create a model to display the input and output waveforms when the input is the discrete
sine wave with amplitude 1, frequency 1 r/s, and sample time 0.1 s.

The model is shown in Figure 5.5 and the input and output waveforms are shown in Figure 5.6
where in the Function Block Parameters for the Discrete Transfer Fcn block we have entered:

Numerator coefficient: [0.951 0]
Denominator coefficient: [1 0.618 1]

Sample time: 0.1

' 0851z
-
|-|_|-| = +0.618z+1 Scope
Sine Wawe Digcrete Bus
Transfer Fon Creator

Figure 5.5. Model for Example 5.3

Figure 5.6. Input and Output waveforms for the model of Figure 5.5

5.1.6 The Discrete Filter Block

1
3

140,51

Dizcrete Filter

The Discrete Filter block implements Infinite Impulse Response (IIR) and Finite Impulse

Response (FIR) filters. We must specify the filter as a ratio of polynomials in z ' . We can specify
that the block will have a single output or multiple outputs where the outputs correspond to a set
of filters that have the same denominator polynomial but different numerator polynomials.
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Digital filters are classified in terms of the duration of the impulse response, and in forms of real-
ization.

1. Impulse Response Duration

a. An Infinite Impulse Response (IIR) digital filter has infinite number of samples in its impulse
response h[n]

b. A Finite Impulse Response (FIR) digital filter has a finite number of samples in its impulse
response h[n]

2. Realization

a. In a Recursive Realization digital filter the output is dependent on the input and the previ-
ous values of the output. In a recursive digital filter, both the coefficients a; and b; are

present.

b. In a Non-Recursive Realization digital filter the output depends on present and past values
of the input only. In a non-recursive digital filter, only the coefficients a, are present, that is,

b, = 0.

1

For block diagrams of third—order (3—delay element) recursive and non-recursive realizations
please refer to Figure 2.30, Chapter 2, Page 2-25. Generally, IIR filters are implemented by recur-
sive realization, whereas FIR filters are implemented by non-recursive realization.

|
Example 5.4

The step response indicates how a system will respond when the input is the unit step function.
For this example, it is known that the transfer function of a system is

5(s+3)

G(s) = >
s +3s+ 15

We will use the bilinear transformation to convert the transfer function to the &—transform
equivalent and create a model showing the waveforms of both the step response in the s—domain
and in the z—domain. The bilinear transformation is
G(2) = G 2 wpsx(zo 1)/ 1)

and the MATLAB function for this conversion is [numd,dend]=bilinear(num,den,fs) where
num and den are row vectors containing numerator and denominator transfer function coeffi-
cients in descending powers of s, fs is the sample frequency in Hz, and numd and dend are the z—
transform coefficients for the discrete transfer function. Thus, for this example in MATLAB’s
Command Window we type the following:
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num=[1 3]; den=[1 3 15]; fs=0.25; [numd,dend] = bilinear(num,den,fs)

and MATLAB displays
numd =

0.2090 0.3582 0.1493
dend =

1.0000 1.7612 0.8209
Therefore,

0.2090 + 0.3582z " +0.14937°
1+1.76122 " +0.82092 2

G(z) =

and with this information we create the model shown in Figure 5.7.

>{ o - nar(z) |:|
den|z)

Step Sain Diiscrate Filter Seope
=43
2435415
Transfer Fon
Bus
Creator

Figure 5.7. Model for Example 5.4

The output waveforms for the continuous and discrete transfer functions are shown in Figure 5.8.

Figure 5.8. Waveforms for the model of Figure 5.7
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5.1.7 The Discrete Zero-Pole Block

=11
z[z-0.5)

Discrete
Zero-Fale

The Discrete Zero—Pole block implements a discrete system with the specified zeros, poles, and
gain in terms of the delay operator &. A transfer function can be expressed in factored or zero-
pole—gain form, which, for a single-input, single-output system in MATLAB, is

N(z) _ K(Z—Zl)(Z—Zz)---(Z—Zn)
D(z) (z-p)(z=py)...-(z=py)

H(z) = K (5.2)
where z, represents the zeros, p; the poles, and K is the gain. The number of poles must be

greater than or equal to the number of zeros. If the poles and zeros are complex, they must be
complex conjugate pairs.

|
Example 5.5
It is known that the discrete transfer function of a system is

(z-0.5)
(z-0.25)(z-0.75)

H(z) =
We will create a model to display the input and output waveforms when the input is the discrete
sine wave with amplitude 1, frequency 1 r/s, and sample time 0.1 s.

The model is shown in Figure 5.9 and the input and output waveforms are shown in Figure 5.10
where in the Function Block Parameters for the Discrete Pole-Zero block we have entered:

Numerator coefficient: [0.5]
Denominator coefficient: [0.25 0.75]
Sample time: 0.1

We also specified sample time 0.1 for the discrete sine wave block.

. — I
=L
L] D{D'S ™ (=0 2 5)[=0.7 5 Seope
Sine Wawve GEain Discrets
Zero-Faole
Figure 5.9. Model for Example 5.5
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Figure 5.10. Input and output waveforms for the model of Figure 5.9

5.1.8 The Difference Block

=1
—_ [

=z
Difference

The Difference block outputs the current input value minus the previous input value.

Example 5.6

Using the Difference block, we will create a model that will output the current input value minus

the previous input value.

The model is shown in Figure 5.11 and the input and output waveforms in Figure 5.12. The Dis-
play blocks show the input and output values at the end of the simulation time, that is, at the end

of 10s.

=1
L= =
z
Fulse Oifference
Senermtor

Display 2

Digplay 1

Figure 5.11. Model for Example 5.6
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For this example, the amplitude for the Pulse Generator block is specified as 1, the period as 4,
and the pulse width as 50% . The initial condition for the previous input in the Difference block
was set to 0.

Figure 5.12. Input and output waveforms for the model of Example 5.11

5.1.9 The Discrete Derivative Block

k. [=1) L

Ts z

Oiscrete Defvatve

The Discrete Derivative block computes a discrete time derivative by subtracting the input value
at the previous time step from the current value, and dividing by the sample time. We observe
that this block is the same as the Difference block except that the numerator in this case is multi-
plied by the Gain K, and it is divided by the sample time Ts.

Example 5.7

We will create a model using the Discrete Derivative block with gain K = 1 whose input is a Sine
Wave in the Discrete mode with amplitude 1 and frequency 1 Hz.

The model is shown in Figure 5.13 and the input and output waveforms in Figure 5.14. The Dis-
crete Sine Wave is obtained from the Continuous Sine Wave block where in the Block Parame-

ters dialog box for this block the Sample time is specified as 1.
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M ke fz1)
=
Lu_l Tz z Scope
Sine YWave Dizcrete Defvative Bus

Creator

Figure 5.13. Model for Example 5.7

Figure 5.14. Input and output waveforms for the model of Figure 5.13

5.1.10 The Discrete State-Space Block

wlnEG=mHOuln)
[+ 1 A= HBEUn)

T

Disorete State-Space
The Discrete State-Space block implements the system described by the equations
x[n+1]

y[n]

Ax[n]+ Bu[n]
Cx[n] + Du[n]

(5.3)

where n represents the current sample, n + I represents the next sample, u is the input, x is the
state, and y is the output. Matrix A must be an n xn square matrix where n represents the num-
ber of the states, matrix B must have dimension n xm where m represents the number of inputs,
matrix C must have dimension r xn where r represents the number of outputs, and matrix D
must have dimension » xm .

|
Example 5.8

In Example 1.1, Chapter 1, Page 1-6, we derived the continuous—time state—space equations
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X = Ax+bu 5.4)
or
H - {‘4 ‘4} H N Huo(t) (5.5)
% 374 0ol|x| |0
and
y = Cx+du (5.6)
or
y = [0 1]H +[0]u (5.7)
X

Using the MATLAB c2d function we will convert (5.5) and (5.7) to their equivalent discrete—
time state space equations shown in relation (5.3), with a sampling period of 0.1. Then, using the
Discrete State—Space block, we will create a model to display the output waveform and the value
of the output at the end of the simulation time.

To convert the given matrices to their discrete—time state—space, we use the MATLAB statement
[Ad,Bd]=c2d(A,B,Ts)

where Ad and Bd are the discrete-time state—space matrices which are equivalent to the contin-
uous—time state—space matrices A and B, and Ts is the sampling period specified as 0.1 s. Thus,
for this example, we use the MATLAB script

Ac=[-4 —4; 3/4 0]; Bc=[4 O]; Ts=0.1; [Ad,Bd]=c2d(Ac,Bc,Ts)

and MATLAB displays
Ad =
0.6588 -0.3280
0.0615 0.9868
Bd =
0.3280
0.0132

Thus, the relation
x[n+ 1] = Ax[n] + Bu[n]

xitn+ 1) _ 106588 —0.3280] | xalnl) , 0.3280] s (5.8)
x,[n+1]| 00615 0.9868]|x,[n]| [0.0132

The discrete—time state—space equation for the output is

becomes

—_
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y[n] = Cx[n]+ Du[n]
or

y[nl = [0 1] tﬂ +Du[n] (5.9)
2

n]

The model is shown in Figure 5.15 where we have included the continuous state—space block for
comparison.

In the Function Block Parameters for the continuous—time state-space we have entered the val-
ues shown in (5.5), and in the Function Block Parameters for the discrete-time state-space we

have entered the values shown in (5.8) and (5.9) with D = 0 and Sample time = 0.1.

B simout
‘= Axt+Bu
— m*

= B To Workzpace

State-Space I:l

Scope

| p| YIESHNHOUR] Eis
[+ 1 A HBUn) Craatar
Stap Discrete SAte-Space 00008

Dizplay

Figure 5.15. Model for Example 5.8

Figure 5.16 shows the output waveforms for both the continuous state—space block and the dis-
crete state-space block.

Figure 5.16. Waveforms for the model of Figure 5.15
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5.1.11 The Transfer Fen First Order Block

0.03=
z-0.83

Transfer Fon
First Cnder

The Transfer Fen First Order block implements a discrete—time first order transfer function of
the input. The transfer function has a unity DC gain.

Example 5.9

It is known that the discrete transfer function of a first order system is

0.3z
z-0.7

G(z) =
We will create a model to display the input and output waveforms when the input is the discrete
sine wave with amplitude 1, frequency 1 r/s, and sample time 0.1 s.

The model is shown in Figure 5.17 and the input and output waveforms are shown in Figure 5.18.
The sample rate for the discrete Sine Wave block is specified as 0.1 s.

0.3z
[ -
I-,_.-' 0.7 Scope
Sine Wave Transfer Fen Bus
First Crder Creator

Figure 5.17. Model for Example 5.9

Figure 5.18. Input and output waveforms for the model of Figure 5.17
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5.1.12 The Transfer Fcn Lead or Lag Block

=073
=083

Transfer Fon
Lead ar Lag

The Transfer Fen Lead or Lag block implements a discrete-time lead or lag compensator of the
input. The instantaneous gain of the compensator is one, and the DC gain is equal to
(1-2)/(1 -=p), where z is the zero and p is the pole of the compensator. The block implements a
lead compensator when 0 <z <p < 1, and implements a lag compensator when 0 <p<z<1.

Lead and lag compensators are used quite extensively in control systems. A lead compensator can
increase the stability or speed of response of a system; a lag compensator can reduce (but not elim-
inate) the steady state error. Depending on the effect desired, one or more lead and lag compensa-
tors may be used in various combinations. Lead, lag, and lead/lag compensators are usually
designed for a system in transfer function form.

In general, the transfer function of a lead compensator is defined as

G(8)0nq = :—I-% (5.10)

where b>a, both a and b are real, and the lead compensator has a positive phase angle.

The transfer function of a lag compensator is defined as

G(shy = s (5.11)

where b>a. We observe that in (5.11) the zero is at s = —b and the pole is at s = —a. Both a

and b are real, and the lag compensator has a negative phase angle. The ratio a/b is the gain fac-
tor.

The transfer function of a lead-lag compensator is defined as

_ (s+a))(s+by)
G(S)lead—lag - (s+b1)(5+az)

(5.12)

|
Example 5.10

An R-C network implementation of a lead compensator is shown in Figure 5.19 where C = 1 F,

a. We will derive its transfer function
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b. Using the bilinear transformation we will convert the continuous—time transfer function to its
equivalent discrete—time transfer function. We will use the sample rate of 0.25 s.

c. We will create a model that includes the Transfer Fcn Lead of Lag block.

R

+ +

vin(t) }

QT

R, Vour(t)

Figure 5.19. R-C lead compensator for Example 5.10
1. The s—domain equivalent circuit is shown in Figure 5.20.

R

+ +

(
Vin(s) \C

|
1‘/ s R,= Vour(s)

Figure 5.20. The s-domain equivalent circuit of Figure 5.19

By KCL,
Vour(8) = Vin(s) + Vour(s) = Vin(s) + Vour(s) -0
R, 1/Cs R,
Vour(s) . Vour(s) Vin(s)
OET + OEZ +CsVqyyur(s) = ——Igl + CsVn(s)
1 1 1
(ITl + 1?2 + Cs)VOUT(s) = (ITI + Cs) Vin(s)
Thus,
G(s) = Vour(s) _ 1/R; +Cs (5.13)
Vin(s)  1/R,+1/R,+Cs
and by substitution of the given values,
G(s) = S+1 (5.14)
s+2
2. Using MATLAB’s bilinear transformation function, we obtain
num=[1 1]; den=[1 2]; fs=0.25; [numd,dend] = bilinear(num,den,fs)
numd =
5-16 Introduction to Simulink with Engineering Applications
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0.6000 0.2000
dend =
1.0000 0.6000

Therefore, the discrete transfer function is

-1
G(z) = 0.6+0.2%1
1+0.6z
or
G(z) = z+1/3
z+0.6

3. The model is shown in Figure 5.21. The input and output waveforms are shown in Figure 5.22.
The sample rate for the discrete Sine Wave block is specified as 0.1 s.

=+1
ﬂu g =
Sine Wave Transfer Fen
Scope
=+0.33333
|-"'-| |
|-|_|-| z+0.5
Sine Wave 2 Transfer Fen
Lead or Lag Bus

Creator

Figure 5.21. Model for Example 5.10

Figure 5.22. Input and output waveforms for the model of Figure 5.21
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5.1.13 The Transfer Fcn Real Zero Block

z0.75

=

Transfer Fon
Feal Zero

The Transfer Fcn Real Zero block implements a discrete—time transfer function that has a real
zero and no pole.

|
Example 5.11

We will create a model with a Transfer Fcn Real Zero block that has a real zero with value 0.5.

The model is shown in Figure 5.23and the input and output waveforms are shown in Figure 5.24.
The sample rate for the discrete Sine Wave block has been set to 0.1 s.

[ o 203
I-,_.-' z Scope
Sine Wave Transfer Fon BEus
Real Zera Greator

Figure 5.23. Model for Example 5.11

Figure 5.24. Input and output waveforms for the model of Figure 5.23
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5.1.14 The Weighted Moving Average Block

Wizighted
Maoving Avermge

T

The Weighted Moving Average block samples and holds the N most recent inputs, multiplies
each input by a specified value (given by the Weights parameter), and stacks them in a vector.
This block supports both single—input / single—output (SISO) and single—input / multi—output
(SIMO) modes. For a detailed discussion please refer to the Help menu for this block.

The following discussion will help us understand the meaning of a weighted moving average.

Suppose that the voltages displayed by an electronic instrument in a 5-day period, Monday
through Friday, were 23.5,24.2,24.0, 23.9 and 24.1 volts respectively. The average of those five
readings is
23.5+242+24.0+23.9+24.1
5

= 23.94

Now, suppose that on the following Monday the reading was found to be 24.2 volts. Then, the
new 5—day average based on the last five days, Tuesday through Monday is

24.2 +24.0+23.9+4+24.1 +24.2
5

= 24.08

We observe that the 5-day average has changed from 23.94 to 24.08 volts. In other words, the
average has “moved” from 23.94 to 24.08 volts. Hence, the name moving average.

However, a more meaningful moving average can be obtained if we assign weights to each reading
where the most recent reading carries the most weight. Thus, using a 5-day moving average we
could take the reading obtained on the 5th day and multiply it by 5, the 4th day by 4, the 3rd day
by 3, the 2nd day by 2, and the 1st day by 1. We could now add these numbers and divide the sum
by the sum of the multipliers, i.e., 5+4+3+2+1=15. Thus, the 5-day weighted moving average
would be

1x242+2x2404+3x23.94+4x24.14+5x24.2
15

= 24.09

and the value 24.09 is referred to as the Weighted Moving Average (WMA).

An Exponential Moving Average (EMA) takes a percentage of the most recent value and adds
in the previous value’s exponential moving average times 1 minus that percentage. For instance,
suppose we wanted a 10% EMA. We would take the most recent value and multiply it by 10%
then add that figure to the previous value’s EMA multiplied by the remaining percent, that is,
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Most Recent Value x 0.1 + Previous Value's EMA x (1-0.1) (5.15)

Alternately, we can use the following formula to determine the percentage to be used in the cal-
culation:

2

E tial P t = 5.16
xponential Percentage = -7 ( )
For example, if we wanted a 20 period EMA, we would use
2 =952% (5.17)
20+ 1

Example 5.12

The price of a particular security (stock) over a 5—day period is as follows:
77 80 82 85 90

where the last value is the most recent. We will create single-input / single output (SISO) model
with a Weighted Moving Average block to simulate the weighted moving average over this 5-day
period.

For this example, we will represent the SISO output as follows:
y (k) = au(k)+byuck— 1) +cu(k—2) +du(k—3) +eu(k—4) (5.18)
where
u(k) = 5/15 u(k=1)=4/15 uk-2)=3/15 u(k-3)=2/15 u(k-4)=1/15  (5.19)

The model is shown in Figure 5.25 where in the Function Block Parameters dialog box for the
Weighted Moving Average block we have entered:

Weights:
[5/15 4/15 3/15 2/15 1/15]

Initial conditions:
[85 82 80 77]

Constant block — Output scaling value: [1.25 3]
Weighted Moving Average block — Parameter data types: sfix(16), Parameter scaling: 2

Signal data types: sfix(16), Parameter scaling: 2~°
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a0 —— | B4.84
Constant Wizighted Dlizplay

Maowing Average

Figure 5.25. Model for Example 5.12

5.2 The Sample & Hold Delays Sub-Library

The Sample & Hold Delays Sub-Library contains the blocks described in Subsections 5.2.1
through 5.2.3 below.

5.2.1 The Memory Block

D [

Mearnony

The Memory block outputs its input from the previous time step, applying a one integration step
sample—and-hold to its input signal.

Example 5.13

We will create a model using a Memory block whose output is subtracted from its input where the
input is a pulse generator with amplitude 1, period 5 s, pulse width 50%, and Phase delay 1 sec.
For the Memory block, the Initial condition is specified as 0 and the Inherit sample time is

checked.

The model is shown in Figure 5.26 and the input and output waveforms are shown in Figure 5.27.

L]
———— s
J—LH_ - .L—_| - Scope
Ful M ermary Surmn Bus
Genl-nlaf:mr Greator
Figure 5.26. Model for Example 5.13
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Figure 5.27. Input and output waveforms for the model of Figure 5.26

5.2.2 The First-Order Hold Block

b

First-Cirder
Hold

The First-Order Hold block implements a first—order sample—and—hold that operates at the spec-
ified sampling interval. In some signal processing applications it is necessary to retain (hold) the
value that a signal has at a specified instant of time. A circuit used to perform this function is
referred to as sample-and-hold circuit. For example, a sample—and-hold circuit can be used to
provide a steady voltage into a device that cannot process a continuously varying signal. An ana-
log—to—digital converter is such a device.

Example 5.14

We will create a model using a First—-Order Hold block with sample time 0.5 s where the input is
a sine wave with amplitude 1, and frequency 1 Hz.

The model is shown in Figure 5.28 and the input and output waveforms are shown in Figure 5.29.

[,
U o "‘lﬂ/ Scope
Sine Wawe First-Crder Bus
Hald Creator

Figure 5.28. Model for Example 5.14
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Figure 5.29. Input and output waveforms for the model of Figure 5.28

5.2.3 The Zero-Order Hold Block

b
Zero-Crder
Hold

The Zero—Order Hold block samples and holds its input for the specified sample period. The
block accepts one input and generates one output, both of which can be scalar or vector. If the
input is a vector, all elements of the vector are held for the same sample period. If the model con-
tains multirate transitions, we must add Zero—Order Hold blocks between the fast—to—slow transi-
tions. The sample rate of the Zero-Order Hold must be set to that of the slower block. For slow—
to—fast transitions, we use the Unit Delay block which was described in Section 2.15, Chapter 2,
Page 2-24.

For multirate transitions it is preferable to use the Rate Transition block since it is easier to use
and offers a wider range of options. The Rate Transition block and multirate transitions are

described in Subsection 12.1.8, Chapter 12, Page 12-8.
|
Example 5.15

We will create a model using a Zero—Order Hold block with sample time 1 and input a random
waveform with amplitude 1 and frequency 1 Hz.

The model is shown in Figure 5.30 and the input and output waveforms are shown in Figure 5.31.
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oooo
pale

L

Signal

Senerator

J_LI_ Scope

Zero-Crder Bus

Hald Creator

Figure 5.30. Model for Example 5.15

Figure 5.31. Input and output waveforms for the model of Figure 5.30
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5.3 Summary

The Unit Delay block delays its input by the specified sample period. That is, the output

equals the input delayed by one sample. This block is equivalent to the z~' discrete—time oper-
ator. This block allows for discretization of one or more signals in time, or for resampling the
signal at a different rate. If our model contains multirate transitions, then we must add Unit
Delay blocks between the slow—to—fast transitions. The sample rate of the Unit Delay block
must be set to that of the slower block.

The Integer Delay block delays its input by N sample periods. This block accepts one input
and generates one output, both of which can be scalar or vector.

The Tapped Delay block delays its input by the specified number of sample periods, and out-

puts all the delayed versions. Each delay is equivalent to the z~' discrete-time operator, which
is represented by the Unit Delay block.

The Discrete-Time Integrator block performs discrete-time integration or accumulation of a
signal. This block appears also in the Discrete Library Browser. We use this block in discrete—
time systems instead of the Continuous Integrator block in continuous—time systems. The
block can integrate or accumulate using the Forward Euler, Backward Euler, and Trapezoidal
methods.

The Discrete Transfer Fen block implements the z—transform transfer function described by
the following equation:
n n-1 n-m
G(z) = N(z) _ 8% +2,z 1 +...+a,z
D(z) byz +b,z"  +...+b 7 "

The order of the denominator must be greater than or equal to the order of the numerator.

The Discrete Filter block implements Infinite Impulse Response (IIR) and Finite Impulse

Response (FIR) filters. We must specify the filter as a ratio of polynomials in z~ . We can spec-
ify that the block have a single output or multiple outputs where the outputs correspond to a
set of filters that have the same denominator polynomial but different numerator polynomials.

The Discrete Zero-Pole block implements a discrete system with the specified zeros, poles,
and gain in terms of the delay operator &. A transfer function can be expressed in factored or
zero-pole-gain form, which, for a single-input, single-output system in MATLAB, is

N(z) _ K(Z—Zl)(Z—Zz)---(Z—Zn)

©® = 8p@) T M@ py - py

where z; represents the zeros, p; the poles, and K the gain. The number of poles must be

greater than or equal to the number of zeros.
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¢ The Difference block outputs the current input value minus the previous input value.

e The Discrete Derivative block computes a discrete time derivative by subtracting the input
value at the previous time step from the current value, and dividing by the sample time. This
block is the same as the Difference block except that the numerator is multiplied by the Gain

K and it is divided by the sample time Ts.
e The Discrete State-Space block implements the system described by the equations

x[n+ 1] = Ax[n]+ Bu[n]
y[n] = Cx[n] + Du[n]

where n represents the current sample, n + I represents the next sample, u is the input, x is
the state, and y is the output. Matrix A must be an n xn square matrix where n represents
the number of the states, matrix B must have dimension n xm where m represents the num-
ber of inputs, matrix C must have dimension » xn where r represents the number of outputs,
and matrix D must have dimension » xm .

® The Transfer Fcn First Order block implements a discrete-time first order transfer function of
the input. The transfer function has a unity DC gain.

® The Transfer Fen Lead or Lag block implements a discrete-time lead or lag compensator of
the input. The instantaneous gain of the compensator is one, and the DC gain is equal to
(1-2)/(1-p), where z is the zero and p is the pole of the compensator. The block imple-
ments a lead compensator when 0 <z<p<1, and implements a lag compensator when
O<p<z<l.

® The Transfer Fen Real Zero block implements a discrete-time transfer function that has a real
zero and no pole.

e The Weighted Moving Average block samples and holds the N most recent inputs, multiplies
each input by a specified value (given by the Weights parameter), and stacks them in a vector.
This block supports both single-input/single—output (SISO) and single-input/multi—output
(SIMO) modes.

e The Memory block outputs its input from the previous time step, applying a one integration
step sample-and-hold to its input signal.

¢ The First-Order Hold block implements a first—order sample—and—hold that operates at the
specified sampling interval. In some signal processing applications it is necessary to retain
(hold) the value that a signal has at a specified instant of time.

® The Zero—Order Hold block samples and holds its input for the specified sample period. The
block accepts one input and generates one output, both of which can be scalar or vector. If the
input is a vector, all elements of the vector are held for the same sample period.
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5.4 Exercises
1. It is known that the transfer function of a system is

0.5279
s? + 1.0275s + 0.5279

G(s) =

Use the bilinear transformation to convert this transfer function to the &—transform equiva-
lent, and create a model showing the waveforms of both the step response in the s—domain and
in the z-domain.

2. It is known that the discrete transfer function of a system is

0.8394z° — 1.55112 + 0.8394

G(z) = >
z-1.5511z + 0.6791

Create a model to display the input and output waveforms when the input is the unit step
function and the sample time is specified as 0.1 s.

3. Itis known that the discrete transfer function of a system is

02(z°-1.12+0.3)

G(z) = = 2
z-24z" +191z-0.504

Create a model to display the input and output waveforms when the input is the discrete sine
function and the sample time is specified as 0.1 s.

4. An R-C network implementation of a lag compensator is shown below where C = 1 F,
R, =R, =1Q,and v.(0) = 0.
a. Derive its transfer function

b. Use the bilinear transformation, convert the continuous—time transfer function to its equiv-
alent discrete—time transfer function. Use the sample rate of 0.25 s.

c. Create a model that includes the Transfer Fcn Lead or Lag block to implement the dis-
crete—time transfer function.

+ R, +
C =
vin(®) Vour(t)
R,
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5. The price of a particular security (stock) over a 5-day period is as follows:
77 80 82 85 90

where the last value is the most recent. Create a a single-input / multi-output (SIMO) model
with a Weighted Moving Average block to simulate the weighted moving average over this 5-
day period.
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5.5 Solutions to End-of-Chapter Exercises

1.
Using the bilinear transformation we enter the following in MATLAB’s Command window:
num=[0.5279]; den=[1 1.0275 0.5279]; fs=0.25; [numd,dend] = bilinear(num,den,fs)
MATLAB outputs the following z—domain coefficients:
numd =
0.4087 0.8174 0.4087
dend =
1.0000 0.4303 0.2045
The model and the waveforms are shown below.
+L1. d 2
j > 0.4087+0.68174z k0 4:::9? ]
1+0 4205z 0 204 5=
Step Discrete Filter Soope
0.5270
s24+1 027 Se+0. 5270
Transfer Fen
Bus
Creator
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2.
The model and the input and output waveforms are shown below where in the Function Block
Parameters for the Discrete Transfer Fen block we have entered:

Numerator coefficient: [0.8394 -1.5511 0.8394]
Denominator coefficient: [1 -1.5511 0.6791]

Sample time: 0.1

riurn [Z)
|
den[z) Scope
Stap Discrate Busz
Trarsfer Fon Creator

The model and the input and output waveforms are shown below where in the Function Block
Parameters for the Discrete Transfer Fen block we have entered:

Numerator coefficient: [1 —1.1 0.3]
Denominator coefficient: [1 -2.4 1.91 -0.504]
Sample time: 0.1

We also specify sample time 0.1 for the discrete sine wave block.
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i 7=-1.1z+0.2
L] =32 4=241 01=0.504 Seope
Sine Wawe Gain Dizcrete Eus
Transfer Fon Creator

4.
a.
The s—domain equivalent circuit is shown below.
+ R, +
1/Cs =<
Vin(s) Vour(s)
R,
Application of the voltage division expression yields,
v 1/Cs+R, v
outl®) = R TG+ R, VN
Ges) = Your® | 1/Cs+R, R,Cs + 1
S = = =
Vin(s) R +1/Cs+R, (R;+R,)Cs+1
and by substitution of the given values,
G(s) = s+1 _ 2(s+1) (5.20)
2s+1  (5+05)
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b.
Using MATLAB's bilinear transformation function, we obtain
num=[2 2]; den=[1 0.5]; fs=0.25; [numd,dend] = bilinear(num,den,fs)
numd =
3 1
dend =
1 0
Therefore, the discrete transfer function is
-1
G(z) = 34z _3z+1 _ z+1/3
1+0  z+0  (1/3)z+0
C.
The model and the input and output waveforms are shown below. The sample rate for the
discrete Sine Wave block is specified as 0.1 s.
™, £+1
U =+0.5
Sine Wave1 Gain Transfer Fon |:|
Scope
[ =+0.33333
. YT =
Sine Wae 2 Transfer Fen Eus
Lead orLag Creator
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The SIMO model is represented by the following equations:
yi(k) = aju(k) +bju(k-1)+cyu(k-2)+du(k-3)+euk-4)
yo(k) = ayu(k) + byu(k - 1) + cou(k — 2) + dyu(k —3)
y3(k) = azu(k) +bsu(k—1)+cyu(k-2)
ya(k) = aju(k) +byu(k-1)

ys(k) = asu(k) (Input)
where

u(k) = 5/15 u(k—=1)=4/15 u(k-=2)=3/15 u(k=3)=2/15 u(k—4)=1/15
The model is shown below where in the Function Block Parameters dialog box we entered:

Weights:
[5/15 4/15 3/15 2/15 1/15;5/15 4/15 3/15 2/15 0;

5/15 4715 3715 0 0; 5/15 4/15 0 0 0; 5/15 0 0 0 0]

Initial conditions:
[85 82 80 77]

Constant block - Output scaling value: [1.25 3]
Weighted Moving Average block — Parameter data types: sfix(16), Parameter scaling: 2™*

Signal data types: sfix(16), Parameter scaling: 27°

=8.28

H4 B4
Ta.14
SO
o0 — FIR AN 57 88
c
et Wieighted

Mowving Avermage

Oizplay

The value at the top is the sum of the 5-day WMAs, the next value is the sum of the WMAs
Tuesday through Friday, the next Wednesday through Friday, and so on. Shown below is a
table with the values computed in an Excel spreadsheet for comparison.

Monday Tuesday Wednesday | Thursday Friday Sum
Price 77 80 82 85 90
Weight 1/15 2/15 3/15 4/15 5/15
WMA 5.133 10.667 16.400 22.667 30.000 84.867
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The Logic and Bit Operations Library

his chapter is an introduction to the Logic and Bit Operations Library. This is the fifth

library in the Simulink group of libraries and contains the Logic Operations Group Sub-

Library, the Bit Operations Group Sub-Library, and the Edge Detection Group Sub-
Library blocks shown below. We will describe the function of each block included in this library
and we will perform simulation examples to illustrate their application.

Logic Operations

up
AND | 2= b A u -
1

Logical Felatonal Interval Test Interval Test
Operator Operator Oiymamic

[ii]

Cambinatorial Compars Carmpare
Logic To Zero To Constmant

W

== 0 === [

Bit Operations

Bitwize
ANDO B
0=09

Bit Set Bit Clear Bitwize
Cperator

Set Clear
bitD [ bito [

W = gt 2 .
Gy=cus=8 F Extract Bits |

Ey = Eu Upper Half

Shift Exiract Bits
Arthrmetic

Edge Detection

U=Ukz U=Wl=z F Un=Ufz B

Detact Detect Detect
Increase Decrease Change

U=0 U==0 =0 U==0
B NOT p B NOT P B NOT | & NOT |
Uiz=0 Utz ==10 Uiz =0 Uiz ==10

Diatect Rizge Detect Rize Detect Fall Diatect Fall
Fositive Monnegatve Negative Monpositive
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6.1 The Logic Operations Group Sub-Library

The Logic Operations Group Sub-Library contains the blocks described in Subsections 6.1.1
through 6.1.7 below.

6.1.1 The Logical Operator Block

AND L

Lagical
CpermEtor

The Logical Operator block is described in Section 2.12, Chapter 2, Page 2-18.

6.1.2 The Relational Operator Block

== B

Felatonal
Cperator

The Relational Operator block is described in Section 2.11, Chapter 2, Page 2-17.
6.1.3 The Interval Test Block

L}

Internmal Test

The Interval Test block performs a test to determine if a signal is in a specified interval. The
block outputs TRUE if the input is between the values specified by the Lower limit and Upper
limit parameters. The block outputs FALSE if the input is outside those values. The output of the
block when the input is equal to the Lower limit or the Upper limit is determined by whether the
boxes next to Interval closed on left and Interval closed on right are selected in the dialog box.

Example 6.1

We will create a model with an Interval Test block where the Upper limit parameter is set to the
binary value [01111111], the Lower limit is set to the binary value [10000000], and the boxes
next to Interval closed on left and Interval closed on right are selected in the dialog box. Select

the largest positive value and the smallest negative value so that the Interval Test block will be
TRUE.

The model is shown in Figure 6.1. We recall that in an 8-bit binary string the largest positive
number is 127 (binary [01111111]) and the smallest negative number in an 8-bit binary string is
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-128 (binary [10000000]). In the model of Figure 6.1, the Constant 1 and Constant 2 blocks
have been specified as Output data type sfix(8), the Display 1 and Display 3 blocks have been
specified as binary (Stored Integer), and the Display 2 block has been specified as Format short.

[ bin 0111 1111
Display 1

127 —

Genstant | p— 11
"JLI; L 1]

Intermal Test Digplay 2

128 — Eus
Creator

Constant 2

-
Display 3
Figure 6.1. Model for Example 6.1

6.1.4 The Interval Test Dynamic Block

up [':l

u F

[}

Interal Test
Oymarnic

Like the Interval Test block, the Interval Test Dynamic block performs a test to determine if a
signal is in a specified interval. This block outputs TRUE (1) if the input is between the values of
the external signals up and lo. The block outputs FALSE (0) if the input is outside those values.
The output of the block when the input is equal to the signal up or the signal lo is determined by
whether the boxes next to Interval closed on left and Interval closed on right are selected in the
Parameters dialog box.

Example 6.2

We will create a model with an Interval Test Dynamic block where the external signal up is spec-
ified as the decimal value [127], the external signal lo is specified as the decimal value [-128],
and the boxes next to Interval closed on left and Interval closed on right are both checked in the
Block Parameters dialog box. We will use a Display block to show the output when the input to
the Interval Test Dynamic block is specified for the decimal value [129].

The model is shown in Figure 6.2. The Constant 1, Constant 2, and Constant 3 blocks have been
specified as Output data type sfix(12), the Display 1, Display 3, and Display 4 blocks have been
specified as binary (Stored Integer), and the Display 2 block has been specified as Format short.
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127 >|| Bir 0000 0111 1111||
Gonstant 1 Cizplay 1
—————pup
Constant 2 =10 Dizplay 2
Intenal Test
Ciymarnic
>| [ bin 0000 1000 0007 | |
Dizplay 2
128 >|| Bin 1771 1000 0000 ||
Constant 3 Dizplay 4

Figure 6.2. Model for Example 6.2

6.1.5 The Combinatorial Logic Block

[i3] b

Caombinatorial
Logic:

The Combinatorial Logic block, often referred to as combinational block, implements a standard

truth table for modeling programmable logic arrays (PLAs) ", logic circuits, decision tables, and
other Boolean expressions. In a Combinatorial Logic block we specify a matrix that defines all
outputs as the Truth table parameter. Each row of the matrix contains the output for a different
combination of input elements. We must specify outputs for every combination of inputs. The
number of columns is the number of block outputs.

|
Example 6.3
We will create a model with Combinatorial Logic blocks to implement a full adder” logic circuit.

The Truth table for a full adder digital circuit is shown in Table 6.1 where X is the augend, Y is
the addend, C,y is the carry from a previous addition, S is the Sum of the present addition, and

Cour is the output carry, i.e., the carry generated by the present addition.

* For a detailed description of PLAs, please refer to Digital Circuit Analysis and Design with an Introduction to
CPLDs and FPGAs, ISBN 0-9744239—6-3.

1 For a detailed description of full adders, full subtractors, and other logic circuits please refer to the reference
cited above.
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TABLE 6.1 Truth table for a full adder

Inputs Outputs

X Y CIN S COUT
0 0 0 0 0

0 0 1 1 0

0 1 0 1 0

0 1 1 0 1

1 0 0 1 0

1 0 1 0 1

1 1 0 0 1

1 1 1 1 1

The model is shown in Figure 6.3 where we have specified:

Constant blocks - Constant value: [000], [00 1], ... [1 1 1] in Constant blocks 1 through 8
respectively — Signal data types: boolean — Interpret vector parameters: check

mark
Combinatorial Logic blocks (all) — Truth table: [00; 10;10;01;10;01;01;11] — Sample
time: —1
Display blocks — Format: short
[‘“]_"’lj| Luoo F—sfii] 1 —
onstant 1 . Constant 5 .
Gomb Lagic 1 Diisplay 1 Gomb Lagic 5 Display 5
_ 0]
01 i [mon —» ]
onstant 2 . Constant 5 .
Comb Logic 2 Diizplay 2 Gomb Logic 6 Display B
» » L 0
Lol > [l
Gomb Logic 3 Display 3 Gomb Logic 7 Display 7
[:::]—I* |:::::|—I*I—1|
Gomb Logic 4 Display 4 Gomb Logic 8 Display B
Upper bitin Display Lower bitin Display All Gomb Logic
blocks iz SUM blocks iz Output Camy blocks same
Figure 6.3. Model for Example 6.3
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The model of Figure 6.3 looks more presentable in Figure 6.4 where the individual segments were

lined—up one below the other,” we selected all Combinatorial Logic blocks, and from the Edit
drop menu we selected Create Subsystem.

I outl ————f Display 1 Upper bit in Display

blacks is SUM

|

Constant 1

Lerewar bit in Display
1 blacks is Cutput Gamy
Dizplay 2

[ooA] In2 out? ]
Constant 2

]

InS outs — Dizplay 3

&
s
g!
B

RN

[@11] Ind outd — Dizplay 4

Constant 4

(1o Ing outs ——f
Constant

Display 3

on

[101] Ing outs [—— ]
Constant 5

Display 6

|

[110] In7 oty |———f

Constant 7

Display 7

|

[111] In ot ]
Constant B

Dizplay &

Subsywstem
Figure 6.4. Modified model for Example 6.3

We can also implement sequential circuits (that is, circuits with states) with the Combinatorial
Logic block by including an additional input for the state of the block and feeding the output of
the block back into this state input.

Example 6.4

We will create a model with Combinatorial Logic blocks to simulate a Set—Reset (S-R) flip—flop
constructed with NAND gates.

* It was necessary to edit the view (Fit Selection to View) so that we could see all segments of the model and select
all Combinatorial Logic blocks at once.
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Figure 6.5(a) shows a basic Set—Reset (S—R) flip flop constructed with two NAND gates, and Figure
6.5(b) shows the symbol for the SR flip flop where S stands for Set and R stands for Reset.

S
Q 50
_ R Q
L Lo
(a) (b)

Figure 6.5. Construction and symbol for the S—R flip flop

We recall that for a 2-input NAND gate the output is logical 0 when both inputs are 1s and the
output is 1 otherwise. We denote the present state of the flip flop as Q, and the next state as Q

n+ 1

and with reference to Figure 6.5(a) we construct the characteristic table shown in Table 6.2.

TABLE 6.2 Characteristic table for the SR flip flop with NAND gates

Inputs Present State|| Next State

S R Qn Qn +1

0 0 0 1 But Q. = I also The condition where
— S = R = 0 mustbe

0 0 1 1 But Q,,; = 1 also |avoided

0 1 0 0 No Change

0 1 1 0 Reset (or Clear)

1 0 0 1 Set

1 0 1 1 No Change

1 1 0 0 No Change

1 1 1 1 No Change

The characteristic table of Table 6.2 shows that when both inputs S and R are logic 0 simulta-

neously, both outputs Q and Q are logic 1 which is an invalid condition since Q and Q are com-
plements of each other. Therefore. the S = R = 0 condition must be avoided during flip—flop

operation with NAND gates.* When R = 1 and S = 0, the next state output Q, _ ; becomes O

n+1

regardless of the previous state Q, and this is known as the reset or clear condition, that is, when-

ever Q = 0, we say that the flip—flop is reset or clear. When R= 0 and S = 1, the next state out-
put Q, , ; becomes 1 regardless of the previous state Q, and this is known as the preset or simply

* For an S—R flip-flop constructed with NOR gates, the condition S=R=1 must be avoided. For a detailed dis-
cussion please refer to Chapter 8, Section 8.2 of Digital Circuit Analysis and Design with an Introduction to

CPLDs and FPGAs, ISBN 0-9744239-6-3.
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set condition, that is, whenever QQ = 1, we say that the flip—flop is set. When R=1and S = 1, the
next state output Q, , , remains the same as the present state, i.e., there is no state change.

The model is shown in Figure 6.6.

Firzt bit in Constant blocks is 5 [set),
gagond bitis B [reset)and third bitis
Constant 1 . Display 1 2N [present sAte of output Q)

?
|

[y
=]
E
o
)
Q
o
A

Oizplay blocks show the next s@te
2+ 1 of the 5-R flip-lop output

=
o
o
oz
o
N i

Display 2
R All Comb Logic

blocks same

ﬂ

[ ant 2 i
e Comb Logic = Display =
[ =Nt 4 i
e Comb Logic 4 Display 4
[100] [ii]
Constant 5 Gomb Logic 5 Dizplay 5

=
]
-
—
el
I

Constant 8 ! Dizplay &

]
fa]
E
o
)
o
o
=]

ﬂ

[ =nt 7 i
e Cornb Logic 7 Dizplay 7
R [141]
Constmant 8 Gomb Logic 8 Dizplay &

Figure 6.6. Model for Example 6.4

For the model in Figure 6.6, we have specified:

Constant blocks 1 through 8 — Constant value: [0 0 0], [0 0 1], ... [1 1 1] — Signal data types:
boolean — Interpret vector parameters: check mark

Combinatorial Logic blocks (all) — Truth table: [1;1; 0;0;1; 1; 0; 1] — Sample time: -1 — Dis-
play blocks — Format: short

The model looks more presentable in Figure 6.7 where we selected all Combinatorial Logic
blocks, and from the Edit drop menu we selected Create Subsystem.
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1 outt (]
Constant 1 Display 1
00A] N2 Cut2
Constant 2 Diisplay 2
Constant 3 Dizplay 3
Constant 4 Display 4
[100] NS Cuts
Constant 5 Dizplay 5
[101] Ing outs
Constant 5 Display G
Constant 7 Dizplay 7
[111] Ina - oute
Constant 8 Dizplay A
Subsystem

First bit in Constant blacks is 5 [get),
sacond bitis B [reset)and third bitis
N [present sAte of output Q)

Oisplay blocks show the next sEAte
2n+1 of the 5-R flip-lop output

Figure 6.7. Simplified model for Example 6.4

6.1.6 The Compare to Zero Block

==0

Cormpare
To Zero

The Compare To Zero block compares an input signal to zero. We specify how the input is com-
pared to zero with the Operator parameter. The Operator parameters are listed in Table 6.3.

TABLE 6.3 Operator parameters for the Compare to Zero block

Operator Action
== Determine whether the input is equal to the specified constant
~= Determine whether the input is not equal to the specified constant
< Determine whether the input is less than the specified constant
<= Determine whether the input is less than or equal to the specified constant
> Determine whether the input is greater than the specified constant
>= Determine whether the input is greater than or equal to the specified constant

Introduction to Simulink with Engineering Applications
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Example 6.5

We will create a model with the Compare To Zero block to test a matrix for singularity.

As we know, an n square matrix A is called singular if detd = 0;if detd # 0, it is called non—sin-

gular. To test for singularity, we will use the operator = =. For this example we will use the matrix
1 23
A=12134
357

The model is shown in Figure 6.8 where the matrix A was defined in MATLAB’s Command win-
dow as

A=[123;234;357];

In the model of Figure 6.8, the Display 1 block value of zero indicates that the matrix is singular
and the Display 2 block indicates logical 1, a true condition.

[ 0]
Display 1

det[a) == 0 ]
Consmant Compare Dizplay 2

Ta Eera

Figure 6.8. Model for Example 6.5

6.1.7 The Compare to Constant Block

=== F

Compare
To Constant
The Compare To Constant block compares an input signal to a constant. We must specify the
constant in the Constant value parameter and how the input is compared to the constant value
with the specified Operator parameter. The Operator parameters are listed in Table 6.4.
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TABLE 6.4 Operator parameters for the Compare to Constant block

Operator Action

== Determine whether the input is equal to the specified constant

= Determine whether the input is not equal to the specified constant

< Determine whether the input is less than the specified constant
<= Determine whether the input is less than or equal to the specified constant
> Determine whether the input is greater than the specified constant
>= Determine whether the input is greater than or equal to the specified constant

The output is O if the comparison is false, and 1 if it is true.

Example 6.6

We will create a model with the Compare To Zero block to determine whether the product A*B
of matrices A and B, where A = [a; a, ...a,],and B = [b; b, ... b,]', results in a positive or

negative value. The elements [a; a, ...a,] and [b; b, ... b ] are assumed to be real numbers.

We observe that A is a row vector and B is a column vector and thus the product A*B is con-

formable for multiplication. The model is shown in Figure 6.9 where in MATLAB’s Command
Window we have entered

A=[1 2 3 4 5];B=[-2 6 -3 -8 4]}

———— {51

Constant 1 Matrix

Multiply P =0
o Gy 2
To Constant

Constant 2

Figure 6.9. Model for Example 6.6

In the model of Figure 6.9, the Display 1 block value of —51 indicates the product A*B and the
Display 2 block indicates logical 1, a true condition.

6.2 The Bit Operations Group Sub-Library

The Bit Operations Group Sub-Library contains the blocks described in Subsections 6.2.1
through 6.2.5 below.
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6.2.1 The Bit Set Block

Set
bito [

Bit Set

The Bit Set block sets the specified bit of the stored integer to one. Scaling is ignored. We specify
the bit to be set to one with the Index of bit parameter. Bit zero is the least significant bit.

Example 6.7

We will express the row vector [12 8 5 7] in 8-bit binary form, and using the Bit Set block we
will create a model that will convert this vector to [13 12 7 15]. The converted vector will be
displayed in binary form.

The model is shown in Figure 6.10.

> Bin Q000 0901

Display 1

Ein 0000 1107
ot Eir 0000 1100
ecior
iz 2 &5 ™ Eit et ™ [_Ein 0000 0777
-
Constant e Eir 0000 11711

Dizplay 2

Figure 6.10. Model for Example 6.7
For this model we have configured the blocks as follows:
Constant block — Constant value: [12 8 5 7] — Signal data types: uint(8)

Set bit block — Function block Parameters, Index bit: [0 2 1 3]
Sink block parameters — Display 1 and Display 2 blocks, Format: Binary (Stored Integer)
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6.2.2 The Bit Clear Block

Clear
bit 0

T

Eit Clear

The Bit Clear block sets the specified bit, given by its index, of the stored integer to zero. Scaling
is ignored. We can specify the bit to be set to zero with the Index of bit parameter. Bit zero is the
least significant bit.

Example 6.8

We will express the row vector [14 8 5 12] in 8-bit binary form and using the Bit Clear block we

will create a model that will convert this vector to [6 0 5 4]. We will display the converted vec-
tor in binary form.

The model is shown in Figure 6.11.

bin 0000 1110
bin D000 1000

™ bin 0000 0707
bin 0000 1100

Dizplay 1

[14 8 512] - 'fj'.fg’
! Bin 0000 0710

I

Lonstant Eit Glear Bin 0000 0000
Bin 0000 0707
Bin 0000 0100

Display 2

Figure 6.11. Model for Example 6.8

For this model we have configured the blocks as follows:
Constant block - Constant value: [14 8 5 12] - Signal data types: uint(8)
Clear bit block - Function block Parameters, Index bit: 3

Sink block parameters - Display 1 and Display 2 blocks, Format: Binary (Stored Integer)
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6.2.3 The Bitwise Operator Block

Bitwize
AMNDO B
0=-09

Eiitwize

Cperator

The Bitwise Operator block performs the specified bitwise operation on its operands. Unlike the
logic operations performed by the Logical Operator block described in Section 2.12, Chapter 2,
Page 2-18, bitwise operations treat the operands as a vector of bits rather than a single number.
The operations are listed below.

Operation Description:
AND - TRUE if the corresponding bits are all TRUE
OR - TRUE if at least one of the corresponding bits is TRUE
NAND - TRUE if at least one of the corresponding bits is FALSE
NOR - TRUE if no corresponding bits are TRUE
XOR - TRUE if an odd number of corresponding bits are TRUE
NOT - TRUE if the input is FALSE and vice-versa

The Bitwise Operator block cannot be used for shift operations. Shift operations are described in
Subsection 6.2.4.

The size of the output of the Bitwise Operator block depends on the number of inputs, their vec-
tor size, and the selected operator. For a single vector input, the block applies the operation
(except the NOT operator) to all elements of the vector. If a bit mask is not specified, then the
output is a scalar. If a bit mask is specified, then the output is a vector. The NOT operator accepts
only one input, which can be a scalar or a vector. If the input is a vector, the output is a vector of
the same size containing the bitwise logical complements of the input vector elements.

For two or more inputs, the block performs the operation between all of the inputs. If the inputs
are vectors, the operation is performed between corresponding elements of the vectors to produce
a vector output. If we do not select the Use bit mask check box, the block will accept multiple
inputs. We select the number of input ports from the Number of input ports parameter. The input
data types must be identical. For more information on the Bitwise Operator block please refer to
the Simulink Help menu for this block.

Example 6.9

We will create a model containing a 3—input Bitwise AND block, a 3—input Bitwise NOR block,
and a 2-input Bitwise XOR block. The inputs to the Bitwise AND and Bitwise NOR blocks are:
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(152),, = (10011000),
(141),, = (10001101),
(75),, = (01001011),

The inputs to the Bitwise XOR block are:

(152),, = (10011000,
(141),, = (10001101),

The model is shown in Figure 6.12.

[152] .
Eitwize
Corstant 1 B AND < _>| | 5 ||
» Data Type Corwversion 1 Dizplay 1
Eitwiz= -
[1421] Dperator 1 >'| bin Q000 1000 |
Display 2
Constant 2 |
Eitwize Conart
B NOR I =) [ 32
Display 3
(18] L Oam Type Conversion 2 e
Bitwize
Fonsmnt3 Coperator 2 >| Bin 0070 0000 |
Dizplay 4
—*{ Bitwise
HOR - ED[ET;EH [ 27]
Data T I P Display 5
Elitwize atl Type Corversion
Cperator 3 p| [ B o007 00
Dizplay &

Figure 6.12. Model for Example 6.9
For the model of Figure 6.12 we have entered:

Constant blocks 1, 2, and 3 — Constant value: [152], [141], and [75] respectively — Signal data
types: uint8

Bitwise AND block — Operator: AND, Number of input ports: 3
Bitwise NOR block — Operator: NOR, Number of input ports: 3
Bitwise XOR block — Operator: XOR, Number of input ports: 2

Data type Conversion 1, 2, and 3 blocks - Output data type mode: Specify via dialog — Output
data type: ‘double’ - Input and output to have equal: Stored Integer (SI)

Display 1, 3, and 5 blocks — Format: decimal (Stored Integer)
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Display 2, 4, and 6 blocks — Format: binary (Stored Integer)

A binary value used to selectively screen out or let through certain bits in a data value. Masking is
performed by using a logical operator (AND, OR, XOR, NOT) to combine the mask and the data
value. For example, the mask [00111111], when used with the AND operator, removes (masks
off) the two uppermost bits in a data value but does not affect the rest of the value.

If we select the Use bit mask check box, then a single input is associated with the bit mask that we
have specified with the Bit Mask parameter. We can specify the bit mask using any MATLAB

expression in the Command Window. For example, we can specify the bit mask [10100110] as

2" +2°+2% +2']. For long strings, we can use hexadecimal bit masks, e.g., [DA87’], and
[‘E2F9B’]. If the bit mask is larger than the input signal data type, it is ignored.

We can use the bit mask to perform a bit set or a bit clear on the input. To perform a bit set, we
set the Operator parameter list to OR and create a bit mask with a 1 for each corresponding input
bit that we want to set to 1. To perform a bit clear, we set the Operator parameter list to AND
and create a bit mask with a O for each corresponding input bit that we want to set to 0.

6.2.4 The Shift Arithmetic Block

Wy = Wiyt 208
Qy=C0u==8 p
Ew=Eu
Shift
Anthrnetic

The Shift Arithmetic block is be used to shift the bits or the binary point of a binary word, or
both. This block performs arithmetic bit shifts on signed numbers. Therefore, the most significant
bit is recycled for each bit shift. If the bits and the binary point are to be shifted to the left, we
specify negative values.

|
Example 6.10

We will create a model with a Shift Arithmetic block with inputs decimal +32.75 and decimal

—48.875 to display the outputs when both of these numbers are shifted left by 3 bits and the binary
point is shifted left by 2 bits.

The model is shown in Figure 6.13 where the Constant blocks have been set for Output data type
sfix(12) and the output scaling value 2A-3. Since it is specified that the bits and the binary point
are to be shifted to the left, in the Shift Arithmetic block we enter the values -3 and -2 respec-
tively. All three display blocks have been set for binary (Stored Integer) format. We can check the
Shift Arithmetic block outputs as follows:
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b{l [S11 bin 0001 0000 |:|11|:|||
Display 1
3275 — Pl
Genstant 1 Wy = Wt 2 | [S1 Bin 1000 0071 0000
Sy = Qu =23 _
Sy=Ey. 2 | [S11 bin 0011 1100 1000 |
-4BB7S — = _Shift ) Dizplay 2
Creator Arthrnetic
Lonstant 2 >|| [S01bin 1170 0111 1001 |
Oisplay 3

Figure 6.13. Model for Example 6.10
(+32.75),, = (0001 0000 0.110),

and after shifting 3 bits to the left and the binary point 2 places to the left we obtain
1000 .0011 0000

Likewise,
(~48.875);0 = (<0001 1000 0.111), = (1110 0111 1.001) 54 cormsement

and after shifting 3 bits to the left and the binary point 2 places to the left we obtain

0011 .1100 1000

6.2.5 The Extract Bits Block

Extract Bits
Upper Half

Extract Bits

The Extract Bits block allows us to output a contiguous selection of bits from the stored integer
value of the input signal. The Bits to extract parameter defines the method by which we select the
output bits. We select Upper half to output the half of the input bits that contain the most signif-
icant bit. If there is an odd number of bits in the input signal, the number of output bits is given by

Number of output bits = ceil(Number of input bits/2) : (6.1)

We select Lower half to output the half of the input bits that contain the least significant bit. If
there is an odd number of bits in the input signal, the number of output bits is given by relation

6.1).

* The notation Ceil( ) rounds “up”, e.g., ceil(4.6) rounds to 5, and ceil(-4.6) rounds to -4. The notation Floor( )
rounds “down”, e.g., floor(8.999) = 8.
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We select Range starting with most significant bit to output a certain number of the most signifi-
cant bits of the input signal. We specify the number of most significant bits to output in the Num-
ber of bits parameter.

We select Range ending with least significant bit to output a certain number of the least signifi-
cant bits of the input signal. We specify the number of least significant bits to output in the Num-
ber of bits parameter.

We select Range of bits to indicate a series of contiguous bits of the input to output in the Bit
indices parameter. We indicate the range in [start end] format, and the indices of the input bits
are labeled contiguously starting at O for the least significant bit.

Example 6.11

We will create a model with an Extract Bits block to accept the decimal number 65403 as the
input and outputs the binary number [1111 1111].

The model is shown in Figure 6.14 where the Constant block is set for Signal data types — Output
data type mode: uint16, the Display 1 block shows the given decimal number in binary form, and
the Display 2 block shows the Upper Half of that binary number. Both display blocks have been
set for binary (Stored Integer) format. Had we specified the display blocks for decimal (Stored
Integer), Display 1 block would show the decimal number 65403 and Display 2 block would show
the decimal value 255 which is equivalent to binary 1111 1111.

>|| bBin 1111 1111 0111 ‘IEI11||

Display 1
Szl Sz —>| Bin 1117 1117 |
Sl » Upper Half -
Constant Display =

Exiract Bits

Figure 6.14. Model for Example 6.11

6.3 The Edge Detection Group Sub-Library

The Edge Detection Group Sub-Library contains the blocks described in Subsections 6.3.1
through 6.3.7 below.

6.3.1 The Detect Increase Block

U=z [

Detect
Inzrease
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The Detect Increase block determines if an input is strictly greater than its previous value. The
output is true (not 0), when the input signal is greater than its previous value. The output is false
(equal to 0), when the input signal is less than or equal to its previous value.

Example 6.12

We will create a model with the Detect Increase block to display changes in output for changes in
the input.

The model is shown in Figure 6.15 and the input and output waveforms are shown in Figure 6.16.
In Figure 6.15, the Signal Generator block is specified for a square waveform of amplitude 1 and
frequency 0.5, the Unit Delay is included to delay the Step block one time unit, the Detect
Increase block initial value is specified as 0, and the Convert Block is used to convert the output
signal of the Detect Change block from uint(8) to double. The waveforms in Figure 6.16 indicate
that the output is true (not 0), when the input signal is greater than its previous value. The output
is false (equal to 0), when the input signal is less than or equal to its previous value.

gooao i
o —ie — B U=Ukz —W Convert
z Scope
Signal I nit Delay Detect Dam Type Conversion Eus
Senerator Increase Creatar

Figure 6.15. Model for Example 6.12

Figure 6.16. Input and output waveforms for the model of Figure 6.15
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6.3.2 The Detect Decrease Block

U=zliz p

Detect
Decrease
The Detect Decrease block determines if an input is strictly less than its previous value where the
output is true (not 0), when the input signal is less than its previous value, and the output is false
(equal to 0), when the input signal is greater than or equal to its previous value.

Example 6.13

We will create a model with the Detect Decrease block to display changes in output for changes
in the input.

The model is shown in Figure 6.17 and the input and output waveforms are shown in Figure 6.18.
In Figure 6.17, the Signal Generator block is set for a square waveform of amplitude 1 and fre-
quency 0.5, the Unit Delay is included to delay the Step block one time unit, the Detect Decrease
block initial value was set to 0, and the Convert Block is used to convert the output signal of the
Detect Change block from uint(8) to double. The waveforms in Figure 6.18 indicate that the out-
put waveform is true (not 0), when the input signal is less than its previous value, and the output
is false (equal to 0), when the input signal is greater than or equal to its previous value.

oooo 1
oo — = b U =Uiz |— Conwert
z Scope
Signal Uit Dielay Detect Data Type Conversion Eus
Generator Decrease Creator

Figure 6.17. Model for Example 6.13

Figure 6.18. Input and output waveforms for the model of Figure 6.17
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6.3.3 The Detect Change Block

Ue=Uiz B

Detect

Change
The Detect Change block determines if an input does not equal its previous value where the out-
put is true (not 0), when the input signal does not equal its previous value, and the output is false
(equal to 0), when the input signal equals its previous value.

Example 6.14

We will create a model with the Detect Change block to display changes in output for changes in
the input.

The model is shown in Figure 6.19 and the input and output waveforms are shown in Figure 6.20.
In Figure 6.19, the Detect Change block value was set to 0, and the Convert Block is used to con-
vert the output signal of the Detect Change block from uint(8) to double. The waveforms in Fig-
ure 6.20 indicate that the output waveform is O for the interval 0 <t <1 because the step function
is also O during this interval. At t = 1 the step function jumps to 1 and thus the output assumes a
non-zero value, in this case 1. For t> 1, there are no further changes in the input signal and thus
the output drops to O indicating that the input signal equals its previous value.

Bl U=l — Convert Scope
Step Detect Data Type Conwersion
Change Bus
Creator

Figure 6.19. Model for Example 6.14

Figure 6.20. Input and output waveforms for the model of Figure 6.19
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6.3.4 The Detect Rise Positive Block

U=0
B MOT [
Uiz =0

Detect Rize
Fositive
The Detect Rise Positive block determines if the input is strictly positive, and its previous value
was nonpositive. The output is true (not 0), when the input signal is greater than zero, and its pre-
vious value was less than zero. The output is false (equal to 0), when the input is negative or zero,
or if the input is positive and its previous value was also positive.

Example 6.15

We will create a model with the Detect Rise Nonnegative block to display changes in output for
changes in the input.

The model is shown in Figure 6.21 and the input and output waveforms are shown in Figure 6.22.

oooo 1 =0
oo —e = Pl 5 HOT  — Conwert Scope
= Uiz=0
Signal Unit Dela; Data Type Conwversion
Generator Y Detect Rise P Bus
Prsitine Creator

Figure 6.21. Model for Example 6.15

Figure 6.22. Input and output waveforms for the model of Figure 6.21

In Figure 6.21, the Signal Generator block is specified as a square waveform of amplitude 1 and
frequency 0.5, the Unit Delay is included to delay the Step block one time unit, the Detect Rise
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Nonnegative block initial value was set to 0, and the Convert Block is used to convert the output
signal of the Detect Change block from uint(8) to double. The waveforms in Figure 6.22 indicate
that the output is true (not 0), when the input signal is greater than zero, and its previous value
was less than zero. The output is false (equal to 0), when the input is negative or zero, or if the
input is positive and its previous value was also positive.

6.3.5 The Detect Rise Nonnegative Block

U==0
& NOT R
Uiz==0

Detact Rise
Nonnegative

The Detect Rise Nonnegative block determines if the input is greater than or equal to zero, and
its previous value was less than zero. The output is true (not 0), when the input signal is greater
than or equal to zero, and its previous value was less than zero. The output is false (equal to 0),
when the input signal is less than zero, or if nonnegative, its previous value was greater than or
equal to zero.

Example 6.16

We will create a model with the Detect Rise Nonnegative block to display changes in output for
changes in the input.

The model is shown in Figure 6.23 and the input and output waveforms are shown in Figure 6.24.

oooo 1 U==0
oo — = B B NOT — Cormert Scope
= Uiz==0
Sigral Unit Dela; Oatm Type Corwersion
Genemtor v Datact Rise P EBUS
Hornegative reaar

Figure 6.23. Model for Example 6.16

In Figure 6.23, the Signal Generator block is set for a square waveform of amplitude 1 and fre-
quency 0.5, the Unit Delay is included to delay the Step block one time unit, the Detect Rise
Nonnegative block initial value was set to 0, and the Convert Block is used to convert the output
signal of the Detect Change block from uint(8) to double. The waveforms in Figure 6.24 indicate
that the output is true (not 0), when the input signal is greater than or equal to zero, and its pre-
vious value was less than zero. The output is false (equal to 0), when the input signal is less than
zero, or if nonnegative and its previous value was greater than or equal to zero.
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Figure 6.24. Input and output waveforms for the model of Figure 6.23

6.3.6 The Detect Fall Negative Block

U=0
B NOT F
Uiz =10

Detect Fall
Negative

The Detect Fall Negative block determines if the input is less than zero, and its previous value
was greater than or equal to zero. The output is true (not 0), when the input signal is less than
zero, and its previous value was greater than or equal to zero. The output is false (equal to 0),
when the input signal is greater than or equal to zero, or if the input signal is nonnegative and its
previous value was positive or zero.

Example 6.17

We will create a model with the Detect Fall Negative block to display changes in output for
changes in the input.

The model is shown in Figure 6.25 and the input and output waveforms are shown in Figure 6.26.

oooo 1 u=0
oo —e = B & HOT —W Conwvert Scope

z Uiz=0

Sigrnal  rit Del Dat@ Type © i

Senerator nll 213y Die et Fall =i ype Lornwarsion Eus
N egative Creatar
Figure 6.25. Model for Example 6.17
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Figure 6.26. Input and output waveforms for the model of Figure 6.25

In Figure 6.25, the Signal Generator block is set for a square waveform of amplitude 1 and fre-
quency 0.5, the Unit Delay is included to delay the Step block one time unit, the Detect Fall Neg-
ative block initial value was set to 0, and the Convert Block is used to convert the output signal of
the Detect Change block from uint(8) to double. The waveforms in Figure 6.26 indicate that the
output is true (not 0), when the input signal is less than zero, and its previous value was greater
than or equal to zero. The output is false (equal to 0), when the input signal is greater than or
equal to zero, or if the input signal is nonnegative and its previous value was positive or zero.

6.3.7 The Detect Fall Nonpositive Block

l==0
L NOT B
Wz==0

Oetect Fall
Nonpositive

The Detect Fall Nonpositive block determines if the input is less than or equal to zero, and its
previous value was positive. The output is true (not 0), when the input signal is less than or equal
to zero, and its previous value was greater than zero. The output is false (equal to 0), when the
input signal is greater than zero, or if it is nonpositive and its previous value was nonpositive.

|
Example 6.18

We will create a model with the Detect Fall Nonpositive block to display changes in output for
changes in the input.

The model is shown in Figure 6.27 and the input and output waveforms are shown in Figure 6.28.
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oooo 1 U<=0
on —W = P B NOT [——W Conuert Scope
=z Uiz==0
Signal Uit Dela Dat Type Comversion
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Figure 6.27. Model for Example 6.18

Figure 6.28. Input and output waveforms for the model of Figure 6.27

In Figure 6.27, the Signal Generator block is set for a square waveform of amplitude 1 and fre-
quency 0.5, the Unit Delay is included to delay the Step block one time unit, the Detect Fall
Nonpositive block initial value was set to 0, and the Convert Block is used to convert the output
signal of the Detect Change block from uint(8) to double. The waveforms in Figure 6.28 indicate
that the output is true (not 0), when the input signal is less than or equal to zero, and its previous
value was greater than zero. The output is false (equal to 0), when the input signal is greater than
zero, or if it is nonpositive and its previous value was nonpositive.
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6.4 Summary

e The Logical Operator block performs the specified logical operation on its inputs. An input
value is TRUE (1) if it is nonzero and FALSE (0) if it is zero. The Boolean operation connect-
ing the inputs is selected with the Operator parameter list in the Function Block Parameters

window. The block updates to display the selected operator. The supported operations are
given below.

Operation Description:

AND - TRUE if all inputs are TRUE

OR - TRUE if at least one input is TRUE

NAND - TRUE if at least one input is FALSE
NOR - TRUE when no inputs are TRUE

XOR - TRUE if an odd number of inputs are TRUE
NOT - TRUE if the input is FALSE and vice-versa

The number of input ports is specified with the Number of input ports parameter. The output

type is specified with the Output data type mode and/or the Output data type parameters. An
output value is 1 if TRUE and 0 if FALSE.

The Relational Operator block performs the specified comparison of its two inputs. We select
the relational operator connecting the two inputs with the Relational Operator parameter.
The block updates to display the selected operator. The supported operations are given below.

Operation Description:

== TRUE if the first input is equal to the second input

~ = TRUE if the first input is not equal to the second input

< TRUE if the first input is less than the second input

<= TRUE if the first input is less than or equal to the second input
>= TRUE if the first input is greater than or equal to the second input
> TRUE if the first input is greater than the second input

The Interval Test block performs a test to determine if a signal is in a specified interval. The
block outputs TRUE if the input is between the values specified by the Lower limit and Upper
limit parameters. The block outputs FALSE if the input is outside those values. The output of
the block when the input is equal to the Lower limit or the Upper limit is determined by

whether the boxes next to Interval closed on left and Interval closed on right are selected in
the dialog box.
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¢ The Interval Test Dynamic block performs a test to determine if a signal is in a specified inter-
val. This block outputs TRUE if the input is between the values of the external signals up and
lo. The block outputs FALSE if the input is outside those values. The output of the block when
the input is equal to the signal up or the signal lo is determined by whether the boxes next to
Interval closed on left and Interval closed on right are selected in the dialog box.

¢ The Combinatorial Logic block implements a standard truth table for modeling programma-
ble logic arrays (PLAs), logic circuits, decision tables, and other Boolean expressions. In a
Combinatorial Logic block we specify a matrix that defines all outputs as the Truth table
parameter. Each row of the matrix contains the output for a different combination of input
elements. We must specify outputs for every combination of inputs. The number of columns is
the number of block outputs. We can also implement sequential circuits (that is, circuits with
states) with the Combinatorial Logic block by including an additional input for the state of the
block and feeding the output of the block back into this state input. We can also implement
sequential circuits (that is, circuits with states) with the Combinatorial Logic block by includ-
ing an additional input for the state of the block and feeding the output of the block back into
this state input.

e The Compare To Zero block compares an input signal to zero. We specify how the input is

compared to zero with the Operator parameter. The Operator parameters are listed in the
table below.

Operator Action

e Determine whether the input is equal to the specified constant

~= Determine whether the input is not equal to the specified constant

< Determine whether the input is less than the specified constant
<= Determine whether the input is less than or equal to the specified constant
> Determine whether the input is greater than the specified constant
>= Determine whether the input is greater than or equal to the specified constant

The output is O if the comparison is false, and 1 if it is true.

¢ The Compare To Constant block compares an input signal to a constant. We must specify
the constant in the Constant value parameter and how the input is compared to the constant
value with the Operator parameter. The Operator parameters are the same as those of the
Compare to Zero block listed above.

e The Bit Set block sets the specified bit of the stored integer to one. Scaling is ignored. We

specify the bit to be set to one with the Index of bit parameter, where bit zero is the least signif-
icant bit.
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e The Bit Clear block sets the specified bit, given by its index, of the stored integer to zero. Scal-
ing is ignored. We can specify the bit to be set to zero with the Index of bit parameter, where
bit zero is the least significant bit.

e The Bitwise Operator block performs the specified bitwise operation on its operands. Unlike
the logic operations performed by the Logical Operator block, bitwise operations treat the
operands as a vector of bits rather than a single number. The supported operations are given
below.

Operation Description:
AND - TRUE if the corresponding bits are all TRUE
OR - TRUE if at least one of the corresponding bits is TRUE
NAND - TRUE if at least one of the corresponding bits is FALSE
NOR - TRUE if no corresponding bits are TRUE
XOR - TRUE if an odd number of corresponding bits are TRUE
NOT - TRUE if the input is FALSE and vice-versa

e Masking is performed by using a logical operator (AND, OR, XOR, NOT) to combine the
mask and the data value.

¢ The Shift Arithmetic block is be used to shift the bits or the binary point of a binary word, or
both. This block performs arithmetic bit shifts on signed numbers. Therefore, the most signifi-
cant bit is recycled for each bit shift. If the bits and the binary point are to be shifted to the left,
we specify negative values.

e The Extract Bits block allows us to output a contiguous selection of bits from the stored inte-
ger value of the input signal. The Bits to extract parameter defines the method by which we
select the output bits. We select Upper half to output the half of the input bits that contain
the most significant bit. If there is an odd number of bits in the input signal, the number of out-
put bits is given by

Number of output bits = ceil(Number of input bits/2)

We select Lower half to output the half of the input bits that contain the least significant bit. If
there is an odd number of bits in the input signal, the number of output bits is given by the
relation above.

e The Detect Increase block determines if an input is strictly greater than its previous value.
The output is true (not 0), when the input signal is greater than its previous value. The output
is false (equal to 0), when the input signal is less than or equal to its previous value.
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e The Detect Decrease block determines if an input is strictly less than its previous value where
the output is true (not 0), when the input signal is less than its previous value, and the output
is false (equal to 0), when the input signal is greater than or equal to its previous value.

® The Detect Change block determines if an input does not equal its previous value where the
output is true (not 0), when the input signal does not equal its previous value, and the output
is false (equal to 0), when the input signal equals its previous value.

® The Detect Rise Positive block determines if the input is strictly positive, and its previous
value was nonpositive. The output is true (not 0), when the input signal is greater than zero,
and its previous value was less than zero. The output is false (equal to 0), when the input is
negative or zero, or if the input is positive and its previous value was also positive.

¢ The Detect Rise Nonnegative block determines if the input is greater than or equal to zero,
and its previous value was less than zero. The output is true (not 0), when the input signal is
greater than or equal to zero, and its previous value was less than zero. The output is false
(equal to 0), when the input signal is less than zero, or if nonnegative, its previous value was
greater than or equal to zero.

¢ The Detect Fall Negative block determines if the input is less than zero, and its previous value
was greater than or equal to zero. The output is true (not 0), when the input signal is less than
zero, and its previous value was greater than or equal to zero. The output is false (equal to 0),
when the input signal is greater than or equal to zero, or if the input signal is nonnegative and
its previous value was positive or zero.

® The Detect Fall Nonpositive block determines if the input is less than or equal to zero, and its
previous value was positive. The output is true (not 0), when the input signal is less than or
equal to zero, and its previous value was greater than zero. The output is false (equal to 0),
when the input signal is greater than zero, or if it is nonpositive and its previous value was non-
positive.

6-30 Introduction to Simulink with Engineering Applications
Copyright © Orchard Publications



Exercises

6.5 Exercises

1

. Convert the row vector [8125 5963 2473 8690] to [8117 5961 2472 8690] by creating a
model using the Bit Clear block. Display the converted vector in decimal form.

. Create a model with the Bitwise Operator block to convert the binary number [01111111] to
the binary number [01100010] using the bit mask check box to specify the appropriate bits.

3. Create a model with Combinatorial Logic blocks to implement a full subtractor” logic circuit.

4. Create a model with the Detect Change block to display changes in output when the input is a
square waveform.

5. Create a model with an Extract Bits block that accepts the decimal number 65403 as the input
and outputs the binary number [0111 1011].

6. Create a model with an Extract Bits block that accepts the decimal number 65403 as the input
and outputs the binary number [1111].

7. Create a model with an Extract Bits block that accepts the decimal number 65403 as the input
and outputs the binary number [111011].

8. Create a model with an Extract Bits block that accepts the decimal number 65403 as the input
and outputs the binary number [11110111].

9. Create a model with a Shift Arithmetic block with inputs decimal +32.75 and decimal —48.875
to display the outputs when both of these numbers are shifted right by 3 bits and the binary
point is shifted right by 2 bits.

* For a detailed description of a full subtractor and other logic circuits please refer to Digital Circuit Analysis and
Design with an Introduction to CPLDs and FPGAs, ISBN 0-9744239-6-3.
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6.6 Solutions to End-of-Chapter Exercises

1.
The given vector is shown in the Display 1 block and the converted vector in Display 2 block.

CEEH|
EE=E]|
EERE]|
CEE|

- Oisplay 1

Constant 2117 |

SgET
47z |
BE00 |

Eit Glear

I
» Wactor - :
I

Eit Clear

DOizplay 2

For this model we have configured the blocks as follows:

Constant block — Constant value: [8125 5963 2473 8690] — Signal data types: int(32)
Clear bit block — Function block Parameters, Index bit: [3 1 0 2]

Display 1 and Display 2 blocks, Format: decimal (Stored Integer)

The model is shown below where we have configured the blocks as follows:

Constant block - Constant value: [127] — Signal data types: uint(8)

Bitwise Operator block — Operator: AND - Use bit mask: Check mark - Bit Mask:
6 A5 Al

2°+27°42

Display 1 and Display 2 blocks, Format: binary (Stored Integer)

FI Bin 0111 1111 |

Display 1

Bitwiz=
[1&27) P AND —>| bin 0110 0010 |

0:52 -
Constant Display 2

Bitwiz=
Cperator

3.
The Truth table for a full subtractor digital circuit is shown below where X is the minuend, Y
is the subtrahend, Z is the previous borrow, addition, D is the difference resulting from the of
the present subtraction, and B is the present borrow.
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Inputs Outputs
X Y Z D B
0 0 0 0 0
0 0 1 1 1
0 1 0 1 1
0 1 1 0 1
1 0 0 1 0
1 0 1 0 0
1 1 0 0 0
1 1 1 1 1

The model is shown below where we have specified:

Constant blocks - Constant value: [0 0 0], [00 1], ... [1 1 1] in Constant blocks 1 through 8
respectively — Signal data types: boolean — Interpret vector parameters:
check mark

Combinatorial Logic blocks (all) — Truth table: [0 0;11;11;01;10;00;00; 11] — Sample
time: —1
Display blocks — Format: short

» L o » 1]
Leoo F—+{fiill—— AR il ——
Constant 1 ] Constant 3 ]
Cormb Logic 1 Display 1 Comb Logic 5 Dizplay S

L o]
[ o]

Dizplay &

=

fm]
o
S
!H
o
S

Gomb Logic 2 Gomb Logic 6

DOizplay 2

» I
0 10] [i]— — [110] [il] > ——
Constant 3 . Constant 7 .
Gomb Logic 2 Display 2 Gomb Logic 7 Display 7
o] [;;;]—lr [111] [il] — ———
Constant 4 : Constant 8 :
Cormb Logic 4 Display 4 Cormb Logic 8 Display &
Upper bitin Display Lawer bit in Display All Gomb Logic

blocks iz Difference blocks is Present Bomow  blocks same

The model looks more presentable below where we lined-up the individual segments one below
the other, we selected all Combinatorial Logic blocks, and from the Edit drop menu we
selected Create Subsystem.
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@]
N1 ot
@]
Constant 1
Display 1
S B [ —
[ 1]
Constant 2
Dizplay 2
[ 1]
o — 7]
Display 3
[ @]
[ 1]
o —— [ 1]
Dizplay 4
] B [ —
Constant 5
Dizplay 5
[ @]
o cvel
[ @]
Constant 5
Dizplay 6
@]
7 o
@]
Constant 7
Display 7
[ 1]
o — [ 1]
Subsystem Display 8
4.
]
gooao i
oo — - P U =Ulz — Conwert Scope
=
GESIL?;";JMF Uit Delay G?jz‘ﬁ;; Data Type Cormersion DrBe';iDr
In the model above, the Signal Generator block was set to square waveform with amplitude 1
and frequency 0.5 Hz. The Unit Delay is included to delay the Step block one time unit, the
Detect Change block value was set to 0, and the Convert Block is used to convert the output
signal of the Detect Change block from uint(8) to double. The waveforms below indicate that
the output waveform remains at a non-zero value for all t> 1 since the input changes repeat-
edly every time interval.
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The model is shown below where the Constant block is set for Signal data types — Output data
type mode: uint16, the Display 1 block shows the given decimal number in binary form, and the

Display 2 block shows the Lower Half of that binary number. Both display blocks have been set
for binary (Stored Integer) format.

! | bin 1111 1171 0117 1011
Digplay 1
St S
65403 P Loreer Half —>| bin 0111 1071
Display 2
Constant Esdract Bits

6

The binary equivalent of the decimal number 65403 is 1111 1111 0111 1011 and since we

want the output to be 1111, we select Range starting with most significant bit for the Bits to
extract parameter, and specify 4 for the Number of bits parameter. The model is shown below.

| | bin 1111 1171707111 1011]
Dizplay 1
Extract 4 Bits > EEEEE]
B » Upper End -
Constant Display 2

Exiract Bits

7

The binary equivalent of the decimal number 65403 is 1111 1111 0111 1011 and since we

want the output to be 111011, we select Range starting with least significant bit for the Bits to
extract parameter, and specify 6 for the Number of bits parameter. The model is shown below.
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- | bin 1111 11110111 1011
Display 1
Esract & Bits
5403 - L oveer End —>| Bin 11 1011
Display 2
Gonstant E 1 Bits

8.
The binary equivalent of the decimal number 65403 is 1111 1111 0111 1011 and since we

want the output to be 11110111, we select Range of bits for the Bits to extract parameter, and
we specify [5 12] for the Bit indices parameter. The model is shown below.

)-|| bin11111111D1111D‘|1||
Oisplay 1

B5403 - Ex}’;‘ﬁ‘;i“ —bh [SI]I:uin1‘I111EI1‘I||

Display 2

Constant Esdract Eitz

The model is shown below where the Constant blocks have been set for Output data type
sfix(12) and the output scaling value 2/-3. Since it is specified that the bits and the binary
point are to be shifted to the right, in the Shift Arithmetic block we enter positive values, that
is, the values 3 and 2 respectively. All three display blocks have been set for binary (Stored
Integer) format. We can check the Shift Arithmetic block outputs as follows:

(+32.75),, = (0001 0000 0.110),
and after shifting 3 bits to the right and the binary point 2 places to the right we obtain
0000 0010 0000

and the binary point is understood to be to the right of the least significant bit.

Likewise,
(~48.875)19 = (<0001 1000 0.111), = (1110 0111 1.001) 55 cormement

and after shifting 3 bits to the right and the binary point 2 places to the right we obtain
1111 1100 1111

and the binary point is understood to be 2 places to the right of the least significant bit.
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2275 —
Constant 1
48875 — Eus
Creatar
Constant 2
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fS 11 bin 0001 0000 0710 ||

Oisplay 1
Wy = Vgt 20 [ [S1) bin 0000 0070 0000 |
Gy =0 == 3 -
Eyw=Eu + 2 [ [Shbin 1111 7100 1717 ]]
Shift Dizplay 2
Anthirnetic

[ bin 11100111 1001 |
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Display 3
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Chapter 7

The Lookup Tables Library

Simulink group of libraries and contains the blocks shown below. We will describe the func-

T his chapter is an introduction to the Lookup Tables library. This is the sixth library in the

tion of each block included in this library and we will perform simulation examples to illus-

trate their application.

Lockup Tables

[

_J

Lookup Table

Lowakup
Table (2-0)

u

et

™

Prelockup

Index Search

Interpolaton [n-0O)
using Prelookup

=
=dat VP sin [2*pi*u) [
ydat
Laakup Sine
Table
Crymiarnic

20 T

Laakup
Tabl= [n-0)

o0 T

#m

Oirect Lookup
Tablz [n-0)

cos[2*pitu )

Cosine
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7.1 The Lookup Table Block

—

—l—F

_J

Lookup Table

The Lookup Table block computes an approximation to a function y = f(x) where the data
vectors x and y are given, and it is required that the x data vector must be monotonically increas-
ing. Moreover, the length of the x and y data vectors must be the same. Please refer to the Help
menu for this block for additional information. The Lookup Table icon displays a graph of the
input vector versus the output vector. When a parameter is changed on the Block Parameters dia-
log box, the graph is automatically redrawn when we click on the Apply button.

To define a table, we specify the Vector of input values parameter as a / xn vector and the Vec-
tor of output values parameter as another / xn. The block generates output based on the input
values using one of these methods selected from the Look-up method parameter list:

1. Interpolation—Extrapolation—This is the default method; it performs linear interpolation and
extrapolation of the inputs.

If a value matches the block's input, the output is the corresponding element in the output
vector. If no value matches the block's input, then the block performs linear interpolation
between the two appropriate elements of the table to determine an output value. If the block
input is less than the first or greater than the last input vector element, then the block extrap-
olates using the first two or last two points.

2. Interpolation-Use End Values—This method performs linear interpolation as described above
but does not extrapolate outside the end points of the input
vector. Instead, the end—point values are used.

The methods 3, 4, and 5 listed below neither interpolate nor extrapolate. Also, there is no differ-
ence among these methods when the input x corresponds exactly to table breakpoints.

3. Use Input Nearest—With this method the element in x nearest the current input is found. The
corresponding element in y is then used as the output.

4. Use Input Below—With this method the element in x nearest and below the current input is
found. The corresponding element in y is then used as the output. If there is
no element in x below the current input, the nearest element is used.

5. Use Input Above—With this method the element in x nearest and above the current input is
found. The corresponding element in y is then used as the output. If there
is no element in x above the current input, the nearest element is used.

To create a table with step transitions, we repeat an input value with different output values.
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Example 7.1

We will create a model with a Lookup Table block configured to use a vector of input values

sk
given by [1:5], and a vector of output values given by log([1:5]).

The model is shown in Figure 7.1 where the Display 1 block shows the true values of the natural
log for the range [1:5] and the Display 2 block shows the Lookup Table values for the same range
of numbers. In the Constant block we have specified the range [1:5] and the Lookup Table block
has been configured with Vector of input values [1:5], Vector output values log([1:5]), and

Lookup method Interpolation — Extrapolation. The Math Function block is part of the Math
Operations library, and it is described in Subsection 8.1.16, Chapter 8, Page 8.11.

0.59321
— In —— 1.099
1.286
Math

Function 1.608

Display 1
0.59321
(1:5] [ — 1.089
1.286

Constant

Lookup Table 1.802

Display 2

Figure 7.1. Model for Example 7.1

7.2 The Lookup Table (2-D) Block

A

Laokup
Table [2-00)

The Lookup Table (2-D) block computes an approximation for a function z = f(x,y) when
the data points x, y, and z are given. The Row index input values parameter is a / xm vector of x
data points, the Column index input values parameter is a 7 xn vector of y data points, and the
Matrix of output values parameter is an m xn matrix of z data points. Both the row and column

* We recall that in MATLAB and Simulink log(x) implies the natural logarithm of x. The common (base 10) log-
arithm is denoted as log10(x).
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vectors must be monotonically increasing. The block generates output based on the input values
using one of these methods selected from the Look-up method parameter list:

Interpolation—Extrapolation — This is the default method; it performs linear interpolation and
extrapolation of the inputs. If the inputs match row and column
parameter values, the output is the value at the intersection of the
row and column. If the inputs do not match row and column
parameter values, then the block generates output by linearly
interpolating between the appropriate row and column values. If
either or both block inputs are less than the first or greater than
the last row or column values, the block extrapolates using the first
two or last two points.

Interpolation-Use End Values — This method performs linear interpolation as described above but
does not extrapolate outside the end points of x and y. Instead,
the end-point values are used.

Use Input Nearest — This method does not interpolate or extrapolate. Instead, the elements in x
and y nearest the current inputs are found. The corresponding element in z
is then used as the output.

Use Input Below — This method does not interpolate or extrapolate. Instead, the elements in x
and y nearest and below the current inputs are found. The corresponding
element in z is then used as the output. If there are no elements in x or y
below the current inputs, then the nearest elements are found.

Use Input Above — This method does not interpolate or extrapolate. Instead, the elements in x
and y nearest and above the current inputs are found. The corresponding
element in z is then used as the output. If there are no elements in x or y
above the current inputs, then the nearest elements are found.

Example 7.2

Consider the matrix

1 1-j2
A= 1+j 3 j
2 4 0

We will create a model using the Lookup Table (2-D) block to display the second element of the
third row of the Inverse matrix of A .

The model is shown in Figure 7.2 where in the Lookup Table (2-D) block we have entered:
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Row and Column index of input values: [1 2 3]
Vector of output values: inv(A)

Lookup method: Interpolation-Extrapolation

and in MATLAB’s Command Window we entered
A=[1 1+ 2; 14 3 j; 2 - 0O];

2 _l
Constant 1 >
—.-Il -0.2222 - 011111
L g
| Dizplay

3 Lawabup
Table (-0

Constant 2

Figure 7.2. Model for Example 7.2

Check with MATLAB:

A =
1.0000 1.0000 - 1.00001 2.0000
1.0000 + 1.00001 3.0000 0O + 1.00001
2.0000 0 - 1.00001 0

inv(A)

0.1111 - 0.00001 0.0000 + 0.2222i 0.5556 - 0.11111
0 - 0.22221 0.4444 - 0.0000i -0.2222 - 0.11111
0.5556 + 0.1111i -0.2222 + 0.1111i -0.1111

7.3 The Lookup Table (n-D) Block

20 T

Laokup
Table [n-00)

The Lookup Table (n-D) block n—dimensional interpolated table lookup including index
searches. The table is a sample representation of a function of N variables. Breakpoint sets relate
the input values to the positions in the table. The first dimension corresponds to the top (or left)
input port. Thus, the block generates an output value by comparing the block inputs with the
breakpoint set parameters. The first input identifies the first dimension (row) breakpoints, the
second breakpoint set identifies a column, the third a page, and so on.
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Example 7.3
We will create a model using a Lookup Table (n—D) block with the following specifications:

Number of table dimensions: 2

First input (row) breakpoint set: x=[0 1 2 3 4 5];
Second input (column) breakpoint set: y=[0 1 2 3 4 5];
Index search method: Binary Search

Table data:

A=[0 123456789 10 11;12 13 14 15 16 17;...
18 19 20 21 22 23;24 25 26 27 28 29;30 31 32 33 34 35];

Interpolation and extrapolation method: Linear

The model is shown in Figure 7.3 where in the Lookup Table (n-D) block we have entered the
following:

Number of table dimensions: 2

First input (row) breakpoint set: x

Second input (column) breakpoint set: y

Index search method: Binary Search

Table data: A

Interpolation and extrapolation method: Linear

In MATLAB’s Command Window we have entered:
x=<[0 123 45]y=[0123 4 5]

A=[0 1 2 3456789 10 11;12 13 14 15 16 17;...
18 19 20 21 22 23;24 25 26 27 28 29;30 31 32 33 34 35];

2 gl 20 THH
Gonstant 1 {
s _l_." Dizplay
Loakup
Constant 2 Table [n-O)

Figure 7.3. Model for Example 7.3

The Display block shows the value of the element located on Row 2 and Column 5. We can verify
that with MATLAB by typing
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A(3,6)

ans =
17

The indices (2,5) in Simulink and (3,6) in MATLAB are same since Simulink uses zero—based
indices whereas MATLAB uses one-based indices.

7.4 The PreLookup Index Search Block

u
k J: 3
f
Prelookup
Inde: Search

The PreLookup Index Search block calculates the indices and interval fractions for the input
value in the Breakpoint data parameter. This block is intended for use with the Interpolation (n—
D) Using PreLookup block which is described in the next section.To use this block, we must
define a set of breakpoint values. In normal use, this breakpoint data set corresponds to one
dimension of a Table data parameter in an Interpolation (n—D) using PreLookup block. The block
generates a pair of outputs for each input value by calculating the index of the breakpoint set ele-
ment that is less than or equal to the input value and the resulting fractional value that is a num-
ber 0 <f <1 that represents the input value's normalized position between the index and the next
index value for in-range input.

|
Example 7.4

The breakpoint data in a PreLookup Index Search blockis [0 1 2 3 4 5 6 7 8 9]. We will cre-
ate a model to display the (index, fraction) pair denoted as k and f on the block when the input
value u is 4.13.

The model is shown in Figure 7.4 where in the Display block the first value is the index, i.e.,
k = 4, and the second value is the fraction, i.e. f = 0.13

u
L 4]
FRE: ) N R Ry ——
i
Constant -
Display

Frelookup
Inde: Search

Figure 7.4. Model for Example 7.4
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7.5 The Interpolation (n-D) Using PreLookup Block

20 Tk

Interpolaton [n-0O0)
using Prelookup

The Interpolation (n-D) Using PreLookup block uses the precalculated indices and interval
fractions from the PreLookup Index Search block to perform the equivalent operation that the
Lookup Table (n—D) performs. This block supports two interpolation methods: flat (constant)
interval lookup and linear interpolation. These operations can be applied to 1-D, 2-D, 3-D, 4-D,
and higher dimensioned tables. We define a set of output values as the Table data parameter.
These table values must correspond to the breakpoint data sets that are in the PreLookup Index
Search block. The block generates its output by interpolating the table values based on the
(index, fraction) pairs fed into the block by each PreLookup Index Search block.

The block generates output based on the input values:

1. If the inputs match breakpoint parameter values, the output is the table value at the intersec-
tion of the row, column, and higher dimensions' breakpoints.

2. If the inputs do not match row and column parameter values, the block generates output by
interpolating between the appropriate table values. If either or both block inputs are less than
the first or greater than the last row or column parameter values, the block extrapolates from
the first two or last two points in each corresponding dimension.

|
Example 7.5

We will create a model with an Interpolation (n—D) Using PreLookup block with two input indi-
ces representing the rows and columns of a square matrix and the output set to display the square
root of a number in the range of integer numbers 1 through 100. For this example, we want to
define the two inputs such that the output displayed will be the square root of 12.

We can form a 70 x 10 array with the row vector a = [12 3 4 5 6 7 8 9 10] and the column
vectorb =123 456 7 8 9 10] and multiplying these. The products are as shown below.

1 2 3 4 5 6 7 8 9 10
2 4 6 8 10 12 14 16 18 20
3 6 9 12 15 18 21 24 27 30
4 8 12 16 20 24 28 32 36 40
5 10 15 20 25 30 35 40 45 50
6 12 18 24 30 36 42 48 54 60
7 14 21 28 35 42 49 56 63 70
7-8 Introduction to Simulink with Engineering Applications
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8 16 24 32 40 48 56 64 72 80
9 18 27 36 45 54 63 72 81 90
10 20 30 40 50 60 70 80 90 100

We can address any element of this array by indexing the rows and columns. Recalling that Sim-
ulink uses zero—based indexing, we can access the number 12 by the indices (1, 5), (2, 3), (3, 2),
or (5,1). The model is shown in Figure 7.5 where the indices for the Constant blocks are as
shown, the Interpolation (n—D) Using PreLookup block has been set for

Number of table dimensions: 2

Table data: sqrt(a*b)

Interpolation and Extrapolation methods: Linear
and in MATLAB’s Command Window we entered
a=[1;2; 3; 4, 5; 6; 7; 8; 9; 10]; b=a’;

=0 _|_.‘ 2.0 Tk.1)

Fenemnt —TY
E Dizplay
=0l Interpolaton [n-0O)
e p——) usging Frelookup

Figure 7.5. Model for Example 7.5

7.6 The Direct Lookup Table (n-D) Block

2.0 TH]

%%

Oirect Lookup
Tabl= [n-0)

The Direct Lookup Table (n—D) block uses its block inputs as zero-based indices into an n—D
table. The number of inputs varies with the shape of the output desired. The output can be a sca-
lar, a vector, or a 2-D matrix. The lookup table uses zero—based indexing, thus an input of 2
returns the third element in that dimension. We recall that MATLAB uses one-based indexing
and thus an input of 2 returns the second element in that dimension.

We define a set of output values as the Table data parameter, and we specify whether the output
shape is an element, a column, or a 2-D matrix. The first input specifies the zero—based index to
the first dimension higher than the number of dimensions in the output, the second input speci-
fies the index to the next table dimension, and so on, as illustrated in the Help menu for this

Introduction to Simulink with Engineering Applications 7-9
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block. The Help menus shows also the 15 different icons that this block displays depending on the
options we choose in the block’s dialog box.

To better understand the use of this block, let us review multi-dimensional arrays and illustrate
with examples.

Let us consider the matrix A defined in MATLARB as
A=[1 2 3;2 4-5;3-5 6];

This is a two—dimensional array that uses two subscripts where the first references the row (1st
dimension), and the second references the column (2nd dimension). Thus, A(3,3) is a two-
dimensional array with 3 rows and 3 columns are displayed below.

A=
1 2 3
2 4 -5
3 5 6

A three—dimensional array adds another dimension to the two—dimensional array where the addi-

tional dimension is another page* behind the two—dimensional array. Thus for a 3 x 3 three-
dimensional array with three pages the first page is displayed as

(L, L, 1) (1,2,1) (1,3, 1)
(2,1,1) (2,2,1) (2,3, 1)
(3,1,1)(3,2,1) (3,3, 1)

the second page is displayed as

(1,1,2) (1,2,2) (1,3,2)
(2,1,2) (2,2,2) (2,3,2)
(3,1,2) (3,2,2) (3,3,2)

and the third page is displayed as

(1,1,3) (1,2,3) (1,3,3)
(2,1,3) (2,2,3) (2,3,3)
(3,1,3) (3,2,3) (3,3,3)

* The term page used to describe the third dimension can be thought of as two or more two—dimensional arrays
stacked one on top of another in the same way the pages of a closed book are stacked one on top of another.
Dimensions higher than three can be created but it is not possible to visualize.
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It is to be noted that in a three—dimensional array the page number is indicated by the third index
in each element of the array. For instance, the fourth page would contain the elements (1, 1, 4),
(1,2,4), and so on.

Suppose that A is defined as
A=[1 2 3,2 4 5:3-1 8],

and we want to add a third dimension to A by adding a second page with another matrix whose
elementsare [4 5 6; —1 3 2; 7 8 —2]. The second page is defined as

A(:,:,2)=[4 5 6;-1 3 2;7 8 -2]
and thus in MATLAB’s Command Window we type
A=[1 2 3;-2 4 5;3 -1 8]; A(:,;;,2)=[4 5 6; -1 3 2;7 8 -2];

and MATLAB outputs
A(:,:,1) =
1 2 3
-2 4 5
3 -1 8
A(:,:,2) =
4 5 6
-1 3 2
7 8 -2

Now suppose that we want to add a third page whose all elements have the same value, say 2. We
enter

A(:,:,3)=2;

and when we type

A(:,:,3)=2

MATLARB displays
2 2 2
2 2 2
2 2 2

Next let us consider the 3 x 3 x 3 three—dimensional array

A, 1)=[1 2 3;-2 4 5;3 -1 8]; A(:,;;,2)=[4 5 6; -1 3 2;7 8 -2];...
A(:,:,3)=[2 4 -6; -3 5 8;7 9 -2]

and suppose that we want to convert it to a four—-dimensional array. We enter
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A, 1)=[1 2 3;-2 4 5;3 -1 8];
A(:,:,2)=[4 5 6; -1 3 2;7 8 -2];
A(:,:,3)=[2 4 -6; -3 5 8;7 9 -2]

and MATLAB outputs
A(:,:,1,1) =

0 0 0

0 0 0

0 0 0
A(:,:,2,1) =

0 0 0

0 0 0

0 0 0
A(:,:,3,1) =

0 0 0

0 0 0

0 0 0
A(:,:,1,2) =

1 2 3

-2 4 5

3 -1 8
A(:,:,2,2) =

4 5 6

-1 3 2

7 8 -2
A(:,:,3,2) =

2 4 -6

-3 5 8

7 9 -2
We observe that A(:,:,1,1),A(:,:,2,1),andA(:,:,3,1) are padded with zeros to

maintain the corresponding sizes of the dimensions.

The MATLAB User’s Manual describes the procedure for generating arrays using MATLAB

functions, and several examples are provided.

Let us suppose that we want to generate a four—dimensional array with 10 rows, 5 columns, 3
pages, with a fourth dimension and all elements are 2. The array that will satisfy this requirement
is

a=ones(10,5,3,1)*2
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and when this statement is executed, MATLAB displays

[E=Y
|

al(:,:

N D DNDDNDDNDDNDDNDDNDDNDDN
N DNDDNDDNDDNDDNDDNDDNDDN
N DNDDNDDNDDNDDNDDNDDNDDNDDN
N DNDDNDDNDDNDDNDDNDDNDDN
N DD DNDDNDDNDNDDNDDNDDN

N
N

Arrays a(:,:,2) and a(:,:,3) also display the same array.

The following example is similar to that in the Help menu for this block.

Example 7.6

We will create a model with a Direct Lookup Table (n—D) block with the four-dimensional array
a=ones(10,3,4,3), to display the first column of the array a(:,:,4,3).

In MATLAB’s Command Window we enter

a=ones(10,3,4,3); L=prod(size(a)); a(1:L)=[1:L];

The model is shown in Figure 7.6 where in the Direct Lookup Table (n—D) block we have entered
Number of table dimensions: 4

Input select this object from table: Column

3
3
333

L i &0 T[] ]

]
4 - =
Constant 2 > =T

Oirect Lookup 3
Table [n-0) =

—|

0] L)
T

Constant 1

28] I LEN)
onl |F=

[ix]
ui]

O] )
Lrm] I far)

S40

Constant 2

Dizplay

Figure 7.6. Model for Example 7.6
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Make table an input: unchecked

Table data: a

Constant 1 block: 0 (The Lookup table uses zero—based indexing so 0 is the index for the first col-
umn.

Constant 2 block: 4 (or uint16(3) if we wish to specify unassigned integer number)
Constant 3 block: 3 (or uint8(3) if we wish to specify unassigned integer number)

To verify the Display block in Figure 7.6, in MATLAB’s Command Window we enter
a(:,:,4,3)

and MATLAB displays the array below.

331 341 351
332 342 352
333 343 353
334 344 354
335 345 355
336 346 356
337 347 357
338 348 358
339 349 359
340 350 360

To display the second or third column, in the Display 1 block we replace O with 1 or 2 as appropri-
ate.

Example 7.7

[t is given that a=ones(5,5,3,4,2); L=prod(size(a)); a(1:L)=[1:L]'; We will create a model to display
the output corresponding to this array if the Input select this object from table is specified as 2-D
Matrix.

The model is shown in Figure 7.7 where in MATLAB’s Command Window we have entered
a=ones(5,5,3,4,2); L=prod(size(a)); a(1:L)=[1:L];
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3
Constant 1 pl 50 TH [ 575 ] | =7 | =0 7] | =]
I 57 | 582 ] | 57 | 52 | =7
4 — | 578 | 582 ] | Sae ] | 50z | E=C]|
Constant 2 [ =78 ] [ B4 | Sag ] | =Eal =]
[ a0 | 5] | a0 | 5] | 500 |
2 Oirect Lookup -
Table [n-0O) Dizplay

Constant 3
Figure 7.7. Model for Example 7.7

The values in the Display block of Figure 7.7 can be verified by typing
a(:,:,3,4,2)
in MATLAB’s Command Window which displays the array below.

576 581 586 591 596
577 582 587 592 597
578 583 588 593 598
579 584 589 594 599
580 585 590 595 600

7.7 The Lookup Table Dynamic Block

=
wdat W

ydat
Lawabup
Table
Diymarnic

The Lookup Table Dynamic block computes an approximation to some function y = f(x)
given x and y data vectors. The lookup method can use interpolation, extrapolation, or the origi-
nal values of the input. Unlike the Lookup Table block, the Lookup Table Dynamic block allows
us to change the table data without stopping the simulation. For example, we may want to auto-
matically incorporate new table data if the physical system we are simulating changes.

There are certain restrictions in using this block. Please refer to the Help menu for this block.
|
Example 7.8

The square root of the numbers 50 through 56 is given in the table below. We will create a model
with a Lookup Table Dynamic block to compute an approximation to f(52.6).
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X

50

51

52

53

54

55

56

7.071

7.141

7.211

7.280

7.348

7416

7483

y = f(x) = Jx

The model is shown in Figure 7.8 where in MATLAB’s Command Window we have entered:

xdata=[50 51 52 53 54 55 56];...
ydata=[7.07107 7.14143 7.21110 7.28011 7.34847 7.41620 7.48331];

52.58

Constant 1
®
wam [ Weudat w
e vdat Dizplay
Constant 2 Lackup
Table

ydam Crymarnic

Constant 3

Figure 7.8. Model for Example 7.8

7.8 The Sine and Cosine Blocks

sin[E@*pi*u) cos [2*pitu )

Sine Cosgine

The Sine and Cosine blocks implement a sine and / or cosine wave in fixed point using a lookup

. . *
table method that uses quarter wave symmetry. From Fourier series textbooks we recall that:

1.

Any waveform that repeats itself after some time, can be expressed as a series of harmonically
related sinusoids, i.e., sinusoids whose frequencies are multiples of a fundamental frequency (or
first harmonic). For example, a series of sinusoids with frequencies 1 MHz, 2 MHz, 3 MHz,
and so on, contains the fundamental frequency of 1 MHz, a second harmonic of 2 MHz, a
third harmonic of 3 MHz, and so on. In general, any periodic waveform f(t) can be expressed
as

For a detailed discussion on Fourier series, please refer to Signals and Systems with MATLAB Applications,
ISBN 0-9709511-6-7.
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f(t) = %ao +a,cosmt+ a,cos2mt + a;cos3mt + a,cosdmt + ... 7.1)

+ b;sinwt + b,sin2mt + bysin3wt + b,sind ot + ...
or

f(t) = %ao + Z (a,cosnmt + b, sinnot) (7.2)

n=1
where the first term a,/2 is a constant, and represents the DC (average) component of f(t).
Thus, if f(t) represents some voltage v(t), or current i(t), the term a,/2 is the average value
of v(t) or i(t).
The terms with the coefficients a;, and b, together, represent the fundamental frequency com-
ponent ® *, Likewise, the terms with the coefficients a, and b, together, represent the second
harmonic component 2m, and so on.

2. Odd functions have only sine terms.

3. Even functions have no sine terms.

4. If there is half~wave symmetry, only odd harmonics (sine and cosine) are present.

Quarter—wave symmetry implies that a waveform contains only sine odd harmonics and these can

be formed digitally with a series of zeros and ones.” With quarter—-wave symmetry, we begin with a
single quadrant, we copy it, we reverse the copy, we shift it by 90 degrees, we add it to the first
quarter to obtain half of the waveform, and finally we copy the half waveform, we reverse it, we
shift it by 180 degrees, and we add it to the first half too obtain the full waveform.

In Simulink, the Sine and Cosine block can output the following functions of the input signal,
depending upon what we select for the Output formula parameter:
sin(2mx)
cos(2mx)
intx

sin(2nx) and cos(27Xx)

We define the number of lookup table points in the Number of data points for lookup table
parameter. The block implementation is most efficient when we specify the lookup table data

* We recall that k, cosot +k,sinot = kcos(ot+0) where 0 is a constant.

T Sinewaves with repeating long sequences of zeros and ones are referred to as “magic sinewaves”. They can be
created with simple but extremely carefully chosen digitally switched pulses.
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points to be 2" + 1, where n is an integer. We use the Output word length parameter to specify
the word length of the fixed-point output data type. The fraction length of the output is the out-
put word length minus 2.

A function Lookup Table is a procedure by which we approximate a function by a table with a

finite number of points (x,y). A tutorial on producing Lookup Tables in Simulink is presented in
the Simulink Fixed Point User’s Guide.

Simulink implements lookup tables that use breakpoints whose spacing is uneven, even, and
power of two. For a comparison, please review the Simulink demo fxpdemo_approx_sin. To open

the demo, type at the MATLAB prompt
fxpdemo_approx_sin
There are three fixed—point lookup tables in this model. All three lookup tables approximate the

L , . -8
function sin2nx over the first quadrant. All three achieve a worst-case error of less than 27 .

The example below illustrates the creation of a model using the Repeating Stair Sequence block
described in the Sources Library, Section 15.2.13, Chapter 15, Page15-21, and the Lookup Table
block described in this chapter.

Example 7.9

We will create a model using the uneven spacing fixed—point option of a Lookup Table block to
approximate the function sin2nx over the first quadrant.

The model is shown in Figure 7.9 and the input and output waveforms in Figure 7.10. For the
model of Figure 7.9, the Configuration Parameters are chosen as Type: Fixed-step, and Solver:
Discrete (no continuous states). For the Repeating Stair Sequence block the Vector of output
values was set as linspace(0, 0.25, 50). For the Lookup Table block the Vector of input values is
specified as xuneven, the Table data is specified as yuneven, and the Lookup method is specified
as Interpolation - Use End Values.

Ié L / Seope
Fepeatng Busz
Sequence Lockup Table Creator

Stair

Figure 7.9. Model for Example 7.9
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Figure 7.10. Input and output waveforms for the model of Figure 7.9
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7.9 Summary

e A function Lookup Table is a procedure by which we approximate a function by a table with a
finite number of points (x, y). Simulink implements lookup tables that use breakpoints whose
spacing is uneven, even, and power of two. For a comparison, please review the Simulink demo
fxpdemo_approx_sin. To view this demo, type at the MATLAB prompt

fxpdemo_approx_sin

® The Lookup Table block computes an approximation to a function y = f(x) where the data
vectors x and y are given. The length of the x and y data vectors provided to this block must
match. The length of the x and y data vectors provided to this block must match. It is required
that the x data vector must be monotonically increasing. To create a table with step transi-
tions, we repeat an input value with different output values.

® The Lookup Table (2-D) block computes an approximation for a function z = f(x,y) when
the data points x, y, and z are given. The Row index input values parameter is a / xm vector of
x data points, the Column index input values parameter is a / xn vector of y data points, and
the Matrix of output values parameter is an m xn matrix of z data points. Both the row and
column vectors must be monotonically increasing.

® The Lookup Table (n-D) block evaluates a sampled representation of a function in N vari-
ables by interpolating between samples to give an approximate value for, even when the func-
tion is known only empirically. The block efficiently maps the block inputs to the output value
using interpolation on a table of values defined by the block's parameters. Interpolation meth-
ods are flat (constant), linear, and cubic spline. We can apply any of these methods to 1-D, 2—
D, 3-D, or higher dimensional tables.

® The PreLookup Index Search block calculates the indices and interval fractions for the input
value in the Breakpoint data parameter. To use this block, we must define a set of breakpoint
values. In normal use, this breakpoint data set corresponds to one dimension of a Table data
parameter in an Interpolation (n—D) using PreLookup block. The block generates a pair of
outputs for each input value by calculating the index of the breakpoint set element that is less
than or equal to the input value and the resulting fractional value that is a number 0 <f <1
that represents the input value's normalized position between the index and the next index
value for in-range input.

¢ The Interpolation (n—D) Using PreLookup block uses the precalculated indices and interval
fractions from the PreLookup Index Search block to perform the equivalent operation that the
Lookup Table (n—D) performs. This block supports two interpolation methods: flat (constant)
interval lookup and linear interpolation. These operations can be applied to 1-D, 2-D, 3-D,
4-D, and higher dimensioned tables.
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¢ The Direct Lookup Table (n—D) block uses its block inputs as zero-based indices into an n—D
table. The number of inputs varies with the shape of the output desired. The output can be a
scalar, a vector, or a 2-D matrix. The lookup table uses zero-based indexing, thus an input of 2
returns the third element in that dimension. We recall that MATLAB uses one-based index-
ing and thus an input of 2 returns the second element in that dimension.

¢ The Lookup Table Dynamic block computes an approximation to some function y = f(x)
given x and y data vectors. The lookup method can use interpolation, extrapolation, or the
original values of the input. Unlike the Lookup Table block, the Lookup Table Dynamic block
allows us to change the table data without stopping the simulation.

® The Sine and Cosine blocks implement a sine and / or cosine wave in fixed point using a
lookup table method that uses quarter wave symmetry. In Simulink, the Sine and Cosine block
can output the following functions of the input signal, depending upon what we select for the
Output formula parameter:

sin(27x) sin(27X) cos(27mx) e™ sin(27x) and cos(27mx)
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7.10 Exercises

1.

Define a lookup table that will display a square waveform in the ranges -2 <x <2 and
-I<y<lI.

*
. Bessel functions of the first kind are denoted as J (x) where the subscript n indicates the

order forn = 0, 1,2, 3, .... Thus, J,(x) denotes the zero order of the first kind of Bessel func-

tions. Create a model with a Lookup Table block configured to display the values of x from O to
1.0 in steps of 0.1 for J,(x).

. It is given that a=ones(5,5,3,4,2); L=prod(size(a)); a(1:L)=[1:L]’; Create a model to display the

output corresponding to this array if the Input select this object from table is specified as col-
umn.

. Create a model with an Interpolation (n—D) Using PreLookup block with two input indices

representing the rows and columns of a square matrix and the output set to display the square
root of a number in the range of integer numbers 1 through 100. For this example, we want to
define the two inputs such that the output displayed will be the square root of 19.25.

Hint: 19.25 = 3.5x5.5.

. Consider the matrix

1 1-j2
1+ 3
2 - 0

A =

Create a model using the Lookup Table (2-D) block to interpolate and display the value of the
Inverse matrix of A at (x,y) = (2.75, 5.25).

Using the data of the table below create a model with a Lookup Table Dynamic block to com-
pute an approximation to f(1.35).

1.2
1.219

X 1.1
y=£(x) 1.112

1.5
1.636

1.7
2.054

1.8
2.323

2.0
3.011

*

For a detailed discussion of Bessel functions, please refer to Numerical Analysis Using MATLAB and Spread-
sheets, ISBN 0—-9709511—1-6.
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7.11 Solutions to End-of-Chapter Exercises

1.
y
1
T R
-1

Vector x of input values: -2 -1 -1 0 0 1 12

Vector y of output values: -1 -1 1 1 —1-1 11

We observe that this waveform has three step discontinuities: at x = -/, x = 0,and x = /.
2.

The model is shown below where in the Constant block we have enter the range [0:0.1:1.0],

and in the Lookup Table block we have entered Vector of input values [0:0.0:1.0], Vector

output values besselj(0, [0:0.0:1.0]"), and Lookup method Interpolation — Extrapolation.

Constant
Lackup Table
Dizplay

3.

The model is shown below where we have entered:

Number of table dimensions: 5

Input select this object from table: Column

Make table an input: unchecked

Table data: a

Constant blocks: The values shown
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Constant 1
=T
3 ——| 50T =l
.
Constant 2 =
L "
™ ]
Constant 2 Dirzct Lookup -
Table -0 Dizplay
2
Constant 4

To verify the Display block values, in MATLAB’s Command Window we enter
a(:,:,3,4,2)
and MATLAB displays the array below.

576 581 586 591 596
577 582 587 592 597
578 583 588 593 598
579 584 589 594 599
580 585 590 595 600

The model is shown below where the PreLookup Index Search blocks 1 and 2 were set for:
Breakpoint data: [12 3 456 7 8 9 10]

Index search method: Linear Search

Process out of range input: Linear Extrapolation

We can form a 10 x 10 array with the row vector a = [12 3 4 5 6 7 8 9 10] and the col-
umn vectorb = [12 3 4 56 7 8 9 10]' and multiplying these.

The Interpolation (n—-D) Using PreLookup block has been set for
Number of table dimensions: 2

Table data: sqrt(a*b)

Interpolation and Extrapolation methods: Linear

and in MATLAB’s Command Window we enter

a=[1;2; 3; 4, 5;6; 7, 8, 9; 10]; b=a’
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u u
L 4]
35— ol 55—, Sl
i f
Congtant 1 ; Constant 2 ;
Dizplay1 Dizplay 2
Frelookup R Frelookup Ry
Index Search 1 Index Search 2
2-0 T f)
[20.5] F—
4372
Constant 3
Display 3
Interpolaton n-00
[#.0.9 using Prelookup
Constant 4

The model is shown below where Row and Column index of input values have been defined as
[1 2 3] and [4 5 6] respectively.

Vector of output values: inv(A)

Lookup method: Interpolation-Extrapolation

and in MATLAB’s Command Window we entered
A=[1 1-j 2; 14 3 j; 2 - O];

275 —|_.
Constant 1
%—HI 0875+ n.m|

—_ ot Display
Constant 2 Table (2-0)
6.
The model is shown below where in MATLAB’s Command Window we have entered:
xdata=[1.1 1.2 1.5 1.7 1.8 2.0]; ydata=[1.112 1.219 1.636 2.054 2.323 3.011];
135
Constant 1
| b
pdam [ Weadat
Constant 2 - yd:;mp Dizplay
Table
ydatm Oiymarnic
Constant 2
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Chapter 8

The Math Operations Library

in the Simulink group of libraries and contains and contains the Math Operations Group

Sub-Library, the Vector / Matrix Operations Group Sub-Library, and the Complex
Vector Conversions Group Sub-Library. We will describe the function of each block included
in this library and we will perform simulation examples to illustrate their application.

T his chapter is an introduction to the Math Operations Library. This is the seventh library

llath Operations
+ +
@ P [ _ [ Z o u+d.0 B u+Ts [+
Add Subtract Sum of Eias Waightad
Elerments Sample Time
Math
H#
)D} 1 F A + F i TR
Gain Slider Product Divide Produetof  mot Produet
Sain Elements
—t ul F u B e’ F floor B Pl P
] SFi=3
Sign Abs Urary Minus Math Founding Falymarmial
Function Function
! I
\ f . Salue
rmin rinfuy) v sin t o fiz)
. 1.} ) flzj=0
MinM T Trigonometric Sime Wiawe Algebric Constaint
Rurning Function Function
Fesetmble
Vectorllatrix Operations Complex Vector Conversions
U1 -=
v g Ml |-l =~
Uz -= YE) [ Sk ;P
Aszignment Reshaps Complas to Magritude-Angle
Magnitude-Angle to Comple:
X ) Femy
Tinju) m= [
Wi iactor Complex to Feal-lmag to
Concatemate  Concabernate Fieal-Imag Comple:
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8.1 The Math Operations Group Sub-Library

The Math Operations Group Sub-Library contains the blocks described in Subsections 8.1.1
through 8.1.23 below.

8.1.1 The Sum Block

&

The Sum block is an implementation of the Add block which is described in Section 8.1.2 below.
We can choose the icon shape (round or rectangular) of the block on the Block Parameters dialog
box.

8.1.2 The Add Block

s

+
Add

The Add block performs addition or subtraction on its inputs. This block can add or subtract sca-
lar, vector, or matrix inputs. It can also collapse the elements of a single input vector. We specify
the operations of the block with the List of Signs parameter. Plus (+), minus (=), and spacer (|)
characters indicate the operations to be performed on the inputs. The spacer character creates
extra space between ports on the block's icon.

If there are two or more inputs, then the number of characters must equal the number of inputs.
For example, "+-4" requires three inputs and configures the block to subtract the second (mid-
dle) input from the first (top) input, and then add the third (bottom) input.

|
Example 8.1

The matrices A, B, and C are defined as shown. We will create a model using the Add block to
display the result of A+ B -C.

1-1-4 5 9-3 4 6 1
A=1l5 72 B=]2 g8 2/ C=|_3 g
3-5 6 7-4 6 5-2 3

The model is shown in Figure 8.1 where in the MATLAB’s Command Window we have entered
A=[1-14;57-2,3-56];B=[59-3;,-282;7-46];C=[461;,-38-2;5-23];

8-2 Introduction to Simulink with Engineering Applications
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A
Constant 1
—* I 2] 2] o]
E M+ —| 2] 71 2]
Constant 2 - | 51| 711 9]
Add Dizplay
[
Constant 3

Figure 8.1. Model for Example 8.1

8.1.3 The Subtract Block

+
=

Subtact

The Subtract block is an implementation of the Add block which is described in Subsection 8.1.2
above.

Example 8.2

Leta = 1/(4+j3) and b = 1/(2-j5). We will create a model using a Subtract block to perform
the operation a—b.

The model is shown in Figure 8.27 where in MATLAB’s Command Window we have entered
a=1/(4+3j); b=1/(2-5j);

i I N
-
bonstant | _ 0.0910% - 020241
b _I—;ubt?u:t Display

Constant 2

Figure 8.2. Model for Example 8.2
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8.1.4 The Sum of Elements Block

b

Surn of
Elerments

The Sum of Elements block is an implementation of the Add block described in Subsection 8.1.2
above.

8.1.5 The Bias Block

u+.0 F

Bias

The Bias block adds a bias (offset) to the input signal.

Example 8.3

We will create a model using a Bias block to display the waveform y = sinx + 1.

The model is shown in Figure 8.3 and the input and output waveforms are shown in Figure 8.4
where for the Bias block Block Parameters dialog box we specified Bias: 1

oooo
[t  aTE |
Soope
Signal Eiaz Bus
Generator Creator

Figure 8.3. Model for Example 8.3

Figure 8.4. Input and output waveforms for the model of Figure 8.3
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8.1.6 The Weighted Sample Time Math Block

u+Ts B

‘Wizighted
Sample Time
Math

The Weighted Sample Time Math block adds, subtracts, multiplies, or divides the input signal,
u, by a weighted sample time Ts. We use the Operation parameter to specify the math operation.
This block also allows us to use only the weight with either the sample time or its inverse. We
enter the weighting factor in the Weight value parameter. If the weight is 1, w is removed from
the equation.

Example 8.4

We will create a model using a Weighted Sample Time Math block where the input signal is a
Digital Clock block specified at Sample time 1, and the Weighted Sample Time Math block
Operation parameter is specified as Divide with Weight value 2.

The model is shown in Figure 8.5 and the input and output waveforms are shown in Figure 8.6.

L]
1234 T
Scope
Oigital Glock YWeighted Eus
Sample Time  Creator
Maith

Figure 8.5. Model for Example 8.4

Figure 8.6. Input and output waveforms for the model of Figure 8.5

Introduction to Simulink with Engineering Applications 8-5
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8.1.7 The Gain Block
1>
Gain

The Gain block multiplies the input by a constant value (gain). The input and the gain can each
be a scalar, vector, or matrix. This block was described in Section 2.10, Chapter 2, Page 2-16.

8.1.8 The Slider Gain Block

i B

Slider
iGain

The Slider Gain block is used to vary a scalar gain during a simulation. The default for the lower
limit is O, and the default for the upper limit is 2.

|
Example 8.5

We will create a model using a Slider Gain block to display the input and output sinusoidal wave-
forms when the Slider Gain block has been specified as 0.5.

The model is shown in Figure 8.7 and the input and output waveforms are shown in Figure 8.8.

oooo
i P 0.5
Scope
Signal Slider Bus
Genaerator Eain Creator

Figure 8.7. Model for Example 8.5

Figure 8.8. Input and output waveforms for the model of Figure 8.7
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8.1.9 The Product Block

Hob

Product

The Product block performs multiplication or division of its inputs. This block is described in Sec-
tion 2.4, Chapter 2, Page 2-6. To perform a dot product on input vectors, we use the Dot Product
block described in Section 8.1.12, this chapter, Page 8-8.

|
Example 8.6

We will create a model using a Product block to perform element-by—element multiplication of
the row vectorsa = [1 23 4 5]andb=[-2 6 -3 8 7].

The model is shown in Figure 8.9 where in MATLAB’s Command Window we have entered
a=[1 2 3 4 5];b=[-2 6 -3 8 7];

and the Product block Multiplication has been specified as element-wise.

a
L :
Constant 1 5
32
b Product

]

—f |,
5]

Constant 2 Dizplay

Figure 8.9. Model for Example 8.6

8.1.10 The Divide Block

X

Divide

The Divide block is an implementation of the Product block. The Product block is described in
Section 2.4, Chapter 2, Page 2-6.

8.1.11 The Product of Elements Block
ﬂ L

Product of
Elements
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The Product of Elements block is used to multiply of divide inputs. It is essentially a Product
block. The Product block was described in Section 2.4, Chapter 2, Page 2-6.

Example 8.7
We will create a model using the Product of Elements block to compute the product a - b where
a=[l 0-3 05 7 9]
b=[2 -8 0 0 4 10 12]
The model is shown in Figure 8.10 where in MATLAB’s Command Window we have entered
a=[1 03 0 5 7 9;b=[2 -8 0 0 4 10 12];

peremntl Tl X {1
b Product of
Elemerits

Constant 2 108

Dizplay

Figure 8.10. Model for Example 8.7

8.1.12 The Dot Product Block

L

Dot Product

The Dot Product block generates the dot product of its two input vectors. The scalar output, y, is
equal to the MATLAB operation y=sum(conj(A.*B)) where vectors A and B are defined as

A = [al az an] y B = [bl b2 bn] ,and A*B:[alb1+azb2+ +an bn]

Example 8.8

We will create a model using a Dot Product block to perform the dot (inner) product of the row
vectors A = [1 234 5]andB =[-2 6 -3 8 7].

The model is shown in Figure 8.11 where in MATLAB’s Command Window we have entered
A=[1 2 3 4 5::B=[-2 6 -3 8 7];

8-8 Introduction to Simulink with Engineering Applications
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- _|—>
[ =Nt 1
e -
B Dot Product Displayy

Constant 2

Figure 8.11. Model for Example 8.8

8.1.13 The Sign Block

Sign

The Sign block indicates the sign of the input. The output is 1 when the input is greater than
zero, the output is O when the input is equal to zero, and the output is —1 when the input is less
than zero.

Example 8.9
We will create a model using the Sign block to determine whether the expression

1 2 3
X + 3 - >
(0.294)°  (0.484)

(-0.224)
is positive, zero, or negative.
Solution:
The model is shown in Figure 8.12 where in MATLAB’s Command Window we have entered
x=1/(~0.224)A7+2/(0.294)"8—3/(0.484)"2;

MATLAB outputs the value x = 477.786 and thus the Sign block outputs 1 indicating a positive
value.

x -

Constant Sign Display

Figure 8.12. Model for Example 8.9
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8.1.14 The Abs Block

ul F

Abs

The Abs block outputs the absolute value of the input. This block accepts real signals of any data
type supported by Simulink, except Boolean, and supports real fixed—point data types. The block
also accepts complex single and double inputs. Outputs are a real value of the same data type as
the input.

When the Saturate on integer overflow is selected, the block maps signed integer input elements
corresponding to the most negative value of that data type to the most positive value of that data

type. Thus, if the input is x and the signal data type is specified as int8 for the interval
—127 <x <0, the output is the absolute value of the input, but when the input is —728, the output
displayed is 127 . Likewise, if the input signal data type is specified as int16, for the input —32768,
the output is 32767, and if the input signal data type is specified as int32, for the input
2147483648 , the output is 2147483647 .

When the Saturate on integer overflow is not selected, the block ignores signed integer input
elements and outputs the absolute value of the input.

If the input is a complex number, the signal data type must be specified either as single or double.

Example 8.10
We will create a model using the Abs block to display the absolute value of the product

(=3-j4)x(5-j8)

The model is shown in Figure 8.13 where the input signal type is specified as double.

[=-4if =8 - |u 4717
Const@ant abs Dizplay

Figure 8.13. Model for Example 8.10

8.1.15 The Unary Minus Block

-l [

Unary Minus
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The Unary Minus block negates the input. The block accepts only signed data types. For signed
data types, we cannot accurately negate the most negative value since the result is not represent-
able by the data type. In this case, the behavior of the block is controlled by the Saturate to max
or min when overflows occur check box in the Block Parameters dialog box. If selected, the most
negative value of the data type wraps to the most positive value. If not selected, the operation has
no effect. If an overflow occurs, then a warning is returned to the MATLAB command line.

|
Example 8.11

We will create a model using a Unary Minus block to negate the number 101101101 .

The model is shown in Figure 8.14 where the Signal data types for the Constant block is set to
Inherit from constant value, and the Display block is set for Binary (Stored Integer).

1010101 - —’|| -1010101 ||

Constant Display

Unary Minus

Figure 8.14. Model for Example 8.11

8.1.16 The Math Function Block

e F

Math
Function

The Math Function block performs the following mathematical functions:
exp
log
107U
log10
magnitude’2
square
sqrt
pow (power)
conj (complex conjugate)
reciprocal

hypot (computation of the square root of the sum of squares)

Introduction to Simulink with Engineering Applications 8-11
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rem (remainder after division)

mod (modulus after division)”

transpose (transpose of a vector or matrix)

hermitian (a square matrix such that A" = A)

The block output is the result of the operation of the function on the input or inputs. The name
of the function appears on the block. Simulink automatically draws the appropriate number of
input ports. We use the Math Function block instead of the Fcn block when we want vector or
matrix output, because the Fcn block produces only scalar output. For data types supported,
please refer to the Help menu for this block.

|
Example 8.12

We will create a model with a Hermitian block to output the output the Hermitian matrix of A
defined as

1 1-j 2
A=11+j 3 ]
2 4 0

The model is shown in Figure 8.15 where in MATLAB’s Command Window we entered
A=[1 1-j 2,1+ 3 [;2 - O];

I 1] [ 11 | 2]
PR L . T+ 1] [ 3 [ o+ 1]

Constant  Math I 2] | EERu o]
Funztion Diigplay

Figure 8.15. Model for Example 8.12

Check:
1 1-j 2 . 1 1+j 2 - 1 1-j 2
A= 114+ 3 j A = 11-j 3 A =14+ 3 j|=A
2 4 0 2 j 0 2 4 0

* For differences between rem and mod type help rem and help mod in MATLAB’s Command Window.
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8.1.17 The Rounding Function Block

floor B

Fiounding

Function
The Rounding Function block applies a rounding function to the input signal to produce the
output signal. The name of the selected function appears on the block where floor rounds each
element of the input signal to the nearest integer value towards minus infinity, ceil rounds each
element of the input signal to the nearest integer towards positive infinity, round rounds each ele-
ment of the input signal to the nearest integer, and fix rounds each element of the input signal to
the nearest integer towards zero.

Example 8.13

We will create a model using the Rounding Function block to round the number 3.495 towards

minus infinity, towards positive infinity, to the nearest integer, and to the nearest integer towards
zero.

The model is shown in Figure 8.16 where floor rounds the given number to the nearest integer
value towards minus infinity, ceil rounds it to the nearest integer towards positive infinity, round
rounds it to the nearest integer, and fix rounds it to the nearest integer towards zero.

e floor .
Founding Display 1
Function 1
Founding Display =

3.483 Function 2

Constant

P found
Founding Display 3
Function 3
i
Founding Dizplay 4
Function 4

Figure 8.16. Model for Example 8.13
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8.1.18 The Polynomial Block

Fiu)
QFi=5
Falyrornizl

The Polynomial block uses a coefficients parameter to evaluate a real polynomial for the input
value. We define a set of polynomial coefficients in the form accepted by the MATLAB polyval
command. The block then calculates P(u) for the input u. Inputs and coefficients must be real.

Example 8.14

We will create a model using the Polynomial block to evaluate the polynomial
p(x) = X0 23x 4 5% —4x +3x +2
at x = -3.7.

The model is shown in Figure 8.17 where in MATLAB’s Command Window we have entered the
coefficients of p(x), i.e.,

px=[1 -3 0 5 4 3 2];

and in the Parameters dialog box for the Polynomial block we have typed px.

F )
37— 4328
CF)=6 :
Constant Palyrormial Display

Figure 8.17. Model for Example 8.14

8.1.19 The MinMax Block

min [

MinMa

The MinMax block outputs either the minimum or the maximum element or elements of the
inputs. We choose the function to apply by selecting one of the choices from the Function param-
eter list. If the block has one input port, the input must be a scalar or a vector. The block outputs
a scalar equal to the minimum or maximum element of the input vector. If the block has multiple
input ports, the non-scalar inputs must all have the same dimensions. The block expands any sca-
lar inputs to have the same dimensions as the non-scalar inputs. The block outputs a signal hav-
ing the same dimensions as the input. Each output element equals the minimum or maximum of
the corresponding input elements.
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Example 8.15

We will create a model using a MinMax block to display smallest and the largest numbers in the
row vector

a=[1 -1 -457-23-5619 -3 28248 5]
The model is shown in Figure 8.18 where in MATLAB’s Command Window we have entered
a=1 -1 -4 5723 569 -382 4 8 5

a B min
Constant WirM = 1 Display 1
-
Minh e 2 Display 2

Figure 8.18. Model for Example 8.15

8.1.20 The MinMax Running Resettable Block

u
minfuy) v
=3

MinMax
Funning
FResetmbl=

The MinMax Running Resettable block outputs the minimum or maximum of all past inputs u.
We specify whether the block outputs the minimum or the maximum with the Function parame-
ter. The block can reset its state based on an external reset signal R. When the reset signal R is
TRUE, the block resets the output to the value of the Initial condition parameter.

Example 8.16
Let the input u in a MinMax Running Resettable block be
u=J[1 -1 -4 57 -23 -569 -3 8 2 4 8 5]

We will create a model that will display all positive values of u and will display all negative values
of u.

The model is shown in Figure 8.19 where in MATLAB’s Command Window we have entered
u=[1 -1 -4 5 7 -2 3 -5 6 9 382 4 8 5|

and the initial conditions in both MinMax Running Resettable blocks is set to zero.
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[ 0]
[ 0]
[ 0]
[ 0]
[ 0]
1
y E—
Corswnt 1 — ——»fu
e,y ) W e i) ¥
R — R [ 0]
. Mirk s g Wi e 0]
Funning — Funning —
Constmnt 2 Fesetmble 1 Fesetmbla 2
[ 0]
[ 0]
I
I
Display 1 Display 2

Figure 8.19. Model for Example 8.16

8.1.21 The Trigonometric Function Block

sin B

Trigonoretric
Function

The Trigonometric Function block performs the principle trigonometric functions sine, cosine,

and tangent, the Inverse trigonometric functions asin, acos, atan, and atan2*, the hyperbolic
functions sinh, cosh, and tanh, and the Inverse hyperbolic functions asinh, acosh, and atanh.
The block output is the result of the operation of the function on the input or inputs. The name
of the function appears on the block. If we select the atan2 function, the block displays two
inputs. The first (upper) input is the y—axis or complex part of the function argument. The second
(lower) input is the x—axis or real part of the function argument.

The trigonometric function atan2(y,x) is referred to as the four-quadrant inverse tangent whereas atan is
referred to as the two-quadrant inverse tangent. We recall that for —o <x <o, —n/2 < atanx < /2 and thus the
two-quadrant atan(x) returns the inverse tangent in the range [-n/2,n/2]. The four-quadrant atan2 (y,x)
returns the inverse tangent in the range [, n].
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We should use the Trigonometric Function block instead of the Fen block when we want dimen-
sionalized output, because the Fcn block can produce only scalar output.

|
Example 8.17

We will create a model to display the values of the hyperbolic functions sinhx and coshx for
x = 935.

The model is shown in Figure 8.20.

sinh [=[=1=Ta]
Trigonormetric Display 1
a5 Fumction 1
Constant
cosh 5580
Trigonormetric Display 2
Function 2

Figure 8.20. Model for Example 8.17
We recall that

X —X X —X
e —e e +e
coshx =
2 2

sinhx =

. 1
and thus for x » 0, sinhx = coshx =~ Eex

8.1.22 The Sine Wave Function Block

i

t P
¥

Sirne Wawe
Function

The Sine Wave Function block generates a sinusoid. The block can operate in either time-based
or sample-based mode. The time-based mode has two submodes: continuous mode or discrete
mode. The value of the Sample time parameter determines whether the block operates in contin-
uous mode or discrete mode. Thus, zero (the default) causes the block to operate in continuous
mode and a value greater than zero causes the block to operate in discrete mode.

|
Example 8.18

We will create a model using two Sine Wave Function blocks, one to display the waveform oper-
ating in the continuous mode, and the other to display the waveform operating in the discrete
mode.
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The model is shown in Figure 8.21 and the waveforms in Figure 8.22 where the frequency of the
Sinewave Function 1 block was specified as 2.5 Hz, the Digital Clock block was specified for sam-
ple time 2.5, the Sine type in the Sinewave Function 2 block was selected as Sample based, and
the Time as Use external signal.

i
¥
Sime Wiawe
Function 1 ::gE’ |:|
I('-.II Scope
1234 —t 7

Digital Clock Sine Wave
Function 2

Figure 8.21. Model for Example 8.18

Figure 8.22. Output waveforms for the model of Figure 8.21

8.1.23 The Algebraic Constraint Block

Salve
fiz) flzi=0

Algebric Constraint

The Algebraic Constraint block constrains the input signal f(z) to zero and outputs an algebraic
state z. The block outputs the value necessary to produce a zero at the input. The output must
affect the input through a feedback path. This block accepts and outputs real values of type dou-
ble.

An example using this block was presented in Chapter 1 as Example 1.3. Another example is
given below.
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Example 8.19

We will create a model using an Algebraic Constraint block to find a solution for the non-linear
equation

2 .
F(z) = z7+4z+3 +sinz—zcosz

The model is shown in Figure 8.23 where in the Algebraic Constraint block the Initial guess value

entered is —1. The z° term is represented by the u” block from the Math Function block and the
sine and cosine blocks from the Trigonometric Function block both of which are blocks within
the Math Operations library. We observe that all inputs are feedbacks from the output of the
Algebraic Constraint block.

— -+

Math
Function

4 im0 2 =

Gain Algebraic Constraint Display

3

Constant

Add

+—M =in

Trigonore tric
Function 1

— cog

Froduct

*

Trigonoretric
Furnction 2

Figure 8.23. Model for Example 8.19

8.2 The Vector / Matrix Operations Group Sub-Library

The Vector / Matrix Operations Group Sub-Library contains the blocks described in Subsec-
tions 8.2.1 through 8.2.4 below.

8.2.1 The Assignment Block

U=
Uz = vE) "
Asgignment
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The Assignment block assigns values to specified elements of the signal. We specify the indices of
the elements to be assigned values either by entering the indices in the block's dialog box, or by
connecting an external indices source or sources to the block. The signal at the block's data port,
labeled U2 in most modes, specifies values to be assigned to Y . The block replaces the specified
elements of Y with elements from the data signal, leaving unassigned elements unchanged from
their initial values. If the assignment indices source is internal or is external and the Initialize
using input option is selected, the Assignment block uses the signal at the block's initialization
port, labeled U1, to initialize the elements of the output signal before assigning them values from
u2.

Example 8.20

We will create a model using an Assignment block to assign the value 6 in the zero—based index
mode A(1,2) position of the matrix A defined as

>

1l
I N
0 LN
© o W

The model is shown in Figure 8.24 where we have made the following entries:
Constant 1 block - Constant value: [1 2 3; 4 5 0; 7 8 9]

Constant 2 block - Constant value: [6]

Assignment block - Input type: Matrix - Index mode: Zero-based - Rows: 1 - Columns: 2

1z 2
4 5 0
T 5 3
| 1] [ 2] [ 2]

Gonstant 1 g — | 4] 51 |
—uz = vRO] | 7 5] | 2]
G Aszignment Display
Constant 2

Figure 8.24. Model for Example 8.20

8.2.2 The Reshape Block

Ur:p

Reshape
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The Reshape block changes the dimensionality of the input signal to another dimensionality that
we specify, using the block's Output dimensionality parameter. The Output dimensionality
parameter allows us to select the 1-D array, Column vector, Row vector, or Customize options.
These options are described in the Help menu for this block.

Example 8.21

We will create a model using the Reshape block to convert the row vector
A=[l 0 -3 -2 5 7 9 4 6]
to a column vector.
The model is shown in Figure 8.25 where in MATLAB’s Command Window we have entered
A=[1 0 -3 2 5 7 9 4 6],

and for the Reshape block we have selected the Column vector Output dimensionality option.

A » [Z] [=

Constant Feshape

NI

Dizplay

Figure 8.25. Model for Example 8.21

8.2.3 The Matrix Concatenate Block

Matri: Matrix
Concatenate 1 Concatenate 2
Horzontml Wiertical
Concatenaton Concatenaton

The Matrix Concatenate block concatenates input matrices u1 u2 u3 ... un along rows or col-
umns, where n is specified by the Number of inputs parameter. When the Concatenate method
parameter is set to Horizontal, the block concatenates the input matrices along rows.

y =[ulu2u3...un] % Equivalent MATLAB code
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For horizontal concatenation, inputs must all have the same row dimension, M, but can have dif-
ferent column dimensions. The output matrix has dimension M—by-Ni, where Ni is the number
of columns in input ui (i =1, 2, ..., n).

When the Concatenate method parameter is set to Vertical, the block concatenates the input
matrices along columns.

y = [u1;u2;u3;...;un] % Equivalent MATLAB code

For vertical concatenation, inputs must all have the same column dimension, N, but can have dif-
ferent row dimensions. The output matrix has dimension Mi-by—N, where Mi is the number of
rows in input ui (i=1, 2, ..., n).

Example 8.22

We will create a model using a Matrix Concatenate block to concatenate horizontally the matri-

ces A, B, and C defined as

1-1-4 5 9-3 4 6
A=|5 720 B=|2 g C=13 8
3.5 6 7 -4 6 5.2

The model is shown in Figure 8.26 where in MATLAB’s Command Window we have entered
A=[1-1 4,57-2;3 -56];B=[59 -3;-2 8 2;7 -4 6];C=[4 6;-3 8;5 -2];

— A
Constant 1
.‘_
.‘_
Mo Constant 2
Concatenation
L c
Constant 3
| 1] 1] | 4[| 3] | 8] -3 | 41| 6
U | 3] | 7] | 2] | 2] | 8] 2] | -5 | B
| 3] -5] | 5] | 7] ]| 5] | 5] | -2
Dizplay
Figure 8.26. Model for Example 8.22
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8.2.4 The Vector Concatenate Block

I

Wactor
Concatenate
The Vector Concatenate block is a special case of the Matrix Concatenate block where the block
operates in Vector Concatenation Mode, Horizontal Matrix Concatenation Mode, or Vertical
Matrix Concatenation Mode. In Vector Concatenation Mode, all input signals must be either row
vectors (1 x m matrices) or column vectors (m x 1 matrices) or a combination of vectors and
either row or column vectors. The output is a vector if all inputs are vectors.

The output is a row or column vector if any of the inputs are row or column vectors, respectively.

Example 8.23

We will create a model using a Vector Concatenate block to concatenate vertically the column
vectors a, b, and ¢ defined as

1 5 4
a= |5 b=|, c=|_3
3 7 5

The model is shown in Figure 8.27 where in MATLAB’s Command Window we have entered the

column vectors

a=[1 5 3];b=[5 -2 7T;c=[4 -3 57];

Constant 1

Constant 2

Wector

° Concatenate

o

Constant 3
Display

Figure 8.27. Model for Example 8.23
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8.3 The Complex Vector Conversions Group Sub-Library

The Complex Vector Conversions Group Sub-Library contains the blocks described in Subsec-
tions 8.3.1 through 8.3.4 below.

8.3.1 The Complex to Magnitude-Angle Block

g
T 8

Comple: to
Magnitude- Angle
The Complex to Magnitude—Angle block accepts a complex—valued signal of type double in the
form of x +jy. It outputs the magnitude, the phase angle in radians, or magnitude and phase
depending on the setting of the Output parameter. The outputs are real values of type double.
The input can be an array of complex signals, in which case the output signals are also arrays. The
magnitude signal array contains the magnitudes of the corresponding complex input elements.
The angle output similarly contains the angles of the input elements

Example 8.24

We will create a model using a Complex to Magnitude—Angle block to convert the complex num-
ber 5.43 —j4.54 to the polar form A £0.

The model is shown in Figure 8.28 where the Complex to Magnitude—Angle block Output
parameter has been specified as Magnitude and angle.

7.078

Wl U1 Display 1
[5.43-4.54] —W5_, i

Constant Cormple: to [ -0.5864 |

Magnitude-Angle

i

Display 2
Figure 8.28. Model for Example 8.24

8.3.2 The Magnitude-Angle to Complex Block

I ~_
£

Magnitude-Angle

to Cormples
The Magnitude-Angle to Complex block converts magnitude and / or phase angle inputs to a
complex—valued output signal. The inputs must be real-valued signals of type double. The angle
input is assumed to be in radians. The data type of the complex output signal is double.
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The inputs can both be signals of equal dimensions, or one input can be an array and the other a
scalar. If the block has an array input, the output is an array of complex signals. The elements of a
magnitude input vector are mapped to magnitudes of the corresponding complex output ele-
ments. An angle input vector is similarly mapped to the angles of the complex output signals. If
one input is a scalar, it is mapped to the corresponding component (magnitude or angle) of all the
complex output signals.

|
Example 8.25

We will create a model using a Magnitude—Angle to Complex block to convert 120.£240° to its
equivalent real and imaginary components.

The model is shown in Figure 8.29 where the magnitude is entered in the Constant 1 block and
phase angle in radians is entered in the Constant 2 block.

120 —I—.
Cons@nt 1 [ =
i |_> ‘ _F—>|I B0 - 10201
Z40*pir180 Magnitude-Angla Display

to Sormple:sx

Constant 2

Figure 8.29. Model for Example 8.25

8.3.3 The Complex to Real-Imag Block

Feul
Tinju)
Complex to
Feal-Imag

The Complex to Real-Imag block accepts a complex—valued signal of any data type supported by
Simulink, including fixed-point data types. It outputs the real and / or imaginary part of the input
signal, depending on the setting of the Output parameter. The real outputs are of the same data
type as the complex input. The input can be an array (vector or matrix) of complex signals, in
which case the output signals are arrays of the same dimensions. The real array contains the real
parts of the corresponding complex input elements. The imaginary output similarly contains the
imaginary parts of the input elements.

Example 8.26

Let us consider the electric network of Figure 8.30.
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10Q

Zypy— ~~ 10 uF

Figure 8.30. Electric network for Example 8.26

With the given values of resistance, inductance, and capacitance, the impedance Z,, as a func-

tion of the radian frequency o can be computed from the following expression.

4 . 6
Z, =7 =10+—10 100 /°5°) (8.1)
10+j(0.10-10"/0 )

Assuming that the operating frequency is f = 100 Hz, we will create a model to display the real
and imaginary values of the relation (8.1).

The model is shown in Figure 8.31 where in MATLAB’s Command Window we have entered
Z=10+(1074 —*1076/(2*pi*60))/(10 + *(0.1*(2*pi*60)—1075/(2*pi*60)));

Display 1 block shows the real component and Display 2 shows the imaginary component.

23.98
el) Display 1
- » ﬁ play
[}
Constant Comples to A3 25
Feal-Imag

Dizplay 2
Figure 8.31. Model for Example 8.26

8.3.4 The Real-Imag to Complex Block

Femy
Irn""_ i

Feal-Imag to
Complex

The Real-Imag to Complex block converts real and/or imaginary inputs to a complex-valued
output signal. The inputs can both be arrays (vectors or matrices) of equal dimensions, or one
input can be an array and the other a scalar. If the block has an array input, the output is a com-
plex array of the same dimensions. The elements of the real input are mapped to the real parts of
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the corresponding complex output elements. The imaginary input is similarly mapped to the
imaginary parts of the complex output signals. If one input is a scalar, it is mapped to the corre-
sponding component (real or imaginary) of all the complex output signals.

Example 8.27

We will create a model to convert the rectangular form of the complex number 25 +j40 to the
polar form A Z0° where A is the magnitude and the angle 0 is in degrees (not radians).

The model is shown in Figure 8.32 where A = 47.17, 6 = 57.99°, and the Gain K = 180/x.

L.
H
Constant 1 Im? >| | == A ||
40 Feal-Imag to DOizplay 1

Camplex
Constant 2 4l 4717
-5
& Dizplay 2
Comple: to

Magnitude-Angle

Figure 8.32. Model for Example 8.27

Introduction to Simulink with Engineering Applications 8-27
Copyright © Orchard Publications



Chapter 8 The Math Operations Library

8.4 Summary

The Sum block is an implementation of the Add block. We can choose the icon shape (round
or rectangle) of the block.

The Add block performs addition or subtraction on its inputs. This block can add or subtract
scalar, vector, or matrix inputs. It can also collapse the elements of a single input vector. We
specify the operations of the block with the List of Signs parameter. Plus (+), minus (=), and
spacer (|) characters indicate the operations to be performed on the inputs.

The Subtract block is an implementation of the Add block.
The Sum of Elements block is an implementation of the Add block.
The Bias block adds a bias (offset) to the input signal.

The Weighted Sample Time Math block adds, subtracts, multiplies, or divides the input sig-
nal, u, by a weighted sample time Ts. We use the Operation parameter to specify the math
operation. This block also allows us to use only the weight with either the sample time or its
inverse.

The Gain block multiplies the input by a constant value (gain). The input and the gain can
each be a scalar, vector, or matrix.

The Slider Gain block allows us to vary a scalar gain during a simulation using a slider. The
block accepts one input and generates one output. In the Slider Gain dialog box Low indicates
the lower limit of the slider range where the default is O, and High indicates the upper limit of
the slider range where the default is 2.

The Product block performs multiplication or division of its inputs.
The Divide block is an implementation of the Product block.

The Product of Elements block is used to multiply of divide inputs. It is essentially a Product
block.

The Dot Product block generates the dot product of its two input vectors. The scalar output,
y, is equal to the MATLAB operation y=sum(conj(A.*B)) where vectors A and B are defined as
A =1[a a, ...a,] ,B=1[b b, ...b,],and A*B=[a;b, +a,b, + ... +a b ].

The Sign block indicates the sign of the input. The output is 1 when the input is greater than
zero, the output is O when the input is equal to zero, and the output is —1 when the input is less
than zero.

The Abs block outputs the absolute value of the input. This block accepts real signals of any
data type supported by Simulink, except Boolean, and supports real fixed-point data types. The
block also accepts complex single and double inputs.
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e The Unary Minus block negates the input. The block accepts only signed data types. For
signed data types, we cannot accurately negate the most negative value since the result is not
representable by the data type.

e The Math Function block performs the following common mathematical functions:
exp

log

10Mu

log10

magnitude”2

square

sqrt

pow (power)

conj (complex conjugate)
reciprocal

hypot (computation of the square root of the sum of squares)
rem (remainder after division)
mod (modulus after division)

transpose (transpose of a vector or matrix)

hermitian (a square matrix such that AT = A)

The name of the function appears on the block. Simulink automatically draws the appropriate
number of input ports.

® The Rounding Function block applies a rounding function to the input signal to produce the
output signal. The name of the selected function appears on the block where floor rounds each
element of the input signal to the nearest integer value towards minus infinity, ceil rounds
each element of the input signal to the nearest integer towards positive infinity, round rounds
each element of the input signal to the nearest integer, and fix rounds each element of the
input signal to the nearest integer towards zero.

® The Polynomial block uses a coefficients parameter to evaluate a real polynomial for the input
value. We define a set of polynomial coefficients in the form accepted by the MATLAB poly-
val command. The block then calculates P(u) at each time step for the input u. Inputs and
coefficients must be real.
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¢ The MinMax block outputs either the minimum or the maximum element or elements of the
inputs. We choose the function to apply by selecting one of the choices from the Function
parameter list.

¢ The MinMax Running Resettable block outputs the minimum or maximum of all past inputs
u. We specify whether the block outputs the minimum or the maximum with the Function
parameter. The block can reset its state based on an external reset signal R. When the reset
signal R is TRUE, the block resets the output to the value of the Initial condition parameter.

e The Trigonometric Function block performs the principle trigonometric functions sine,
cosine, and tangent, the Inverse trigonometric functions asin, acos, atan, and atan2, the
hyperbolic functions sinh, cosh, and tanh, and the Inverse hyperbolic functions asinh, acosh,
and atanh. The block output is the result of the operation of the function on the input or
inputs. The name of the function appears on the block. If we select the atan2 function, the
block displays two inputs. The first (upper) input is the y—axis or complex part of the function
argument. The second (lower) input is the x—axis or real part of the function argument.

¢ The Sine Wave Function block generates a sinusoid. The block can operate in either time-
based or sample-based mode. The time-based mode has two submodes: continuous mode or
discrete mode. The value of the Sample time parameter determines whether the block operates
in continuous mode or discrete mode.

e The Algebraic Constraint block constrains the input signal f(z) to zero and outputs an alge-
braic state z. The block outputs the value necessary to produce a zero at the input. The output

must affect the input through a feedback path. This block accepts and outputs real values of
type double.

e The Assignment block assigns values to specified elements of the signal. We specify the indi-
ces of the elements to be assigned values either by entering the indices in the block's dialog box
or by connecting an external indices source or sources to the block. The signal at the block's
data port, labeled U2 in most modes, specifies values to be assigned to Y. The block replaces
the specified elements of Y with elements from the data signal, leaving unassigned elements
unchanged from their initial values.

¢ The Reshape block changes the dimensionality of the input signal to another dimensionality
that we specify, using the block's Output dimensionality parameter. The Output dimensional-
ity parameter allows us to select the 1-D array, Column vector, Row vector, or Customize
options. These options are described in the Help menu for this block.

¢ The Matrix Concatenate block concatenates input matrices u1 u2 u3 ... un along rows or col-
umns, where n is specified by the Number of inputs parameter. When the Concatenation
method parameter is set to Horizontal, the block concatenates the input matrices along rows.

y =[ul u2u3 ... un] % Equivalent MATLAB code
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For horizontal concatenation, inputs must all have the same row dimension, M, but can have
different column dimensions.

When the Concatenation method parameter is set to Vertical, the block concatenates the
input matrices along columns.

y = [u1;u2;u3;...;un] % Equivalent MATLAB code

For vertical concatenation, inputs must all have the same column dimension, N, but can have
different row dimensions.

® The Vector Concatenate block is a special case of the Matrix Concatenate block where the
block operates in Vector Concatenation Mode, Horizontal Matrix Concatenation Mode, or
Vertical Matrix Concatenation Mode. In Vector Concatenation Mode, all input signals must
be either row vectors [1xM matrices] or column vectors [Mx1 matrices] or a combination of
vectors and either row or column vectors. The output is a vector if all inputs are vectors. The
output is a row or column vector if any of the inputs are row or column vectors, respectively.

¢ The Complex to Magnitude—-Angle block accepts a complex—valued signal of type double in
the form of x +jy. It outputs the magnitude, the phase angle in radians, or magnitude and

phase depending on the setting of the Output parameter. The outputs are real values of type
double.

¢ The Magnitude—Angle to Complex block converts magnitude and/or phase angle inputs to a
complex-valued output signal. The inputs must be real-valued signals of type double. The
angle input is assumed to be in radians.

¢ The Complex to Real-Imag block accepts a complex-valued signal of any data type supported
by Simulink, including fixed-point data types. It outputs the real and/or imaginary part of the
input signal, depending on the setting of the Output parameter. The real outputs are of the
same data type as the complex input.

® The Real-Imag to Complex block converts real and/or imaginary inputs to a complex-valued
output signal. The inputs can both be arrays (vectors or matrices) of equal dimensions, or one
input can be an array and the other a scalar.
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8.5 Exercises

1.

Create a model using an Abs block to display the magnitude of the expression

, = (Ci149)(=0.8+(452)(=1.2-j74)
(5+1.84)(2.5-j4.8)(3.25+5.2)

. Three phasors* are defined as A = 3260°, B = —-4/30°, and C = 5/-45°. Create a model

using an Abs block to display the result of the operation A-B +C.

. Create a model using an Algebraic Constraint block to find a solution for the non-linear equa-

tion

F(x) = 3x°-2%" + 6x -8

. Create a model using an Assignment block to assign the value 7 in the zero-based index mode

elements [2 5] position of the vector A definedas A = [0 5 10 15 20 25].

. Create a model using a Complex to Magnitude-Angle block to convert the array of complex

number 7.5-j15.4, 28.4+j12.2, and 48.3-j72.8 to the polar form A,£6,, A,£6,, and
A, £0; respectively.

Create a model using one Magnitude-Angle to Complex block to convert 8230°, 20.£45°,
and 50260° to their equivalent real and imaginary components.

. Create a model using the appropriate Math Function block from the Math Operations library

to invert the elements of the matrix

1 1-j 2
A=11+j 3 ]
2 4 5

. Create a model using a Matrix Concatenation block to concatenate vertically the matrices A,

B, and C defined as

1-1-4 5 9-3 L 3
A=l|5 720 B=]2 g 2 C=L_6 4}
3-5 6 7-4 6

. Create a model using a MinMax block to display the largest number in the row vector

a=[1 -1 -457-23-5629-3282428 5]

*

A phasor is a rotating vector.
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10. Create a model using the Reshape block to convert the row vector
A=[1 0 =3 -2 5 7 9 4 6]
to a 3 x 3 matrix.

11. Create a model using the atan2 trigonometric function block to find the phase angle of the
complex number 108 +j84 in degrees.
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8.6 Solutions to End-of Chapter Exercises
1.

The model is shown below where for the Constant block we have Signal data types we have

selected double and in MATLAB’s Command Window we have entered
z=((-1.49j)*(-0.8+4.52j)*(—1.2-7.4j))/((5+1.84))*(2.5-4.8j)*(3.25+5.2)));

[z —® i

Constant Ahe Diigplay

2.
The model is shown below where in MATLAB’s Command Window we have entered

A=3*(cos(60*pi/180)+j*sin(60*pi/180)); B=—4*(cos(30*pi/180)+j*sin(30*pi/180));...
C=5%(cos(—45*pi/180)+j*sin(—45*pi/180));

Constant 1

L
E - p|| 8.5+ 1.064
—

Constant 2 + Display

Add

c

Constant 3

We recall that the Algebraic Constraint block accepts and outputs real values of type double.
Since the given polynomial is of fifth power and complex roots, if present occur in complex
conjugate pairs, we expect at least one real root.

The model is shown below and it displays the only real root. We can use MATLAB to verify
that the remaining four roots are complex and occur in conjugate pairs.

The fifth and third powers in the first and second terms of the given polynomial are repre-
sented by the u" block from the Math Function block.
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Add

Constant

] Solve 108
fiz! fizi= 0 *
+ Algebraic Constraint Display

Copyright © Orchard Publications

4.
The model is shown below where we have made the following entries:
Constant 1 block - Constant value: [0:5:25]
Constant 2 block - Constant value: [7]
Assignment block - Input type: Vector - Index mode: Zero-based - Elements: [2 5]
[O:5:25]
Constant 1
] =
e v el ] 5] | 71| 1] | 70] | 7]
Display
Azgignment
[71
Constant 2
5.
The model is shown below where in MATLAB’s Command Window we have entered
A=[7.5-15.4] 28.4+12.2] 48.3-72.8j;
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— 1=
{El Display 1 - Magritude
Sensmnt | Complexto
Magnitude-Angle m
Dizplay 2 - Angle [Ads)
6.
The model is shown below where in the Constant 1 block we have enter the magnitudes and in
the Constant 2 block we have entered in phase angles in radians.
[& 20 50)
- | 5020+ &1
Genstant 1 g}_'” 474 + 14,747
. . . Magnitude-Angle | 25+ 43 3]
[piB piid pir3] to Corple: Diisplay
Constant 2
7.
The appropriate block to accomplish this task is the Reciprocal Function block which we
select from the Math Function selection of blocks. The model is shown below where in MAT-
LAB’s Command Window we have entered
A=[1 1+ 2,1+ 3 ;2  4];
[ 1] [ 05+0.5]] 0.5
PR S B B B 05 05| 03223 | o1
5] 7
Constant Math l 0.5] | O+ 1 | 0.25]
Function Dlizplay
8.
The model is shown below where in MATLAB’s Command Window we have entered
A=[1 -1 4,5 7 -2;3 -5 6];B=[5 9-3;-2 8 2,7 -4 6]; C=[1 -2 3;-3 6 -4];
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. I il A7 4]
I 5] 7] 2]
Constant 1 [ 2] [ 5] | G|
5 ’ - I 5] | 5] | -3
o gl =2 7] | 7]
Constant 2 M i [ 71 A ]
Concatenaton [ 1] | 2] 3]
|: —

I -3 | B] | -4 ]

Constant 3 Display

9.
The model is shown below where in MATLAB’s Command Window we have entered
a=[1 -1 -4 5723 569 382 4 8 5|
Constant Minh = Display
10.
The model is shown below where in MATLAB’s Command Window we have entered
A<[1 0 -3 2 57 9 4 6];
and for the Reshape block we have selected the Customize Output dimensionality option with
Output dimensions [3, 3].
| 1] | 2] | ]
A —M Feshaps — | 0] [ 5] 4]
Constwnt Feshape [ 2] 7] B]
Dizplay
11.
The model is shown below where the Constant 1 block contains the imaginary part of the
complex number, the Constant 2 block contains the real part of the complex number, and the
Gain block contains the factor 180/n to convert radians to degrees.
il I e >
Constant 1 Triganoretric Dizplay
Function Fain
108
Const@ant 2
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Chapter 9

The Model Verification Library

his chapter is an introduction to the Model Verification Library, also referred to as the
Run-Time Model Verification Library. This is the eighth library in the Simulink group of
libraries and contains the blocks shown below. The blocks in this library are intended to
facilitate creation of self-validating models. We use model verification blocks to check whether
the signals exceed specified limits during simulation.

Run-time Model Verification

Fo

Py

Assertion

Check

Oizcrete Gradient

F o - -
L
AN PN AWAYAVE
B i g i B 1 N4
Check Static Check Static Check. Chck,
Lawear Bound Upper Bound Static Hange Static Gap
rir e e ML
min rin
zig zig Fig zig
Check Dynarnic Check Dynarnic Check Check
Loweer Bound Upper Bound Dymarmic Fangs Drymarnic: Gap

[~

Check. Input
Fesalution
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9.1 The Check Static Lower Bound Block

AW
e

Check Static
Lawezr Bound

The Check Static Lower Bound block performs a check to verify that each element of the input
signal is greater than or equal to a specified lower bound. The block's parameter dialog box allows
us to specify the value of the lower bound and whether the lower bound is inclusive. If the verifi-
cation condition is true, the block takes no action. If not, simulation is halted and an error mes-
sage is displayed.

Example 9.1

In the model of Figure 9.1, the amplitude of a sinusoidal signal may vary +10% from its nominal
value of 1 volt. We will configure this model to display error messages when the lower inclusive
boundary is specified as —1 volt.

The Signal Generator block is specified for a sine waveform with amplitude 1.1 volt, frequency
0.3 Hz, and the Check Static Lower Bound block is specified at —1 with the Inclusive boundary
checked, Enable assertion checked, Output assertion signal checked, and icon type graphic. The
Convert block was inserted to convert the Boolean output of the Check Dynamic Gap to double
as required by the Bus Creator block.

1
nooo 1
i P b 7 ——W Corvert Scope
Sigral i i
Gefarllamr T =r— Oatm Type Conwersion Eus
Lowwzr Biound Creator
Figure 9.1. Model for Example 9.1
The input and output waveforms are shown in Figure 9.2.
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Figure 9.2. Input and output waveforms for the model of Figure 9.1

9.2 The Check Static Upper Bound Block

—

Check Sthatic
Upper Bound

The Check Static Upper Bound block performs a check to verify that each element of the input
signal is less than or equal to a specified lower bound. The block's parameter dialog box allows us
to specify the value of the upper bound and whether the bound is inclusive. If the verification
condition is true, the block takes no action. If not, simulation is halted and an error message is
displayed.

Example 9.2

In the model of Figure 9.3, the amplitude of a sinusoidal signal may vary +10% from its nominal
value of 1 volt. We will configure this model to display error messages when the lower boundary
inclusive boundary is specified as —1 volt.

The Signal Generator block is specified for a sine waveform with amplitude 1.1 volt, frequency
0.3 Hz, and the Check Static Upper Bound block is specified at +1 with the Inclusive boundary
checked, Enable assertion checked, Output assertion signal checked, and icon type graphic. The
Convert block was inserted to convert the Boolean output of the Check Dynamic Gap to double
as required by the Bus Creator block.

The input and output waveforms are shown in Figure 9.4.
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E
oooo
o B PR e Conwert Scope
Signal i
ign i
Gen?ammr Chack Static Data Type Conwversion Bus
Upper Bound Creator

Figure 9.3. Model for Example 9.2

Figure 9.4. Input and output waveforms for the model of Figure 9.3

9.3 The Check Static Range Block

&
ATAT AV
+—

Check
Static Fange

The Check Static Range block performs checks to verify that each element of the input signal
falls inside the same range of amplitudes. The block's parameter dialog box allows us to specify the
upper and lower bounds of the valid amplitude range and whether the range includes the bounds.
If the verification condition is true, the block takes no action. If not, simulation is halted and an
error message is displayed.

Example 9.3

In the model of Figure 9.5, the amplitude of a sinusoidal signal may vary £10% from its nominal
value of 1 volt. We will configure this model to convert a sine waveform of amplitude 1 to a pulse
waveform of the same amplitude and frequency.
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The Signal Generator block is specified for a sine waveform with amplitude 1 volt, frequency
0.3 Hz, and the Check Static Range block is specified as 1.0 with the Inclusive upper bound
checked, as 0 with the Inclusive lower bound checked, Enable assertion checked, Output asser-

tion signal checked, and icon type graphic. The Convert block was inserted to convert the Bool-
ean output of the Check Dynamic Gap to double as required by the Bus Creator block.

E
oooo
L) e O ——W Conert Seope
Sigral i
ign i
Gen?ammr Chak Oatm Type Conwersion Eus
Static Range Creator

Figure 9.5. Model for Example 9.3

The input and output waveforms are shown in Figure 9.6.

Figure 9.6. Input and output waveforms for the model of Figure 9.5

9.4 The Check Static Gap Block

il N
1 g

Check
Static Gap

The Check Static Gap block performs a check to verify that each element of the input signal is
less than or equal to a static lower bound, or greater than or equal to a static upper bound. If the
verification condition is true, the block takes no action. If not, simulation is halted and an error
message is displayed.
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Example 9.4

We will configure the model of Figure 9.7 whose input is a sawtooth waveform to display error

messages when the upper bound is specified at 0.5 or greater and the lower bound is specified as
-0.5 or less.

The Signal Generator block is specified for a sawtooth waveform with amplitude 1 volt, frequency
0.5 Hz, and the Check Static Gap block is specified at 0.5 with the Inclusive upper bound
checked, at 0.5 with the Inclusive lower bound checked, Enable assertion checked, Output
assertion signal checked, and icon type graphic. The Convert block was inserted to convert the

Boolean output of the Check Dynamic Gap to double as required by the Bus Creator block. The
input and output waveforms are shown in Figure 9.8.

F 3
oooo Pl
el a4 E ——M Convert Seope
Signal - Data Type Conversion
Generator Check. w Bus
Static Sap Greator

Figure 9.7. Model for Example 9.4

Figure 9.8. Input and output waveforms for the model of Figure 9.7

9.5 The Check Dynamic Lower Bound Block

rnir
sig ﬁ

Chizck Oymarmic
Lawwzr Bound
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The Check Dynamic Lower Bound Block

The Check Dynamic Lower Bound block performs a check to verify that the amplitude of a test
signal is less than the amplitude of a reference signal at the current time step. The test signal is the
signal connected to the input labeled sig. If the verification condition is true, the block takes no
action. If not, simulation is halted and an error message is displayed.

Example 9.5

For the model of Figure 9.9 the amplitude of a sinusoidal signal may vary +10% from its nominal
value of 1 volt. We will configure the model to display error messages when the amplitude
exceeds —1 volt.

The Signal Generator block has been specified as a sine waveform with the amplitude set at 1.1,
frequency at 0.1 Hz, Constant blocks with the values shown, in the Check Dynamic Lower Bound
block the Enable assertion and Output assertion signal are checked, and the icon type is selected
as graphic. The Convert block was inserted to convert the Boolean output of the Lower Bound
block to double as required by the Bus Creator block. The input and output waveforms are shown
in Figure 9.10.

L]
-1 ——{min
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FoT—— R Corert cope
Sigral i
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e
Figure 9.9. Model for Example 9.5
Figure 9.10. Input and output waveforms for the model of Figure 9.9
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9.6 The Check Dynamic Upper Bound Block

ML
=g
Check Oynarmic
Upper Bound

The Check Dynamic Upper Bound block performs checks to verify that the amplitude of a test
signal is greater than the amplitude of a reference signal. The test signal is the signal connected to
the input labeled sig. If the verification condition is true, the block takes no action. If not, simula-
tion is halted and an error message is displayed.

|
Example 9.6

For the model of Figure 9.11 the amplitude of a sinusoidal signal may vary £10% from its nominal
value of 1 volt. We will configure the model to display error messages when the amplitude
exceeds +1 volt.

The Signal Generator block has been selected as a sine waveform with the amplitude set at 1.1,
frequency at 0.1 Hz, Constant blocks at the values shown, in the Check Dynamic Upper Bound
block the Enable assertion and Output assertion signal are checked, and the icon type is selected
as graphic. The Convert block was inserted to convert the Boolean output of the Check Dynamic
Upper Bound block to double as required by the Bus Creator block. The input and output wave-
forms are shown in Figure 9.12.

1 = max
A— S
Constant 1 sig Sl wepe
Signal -
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Figure 9.11. Model for Example 9.6
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Figure 9.12. Input and output waveforms for the model of Figure 9.11

9.7 The Check Dynamic Range Block

s
rnin
zig

Check
Oymarnic FRange

The Check Dynamic Range block performs a check to verify that a test signal falls within a range
of amplitudes. The width of the range can vary from time step to time step. The input labeled sig
is the test signal, and the inputs labeled min and max are the lower and upper bounds respectively
of the valid range. If the verification condition is true, the block takes no action. If not, simulation
is halted and an error message is displayed.

|
Example 9.7

The amplitude of a random waveform may vary £20% from its nominal value of 1 volt. We will
create a model using a Check Dynamic Range block to display error messages when the amplitude
exceeds +1 volt.

In Figure 9.13 the Signal Generator block has been selected as a random waveform with ampli-
tude specified at 1.2, frequency at 1 Hz, Constant blocks with the values as indicated, in the
Check Dynamic Range block the Enable assertion and Output assertion signal are checked, and
the icon type is selected as graphic. The Convert block was inserted to convert the Boolean out-
put of the Check Dynamic Range block to double as required by the Bus Creator block. The input
and output waveforms are shown in Figure 9.14.
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Figure 9.13. Model for Example 9.7

Figure 9.14. Input and output waveforms for the model of Figure 9.13

As stated above this block performs a check to verify that a signal falls inside a range of ampli-
tudes that varies from time step to time step.

9.8 The Check Dynamic Gap Block

rna
min
sig

Check
Oymarnic Gap

The Check Dynamic Gap block performs checks to determine whether a gap of possibly varying
width occurs in the range of a signal's amplitudes. The test signal is the signal connected to the
input labeled sig, and the inputs labeled min and max specify the lower and upper bounds respec-
tively of the dynamic gap. If the verification condition is true, the block takes no action. If not,
simulation is halted and an error message is displayed.
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Example 9.8

The amplitude of a sinusoidal signal may vary £10% from its nominal value of 1 volt. We will cre-
ate a model using a Check Dynamic Gap block to display error messages when the amplitude
exceeds *1 volt.

In Figure 9.15, the Signal Generator block has been selected as a sine waveform with amplitude
set at 1.1, frequency at 0.1 Hz, Constant blocks with the values shown, in the Check Dynamic
Gap block the Enable assertion and Output assertion signal are checked, and the icon type is
selected as graphic. The Convert block was inserted to convert the Boolean output of the Check
Dynamic Gap block to double as required by the Bus Creator block. The input and output wave-
forms are shown in Figure 9.16.

1 P e F g i
i Scope
Constant 1 J—: rr.un - > Fener i
. zig -
Signal -1 Data Type Conwversion
Genermator Check. Bus
e Constant 2 Chynamic Gap Greator

pale)

Figure 9.15. Model for Example 9.8

Figure 9.16. Input and output waveforms for the model of Figure 9.15

The Assertion warnings are listed in MATLAB’s Command Window.
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9.9 The Assertion Block

Fo

Agsertion

The Assertion block verifies that the elements of the signal at its input have a non—zero value. If
all elements are non-zero, the block takes no action. If any element is zero, the block halts the
simulation and displays an error message. The block's parameter dialog box allows us to specify
that the block should display an error message when the assertion fails but allows the simulation
to continue.

|
Example 9.9

In the model of Figure 9.17, the Signal Generator block was specified for a square waveform, inad-
vertently the amplitude was specified as 0, and thus the Scope block displayed 0 also. To this
model we will add an Assertion block to display an error message.

@ plioo w1

Clowzk:

Signal Scope
Senerator

Figure 9.17. Model for Example 9.9 without Assertion block

The model with the addition of an Assertion block is shown in Figure 9.18 where after the simula-
tion command is executed, the following message is displayed:

Assertion detected in ‘Figure_9_18/Assertion’ at time 0.000000

_@

Assertion
oooo
O
GClock, Signal Soope

Genermtor

Figure 9.18. Model for Example 9.9 with Assertion block
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9.10 The Check Discrete Gradient Block

[y

Check.
Dizcrete Gadient

The Check Discrete Gradient block performs a check to determine whether the absolute value
of the difference between successive samples of the element is less than an upper bound. The
block's parameter dialog box allows us to specify the value of the upper bound whose default value
is unity. If the verification condition is true, the block takes no action. Otherwise, the block halts
the simulation and displays an error message in the Simulation Diagnostics Viewer.

Example 9.10

In Figure 9.19, the Digital Clock block has been set for Sample time 1 as shown on the Scope
block and thus the difference between successive samples is 1. We will add a Check Discrete Gra-
dient block specifying that the value of the upper bound is unity (the default) to determine
whether an error message will be displayed.

12:34 ] |:|
Oigital Clock

Figure 9.19. Model for Example 9.10 without a Check Discrete Gradient block

The model with the addition of a Check Discrete Gradient block where the value of the upper
bound is specified as 1 (default), is shown in Figure 9.20. After the simulation command is exe-
cuted, the following message is displayed:

Assertion detected in ‘Figure_9_20/Check Discrete Gradient’ at time
1.000000.

However, if the Digital Clock block is specified for Sample time less than 1, no error message will
be displayed.
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Figure 9.20. Model for Example 9.2 with a Check Discrete Gradient block

9.11 The Check Input Resolution Block

L~

Check Input
Fesolution

The Check Input Resolution block performs a check to determine whether the input signal has a

el . * . . . . .
specified scalar or vector resolution.  If the resolution is a scalar, the input signal must be a multi-

. oy -3 . , ‘
ple of the resolution within a 10 tolerance. If the resolution is a vector, the input signal must
equal an element of the resolution vector. If the verification condition is true, the block takes no
action. If not, simulation is halted and an error message is displayed.

In general, the resolution of an n — bit analog-to-digital (A/D) converter that spans an input volt-

age of X volts is given by X/ (2" - 1) where # is the number of bit. For instance, an A/D con-
verter with a range of 0 to 12 volts, with n = 8 the range is divided to 12/255~47.1 mV so the
resolution is 47.1 mV.

1
Example 9.11

In the model of Figure 9.21, the resolution for both Check Input Resolution blocks is specified as
the row vector

Accuracy and resolution have different meaning. Accuracy is the degree with which an instrument measures a
variable in terms of an accepted standard value or true value; usually measured in terms of inaccuracy but
expressed as accuracy; often expressed as a percentage of full-scale range. Resolution is the smallest change in
the parameter being measured that causes a detectable change in the output of the instrument. For a detailed dis-
cussion on accuracy and resolution, please refer to Electronic Devices and Amplifier Circuits with MATLAB
Applications, ISBN 0-9709511-7-5.
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1 1

1 1

2X[(271—1)

(28-1) (2°-1) @"-1) @2"-1

and the Enable assertion and Output assertion signal is checked. The values 1 (true) and O (false)
in the Display blocks are justified as follows:

Since the resolution specified in the Check Input Resolution blocks is a vector, the input signal
must be equal to an element of the resolution vector. The resolution specified in the Constant 1
block is an element of the resolution vector and thus the output is 1 indicating a True condition.
However, the resolution specified in the Constant 2 block is not an element of the resolution vec-
tor and thus the output is 0 indicating a False condition.

12f2+10-1)

L

Constant 1

DOizplay 1

Check. Input
Fesolution 1

124201241}

L

Constant 2

Dizplay 2

Check. Input
Resolution 2

Figure 9.21. Model for Example 9.11
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Chapter 9 The Model Verification Library

9.12 Summary

The blocks in the Model Verification library are intended to facilitate creation of self-validating
models. For instance, we can use model verification blocks to verify that signals do not exceed
specified limits during simulation. When we are satisfied that a model is correct, we can turn error
checking off by disabling the verification blocks. We need not to physically remove them from the
model.

The Check Static Lower Bound block performs a check to verify that each element of the
input signal is greater than (or optionally equal to) a specified lower bound at the current time
step. The block's parameter dialog box allows us to specify the value of the lower bound and
whether the lower bound is inclusive. If the verification condition is true, the block takes no
action. If not, the block halts the simulation and displays an error message.

The Check Static Upper Bound block performs a check to verify that each element of the
input signal is less than (or optionally equal to) a specified lower bound at the current time
step. The block's parameter dialog box allows us to specify the value of the upper bound and
whether the bound is inclusive. If the verification condition is true, the block takes no action.
If not, the block halts the simulation and displays an error message.

The Check Static Range block performs a check to ascertain that each element of the input
signal falls inside the same range of amplitudes at each time step. The block's parameter dialog
box allows us to specify the upper and lower bounds of the valid amplitude range and whether
the range includes the bounds. If the verification condition is true, the block takes no action. If
not, the block halts the simulation and displays an error message.

The Check Static Gap block performs a check to verify that each element of the input signal
is less than (or optionally equal to) a static lower bound or greater than (or optionally equal
to) a static upper bound at the current time step. If the verification condition is true, the block
takes no action. If not, the block halts the simulation and displays an error message.

The Check Dynamic Lower Bound block performs a check to verify that the amplitude of a
test signal is less than the amplitude of a reference signal at the current time step. The test sig-
nal is the signal connected to the input labeled sig. If the verification condition is true, the
block takes no action. If not, the block halts the simulation and displays an error message.

The Check Dynamic Upper Bound block performs a check to verify that the amplitude of a
test signal is greater than the amplitude of a reference signal at the current time step. The test
signal is the signal connected to the input labeled sig. If the verification condition is true, the
block takes no action. If not, the block halts the simulation and displays an error message.

The Check Dynamic Range block performs a check to verify that a test signal falls inside a
range of amplitudes at each time step. The width of the range can vary from time step to time
step. The input labeled sig is the test signal. The inputs labeled min and max are the lower and
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upper bounds of the valid range at the current time step. If the verification condition is true,
the block takes no action. If not, the block halts the simulation and displays an error message.

® The Check Dynamic Gap block performs checks to determine whether a gap of possibly vary-
ing width occurs in the range of a signal's amplitudes. The test signal is the signal connected to
the input labeled sig. The inputs labeled min and max specify the lower and upper bounds of
the dynamic gap, respectively. If the verification condition is true, the block takes no action. If
not, the block halts the simulation and displays an error message.

® The Assertion block verifies that the elements of the signal at its input have a non-zero value.
If all elements are non-zero, the block takes no action. If any element is zero, the block halts
the simulation, by default, and displays an error message. The block's parameter dialog box
allows us to specify that the block should display an error message when the assertion fails but
allows the simulation to continue.

® The Check Discrete Gradient block performs a check to determine whether the absolute
value of the difference between successive samples of the element is less than an upper bound.
The block's parameter dialog box allows us to specify the value of the upper bound (1 by
default). If the verification condition is true, the block takes no action. Otherwise, the block
halts the simulation and displays an error message in the Simulation Diagnostics Viewer.

¢ The Check Input Resolution block performs a check to determine whether the input signal
has a specified scalar or vector resolution. If the resolution is a scalar, the input signal must be

. . oy 3 S . .

a multiple of the resolution within a 10~ tolerance. If the resolution is a vector, the input sig-
nal must equal an element of the resolution vector. If the verification condition is true, the
block takes no action. If not, the block halts the simulation and displays an error message.
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9.13 Exercises

1. Consider the model shown below where the inputs and outputs of the Signal Generator block
are also shown, and in the parameters for the Assertion block the Enable Assertion is checked
and the Stop simulation when assertion fails is unchecked. The Signal Generator block has
been specified for a sine waveform of amplitude 1 and frequency 0.25 Hz to accept an external
signal, i.e., the Clock block. Under those conditions will the Assertion block produce a warn-
ing!

oooo
10 | b 7
Scope
Clock, Signal Eus
Generator Creatar
Aszertion

2. It is known that noise voltages generated within the circuitry of an analog—to—digital converter
are 0.75 mv + 10% . Create a model using a Check Dynamic Gap block to display error mes-
sages when the amplitude exceeds this range.

3. For the models shown below, the resolution in both Check Input Resolution blocks 1 and 2 has
been specified as
12
(2"-1)

with n = 9. What is the maximum value that can be specified in Constant block 1 to cause
the Display 1 block to display O (False), and what is the minimum value that will cause the
Display 2 block to display 1 (True)?

|

Display 1

Gonstant 1 Check Input

Fesalution 1

N _.Li

Display 2
G tant 2
e Check Input

Fesalution 2

|
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9.14 Solutions to End-of-Chapter Exercises

1.

The Assertion block detects a O value at the start of the simulation time, in this case 10 sec-
onds as shown by the Clock block, and thus in MATLAB’s Command Window it outputs the

message:
Assertion detected in 'Exercise_9_ 1/Assertion' at time 0.000000.

However, the simulation continues for 10 seconds since the Stop simulation when assertion
fails is unchecked.

The model and input and output waveforms are shown below. Since voltage noise occurs in
random, we set the Signal Generator block for Random waveform with amplitude 0.01 and
frequency at 0.1 Hz. To allow for the £10% tolerance from the nominal 0.75 mv value, we set
the Constant blocks for +0.0085 and —0.0085 .

0.0085 P iz
ep——— J—D mmin —  Conert Scope
) —zig
Signal -0.0085 -
Gen%mmr pra— Dam Type Cormversion 5
oooo Constant 2 Dyrarmic Gap Creatar
Pl

The output waveform is logic 0 (False) whenever assertions are detected, and jumps to 1
(True) when no assertions are detected. The precise times when assertions are detected are

displayed in MATLAB’s Command Window.
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3.

Since the resolution specified in both Check Input Resolution blocks is the scalar

12
(2°-1)

the input signal must be a multiple of this resolution within a 10~ tolerance. Since,

12

— = = 0.0235
(2°-1)

any value equal of greater than 0.0235 will cause a display 1 (True), and any value less than
0.0235 will cause a display of O (False) as shown in the models below.

oo | [ |l

Dizplay 1
G tant 1
ne GCheck Input
Fesolution 1

00235 (——m :l i

Dizplay 2
G ANt 2
nne Gheck, Input

Reszolution 2

Upon execution of the Simulation command, MATLAB’s Command Window displays Asser-
tions detected in the Check Input Resolution block 1 from 0O to 10 in steps of 0.2.
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Chapter 10

The Model-Wide Utilities Library

T his chapter is an introduction to the Model-Wide Ultilities library. This is the ninth library

in the Simulink group of libraries and contains the Linearization of Running Models Sub-
Library, the Documentation Sub-Library, and the Modeling Guides Sub-Library. We
will describe the function of each block included in this library and we will perform simulation

examples to illustrate their application.

Linearization of Running Models

£

T=1

Drocumentation

dodel Info

Trigger-Based Tirmed-Based
Linearization Linearizaton

(Wl

Modeling Guides

Block Support
Tabl=
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Chapter 10 The Model-Wide Ultilities Library

10.1 The Linearization of Running Models Sub-Library

The Linearization of Running Models Sub-Library contains the blocks described in Subsections
10.1.1 and 10.1.2 below.

10.1.1 The Trigger-Based Linearization Block

£

Trigger-Based
Linearzation

The Trigger-Based Linearization block, when triggered, invokes the MATLAB functions lin-

mod or dlinmod to create a linear model for the system. No trimming is performed. The linear
model is stored in the base workspace as a structure, along with information about the operating
point at which the snapshot was taken. Multiple snapshots are appended to form an array of struc-
tures.

The name of the structure used to save the snapshots is the name of the model appended by
_Trigger Based Linearization, for example, vdp_Trigger Based Linearization. The structure has
the fields shown in the Help menu for this block.

|
Example 10.1

We will use a Trigger—Based Linearization block to extract the linear model for the model shown
in Figure 10.1.

1
@ = ™ 52+ 55+0

Cut

Transfer Fon 1

1
— l————®  sirmout

s+2
Transfer Fon 2 To Workspace

Figure 10.1. Model for Example 10.1

This is the same model as that of Figure 3.4, Example 3.2, Chapter 3, Page 3-4, where with the
execution of the command [A,B,C,D]=linmod('Figure_3_4") the linear model in the form of the
state—space MATLAB displayed the four matrices as

A =

* The trim function uses a Simulink model to determine steady—state points of a dynamic system that satisfy input,
output, and state conditions that we can specify. For details please type help trim in MATLAB’s Command
Window.
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-5 -6 -1
1 0 0
0 1 -2
B =
1
0
0
C =
0 1 0
D =
0

and thus the model of Figure 10.1 can be represented as

-5 -6 -1 1
X=11 0 0|x+]|olu
0o 1 =2 0

y = [o10/x+][ou

Next, let us reconsider the model of Figure 10.1 shown as Figure 10.2 where we have included a
Trigger-Based Linearization block triggered by a Pulse Generator block whose period is arbitrarily
specified for 10 seconds.

1
l 5245645 J |_| L
Cutd
Transfer Fon 1 Fulze

Senerator £
Ferod = 10 zec
1 .
- rl———  =imout Trigger-Based
s+ Linearzation
Tranzter Fon 2 To Warkspace Trigger type: rising

Sample time =0

Figure 10.2. Model for Example 10.1 with Trigger—Based Linearization

For the model of Figure 10.2, we execute the simulation command, we save this model as
Figure_10_2.mdl, and in MATLAB’s Command Window we type and execute the command

Figure_10_2_Trigger_Based_Linearization

MATLARB displays the following:

Figure_10_2_ Trigger_Based_Linearization =
a: [3x3 double]
b: [3x1 double]
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c: [0 1 0]
d: 0
StateName: {3x1 cell}
OutputName: {'Figure_10_2/0utl'}
InputName: {'Figure_10_2/Inl'}
OperPoint: [1xl struct]
Ts: O

We observe that a, b, ¢, and d indicate the sizes of the state—space matrices A, B, C, and D
respectively.

10.1.2 The Time-Based Linearization Block

T=1

Timed-Bazed

Lineanzation
The Time-Based Linearization block invokes the MATLAB functions linmod or dlinmod to
create a linear model for the system when the simulation clock reaches the time specified by the
Linearization time parameter. No trimming is performed. The linear model is stored in the base
workspace as a structure, along with information about the operating point at which the snapshot
was taken. Multiple snapshots are appended to form an array of structures.

The name of the structure used to save the snapshots is the name of the model appended by
_Timed Based Linearization, for example, vdp_Timed_Based_Linearization. The structure has
the fields shown in the Help menu for this block.

Example 10.2

The model shown in Figure 10.3 is the same model as that of Figure 10.1, Example 10.1. We will
use a Time-Based Linearization block to extract its linear model.

We begin by adding a Time-Based Linearization block with the linearization time arbitrarily set
for 2 seconds, and the new model is now as shown in Figure 10.4.

10-4 Introduction to Simulink with Engineering Applications
Copyright © Orchard Publications



The Linearization of Running Models Sub—Library

1
O —w ) ==
In Cut
Transfer Fon 1

1
= [lp—————  zimout

5+2
Transfer Fon 2 To Workspace

Figure 10.3. Model for Example 10.2

1
(i —W w1
In ot T=2
Transfer Fon 1
Timed-Based
1 Limearzation
e W simout Linearzation tme = 2

Sample trme =0

Transfer Fon 2 T Workspace
Figure 10.4. Model for Example 10.2 with Timed—Based Linearization block

For the model of Figure 10.4, we execute the simulation command, we save this model as
Figure_10_2.mdl, and in MATLAB’s Command Window we type

Figure_10_4_Timed_Based_Linearization
and when this command is executed MATLAB displays the following:
Figure_10_4_Timed_Based_Linearization =
a: [3x3 double]
b: [3x1 double]
c: [0 1 0]
d: 0
StateName: {3x1 cell}

OutputName: {'Figure_10_4/0Out'}
InputName: {'Figure_10_4/In'}
OperPoint: [1lxl struct]

Ts: O

We observe that a, b, ¢, and d indicate the sizes of the state-space matrices A, B, C, and D
respectively.

Introduction to Simulink with Engineering Applications 10-5
Copyright © Orchard Publications



Chapter 10 The Model-Wide Ultilities Library

We can use state and simulation time logging to extract the model states and inputs at operating
points. For example, suppose that we want to get the states of the Figure 10 4 model at lineariza-
tion times of 3 seconds and 7 seconds. This can be done with the following steps:

1. We open the model and drag an instance of this block from the Model-Wide Utilities library
and drop the instance into the model.

2. We open the block's parameter dialog box and set the Linearization time to [3 7].

3. We open the model's Configuration Parameters dialog box from the Simulation drop menu and
we select the Data Import/Export pane.

4. We check States and Time on the Save to Workspace control panel, we leave all other param-
eters in their default state, and we click on OK to confirm the selections and close the dialog
box.

5. We start the simulation.

6. At the end of the simulation, we type and execute whos in MATLAB’s Command Window,
and the following variables appear in the MATLAB workspace:

Figure_10_4_ Timed_Based_Linearization, tout, and xout.

7. We obtain the indices to the operating point times by entering and executing the following in
MATLAB'’s Command Window:

ind1 =find(Figure_10_4_Timed_Based_Linearization(1).OperPoint.t==tout);
ind2 = find(Figure_10_4_Timed_Based_Linearization(1).OperPoint.t==tout);

We type and execute whos in MATLAB’s Command Window, and the indices ind1 and ind2
are now included in the MATLAB workspace:

8. We obtain the state vectors at the operating points by entering and executing the following in

MATLAB’s Command Window:
x1 = xout(ind1,:); x2 = xout(ind2,:);
10.2 The Documentation Sub-Library

The Documentation Sub-Library contains the blocks described in Subsections 10.2.1 and 10.2.2
below.

10.2.1 The Model Info Block

hadel Info

The Model Info block displays revision control information about a model as an annotation block
in the model's block diagram.
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Copyright © Orchard Publications



The Documentation Sub—Library

Example 10.3

The model in Figure 10.5 solves the non-linear equation

2 .
f(z) = z7+4z+3 + sinz—zcosz

—m [
Math
Function

1 —— e+ i f[sz‘?'jeu z >

Gain Algebraic Constaint Dizplay

3
Constant -
Add

—— =in

Trigonometric
Function 1

#

e cos ——=
Froduct

Trigonormetric
Function 2

Figure 10.5. Model for Example 10.3

We would like to add a Model Info block to indicate that this model was created by John Smith
on 02/16/06 and was last modified by Bill Johnson on 04/27/06.

We drag a Model Info block into the model of Figure 10.5, we double—click it, and on the Model
Info dialog box shown in Figure 10.6 we enter the desired information. The model now appears as
shown in Figure 10.7.

) Model Info: Figure_10_5 M=1E3

Model properties: Enter text and tokens to display on Maodel Info block:

= Madel [hfo -
Crestor = ;] I

ModifiecdBy

ModifiedDate

MadifiedComment

Moclel Wersion

Dezcription =
LastModifiedBy e

Figure 10.6. Model Properties and Text for the Model Info block

Introduction to Simulink with Engineering Applications 10-7
Copyright © Orchard Publications



Chapter 10 The Model-Wide Ultilities Library
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Trign:nnn:_nn'neu'ic hadel Info
Function 1 Created by John Smith on 02MG606
—|_> La=t Maodified By Bill Johnsan on 00272006
><
e cos [——
Trigonormetric Fraduct
Function 2

Figure 10.7. Updated model for Example 10.3

10.2.2 The Doc Text Block

mel
Text

The Doc Text block or DocBlock allows us to create and edit text that documents a model and
save that text with the model. To create a file that contains relevant text, we double—click on this
block to open the file in the text editor that we have selected in the MATLAB Preferences dialog
box. We use the text editor to modify the text and save the file. Simulink stores the contents of

the saved file in the model file block.

Example 10.4

In Figure 10.8 the DOC Text block is provided to justify the necessity for the Data Type Conver-
sion block. Let us insert appropriate text for justification.

We double-click on the DOC Text block and in the Text Editor we replace the displayed message
with the following text:

The Convert block was inserted to convert the Boolean output of the
Check Dynamic Gap to double as required by the Bus Creator block.
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LY

Signal
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Figure 10.8. Model for Example 10.4

This message will be displayed on MATLAB’s Editor whenever we double click on the Doc Text
block in the model of Figure 10.8.

10.3 The Modeling Guides Sub-Library

The Modeling Guides Sub-Library contains only the Block Support Table which is described
below.

Elowck Support
Table

The Block Support Table block includes a table which describes the data types that are sup-
ported by blocks in the main Simulink library. All blocks that can generate code contain an "X" in
the column titled "Code Generation Support". A subset of these blocks is not recommended for
production code as flagged by Note N6. Guidelines to determine when a block is recommended
for production code are listed below the table. Some blocks include caveats and notes that should
be taken into account when they are used. Caveats and notes are indicated in the table by "C#"
and "N#", respectively, and are described below the table.

Example 10.5

For the model of Figure 10.9, we will determine the types of data the Clock, Signal Generator, and
the Scope blocks will accept.

oooo
@—b toxr P I:I Elack Support

Clock elalle

Signal Soope
Eenerator

Figure 10.9. Model for Example 10.5
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We double—click on the Block Support Table block and from the table displayed we find that the
Clock and Signal Generator blocks will accept the double data type but as noted by Note N6 nei-
ther is recommended for production code. The Scope block will accept all data types listed in the

table.
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10.4 Summary

The Trigger-Based Linearization block, when triggered, invokes the MATLAB command
linmod or dlinmod to create a linear model for the system.

The Time-Based Linearization block invokes the MATLAB command linmod or dlinmod
to create a linear model for the system when the simulation clock reaches the time specified by
the Linearization time parameter.

The Model Info block The Model Info block displays revision control information about a
model as an annotation block in the model's block diagram.

The Doc Text block or DocBlock allows us to create and edit text that documents a model
and save that text with the model.

The Block Support Table block describes the data types that are supported by blocks in the
main Simulink library.
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Chapter 11

The Ports & Subsystems Library

T his chapter is an introduction to the Ports & Subsystems library. This is the tenth library

in the Simulink group of libraries and contains the blocks shown below. All nonvirtual sub-
systems, defined in Section 11.17, are shown with a bold border.We will describe the func-
tion of each block included in this library and we will perform simulation examples to illustrate

their application.

Ports & Subsystems
C-ut Tngger Enable Funcu-:un Call
Senerator
In1 Qut] - In Qutd Ini Qut]
Subsysterm Atarmic Subsystemn CodeReuseSubsystam
=Erter Model Name:= Templat
Model Configurable
Subsystem
* L n £
Int aurtt | Int autt | ek B
n Enabled and
Trigger=d Erabled .
Subsystem Subsystem Triggened Subsystem
function [ In
In1 outt b N forf..} cuttp while I ... 1 0utt |-
Function-Call For ltermtor ‘while [terator
Subsystermn Subsystem Subsystem
ifjud = 0y case [1]:
ui u
else [ default:
If if [} Switch Gase
In outi |- case: [1
In1 Outi
If Action
Subsystemn Switch Case Action
Subsystern Subsgystem
E:amples
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11.1 The Inport, Outport, and Subsystem Blocks

i autt -
In

Cut

Subsystamn

Inport blocks are ports that serve as links from outside a system into the system. Outport blocks
are output ports for a subsystem. A Subsystem block represents a subsystem of the system that
contains it. These blocks are described in Section 2.1, Chapter 2, Page 2-2.

11.2 The Trigger Block

Trigger

The Trigger block is used with a subsystem or a model to allow its execution only when triggered
by an external signal provided by the Trigger block. We can configure this block to enable a
change in the value of the external signal to trigger execution of a subsystem once on each inte-
gration step when the value of the signal that passes through the trigger port changes in a specifi-
able way. We can also configure the Trigger block to accept a function—call trigger. This allows a

Function—Call Generator block or S—function” to trigger execution of a subsystem or model mul-
tiple times during a time step. A subsystem or model can contain only one Trigger block. Exam-
ples are presented in Sections 11.9 and 11.11, this chapter, Pages 11-25 and 11-30. For addi-
tional information, please refer also to Triggered Subsystems in Simulink’s documentation.

11.3 The Enable Block

Enabl=

The Enable block adds an enable block to a subsystem to make it an enabled subsystem. Enable
subsystems are subsystems that execute at each simulation step where the control signal has a pos-
itive value. A Control Signal is a signal that determines whether a subsystem executes. An
enabled subsystem has a single control input which can have a scalar or vector value. If the input
is a scalar, the subsystem executes if the input is greater than zero. For instance, if the signal is a
waveform (sinusoid, square, sawtooth, etc.), crosses zero, and the slope is positive, the subsystem
is enabled. If the signal crosses zero and the slope becomes negative, the subsystem is disabled. If
the input is a vector, the subsystem executes if any of the vector elements is greater than zero.

At the start of simulation, Simulink initializes the states of blocks inside an enabled subsystem to
their initial conditions. When an enabled subsystem restarts, that is, it executes after having been

* An introduction and an example of an S—Function is presented in Section 11.18, this Chapter, Page 11—43.
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disabled, the States parameters determine the status of the blocks contained in the enabled sub-
system. Thus,

reset resets the states to their initial conditions (zero if not defined).
held holds the states at their previous values.

We can output the enabling signal by selecting the Show output port check box in the Block
Parameters dialog box. Selecting this option allows the system to process the enabling signal.

To add an Enable block to a subsystem model, we double—click on the subsystem block, and when
the subsystem appears, we drag the Enable block into it. An example is presented in Section 11.6,
Figure 11.15, this chapter, Page 11-14.

11.4 The Function-Call Generator Block

i F

Function-Call
SenerAtor

The Function-Call Generator block executes a function—call subsystem at the rate specified by
the block's Sample time parameter. We can execute multiple function—call subsystems in a pre-
scribed order by first connecting a Function—Call Generator block to a Demux block that has as
many output ports as there are function—call subsystems to be controlled. Then, we can connect
the output ports of the Demux block to the systems to be controlled. The system connected to the
first demux port executes first, the system connected to the second demux port executes second,

. * .
and so on. We can configure Stateflow® blocks to execute function—call subsystems, thereby
extending the capabilities of the blocks. For more information on their use in Stateflow, please
refer to the Stateflow documentation.

Example 11.1

The model of Figure 11.1 shows how a Function—Call Generator and a Demux can be used to
control four different Function—Call Subsystem blocks. The Function—Call Subsystem block is
described in Section 11.12, this chapter, Page 11-34.

* A Stateflow diagram is a graphical representation of a finite state machine where states and transitions form the
basic building blocks of the system. Stateflow provides a block that we can include in a Simulink model.
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Figure 11.1. Model for Example 11.1

11.5 The Atomic Subsystem Block

In1 Out -

Atomic Subsystemn

In Chapter 2, Section 2.1, Page 2-2, we described the Subsystem, Inport, and Outport blocks. As
we recall, we select the blocks and lines which will become parts of the subsystem using a bound-
ing box, then we choose Create Subsystem from the Edit menu. Simulink replaces the blocks with
a Subsystem block. When we double—click the subsystem block, a model appears which displays
the blocks that we have selected, and adds Inport and Outport blocks to indicate the signals
entering and leaving the subsystem.

We can also create a subsystem using the Atomic Subsystem block. This is done by copying the
Atomic Subsystem block from the Ports & Subsystems library into our model. Then we can add
blocks to the subsystem by opening the Subsystem block and copying blocks into it.

1
Example 11.2

Figure 11.2 shows a four-line—to—one-line digital multiplexer whose truth table is shown as Table
11.1 below. This model is saved as Figure_11_2.
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TABLE 11.1 Truth table for Example 11.2

Inport 6 | Inport 5 || Output
0 0 D
0 1 C
1 0 B
1 1 A

We will use an Atomic Subsystem block to create a subsystem for this multiplexer. We do so by
selecting all blocks in this model and copying them into new model which we name
Figure_11_2S. From the Ports & Subsystems library, we drag the Atomic Subsystem block into
model Figure_11_2S and we save it with the same name. It is shown as Figure 11.3, and it is
annotated as Saved as Figure_11_2S.

Next, we double—click the Atomic Subsystem block in Figure 11.3, and we observe that it is now
displayed with an Inport block and an Outport block connected by a straight line as shown in Fig-
ure 11.4. It is annotated as Figure_11_2S/Atomic Subsystem, and it is saved with this name.

) >
In P AND
L g
(2 »
Inz | anD | —
>
R
OR
{3 ) - ™ St
In3 N Ty —
e
(2 >
ind | AND
P NOT —
- {NOT
InG In3
Figure 11.2. Digital multiplexer circuit for Example 11.2
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Figure 11.3. Model for Example 11.2 saved as Figure 11 2§

=

In1 Figure_11_2S/Atamic Subsystem ot
Figure 11.4. The updated appearance of the Atomic Subsystem block of Figure 11.3

We open the model of Figure 11.2, saved as Figure_11_2, we choose Select All from the Edit
menu, and we drag it into the model of Figure 11.4 which now appears as in Figure 11.5. We save
the model of Figure 11.5 with the same name as that of Figure 11.4, i.e., Figure_11_2S/Atomic
Subsystem.

Now, we reopen the model of Figure 11.3 and we observe that the Atomic Subsystem block
appears as shown in Figure 11.6. We double-click on the Atomic Subsystem block of Figure 11.6
and we observe that it has the appearance of Figure 11.5.

We no longer need the Inl and Outl blocks on top of the model of Figure 11.5, so we delete
them, and we also delete the interconnecting line. We also relabel the In and Out blocks as In 1,
In 2,..., In 6, and Out, and we save this model with the same name. We return to the model with
the Atomic Subsystem block, we copy it into a new model, we expand it, and we save it. It is
shown as Figure 11.7.
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Figure 11.5. The model of Figure 11.2 copied into the model of Figure 11.4
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Figure 11.6. Updated appearance of the Atomic Subsystem block
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Figure 11.7. The multiplexer of Example 11.2 shown as an Atomic Subsystem.

To verify that the Atomic Subsystem of Figure 11.7 performs in accordance with the truth table,
we assign the variables A, B, C, and D and control lines CO and C1 as shown in Figure 11.8 and
successively we assign the values shown below in MATLAB’s Command Window. With these
values, the output of the digital multiplexer is logical 1 (True).

A=1; CO0=1; C1=1;
B=1; C0=0; C1=1;
C=1; C0=1; C1=0;
D=1; C0=0; C1=0;
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Figure 11.8. The Atomic Subsystem with inputs and output to verify the truth table of Example 11.2

11.6 The Code Reuse Subsystem Block

Ini Cutl

CodeReuseSubsystamn

The Code Reuse Subsystem block is a Subsystem block that represents a subsystem of the system
that contains it. It is very similar to the Atomic Subsystem which we discussed in the previous sec-
tion. We can create a subsystem either by copying the Subsystem (or Atomic Subsystem) block
from the Ports & Subsystems library into our model and add blocks to the subsystem by opening
the Subsystem block and copying blocks into its window, or by selecting the blocks and lines that
are to make up the subsystem using a bounding box, then choosing Create Subsystem from the
Edit menu. Simulink replaces the blocks with a Subsystem block. When we double—click the
block, the window displays the blocks which we selected.

Example 11.3

Figure 11.9 is a block diagram of a decimal-to-BCD encoder digital circuit. We will use the truth
table of Table 11.2 to create a model for the decimal-to-BCD encoder circuit.

So— -~ A (msd)
S,—— ./ Decimal-to-BCD B

| Encoder

| C

|
Sg—t— —— D (Isd)

Figure 11.9. Block diagram for decimal-to-BCD encoder
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TABLE 11.2 Truth table for decimal-to-BCD encoder

Inputs Outputs
So | Si | Sy | Sy | Sy |Ss|Sg| S |Ssg| Syl A B C D
1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0 0 1
0 0 1 0 0 0 0 0 0 0 0 0 1 0
0 0 0 1 0 0 0 0 0 0 0 0 1 1
0 0 0 0 1 0 0 0 0 0 0 1 0 0
0 0 0 0 0 1 0 0 0 0 0 1 0 1
0 0 0 0 0 0 1 0 0 0 0 1 1 0
0 0 0 0 0 0 0 1 0 0 0 1 1 1
0 0 0 0 0 0 0 0 1 0 1 0 0 0
0 0 0 0 0 0 0 0 0 1 1 0 0 1

From the truth table above we derive the following relations:

A =
B
C
D

Sg+ S,
S;+Ss+ S+ S,

S, +S;+S,+ S,
S;+S;+S;+S,+S,

(11.1)

where A is the most significant bit and D is the least significant bit. We can implement the deci-
mal-to-BCD encoder with either the circuit of Figure 11.10 or the circuit of Figure 11.11. The
latter is more practical since five—input OR gates are not standard IC devices. In both circuits the

input S, is terminated inside the circuit since it does not appear in the relations of (11.1).

The problem statement instructs us to design a logic circuit whose inputs are the decimal numbers
0 through 9 denoted as switches S, through Sy, and the output is the BCD code, that is, the logic
circuit has ten input lines and four output lines as shown in Figures 11.10 and 11.11. Obviously,

only one of the ten switches S, through S, will be closed (will be logical 1) at any time and thus

the truth table is as presented.

11-10

Introduction to Simulink with Engineering Applications

Copyright © Orchard Publications



The Code Reuse Subsystem Block

S0 (1 )
Termninator L
a1 POF: — 1 A
s2( a3
s34
S4( 95 L g
S5 G >
6~ o —{ 2 ) B
s7i 8 >
59 (10 ) L »
—FOFID
—»
I
I
- OR —m( 4 D
I
I

Figure 11.10. Decimal-to—BCD encoder circuit with non—standard OR gates

We save the model in Figure 11.10 as Figure_11_10, and we save the model in Figure 11.11 as
Figure_11_11. Next, we open a new model and we name it Figure_11_12. From the Ports & Sub-
systems library we drag a Code Reuse Subsystem block into model Figure_11_12 and we label it
Code Reuse Subsystem 1. We double—click on the Code Reuse Subsystem 1 block and in the
Figure 11 12/Code Reuse Subsystem 1 window we drag the model of Figure_11_10, and we save
it. Now, we double—click on the Code Reuse Subsystem 1 block in the model Figure_11_12 and
the encoder circuit of Figure 11.10 appears.
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Figure 11.11. Decimal-to—BCD encoder with standard 2—input OR gates
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Figure 11.12. Models of Figures 11.10 and 11.11 shown as subsystems
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We repeat these steps for model Figure_11_11 shown in Figure 11.11 and we label it Code Reuse
Subsystem 2 as shown in Figure 11.12.

We can verify that the outputs of both subsystems in Figure 11.12 are as specified in the given
truth table. With the inputs and outputs labeled as shown in Figure 11.13, we can verify the BCD
codes 0000 0001 0010 ... 1001 by entering the values of S, S,, ..., Sy in MATLAB’s Command

Window. The MATLAB script below displays the BCD value 1001 which is equivalent to deci-

mal number 9.

S0=0; S1=0; S2=0; S3=0; S4=0; S5=0; S6=0; S7=0; S8=0; S9=0;

S0=0; S1=0; S2=1; S3=0; S4=0; S5=0; S6=0; S7=0; S8=0; S9=0;

S0=0; S1=0; S2=0; S3=1; S4=0; S5=0; S6=0; S7=0; S8=0; S9=0;

S0=0; S1=0; S2=0; S3=0; S4=0; S5=0; S6=0; S7=0; S8=0; S9=1;
A A
M- ——-
—
—+C—° ——°
: :

Gode Feuse Subsystern 1 Code Reuse Subsystemn 2

Figure 11.13. Subsystems for truth table verification of Table 11.2, Example 11.3

Example 11.4

In this example, we will add an Enable block to Code Reuse Subsystem 1 of Figure 11.13 which
now is shown in Figure 11.14. We will use a Pulse Generator block to generate the enable control
signal.
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Figure 11.14. Subsystem for Example 11.4
We cannot drag the Enable block into the subsystem model of Figure 11.14; we must double—click

it, and when its subsystem appears, from the Ports & Subsystems library we drag the Enable block
which now appears as shown in Figure 11.15. We save it as Figure_11_15.

Enable

2
g
il

Termninator

oR —w{(2 )E
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il

Figure 11.15. Model for Example 11.4 with Enable block
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The subsystem of Figure 11.14 now appears as shown in Figure 11.16 with another input on top of

it for the Enable control signal. To this input we connect a Pulse Generator block as shown in Fig-
ure 11.17.

=
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Figure 11.16. The Code Reuse Subsystem 1 block with the Enable input on top
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Figure 11.17. The Code Reuse Subsystem 1 block with Pulse Generator block connected to Enable port

When the Simulation command is executed, the outputsare A = 1, B =0,C = 0,and D = 1
since the last entry into MATLAB’s Command Window was as follows:

S0=0; S1=0; S2=0; S3=0; S4=0; S5=0; S6=0; S7=0; S8=0; S9=1;
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Next, we remove the Pulse Generator block from the model of Figure 11.17 and reissue the Simu-
late command. We observe that all four outputs are now zero as shown in Figure 11.18 even

though in MATLAB’s Command Window we have entered
S0=0; S1=0; S2=0; S3=0; S4=0; S5=0; S6=0; S7=0; S8=0; S9=1;

This occurred because the Enable Control Signal provided by the Pulse Generator block has been
removed.
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Figure 11.18. Outputs when the Pulse Generator block is removed from the subsystem of Figure 11.17

As stated earlier, we can output the enabling signal by selecting the Show output port check box.
When we choose this option we allow the subsystem to display the status the Enable signal. The
subsystem then appears as shown in Figure 11.19 assuming that the Pulse Generator block is con-
nected as shown in Figure 11.17.
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Figure 11.19. The Enable block with the Show output selected

11.7 The Model Block

[c:Enter Maodel N ame*p]

Madel

The Model block is used to specify the name of a Simulink model. The name must be a valid
MATLARB identifier. The model must exist on the MATLAB path and the MATLAB path must
contain no other model having the same name. To add the name of a saved model on the MAT-
LAB path, we open the Command Window, we choose Set Path from the File menu, we click on
the Add Folder field, we select the path to be added from the Browse for Folder, and we click on
OK.
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Example 11.5

We will use the Model block to specify the model Figure_11_11 which we saved by this name in
Example 11.3, Page 11-11.

We open a new model and we drag a Model block into it. The Model block appears as shown in
Figure 11.20.

Figure 11.20. The first appearance of a Model block in a new model

We double click on the Model block and in the Parameters dialog box we enter the saved model
name without the < and the > symbols and without the .mdl extension. The Model block now
appears as shown in Figure 11.21.

Figura_11_11

Model

Figure 11.21. The appearance of a Model block with a saved model name

Next, we double—click on the Model block in Figure 11.21 and the model Figure_11_11 appears
as shown in Figure 11.22. This is the same model as that shown in Figure 11.11.
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Figure 11.22. Model displayed by the Model block in Figure 11.21

11.8 The Configurable Subsystem Block

Template

Configumble
Subsystem

The Configurable Subsystem block™ represents one of a set of blocks contained in a specified
library of blocks. The block's context menu lets us choose which block the configurable subsystem
represents. A configurable Subsystem block simplifies the creation of models that represent fami-
lies of designs.

* We cannot insert this block to a new model window. This block must be placed in a library to be used. We cre-
ate a new library by choosing New Library from the File menu.
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For example, suppose that we want to model a full adder” digital circuit that offers a choice of
logic gates, e.g., NAND, NOR, AND, OR and NOT, or by the combination of two half-adders.
To model such a design, we must first create a library of models of the logic gates available. We
would then use a Configurable Subsystem block in our model to represent the choice of the logic.
To model a particular variant of the basic design, a user need only choose the logic gate type,
using the configurable block's dialog box.

To create a configurable subsystem in a model, we must first create a library containing a master
configurable subsystem and the blocks that it represents. We can then create configurable
instances of the master subsystem by dragging copies of the master subsystem from the library and
dropping them into models. We can add any type of block to a master configurable subsystem
library. Simulink derives the port names for the configurable subsystem by making a unique list
from the port names of all the choices. Simulink uses default port names for non—subsystem block
choices.

Example 11.6

We will create a new library with two binary full-adder circuits. The first will be designed with a
combination of AND, OR, and NOT gates as shown in Figure 11.23, and the second will be
formed by cascading two half-adders as shown in Figure 11.24. We will create a subsystem for
each, and these subsystems will constitute the blocks of the new library where Subsystem 1 will
represent the full-adder of Figure 11.23, and Subsystem 2 will represent the full adder of Figure
11.24. Then, we will create a model for a four-bit binary adder by cascading four one-bit full
adder blocks of the Subsystem 1.

In both models of Figures 11.23 and 11.24 the first output represents the Sum bit and the second
output represents the Carry bit. It is not necessary to assign Outport blocks but it is necessary to
assign Inport blocks as shown, otherwise the inputs would be shown as unconnected lines. Next,
we create subsystems for each by enclosing all blocks except the Inport blocks, and we choose
Create Subsystem from the Edit menu. The created subsystems are as shown on the left side of
Figures 11.25 and 11.26. The Inport blocks are no longer required and are deleted. The subsystem
blocks are thus simplified as shown on the right side of Figures 11.25 and 11.26.

We will now create a new library. This is done by clicking on File>New>Library, and we name it
Library_Example_11_6. From the subsystem model of Figure 11.25 we drag the Subsystem 1A
block into this new library. We also drag the Subsystem 2A block from the model of Figure 11.26
into this library. Our library now looks as shown in Figure 11.27 where Subsystem 1A block repre-
sents the full-adder implemented with AND, OR, and NOT gates, and Subsystem 2A block rep-
resents the full-adder implemented with two half-adders.

* For a detailed discussion and design of a full adder digital circuit please refer to Digital Circuit Analysis and
Design with an Introduction to CPLDs and FPGAs, ISBN 0-9744239-6-3.
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Figure 11.26. The model of Figure 11.24 shown as a subsystem
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Figure 11.27. Library with Subsystems 1A and 2A blocks

We save the library, and then we drag a Configurable Subsystem block in the library. The library
now looks as shown in Figure 11.28.
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Figure 11.28. The library with the addition of the Configurable Subsystem

We double click on Configurable Subsystem block and in the Configuration dialog box we place
check marks in the Member squares as shown in Figure 11.29. The Port names panel shows the
inputs indicated as Inports. To see the outputs, we click on the Outports tab.

<) Configuration dialog : Configurable Subsystem EJE|S|
List of hlack choices Fort names
Elock name Mernber Inpors Outports
Subsystarm 14 -
n
Subsystem 2A 3
n
In3
[ Ok ] [ Cancel ] [ Help ] [ Apply ]

Figure 11.29. The Configuration dialog for the library of Example 11.6
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We can now select either Subsystem 1A or Subsystem 2A from the Configuration dialog to imple-
ment the 4-bit Adder by cascading four one-bit adders. For this example we choose Subsystem
1A. This is done by unselecting Subsystem 2A on the Configuration dialog box of Figure 11.29.

We create a new model by dragging the Configurable Subsystem block from this library into this
model, copy and paste this block three times, and we interconnect these as shown in Figure 11.30.
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Figure 11.30. Four-bit binary adder for Example 11.6 with Subsystem 1A blocks

In the model of Figure 11.30, the carry bit of the right—-most one-bit adder is set to zero since
there is no previous one-bit adder. We observe that Simulink displays small arrows on the bottom
left corner of each of the subsystem blocks. A small arrow indicates that each subsystem block
represents a library link in the model, and it is only visible if the Link Library Display option of
the Format menu is selected All.

To verify that the 4-bit adder of Figure 11.30 operates properly, let us perform the binary addition

1011
+ 0110
10001

In MATLAB’s Command Window we enter
x0=1;y0=0; x1=1;yl=1; x2=0; y2=1; x3=1; y3=0;

and the addition is verified where the most significant bit of the sum is displayed as Carry Out.

Should we, later decide to replace the Subsystem 1A blocks with Subsystem 2A blocks, we return
to our library, we click on the Configurable Subsystem block, on the Configuration dialog of Fig-
ure 11.29 we unselect Subsystem 1A block and we select the Subsystem 2A block. We copy this
block into our model of Figure 11.30 and we replace the Subsystem 1A blocks with Subsystem 2A
blocks. The new model is now as shown in Figure 11.31.
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Figure 11.31. Four-bit binary adder for Example 11.1 with Subsystem 2 blocks

Using the Subsystem 1 or Subsystem 2 blocks in Figure 11.30 or Figure 11.31 we can create
another library with subsystems representing a 4-bit adder block as shown in Figure 11.32. Of
course, we can next combine four 4-bit adder blocks to form a 16-bit adder subsystems, and so
on.
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Figure 11.32. A 4-bit Adder Subsystem

For more details on Creating a Master Configurable Subsystem please refer to the Help menu for
the Configurable Subsystem block.
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11.9 The Triggered Subsystem Block

£
Int ot f

Trigger=d
Subsystem

A Triggered Subsystem block is used to represent a subsystem whose execution is triggered by an
external input.

Example 11.7

Let us reconsider the Atomic Subsystem block of Figure 11.8, Example 11.2, Section 11.5, this
chapter, Page 11-9, repeated below as Figure 11.33, and add a Trigger block to it. We will use a
Pulse Generator block to generate the trigger control signal. The Display block indicates the value
1, provided that in MATLAB’s Command Window we have enter the following script:

A=1; CO=1; C1=1;
B=1; C0=0; C1=1;
C=1; C0=1; C1=0;
D=1; C0=0; C1=0;

z

In2

C —minz
cut

O —{ina

CO —{in S

C1 —={ine

Atomic Subsystem
Figure 11.33. The Atomic Subsystem block for a four—line—to—one—line digital multiplexer
We cannot drag the Trigger block into the subsystem model of Figure 11.33; we must double click

it, and when its subsystem appears, from the Ports & Subsystems library we drag the Trigger block
which now appears as shown in Figure 11.34. We save it as Figure_11_34.

Introduction to Simulink with Engineering Applications 11-25
Copyright © Orchard Publications



Chapter 11 The Ports & Subsystems Library

Trigger
{1 ) >
In 1 | AND
I
(2} >
In = | AND —
—»
.
OR
(= - ™ out
In = B MO —
-
(4 »
In 4 | AND
Pe{NOT ——
L el NCT

InG InS

Figure 11.34. Model for Example 11.7 with Trigger block

The subsystem of Figure 11.33 now appears as shown in Figure 11.35 with another input on top of
it for the Trigger control signal. We observe that the Display block now indicates the value 0; this
is because with the addition of the Trigger control input without a signal, the subsystem block is
disabled. To this input we connect a Pulse Generator block as shown in Figure 11.36.
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Figure 11.35. The Atomic Subsystem block with the Trigger input on top
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Figure 11.36. The Atomic Subsystem block with Pulse Generator connected to Trigger port

We observe that, because the subsystem is now enabled, the Display block now indicates the
value 1, provided that in MATLAB’s Command Window we have enter the following script:

A=1; C0=1; C1=1;
B=1; C0=0; C1=1;
C=1; C0=1; C1=0;
D=1; C0=0; C1=0;

11.10 The Enabled Subsystem Block

I
Int outt f

Enabled
Subsystem

The Enable Subsystem block represents a subsystem whose execution is enabled by an external
input which can be a scalar or a vector. If the input is a scalar, the subsystem executes if the input
value is greater than zero. If the input is a vector, the subsystem executes if any of the vector ele-
ments is greater than zero. Consider the waveform of Figure 11.37 where an up arrow denotes an
enable condition, and a down arrow denotes a disable condition.

L\ L
A A U

Figure 11.37. An alternating waveform that can cause alternate enable and disable conditions
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Thus, when the control input signal is alternating, the subsystem will be alternately enabled and
disabled. Simulink uses the zero—crossing slope method to determine whether an enable is to
occur. Thus, if the signal crosses zero and the slope is positive, the subsystem is enabled, and if the
slope is negative at the zero crossing, the subsystem is disabled.

We create an enabled subsystem by copying an Enable block from the Ports & Subsystems library
into a subsystem. Simulink adds an enable symbol and an enable control input port to the Sub-
system block, and although an enabled subsystem does not execute while it is disabled, the output
signal is still available to other blocks. While an enabled subsystem is disabled, we can choose to
hold the subsystem outputs at their previous values or reset them to their initial conditions. We
choose held to cause the output to maintain its most recent value and we choose reset to cause
the output to revert to its initial condition.

1
Example 11.8

The model of Figure 11.38 is the same as that of Figure 2.28, Example 2.14, Section 2.14, Chapter
2, Page 2-24. We will create a subsystem using an Enabled Subsystem block by grouping all blocks
except the Step and the Scope blocks, then we add an appropriate Enable control input to the
created subsystem block.

[y
+
Sitep Giain 1 1 e ]
+ i 1 >
Add 0 F
Imtegrator 1
Integrator 2 Soope
u] 0.5
Constant 1 Constant 2
7 }.

Gain3
Figure 11.38. Model for Example 11.8

We open a new model, and from the Ports & Subsystems library we drag the Enabled Subsystem
shown in Figure 11.39.

In1 outd g

Enabled
Subsystem

Figure 11.39. The Enable and Triggered Subsystem for replacing the model of Figure 11.38
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We double—click on the Enabled Subsystem block of Figure 11.39, we drag the entire model of
Figure 11.38 into the Enable Subsystem window, we replace the Step and Scope blocks with the
In and Out ports, for the Enable block we select the Show output port check box, and we connect
its output to a Display block as shown in Figure 11.40.

Erablz
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# }.
Saing

Gaina
Figure 11.40. Contents of the Enable Subsystem block for the Subsystem of Figure 11.39

We return to the Enabled and Triggered Subsystem of Figure 11.39, we drag the Pulse Generator
and Step blocks from the Sources library, and we connect them to the Enable and Triggered
inputs of the subsystem. We also add a Bus Creator block and a Scope block by dragging them
from the Commonly Used Blocks Library. The model now is as shown in Figure 11.41.
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Figure 11.41. The model of Figure 11.40 replaced with an Enabled Subsystem block

After execution of the Simulation command for the model of Figure 11.41, the Enable signal and
Subsystem outputs are displayed on the Scope block as shown in Figure 11.42.
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Figure 11.42. The Enable signal and Subsystem block outputs for the model of Figure 11.38

11.11 The Enabled and Triggered Subsystem Block

Il £
In1 Cutd
Enabled and

Triggered Subsystem

The Enabled and Triggered Subsystem block is a combination of the enabled subsystem and the
triggered subsystem. When the trigger occurs, Simulink checks the enable input port to evaluate
the enable control signal. If its value is greater than zero, Simulink executes the subsystem. If both
inputs are vectors, the subsystem executes if at least one element of each vector is nonzero. The
subsystem executes once at the time step at which the trigger event occurs. We create a triggered
and enabled subsystem by dragging both the Enable and Trigger blocks from the Ports & Sub-
systems library into an existing subsystem. Simulink adds enable and trigger symbols and enable
and trigger and enable control inputs to the Subsystem block.

Example 11.9

Figure 11.43 is a model for the second-order, discrete—time transfer function

0.5(1+0.2527)
1+0.1z" —=0.752

H(z) = (11.2)

We will create a subsystem using an Enabled and Triggered Subsystem block by grouping all
blocks except the Pulse Generator and the Scope blocks, and we will add appropriate Enable and
Trigger control inputs to the created subsystem block. The delay blocks 1/Z are specified for
Sample time —1 (Inherited).
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Figure 11.43. Model for Example11.9

We open a new model, and from the Ports & Subsystems library we drag the Enabled and Trig-
gered Subsystem shown in Figure 11.26.

Il £
In1 Cutd
Enabled and

Triggered Subsystem
Figure 11.44. The Enable and Triggered Subsystem for replacing the model of Figure 11.43

We double-click on the Enabled and Triggered block of Figure 11.44, we drag the entire model of
Figure 11.43 into the Enable and Triggered Subsystem window, we replace the Pulse Generator
and Scope blocks with the In and Out ports, for the Trigger and Enable blocks we select the Show
output port check box, and we connect their outputs to Display blocks as shown in Figure 11.45.

We return to the Enabled and Triggered Subsystem of Figure 11.44, we drag the Pulse Generator
and Step blocks from the Sources library and we connect them to the Enable and Triggered inputs
of the subsystem. We also connect a Sine Wave block to its input and a Scope block to its output

as shown in Figure 11.46 where the Sine Wave block is specified for Sample time 0.2.
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Figure 11.45. Contents for the Enable and Triggered Subsystem block for the Subsystem of Figure 11.44
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Figure 11.46. The model of Figure 11.43 replaced with an Enabled and Triggered Subsystem block

After execution of the Simulation command for the model of Figure 11.46, the Enable and Trig-
gered Subsystem block output is as shown in Figure 11.47.

Figure 11.47. Output waveforms for the Enabled and Triggered Subsystem of Figure 11.46
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We also observe that the outputs of Trigger and Enable blocks in Figure 11.45 are now as shown
in Figure 11.48 indicating that the trigger and enable commands were issued.

Trigger Enable

Figure 11.48. The outputs of the Trigger and Enable blocks after the Simulation command is issued

The model in Figure 11.49 is the model of Figure 11.46 with execution context to which a block

. i3 3 * . . .
belongs and execution context indicators. The execution context is the sorted order index for
each block and it is shown in the upper right corner of each block. It is shown as s:b where is s
denotes the subsystem and b denotes the block’s sorted order. Thus, the execution context 0:0

shown inside the Sine Wave block indicates that this block is the first block” in the subsystem’s
execution context, and the Pulse Generator 1 block is the next. The execution context 0:2 is not
shown; that would be the Enable input in the Subsystem block. The execution context 0:4 is not
shown either; that would be the Trigger input in the Subsystem block. In the execution context
0:5{1} 0 indicates that the Enabled and Triggered Subsystem block resides in the model’s root
system, 5 indicates that the subsystem is the fifth block on the root subsystem’s sorted list, and {1}
indicates that the index of the enabled subsystem is 1.
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Genermtor 1 GSenemtor 2
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Sample Time = 0.2 Triggered Subsystem

Figure 11.49. The model of Figure 11.46 with Execution Context and context indicators

The Enabled and Triggered Subsystem block in Figure 11.49 also shows two vertical bars at the

input and output ports referred to as execution context bars.” These bars indicate that at these
ports execution contexts will not be propagated.

*To see the context indicators, we invoke Format>Block Displays>Sorted order
T We must remember that the default indexing in Simulink is the zero—based indexing.
% To see the execution context bars, we invoke Format>Block Displays >Execution Context Indicator
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11.12 The Function-Call Subsystem Block

func tion )
In1 Qutl -

Function-Call
Subgystem

The Function—Call Subsystem block is used to represent a subsystem that can be invoked as a
function by another block. With a Function—Call Subsystem block we can create a triggered sub-
system whose execution is determined by logic internal to an S—function instead of by the value of
a signal. A subsystem so configured is called a Function—Call subsystem.

To implement a Function—Call Subsystem we can use a Trigger block — as in Example 11.7, Sec-
tion 11.9, Page 11-26 - in which we select function—call as the Trigger type parameter. Another
method is to connect an S-Function block output directly to the trigger port. A third method is to
use an S—Function using the ssEnableSystemWithTid and ssDisableSystemWithTid to enable
or disable the triggered subsystem, and the ssCallSystemWithTid macro to call the triggered sub-
system. These are discussed in the Simulink documentation.

All blocks in a triggered subsystem must have either inherited (~1) or constant (inf) sample time.
This is to indicate that the blocks in the triggered subsystem run only when the triggered sub-
system is triggered. A triggered subsystem cannot contain continuous blocks, such as an Integra-
tor block.

Function—Call subsystems implement callable functions using Simulink blocks. They are executed
by a function—call initiator. S—Functions, Function-Call generators, and Stateflow charts, the
latter being the most common, are all function—call initiators.

|
Example 11.10

The model shown in Figure 11.50 is the same as in Example 11.9. The delay blocks 1/Z are spec-
ified for Sample time —1 (Inherited). We will create a subsystem using a Function—Call Subsystem

block by grouping all blocks in Figure 11.50 except the Pulse Generator and the Scope blocks. We
will add a Trigger control input to the created subsystem block.

We open a new model, and from the Ports & Subsystems library we drag the Function—Call Sub-
system shown in Figure 11.51.

We double—click on the block of Figure 11.51, we drag the entire model of Figure 11.50 into the
Function—Call Subsystem window, we replace the Pulse Generator and Scope blocks with the In
and Out ports, for the Trigger block we select the Show output port check box, and we connect
their outputs to Display blocks as shown in Figure 11.52.
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Figure 11.50. Model for Example 11.10
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Figure 11.51. The Function—Call Subsystem for replacing the model of Figure 11.50
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Figure 11.52. Contents for the Function—Call Subsystem block for the Subsystem of Figure 11.51
We return to the Function—Call Subsystem of Figure 11.51, to the Function input on top of the
block we connect A Function—Call Generator block, to the Inl input we connect a Rate Transi-

tion" block, to the Outl output we connect another Rate Transition block, and we add the Inl
and Outl ports, and the new model is now as shown in Figure 11.53.

* The Rate Transition block is described in Subsection 12.1.8, Chapter 12, Page 12-8
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Figure 11.53. The model of Figure 11.50 replaced with a Function-Call Subsystem block

The model of Figure 11.53 does not illustrate the full power of a Function—Call Subsystem. Func-
tion—Call Subsystems are not executed directly by Simulink; the S—function determines when to
execute the subsystem. When the subsystem completes execution, control returns to the S—func-
tion. For a detailed description for this block, and an illustration of the interaction between a
Function—Call Subsystem and an S—function, please refer to Simulink’s Help menu.

Function—Call subsystems are a powerful modeling construct. We can configure Stateflow®
blocks to execute function—call subsystems, thereby extending the capabilities of the blocks. For
more information on their use in Stateflow, please refer to the Stateflow documentation.

11.13 The For Iterator Subsystem Block

i for{..} Outl

w

Far teratar
Subsystem

The For Iterator Subsystem block is a subsystem that executes repeatedly during a simulation
time step until an iteration variable exceeds a specified iteration limit. We can use this block the
same way as a for loop in MATLAB.

Example 11.11

The components of the For Iterator Subsystem in Figure 11.54 are shown in Figure 11.55 and this
subsystem was created following the steps of Examples 11.2 and 11.3. The Display block in Figure
11.55 shows the constant assigned to the input of the For Iterator Subsystem in Figure 11.54. The

XY Graph block” appears in Simulink’s Sink library and displays an X-Y plot of its inputs in a
MATLAB figure window. We will assign an appropriate value to the Memory block in Figure
11.55 so that the XY Graph block will display a linear segment for the equationy = —x+5.

* The XY Graph block is described in Subsection 14—2-3, Chapter 14, Page 14—12.
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Figure 11.54. For Iterator Subsystem for Example 11.11
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Figure 11.55. Contents of the For Iterator Subsystem block for the Subsystem of Figure 11.54

The straight line equation y = —x + 5 has slope m = -1, and y—intercept b = 5. Since the slope
is negative, we want the y values to decrease with increasing values of x, and since the y—intercept
is 5, we set the initial value in the Memory block to 5. Next, we double click on the XY Graph
block, and on the Block parameters we set x—min = 0, x—max = 6, y—min = 0, and
y-max = 6. After execution of the Simulation command the XY Graph block displays the
straight line shown in Figure 11.56.

X ¥ Plot

X Axis

Figure 11.56. XY plot for the model of Figure 11.55
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11.14 The While Iterator Subsystem Block
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The While Iterator Subsystem block is a Subsystem block that is pre-configured to serve as a
starting point for creating a subsystem that executes repeatedly while a condition is satisfied dur-
ing a simulation time step. The While Iterator block, when placed in a subsystem, repeatedly exe-
cutes the contents of the subsystem at the current time step while a specified condition is true. If
a While Iterator block is placed within a subsystem, it makes it an atomic subsystem.

We can use this block to implement the block—diagram equivalent of a C program while or do-
while loop. In particular, the block's While loop style parameter allows us to choose either the do—
while mode, or the while mode.

In the do-while mode, the While Iterator block has one input, the while condition input, whose
source must reside in the subsystem. At each time step, the block runs all the blocks in the sub-
system once and then checks whether the while condition input is true. If the input is true, the
iterator block runs the blocks in the subsystem again. This process continues as long as the while
condition input is true and the number of iterations is less than or equal to the iterator block's
Maximum number of iterations parameter.

In the while mode, the iterator block has two inputs: a while condition input and an initial condi-
tion (IC) input. The source of the initial condition signal must be external to the while subsystem.
At the beginning of the time step, if the IC input is true, the iterator block executes the contents
of the subsystem and then checks the while condition input. If the while condition input is true,
the iterator executes the subsystem again. This process continues as long as the while condition
input is true and the number of iterations is less than or equal to the iterator block's Maximum
number of iterations parameter. If the IC input is false at the beginning of a time step, the iterator
does not execute the contents of the subsystem during the time step.

Example 11.12

We will create a model to compute the sum of the first N integers where the sum should be equal
or less than 1000.

We begin by dragging a While Iterator Subsystem block into a new model as shown in Figure
11.57. We double—click on it and the subsystem now appears as shown in Figure 11.58. We add
and interconnect Inl, Outl, Sum, Memory, and Relational Operator blocks, and the model of
Figure 11.58 is now as shown in Figure 11.59. This example is similar to the example given in
Simulink’s Help menu for the While Iterator Subsystem block.
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Ini

w

while { ... } Outl

While tzrator
Subgystem

Figure 11.57. The While Iterator Subsystem block before configuration, Example 11.12

s
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cond  while |
(2 —me
= While [terator

Figure 11.58. The While Iterator block for the While Iterator Subsystem block of Figure 11.57
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Figure 11.59. The contents of the While Iterator Subsystem of Figure 11.57

We return to the While Iterator Subsystem of Figure 11.57 and we add the Constant, Relational
Operator, and Display blocks as shown in Figure 11.60. The output of the Relational Operator
block is True (logical one) and this establishes the Initial Condition (IC) input to the While Iter-
ator Subsystem block. As noted below the Display block in the model of Figure 11.60, the number
of iterations is specified in the While Iterator is 5. The Display block in the model of Figure 11.61
indicates that the sum of the first N integers after 5 iterations is 765.

1000 i
Constant 1 |_> Ini
L while { ... } Outi

oI _
! Dizplay
u] Felational ‘while [terator

A, Murnber of ltermtions
CpeErator HbEEtEm specified in While

Consant 2 lterator block

Figure 11.60. Final form for the model for Example 11.12
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Figure 11.61. Model for Example 11.12 to indicate the sum of the first N integers

11.15 The If and If Action Subsystem Blocks

ifut = 0y
ui
else [
If if {1
In1 autl

If Action
Subsystem

The If block, along with an If Action subsystem, implements standard C-like if—else logic. The If
Action Subsystem block is a Subsystem block that is pre—configured to serve as a starting point
for creating a subsystem whose execution is triggered by an If block.

For an example, please refer to the Help menu for the If block which includes also a pseudocode.*

*  Abbreviated p-code. A machine language for a nonexistent processor (a pseudomachine). Such code is executed
by a software interpreter. The major advantage of p—code is that it is portable to all computers for which a p—
code interpreter exists. The p—code approach has been tried several times in the microcomputer industry, with
mixed success. The best known attempt was the UCSD p—System.
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11.16 The Switch Case and The Switch Case Action Subsystem Blocks

case [1]:
ui
default: |
Switch Case

case: [1
In ot -

Switch Gase Action
Subsystamn

The Switch Case block implement a C-like switch control flow statement. The Switch Case
Action Subsystem block is a Subsystem block that is pre—configured to serve as a starting point
for creating a subsystem whose execution is triggered by a Switch Case block.

For an example, please refer to the Help menu for the Switch Case block that includes also a
pseudocode.

11.17 The Subsystem Examples Block

Subsystem
E:mmples

The Subsystem Examples block includes a library of S—functions. To run an example, in MAT-
LAB’s Command Window we type

sfundemos

and MATLAB will display the S—Function directory blocks shown in Figure 11.62. In this text we
will be concerned with the M-file S-Functions only. An introduction to S—functions with an
example is presented in the next section.

Next, we double-click on the M-file S-Functions block of Figure 11.62 and MATLAB displays
the Level-1 and Level-2 Mfile S-Functions shown in Figure 11.63.

M-files G-files C++ Ada Fartan
M -file G-fil C++ Ada Fortran
S-functions S-functions S-functions S-functions S-functions

Figure 11.62. S—Function directory blocks

Introduction to Simulink with Engineering Applications 11-41
Copyright © Orchard Publications



Chapter 11 The Ports & Subsystems Library

Lewal-2 M-files Lewvel-1 M-files
Lewal-2 M-file Lewal-1 M-file
S-functions S-functions1

Figure 11.63. Levels of M—file S—Functions

The Level-1 M—file S-Functions are shown in Figure 11.64 and the Level-1 M-file S-Functions
are shown in Figure 11.65.

S-function
Template

Lewel-1 M-file
template

Figure 11.64. List of Level-1 M—file S—Functions

Lewvel-2 M-file
S-function
Template

Lewel-2 M-filz
termplate

Figure 11.65. List of Level-2 M—file S—Functions
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Figure 11.66 shows the Subsystem Semantics (Definitions) for the Simulink family of subsystems.

Subsystem Semantics

Wirbual and nonviraal Function-call Triggered Enabled
subsystem overiew subsystermns subsystermns subsystermns
Enabled with tigger Ifand switch-case While: For

subsystenns action subsystarns subsystemns subsystemns

Figure 11.66. Classes and types of Simulink subsystems

Simulink consists of two classes of subsystems, Virtual subsystems and Nonvirtual subsystems.
Virtual subsystems provide graphical hierarchy in models and do not impact execution. Nonvir-
tual subsystems are executed as a single unit (atomic execution) by Simulink. The blocks within
a nonvirtual subsystem execute only when all subsystems inputs are valid. All nonvirtual sub-
systems are drawn with a bold border.

[t is highly recommended that each of the subsystem blocks shown in Figure 11.66 be explored to
become familiar with them.

11.18 S-Functions in Simulink

An S—function is a computer language description of a Simulink block. S—functions can be writ-
ten in MATLAB, C, C++, Ada, or Fortran. Files in C, C+ +, Ada, and Fortran S—functions are

compiled as mex-files using the mex utility.  S—functions use a special calling syntax that enables
us to interact with Simulink's equation solvers. The form of an S—function is very general and
applies to continuous, discrete, and hybrid systems.

S—functions allow us to add our own blocks to Simulink models. After we write our S—function
and place its name in an S—Function block. We can also use S—functions with the Real-Time

Workshop.” With m—file S—Functions we can define our own ordinary differential equations, dis-
crete-time system equations and any type of algorithm that can be used with Simulink block dia-
grams.

To become familiar with S-Functions, we begin our discussion with an example.

For a discussion on mex—files please refer to in the online MATLAB documentation. These files are dynami-
cally linked into MATLAB when specified. In this text we will only be concerned with m—files.

T Real-Time Workshop® is an extension of the capabilities provided by MATLAB and Simulink. It generates,
and compiles source code from Simulink models to create real-time software applications on a variety of systems.
Refer to Writing S—Functions for Real—Time Workshop and the Real—Time Workshop documentation for more
imformation.
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Example 11.13

k
For the simple RC circuit of Figure 11.41 it can be shown that the state—space equations are

dt RC (11.3)
y=xXx
MA
R +
CH~Vc=Y
VS -

Figure 11.67. RC circuit for Example 11.13

Example 11.14

We will create an S-Function block that implements the relations of (11.3). We begin by writing
the function m—file below and we save it as RCckt.m
function dx = RCckt(t,x,Vs)

o
% Model for RC series circuit, function m-file RCckt.m

o

% Define circuit constants

o

E = 10"6; % Resistance in Ohms

C = 10" (-6); % Capacitance in Farads

dx = -1/ (R*C) *x+Vs; The arguments x and dx are column vectors

for state and derivative respectively. The
variable t on the first line above specifies
the simulation time. The default is [0 10].

0P 0P o o°

To test this function m—file for correctness, on MATLAB’s Command Window we issue the com-
mand

[t,x,Vs]=0ded45(@RCckt, [0 10],0,[ ], 1)

The above command specifies a simulation time interval [0 10], an initial condition value of 0,
the null vector [ ] can be used for options, and the input value is set to 1. Upon execution of this
command MATLAB displays several values for t, x, and Vs.

Next, we write the S—function m—file shown below, and we save it as RCckt_sfun.m

An explanation for each line of this file is provided afterwards.

* For a detailed discussion on state variables, please refer to Signals and Systems with MATLAB Applications,
ISBN 0-9709511-6-7.
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function [sys,x0,str,ts]=...
RCckt_sfcn(t,x,u, flag,xinit)

This is the m-file S-Function RCckt_sfcn.m

o° o oP

switch flag

case 0 % Initialize
str = [1;
ts = [0 0];
x0 = xinit;

o oP

sys,x0,str,ts]=mdlInitializeSizes(t,x,u)

sizes = simsizes;
sizes.NumContStates = 1;
sizes.NumDiscStates = 0;
sizes.NumOutputs = 1;
sizes.NumInputs = 1;
sizes.DirFeedthrough = 0;
sizes.NumSampleTimes = 1;
Sys =simsizes(sizes);
case 1 % Derivatives
Vs = u;
sys = RCckt(t,x,Vs);
case 3 % Output
sys = X;

2:discrete
3:calcTimeHit
9:termination

case {2 4 9}

o° o oP

sys = [1;

otherwise

error ([ 'unhandled flag =',num2str(flag)l);

end

The first line of the S—function m-file RCckt_sfun.m is written as

function [sys,x0,str,ts]=...
RCckt_sfcn(t,x,u, flag,xinit)

This specifies the input and output arguments.
a. Input arguments

t — time variable

Alternately, the three lines above can be combined into a single line as
[
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x — column vector for the state variables
u — column vector for the input variables; will be supplied by other Simulink blocks

flag — an indication of which group of information and calculations. The table below lists
the integer numbers assigned to an S—function routine.

TABLE 11.3 Flags used in S-function m-files

Flag | S-Function Routine Simulation Stage
0 mdlInitializeSizes Initialization - sets input and output vector sizes and
specifies initial conditions for the state variables.
mdlDerivatives Calculation of derivatives
mdlUpdate Update of discrete states - not used for this example
mdIOQutputs Calculation of outputs

mdlGetTimeOfNextVarHit | Calculation of next sample hit - not used for this example

O | Bl W[N] —

mdlTerminate End of simulation tasks

xinit - additional supplied parameter; in this example the initial condition
a. Output arguments

sys — a vector of information requested by Simulink. This vector will hold different informa-
tion depending on the flag value as shown in the table below.

TABLE 11.4 Information for vector sys for different flag values

Flag Information requested

0 sys = [a, b, ¢, d, e, f, g]

a = number of continuous time states

b = number of discrete time states

¢ = number of outputs

d= number of inputs

e = not used but must be set to O if requested

f = applies to direct algebraic feed through of input to output, O
for No, 1 for Yes. It is relevant if during flag=3, the output
variables depend on the input variables.

g = number of sample times. For continuous systems must be set

to 1.
1 sys = column vector of the state variables derivatives
3 sys = column vector of output variables

2,49 | sys =[] (null vector) if not applicable

x0 — a column vector of initial conditions. Applies only to flag = 0
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str — reserved for future use; for m-file S—functions it must be set to null vector. Applies
only to flag = 0

ts — an array of two columns to specify sample time and time offsets. For continuous-time
systems it is set to [0 0]. If it is desired that S—function should run at the same rate as
the block to which it is connected (inherited sample time), we must set ts to [-1 0]. If
we want to run at discrete sample time, say 0.25 seconds starting at 0.1 seconds after
the start of simulation time, we must set ts to [0.25 0.1]. Applies only to flag = 0.

Let us now review the m—file S—function RCckt_sfcn structure.

We begin with the function RCckt_sfcn defined as follows:

function [sys,x0,str,ts]=...
RCckt_sfcn(t,x,u, flag,xinit)

This is the m-file S-Function RCckt_sfun.m

oP oP o

Next, we use flag; this specifies an integer value that indicates the task to be performed by the S—

function and begins with the statement

switch flag
Initialization begins with

case 0 % Initialize
str = []; % Must be set to null. Reserved for future use
ts = [0 0]; % Specify sampling time. For continuous-time
% systems is always set to [0 0]
x0 = xinit; % Column vector for initial conditions

Simulink will not recognize our m—file S—function unless we provide specific information about
number of inputs, number of outputs, states, and other characteristics. This information is pro-
vided with the simsizes function. This function returns an initialized structure of the variables in
which we can assign the required values. Thus, in MATLAB’s Command Window we invoke this
command as shown below and we manually enter the values shown.

sizes = simsizes;

sizes.NumContStates
sizes.NumDiscStates
sizes.NumOutputs = 1;
sizes.NumInputs = 1;
sizes.DirFeedthrough
sizes.NumSampleTimes

1
o

0;
1;
Direct Feedthrough in line 5 above implies that the output is controlled by the value of the
input. Generally, if an S-Function has an input port, it has direct feedthrough if the input u is
accessed in mdlOutputs. For instance, if y = ku where u is the input, k is the gain, and y is the
output, the system has direct feedthrough only if flag=3.

After we initialize the sizes structure we invoke simsizes again as shown below
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sys =simsizes(sizes);

and this passes the information in the sizes structure to sys which is a vector that holds the infor-

mation required by Simulink.”
For case 1 (derivatives) we assign Vg to the input u and then we apply it to the RCckt.m file.
Thus,

case 1 % Derivatives

sys = RCckt(t,x,Vs);
For case 3 (output) we assign the output x to the input sys. Thus,

Q

case 3 % Output
sys = x;

Flags 2, 4, and 9 are not used so they output the null vector sys = [1 shown below.

case {2 4 9} % 2:discrete
% 3:calcTimeHit
% 9:termination
sys = [1];
otherwise
error ([ 'unhandled flag =',num2str(flag)]);

end

Next, we open a window to create a new model, from the User-Defined Functions library we
drag an S—-Function block into it, in the Function Block Parameters dialog box we assign the S—
function name RCckt_sfcn to it, we type the initial condition 0, and we add the other blocks
shown in Figure 11.68. The parameter values can be constants, names of variables defined in the

model’s workspace, or MATLAB expressions. The input and output waveforms are shown in Fig-
ure 11.69.

B RCckt sfon
Scope

Step S-Function Eus
Creator

Figure 11.68. Model for Example 11.14

* Upon execution of the statement sys=simsizes (sizes), MATLAB displays a row vector of seven Os, one
for each of the simsizes function above. Sys(5) is reserved for root finding and for the present must be set to O.
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Figure 11.69. Input and output waveforms for the model of Figure 11.68
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11.19 Summary

e A Subsystem block represents a subsystem of the system that contains it. We use subsystems to
group blocks together in our model to manage model complexity.

e Inport blocks are ports that serve as links from outside a system into a subsystem.
e QOutport blocks are output ports for a subsystem.

e The Trigger block is used with a subsystem or a model allowing its execution to be triggered by
an external signal.

e The Enable block adds an external enable block to a subsystem to make it an enabled sub-
system.

® The Function—Call Generator block executes a function—call subsystem at the rate specified
by the block's Sample time parameter.

® The Atomic Subsystem block can be used as an alternate method of creating a subsystem in
lieu of the method of selecting blocks and lines that are to make up the subsystem using a
bounding box and choosing Create Subsystem from the Edit menu.

¢ The Code Reuse Subsystem block is a Subsystem block that represents a subsystem of the sys-
tem that contains it. It is very similar to the Atomic Subsystem block.

® The Model block is used to specify the name of a Simulink model. The name must be a valid
MATLAB identifier. The model must exist on the MATLAB path and the MATLAB path

must contain no other model having the same name.

® The Configurable Subsystem block represents one of a set of blocks contained in a specified
library of blocks. The block's context menu lets us choose which block the configurable sub-
system represents. A configurable Subsystem block simplifies the creation of models that repre-
sent families of designs.

e The Triggered Subsystem block is used to represent a subsystem whose execution is triggered
by external input.

® The Enable Subsystem block represents a subsystem whose execution is enabled by an exter-
nal input.

® The Enabled and Triggered Subsystem block is a combination of the enabled subsystem and
the triggered subsystem.

® The Function—Call Subsystem block is used to represent a subsystem that can be invoked as a
function by another block.

¢ The For Iterator Subsystem block is a subsystem that executes repeatedly during a simulation
time step until an iteration variable exceeds a specified iteration limit.
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¢ The While Iterator Subsystem block is a Subsystem block that is pre—configured to serve as a
starting point for creating a subsystem that executes repeatedly while a condition is satisfied
during a simulation time step.

e The If block, along with an If Action subsystem, implements standard C-like if-else logic. The
If Action Subsystem block is a Subsystem block that is pre—configured to serve as a starting
point for creating a subsystem whose execution is triggered by an If block.

e The Switch Case block implement a C-like switch control flow statement. The Switch
Action Subsystem block is a Subsystem block that is pre—configured to serve as a starting
point for creating a subsystem whose execution is triggered by a Switch Case block.

® The Subsystem Examples block includes a library of S—functions.

® An S—function is a computer language description of a Simulink block. S—functions can be
written in MATLAB, C, C++, Ada, or Fortran. Files in C, C++, Ada, and Fortran S—func-
tions are compiled as mex-files using the mex utility.
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The Signal Attributes Library

his chapter is an introduction to the Signal Attributes library. This is the eleventh library

in the Simulink group of libraries and consists of two sub-libraries, the Signal Attribute

Manipulation Sub-Library, and the Signal Attribute Detection Sub-Library blocks
shown below. We will describe the function of each block included in this library and we will per-
form simulation examples to illustrate their application.

Signal Attribute Manipulation

Refl
Same Secaling
Corvert  F oT Fiefz Strip F
Frop
Dat Type Conversion DAt Twpe Data Type Oata Type

Ouplicats Fropagaton Scaling Sip

- [1] H
u OOWERT o o b —l—f— b
111111
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D:nu'erﬁi G Signal Fate Trnsition
Inherited Conersion
Dam Type
inherit o Fropagation
E:amples

Signal Specificaton

Signal Attiibute Detection
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Introduction to Simulink with Engineering Applications 12-1

Copyright © Orchard Publications



Chapter 12 The Signal Attributes Library

12.1 The Signal Attribute Manipulation Sub-Library

The Signal Attribute Manipulation Sub-Library contains the blocks described in Subsections
12.1.1 through 12.1.10 below.

12.1.1 The Data Type Conversion Block

Corwvert [+

Oatm Type Conwersion

The Data Type Conversion block converts an input signal of any Simulink data type to the data
type and scaling specified by the block's Output data type mode, Output data type, and / or Out-
put scaling parameters. The input can be any real- or complex—valued signal. If the input is real,
the output is real, and if the input is complex, the output is complex. When using this block, we
must specify the data type and / or scaling for the conversion. The data types and the Data Type
Conversion block are described in Section 2.17, Chapter 2, Page 2-29.

12.1.2 The Data Type Duplicate Block

Same
oT

Oam Type

Ouplicate
The Data Type Duplicate block is used to ascertain that all inputs have the same data type. We
use the Data Type Duplicate block to check for consistency of data types among blocks. If all sig-
nals do not have the same data type, the block returns an error message. The Data Type Dupli-
cate block is typically used in such a way that one signal to the block controls the data type for all
other blocks. The other blocks are set to inherit their data types via back propagation. The block
is also used in a user created library. These library blocks can be placed in any model, and the data
type for all library blocks are configured according to the usage in the model. To create a library
block with more complex data type rules than duplication, we use the Data Type Propagation
block which is described in Subsection 12.1.3, this chapter, Page 12-4.

Example 12.1

Let us consider the model of Figure 12.1. For all three gain blocks the Signal data types have been
specified as Inherit via back propagation. The gains in Gain 2 and Gain 3 blocks are very high and
thus the Display 2 and Display 3 blocks output the value of 0 indicating an overflow condition. To
obtain the true values in Display 2 and Display 3 blocks, we change the Signal data types from
Inherit via back propagation to uint(16) and uint(32) respectively as shown in Figure 12.2.
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129 Ut » 2u

Constant Gain 1 Display 1
Gain 2 Display 2
Gain 2 Display 2

Figure 12.1. Model 1 for Example 12.1
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Figure 12.2. Model 2 for Example 12.1

Next, we return to the model of Figure 12.1, we add a Data Type Duplicate block, and we specify
the Signal data type for the Constant block as uint(32), and now our model appears as shown in
Figure 12.3. The advantage here is that we can specify any Signal data type and that will be inher-
ited by the three gain blocks.

12a uints2 ’{2""’0 uints2 178

Constant Gain 1 Display 1

- | T ||

Giain 2 Dizplay 2

w ”'“'“33—>| | CEEERE| |

Gain 3 Display 2

’ Same
> oT
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Figure 12.3. Model 3 for Example 12.1
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12.1.3 The Data Type Propagation Block

Fef1
Refz

Frop
Dat Type
Fropagaton

The Data Type Propagation block allows us to control the data type and scaling of signals in our
model. We can use this block in conjunction with fixed—point blocks that have their Specify data
type and scaling parameter configured to Inherit via back propagation. The block has three
inputs: Ref1 and Ref2 are the reference inputs, while the Prop input back propagates the data
type and scaling information gathered from the reference inputs. This information is subsequently
passed on to other fixed—point blocks.

Example 12.2

The model of Figure 12.4 performs the arithmetic operation 2.5(5.75 + 2.375 + 1.8125) . The Ref1
signal represents the sum of the terms, the Ref2 signal represents the multiplier, and the Prop sig-
nal is the product. For all four Constant blocks the parameter Signal data types is specified as
Inherit from “Constant value”, and for the Sum and Product blocks the parameter Signal data
types is specified as Inherit via back propagation. The Display block Format is specified as decimal
(Stored Integer.)

575 double
Constant 1 N
double dauble
2375 + I
- o |dodble o | 24 B4375]
Caonstant 2
-+ o5 double Display
: Froduct
1g1z5 |loube
Constant 4
Constant 3 L= {R=fl
———— W Feiz
Frop
Dam Type
Fropagaton
Figure 12.4. Model for Example 12.2
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12.1.4 The Data Type Scaling Strip Block

Secaling

Swip |

Datlm Type
Secaling Sip
The Data Type Scaling Strip block removes the scaling off a fixed—point signal. It maps the input
data type to the smallest built in data type that has enough data bits to hold the input. The stored
integer value of the input is the value of the output. The output always has nominal scaling (slope
= 1.0 and bias = 0.0), so the output does not make a distinction between real world value and
stored integer value.

Example 12.3
For the model of Figure 12.5, the parameters for the Constant block the Signal data types were

specified as Output data type ufix(8) and output scaling value 2. Accordingly, the binary pre-
sentation of the constant 5.875 is

(00101.111), = 1 x 2%+ 1x2°+1x2" +1x27+1x27 = (5.875),
The Scaling Strip block removes the scaling and thus it outputs the value

(00101111), = 1 x2°+1x2°+1x2"+1x2'+1x2° = (47),,

se7s [MEEENS Sealing | une
Sip
Display 2
Constant Dam Type
Secaling Stip
5875
Display

Figure 12.5. Model for Example 12.3

12.1.5 The Data Conversion Inherited Block

Convert v

Datm Type
Conversion
Inherted

The Data Type Conversion Inherited block converts one data type to another using inherited
data types. In other words, this block dictates that different types of data be converted to be all
the same. The first input is used as the reference signal and the second input is converted to the
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reference type by inheriting the data type and scaling information. Either input is scalar expanded
such that the output has the same width as the widest input.

Example 12.4

[ the model of Figure 12.6, the input at u from the Constant 2 bloc appears at the output y but the

signal has been converted to that specified by the first input, i.e., ufix(8) 27

ufizg_Eng
5.8TS 2
d u Convert ¥ ufiz@_Ens =575
Constant 1 —I_> :
Ga7S loube Datm Type Display 2
Conversion
Constant 2 Imhuerit=d

GE7S

Dizplay 1

Figure 12.6. Model for Example 12.4

12.1.6 The IC (Initial Condition) Block

(1]

IC

The IC (Initial Condition) block sets the initial condition of the signal at its input port, i.e., the
value of the signal at t=0. The block does this by outputting the specified initial condition at t=0,
regardless of the actual value of the input signal. Thereafter, the block outputs the actual value of
the input signal. This block is useful for providing an initial guess for the algebraic state variables
in the loop.

|
Example 12.5

In the model of Figure 12.7, the Memory block introduces a delay of 1 second while the IC block
establishes an initial condition of 2. The output waveforms with and without the initial condition
are shown in Figure 12.8.
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Integrator 1 |:|
—— ,l,—_| | Bl I ;— Scope

Stepi Memory oz Integrator 2

Bus
Creator

Figure 12.7. Model for Example 12.5

Figure 12.8. Output waveforms for the model of Figure 12.7

12.1.7 The Signal Conversion Block

Eﬂ}

Signal
Canwersion

The Signal Conversion block converts a signal from one type to another. The block's Output
parameter allows us to choose the type of conversion to be performed. We can choose one of the
four types listed below:

Contiguous copy — Converts a muxed signal whose elements occupy discontiguous areas of mem-
ory to a vector signal whose elements occupy contiguous areas of memory.
The block does this by allocating a contiguous area of memory for the ele-
ments of the muxed signal and copying the values from the discontiguous
areas (represented by the block's input) to the contiguous areas (represented
by the block's output) at each time step.

Bus copy — Outputs a copy of the bus connected to the block's input.

Introduction to Simulink with Engineering Applications 12-7
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Virtual bus — Converts a nonvirtual bus to a virtual bus. This option enables us to combine an
originally nonvirtual bus with a virtual bus.

Nonvirtual bus — Converts a virtual bus to a nonvirtual bus.

Example 12.6

In the model of Figure 12.9, the Signal Conversion block’s output is specified as Contiguous copy.
Accordingly the numbers 5.878 and 5.879 originally occupying discontiguous areas of memory,

are converted to a vector signal whose elements occupy contiguous areas of memory as indicated
in the Display block.

5878
Constant 1 ) =.878
EEI 5879
S.A78 Signal Display
Conwversion
Constant 2

M

Figure 12.9. Model for Example 12.6

12.1.8 The Rate Transition Block

|

o

[m [m

Rate TAnsition

The Rate Transition block transfers data from the output of a block operating at one rate to the
input of another block operating at a different rate. Systems containing blocks that are sampled at
different rates are referred to as multirate systems. The Rate Transition block's parameters allows
us to specify options that trade data integrity and deterministic transfer for faster response and / or
lower memory requirements.

Example 12.7

In the model of Figure 12.10, the parameters for the Discrete Zero—Pole blocks 1 and 2 are speci-
fied as Zeros: —0.2, Poles: 0.5. The Sample time for the Discrete Zero—Pole block 1 is specified as
[1 0.5] where 1 is the sample time, and 0.5 is the offset. Since the initial condition is zero, the
offset causes no output until t = 0.5. The Sample time for the Discrete Zero—Pole block 2 is spec-
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ified as 0.75 with no offset. Accordingly, the model of Figure 12.10 is a multirate system and the
output waveforms are shown in Figure 12.11.

[z+0.2)
[=0.5)

Digcrate
1 Zero-Pale 1 I:l

Constant [z+0.2) Scope
: [=0.5) Bius

Eain Dizcrete Greator
Zero-Fole 2

Figure 12.10. Model for Example 12.7

Figure 12.11. Output waveforms for the multirate model of Figure 12.10

An application of the Rate Transition block is illustrated with the next example.

Example 12.8

The model of Figure 12.12 shows three multirate systems where the sample times are as indicated.
The Rate Transition 1 block behaves as a Zero-Order Hold block in a fast—to—slow transition,
while the Rate Transition 2 block behaves as a Unit Delay block in a slow—to—fast transition.
After the simulation command is executed, a label appears on the upper left of the block to indi-
cate its behavior. The Rate Transition 1 block behaves as a Zero—Order Hold block and this is
indicated as ZOH. Likewise, the Rate Transition 2 block behaves as a Unit Delay block and this is
indicated as 1/z. The Unit Delay block is described in Section 2.15, Chapter 2, Page 2-24, and
the Zero—Order Hold block is described in Subsection 5.2.3, Chapter 5, Page 5-23. For other
behaviors of the Rate Transition block, please refer to the Help menu for this block.
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r"1LLr| [
Sine Wawe 1
Sample Time = 0.1 Scope 1
oH
g E ]
] e
Sine Waws 2 m _m
ine e =)
Sample Time = 0.1 Rate Transiton1 Scope 2
Output Port
Sample Time = 0.2
7=
]
I:LILUJ e — []
Sine Wave 3 M
ine e —
Sample Time = 0.2 Rate Trnsiton 2 Scope 2
Cutput Port

Sarmple Time = 0.1
Figure 12.12. Model for Example 12.8

The waveforms displayed by the Scope blocks in Figure 12.12 are shown in Figures 12.13, 12.14,
and 12.15. The amplitude for all three Sine Wave blocks is specified as 2.

Figure 12.13. Waveform for Scope 1 in Figure 12.12
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Figure 12.15. Waveform for Scope 3 in Figure 12.12

12.1.9 The Signal Specification Block

inbiart [

Signal Specificaton

The Signal Specification block allows us to specify the attributes of the signal connected to its
input and output ports. If the specified attributes conflict with the attributes specified by the
blocks connected to its ports, Simulink displays an error. If no conflict exists, Simulink eliminates
the Signal Specification block from the compiled model, that is, the Signal Specification block
behaves as a virtual block.

|
Example 12.9

In the model of Figure 12.16, the Zero-Order Hold and the Unit Delay blocks are both specified
for Inherited Sample Time and thus no conflict exists and the Signal Specification block is a vir-
tual block. However, if the Sample Time for the Unit Delay block is changed to 0.2 as shown in
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Figure 12.17, Simulink displays an error message that an illegal rate transition was found involv-
ing the Unit Delay block.

— [
Zera-Crder

Hold
l-n.l I inherit Sample Time -1 I:l
L"'J Inherted)
Sine Wawe 1 Signal Specificaton
Sample Time = 0.1 - Soope
> -

z

Unit Delay
Sample Time -1
Inherted)

Figure 12.16. Model with the Signal Specification block acting as a virtual block

_..,J_LI_

Zero-Crder
|-l"-| Hold
| imbizrit Sarple Time -1 |:|
LLI" inherted)
Sine Wawe 2 Signal Specificaton
Sample Time = 0.1 ] Scope
L e -
=
Unit Dl

Sample Time 0.2

Figure 12.17. Model where the attributes (sample times) of the Signal Specification block do not agree

12.1.10 The Data Type Propagation Examples Block

Oam Type
Fropagation
E:amples

The Data Type Propagation Examples block shown in Figure 12.18 contains example uses of
Data Type Propagation blocks.
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Example Uses of Data Type Propagation Block

Ref Ref Ref Ref Ref
Frop Frop Frop Frop Frop
DOam Type Prop Oata Type Frop DOam Type Prop Oata Type Frop DOam Type Prop
Duplicate Twice the Eits Twice the Bits Half the Bits Half the Bits
Same Precizion Same Fange Same Precizion Same Fange
Rafi Rafi Rafi Rafi
Ref2 Refa Ref2 Refa
Frop Frop Frop Frop
Oam Type Prop Oam Type Prop Oam Type Prop Oam Type Prop
Most Bits Muost Bits Most Bits Muost Bits
Mozt Precision Most Range Least Precision Least Fange
Ref1 Ref1 Ref1 Ref1
Refa Refa Refa Refa
Frop FProp Frop FProp
Oatm Type Prop Oatr Type Prop Oatm Type Prop Oatr Type Prop
Least Bits Least Bits Least Bits Least Bits
Maost Precision Most Range Least Pracision Least Range
Rafi Rafi Rafi Rafi
Ref2 Refa Ref2 Refa
Frop Frop Frop Frop
Oam Type Prop Oam Type Prop Oam Type Prop Oam Type Prop
Multiplication Rule Divigion Rule Addition Fule Subtaction Rule
L n
u (u}}
L2 Lz
Dat Type Police  Dam Type Police Data Type Police Da@ Type Police
Mo Bims Equal Eiases Equal Precizions Mo Floating Point
(W]}
u u Stnip B
W)
Data Twpe Police Data Type Police Dam Type Police Fi:ft
Unzigred Snly Signed Cnly Eoth Signed or Strip Sealing

Eoth Unsigned

Figure 12.18. Example uses of Data Type Propagation blocks

12.2 The Signal Attribute Detection Sub-Library

The Signal Attribute Detection Sub-Library contains the blocks described in Subsections
12.2.1 through 12.2.3 below.
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12.2.1 The Probe Block

wi:0, Ts:[0 0], C:0, O:0, F:O

AT

Frobe

The Probe block provides essential information about the signal on its input. The block can out-
put the input signal's width, dimensionality, sample time, and/or a flag indicating whether the
input is a complex-valued signal. The block has one input port. The number of output ports
depends on the information that we select for probing. Each probed value is output as a separate
signal on a separate output port. During simulation, the block's icon displays the probed data.

Example 12.10

In the model of Figure 12.19, the Display 1 block indicates the number of the elements of the
probed signal, the Display 2 block is a 2 x 1 vector that specifies the period and offset of the sam-
ple time, respectively, the Display 3 block shows the value 0 implying that the probed signal is not
complex, the Display 4 block indicates the output the dimensions of the probed signal, and the

Display 5 block shows the value 0 implying that the probed signal is not framed.”

Bus
Creator
— J_LI_ Display 1
Zaro-Order I | —
Hald

Display 2

ﬁLuJ | inhenit A

Y3, Ts:[000], G0, D:[2], F:O

Sine Wave SiOna Specificaton First-Crder Displauy 3
e —
[ 3]
Sine Wawe and First-2rder Hald 1 -
blocks zet at Sample Tirne 0.1 - — Display 4

[

Zero-order Hold and Unit Delay Umit Delay
blocks st at Sample Time -1
[Inherted)

Display 5

Scope
Figure 12.19. Model for Example 12.10

* Please logon to http://festvox.org/docs/speech_tools—1.2.0/x15608.htm#SIGPR-EXAMPLE-FRAMES for a
description of frame—based signals.
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12.2.2 The Weighted Sample Time Block

T= o

Wizighted
Sample Time

The Weighted Sample Time block adds, subtracts, multiplies, or divides the input signal, u, by a
weighted sample time Ts. The math operation is specified with the Operation parameter. Also, we
can specify to use only the weight with either the sample time or its inverse. We enter the weight-
ing factor in the Weight value parameter. If the weight is 1, w is removed from the equation.

Example 12.11

In the model of Figure 12.20, the parameters for all blocks are specified as annotated. Thus, the
Display 1 block shows the values of the constant blocks, the Display 2 block shows the Weighted
Sample Time, the Display 3 block shows the inverse of the Weighted Sample Time, and the Dis-
play 4 block shows the results of the division u/Ts/w, where w = 2 foru = 1,2, and 3.

Constant 1 -
[ =]
! L 2]
Constant 2 Display 1
- L=
Digplay 2
Wizighted
Constant 3 Sample Time 1
a
1/T=
Bu= - Display 3
Creator Wzighted
Sample Timne 2
All Constant blocks
zet at Sarmple Time 0.1 :
uiTehw [—]
15
Wizighted -
Sample Time 2 Dizplay 4
W=z

Figure 12.20. Model for Example 12.11
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12.2.3 The Width Block

]

Width

The Width block generates an output that displays the width of its input vector, or the sum of the
widths of two or more vectors.

Example 12.12

In the model of Figure 12.21, the vectors A and B are specified in MATLAB’s Command Win-
dow as

A=[1 35 7 9;B=[2 4 6 8];
The Width block outputs the sum of the widths of the vectors A and B.

A
= width Dizplayy
Constant 2
Bus
Creator

Figure 12.21. Model for Example 12.12
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12.3 Summary

The Data Type Conversion block converts an input signal of any Simulink data type to the
data type and scaling specified by the block's Output data type mode, Output data type, and/or
Output scaling parameters.

The Data Type Duplicate block is used to ascertain that all inputs have the same data type.
We use the Data Type Duplicate block to check for consistency of data types among blocks. If
all signals do not have the same data type, the block returns an error message.

The Data Type Propagation block allows us to control the data type and scaling of signals in
our model. We can use this block in conjunction with fixed-point blocks that have their Spec-
ify data type and scaling parameter configured to Inherit via back propagation.

The Data Type Scaling Strip block removes the scaling off a fixed point signal. It maps the
input data type to the smallest built in data type that has enough data bits to hold the input.
The stored integer value of the input is the value of the output.

The Data Type Conversion Inherited block converts one data type to another using inher-
ited data types. In other words, this block commands that different types of data be converted
to be all the same. The first input is used as the reference signal and the second input is con-
verted to the reference type by inheriting the data type and scaling information.

The IC (Initial Condition) block sets the initial condition of the signal at its input port, i.e.,
the value of the signal at t=0. The block does this by outputting the specified initial condition
at t=0, regardless of the actual value of the input signal. Thereafter, the block outputs the
actual value of the input signal.

The Signal Conversion block converts a signal from one type to another. The block's Output
parameter lets us select the type of conversion to be performed. We can choose one of four
types: Contiguous copy, Bus copy, Virtual bus, or Nonvirtual bus.

The Rate Transition block transfers data from the output of a block operating at one rate to
the input of another block operating at a different rate. Systems containing blocks that are
sampled at different rates are referred to as multirate systems.

The Signal Specification block allows us to specify the attributes of the signal connected to its
input and output ports. If the specified attributes conflict with the attributes specified by the
blocks connected to its ports, Simulink displays an error at the beginning of a simulation.

The Data Type Propagation Examples block contains example uses of Data Type Propaga-
tion blocks.

The Probe block provides essential information about the signal on its input. The block can
output the input signal's width, dimensionality, sample time, and/or a flag indicating whether
the input is a complex-valued signal.
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¢ The Weighted Sample Time block adds, subtracts, multiplies, or divides the input signal, u, by
a weighted sample time Ts. The math operation is specified with the Operation parameter.

e The Width block generates an output that displays the width of its input vector, or the sum of
the widths of two or more vectors.

12-18
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The Signal Routing Library

the Simulink group of libraries and consists of two sub-libraries, the Signal Routing Group

Sub-Library, and the Signal Storage & Access Group Sub-Library blocks shown below.
We will describe the function of each block included in this library and we will perform simula-
tion examples to illustrate their application.

T his chapter is an introduction to the Signal Routing library. This is the twelfth library in

Signal Routing Group

Bus
Busz |
= gignal
M

BEus Eus BEus Dearnu:
Creator  Selector Asgignment
g — =
o o = Merge F out
—= L | RTW
Selactor Indes: Merge Ermdronriant
Wector Controller

_|
>_Q\u—':> :hL} :.\\_}
—

—i —
. M ultiport Switch
Manual Switch Saitoh
[a] Al [#]
From Goto Tag Goto
Wigibility

Signal Storage & Access Group

PR P A
Data Store Data Stors Datm Stone
Fead Mermony Wirite
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13.1 Signal Routing Group Sub-Library

The Signal Routing Group Sub-Library contains the fifteen blocks described in Subsections
13.1.1 through 13.1.15 below.

13.1.1 The Bus Creator Block

i

Bus
Creatar

The Bus Creator block combines a set of signals into a group of signals represented by a single
line. This block is described in Section 2.6, Chapter 2, Page 2-7.

13.1.2 The Bus Selector Block

i

Bus
Selector

The Bus Selector block outputs a specified subset of the elements of the bus at its input. This
block is described in Section 2.6, Chapter 2, Page 2-7.

13.1.3 The Bus Assignment Block

Bus
Bus [
= gignal

Bus
Asgignment

The Bus Assignment block assigns values, specified by signals connected to its assignment (: =)
input ports, to specified elements of the bus connected to its Bus input port. We use the block's
dialog box to specify the bus elements to be assigned values. The block displays an assignment
input port for each bus element to be assigned a signal.

In the Function Block Parameters dialog box, the Signals in the bus displays the names of the sig-
nals contained by the bus at the block's Bus input port. We can click any item in the list to select
it. To find the source of the selected signal, we click the adjacent Find button. Simulink opens the
subsystem containing the signal source, if necessary, and highlights the source's icon. We use the
Select button to move the currently selected signal into the adjacent list of signals to be assigned
values (see Signals that are being assigned below). To refresh the display (e.g., to reflect modifica-
tions to the bus connected to the block), we click the adjacent Refresh button.
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In the Function Block Parameters dialog box, the Signals that are being assigned lists the names
of bus elements to be assigned values. This block displays an assignment input port for each bus
element in this list. The label of the corresponding input port contains the name of the element.
We can re-order the signals by using the Up, Down, and Remove buttons. Port connectivity is
maintained when the signal order is changed.

Occasionally, we may see three question marks (?7?) before the name of a bus element. This indi-
cates that the input bus no longer contains an element of that name, for example, because the bus
has changed since the last time we refreshed the Bus Assignment block's input and bus element
assignment lists. We can fix the problem either by modifying the bus to include a signal of the
specified name, or by removing the name from the list of bus elements to be assigned values.

Example 13.1

We begin with the model 13.1. Initially, the Bus Assignment 1 block appears with two inputs, one
for the block's Bus input port, and the other which serves as the assignment input port for each
bus element to be assigned a signal. We double—click on this block and we configure the Function
Block Parameters as shown in Figure 13.2. We output waveforms are shown in Figure 13.3.

Sine Wawe

Generator 1

oooo 1
0 —

=+1

Squars Wae Transfer Fon 1
Senerator 1

oooo i
oo W — Bus Eus |:|
=+1
Sawtooth Wawe 1anEfer Fen 2 Es Seope 1
Generator 1 Aszsignrment 1
oooo 1
oo e —
=+1
Transfer Fen 3

Figure 13.1. Model for Example 13.1

Next, suppose that we wish to replace the Square Wave Generator 1 block and the Sawtooth
Wave Generator 1 block with a Random Wave Generator block and a Band-Limited White Noise
block. Instead of replacing the blocks, we add the Random Wave Generator block and the Band-
Limited White Noise block as shown in Figure 13.4, we double—click on the Bus Assignment
block, and we use the Select button to move the currently selected signal into the adjacent list of
signals to be assigned values. To refresh the display, we click the adjacent Refresh button, and the
Function Block Parameters dialog box now appears as shown in Figure 13.5. When this is done,
the output waveforms appear as shown in Figure 13.6.
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=1 Function Block Parameters: Bus Assignment 1
Buzdzzignment

Thiz block accepts a buz az input and allows zignals in the bus to be aszigned with new zignal values. The left listbox

ghows the gignals in the input buz. Uze the Select button to select the signals that are to be aszigned. The right listbos
ghows the selections. Uze the Up, Down, or Bemove button to reorder the zelections.

Farameters

Signalzs in the bus

Find Signals that are being assigned Up
isignall
signal? Select::
zignal3

Croneny

Figure 13.2. Configuration of the Function Block Parameters for the Bus Assignment Block in Figure 13.1

Figure 13.3. Output waveforms for the model of Figure 13.1
Sine Wawe
Senemtor 2
oooo 1
e

s+
Siquare Wave Transfer Fon 4
Genemtor 2

oooo 1
o . — Eus
=+1
Transfer Fon i |:|
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’—b — = alz B E‘-
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oo . o7 %) = zignal? Fape
£+
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1
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Figure 13.4. Modified model for Example 13.1
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=] Function Block Parameters: Bus Assignment 2 §|

Buzdzzignment

Thiz block accepts a buz az input and allows zignals in the bus to be aszigned with new zignal values. The left listbox
ghows the gignals in the input buz. Uze the Select button to select the signals that are to be aszigned. The right listbos
ghows the selections. Uze the Up, Down, or Bemove button to reorder the zelections.

Pararmeters
Signalz in the buz Firnd Signals that are being aszigned Up
izighall zighal?
signal? Selecty> signald Do

Figure 13.5. Configuration of the Function Block Parameters for the Bus Assignment Block in Figure 13.4

Figure 13.6. Output waveforms for the model of Figure 13.4

13.1.4 The Mux Block

I

M

The Mux block combines its inputs into a single output. An input can be a scalar, vector, or
matrix signal. This block is described in Section 2.7, Chapter 2, Page 2-11.

13.1.5 The Demux Block

|

Oerngz

The Demux block extracts the components of an input signal and outputs the components as
separate signals. This block is described in Section 2.7, Chapter 2, Page 2-11.
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13.1.6 The Selector Block

i |

o F
——1

Selectar

The Selector block generates as output selected elements of an input vector or matrix. If the
input type is vector, the block outputs a vector of selected elements specified by element indices.
The meaning of the indices depends on the setting of the Index mode parameter. If the setting is
One-based (the default), the index of the first input element is 1, the second 2, and so on. If the
setting is Zero—based, the index of the first element is 0, the second element 1, and so on.

If the input type is matrix, the Selector block outputs a matrix of elements selected from the input
matrix. The block determines the row and column indices of the elements to select either from its
Rows and Columns parameters or from external signals. We set the block's Source of row indices
and Source of column indices to the source that we choose (internal or external). If we set either
source to external, the block adds an input port for the external indices signal. If we set both
sources to external, the block adds two input ports.

|
Example 13.2

For the model of Figure 13.7, the elements all, al2, ...a44 of the 4 x 4 matrix in the Constant
block are specified in MATLAB’s Command Window as:

al11=2; a12=—1; a13=0; a14=-3:...
a21=—1; a22=1; a23=0; a24=-1:...
a31=4; a32=0; a33=3; a34=—-2;...
a41=-3; a42=0; a43=0; ad4=1;

all alz al® alg | 1|| Dll '1|
azl azZ az? azd
azl a2z ai? azd U URC) | a] | 3] -2
adl ad? a4 add | o] | o] 1]
Selector -
Constant Display

Figure 13.7. Model for Example 13.2
The Display block shows the cofactor of a;; defined as (—1)i+j[Mij] , where the index i denotes
the ith row, the index j denotes the jth column, and M is the minor of the element a;; .

In the Selector block Function Block Parameters dialog box we specified the parameters as fol-
lows:

Input type: Matrix
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Index mode: One-based

Source of row indices: Internal
Rows: [2 3 4]

Source of column indices: Internal

Columns: [2 3 4]

13.1.7 The Index Vector Block

_|

—B/j_}
Inde:x
ector

The Index Vector block switches the output between different inputs based on the value of the
first input, referred to as the Control Input. This block is an implementation of the Multiport
Switch block which is described in Subsection 13.1.11, this chapter, Page 13-10.

|
Example 13.3

For the Index Vector block in Figure 13.8, the parameters are specified as Number of inputs 2,
and the Use zero-based indexing box is unchecked. All other parameters are left in their default
state. Since the Control Input is specified as 2, the Index Vector block outputs the value of Data
Input 2.

2 Contral Input .
e L
= DOam Input 2 > Dizplay
Constant 2 Inde::
actor
4
Constant 3

Figure 13.8. Model for Example 13.3
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13.1.8 The Merge Block

Memge [

Merge
The Merge block combines its inputs into a single output line whose value at any time is equal to
the most recently computed output of its driving blocks. We can specify any number of inputs by
setting the block's Number of inputs parameter. This block is useful in creating alternately execut-
ing subsystems as illustrated by the example below.

Example 13.4
The Enable Subsystem 1 and 2 blocks in the model of Figure 13.9 are specified as shown in Figure

13.10. This model outputs the half-wave rectification” waveform shown in Figure 13.11.

[ l
U L Jlini I out] —Pe
Enabled

Subsystem 1
- : = Merge Scope
Gain

0 —p=lim it out] —f= M
Constant Erabled
Subsystern 2
Merge
Figure 13.9. Model for Example 13.4
Enable Subsystern 1 Ernable Subsystemn 2
.—D’—“ I’ -1 .—b’—“ '» -1
In1 Cutd In Cutd

Gain GEain

Figure 13.10. Configuration of the Enabled Subsystem 1 and 2 blocks in Figure 13.9

*  For the creation of a full-wave rectification waveform, please refer to the Help menus for the Merge block and
click on the “Creating Alternately Executing Subsystems” link. Full wave rectifiers are used in the conversion
from AC to DC signals. For a detailed discussion, please refer to Signals & Systems with MATLAB Applica-
tions, ISBN 0-9709511-6-7.
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Figure 13.11. Waveforms for the model of Figure 13.9

13.1.9 The Environmental Controller Block

=im
aut -
FTw

Environrment
Controller

The Environmental Controller block outputs the signal at its Sim port only if the model that

contains it is being simulated. It outputs the signal at its Real-Time Workshop (RTW) port only
if code is being generated from the model.

13.1.10 The Manual Switch Block
‘.
—

Manual Switch
The Manual Switch block is a toggle switch that selects one of its two inputs to pass through to

the output. There is no dialog box for this block; to toggle between inputs, we double-click the
block. The block retains its current state when the model is saved.

Example 13.5
In Figure 13.12, the matrix A is defined in MATLAB’s Command Window as
A=[1 2-3;2-4 2,1 2 -6];

* Real-Time Workshop is an extension of MATLAB and Simulink capabilities that generates source code from
Simulink models to create real—time software applications. We will not discuss source code generation in this
text. Examples are provided in the “Real-Time Workshop For Use with Simulink” documentation.
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Figure 13.12. Model for Example 13.5

The MATLAB function in the block’s parameters dialog box is specified as inv (for matrix inver-
sion), and when the Switch block is as shown in the upper model of Figure 13.5, we execute the
simulation command, Display 1 block shows the elements of the matrix. When we double—click
on the Switch block, it changes to the position shown in the lower model of Figure 13.5, and
when we issue the simulation command, Display 2 block shows the elements of the inverted
matrix.

13.1.11 The Multiport Switch Block

_|
L
—

—

Multiport
Switch

The Multiport Switch block chooses between a number of inputs. The first (top) input is called
the control input, while the rest of the inputs are called data inputs. The value of the control
input determines which data input is passed through to the output port. If the control input is an
integer value, the specified data input is passed through to the output. For example, if the one—
based indexing parameter is selected and the control input is 1, the first data input is passed
through to the output. If the control input is 2, the second data input is passed through to the
output, and so on.

|
Example 13.6

The model of Figure 13.3 outputs the value 64 corresponding to the control input value 4.
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Figure 13.13. Model for Example 13.6

13.1.12 The Switch Block

Y

—

Switch

The Switch block outputs the first (top) input or the third (bottom) input depending on the value
of the second (middle) input. The first and third inputs are the data inputs. The second input is
the control input. This block is described in Section 2.8, Chapter 2, Page 2-14.

13.1.13 The From Block

Al =
Frormn
The From block accepts a signal from a corresponding Goto block which is described in Subsec-

tion 13.1.15, this chapter, Page 13—13, and passes it as output. The visibility of a Goto block tag
determines the From blocks that can receive its signal.

Example 13.7
In Figure 13.14, the matrix A is defined in MATLAB’s Command Window as
A=[1 2-3;2-4 2,1 2-6];

In the upper model of Figure 13.14, the Display 1 block shows the elements of matrix A . In the
lower model of Figure 13.14, the Constant 2 block sends the elements of matrix A to the Goto
block, it is accepted by the From block, and outputs it to the Display 1 block.

The upper and lower models in Figure 13.14 are equivalent. As we can see, the From and Goto
blocks allow us to pass a signal from one block to another without a physical connection.
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Figure 13.14. Models for Example 13.7

To associate a Goto block with a From block, we enter the Goto block's tag in the Goto Tag
parameter. A From block can receive its signal from only one Goto block, although a Goto block
can pass its signal to more than one From block.

13.1.14 The Goto Tag Visibility Block

{Al

SGoto Tag

Vizibility
The Goto Tag Visibility block defines the accessibility of Goto block tags that have scoped visi-
bility. The tag specified as the Goto tag parameter is accessible by From blocks in the same sub-
system that contains the Goto Tag Visibility block and in subsystems below it in the model hierar-
chy. A Goto Tag Visibility block is required for Goto blocks whose Tag visibility parameter value
is specified as scoped. No Goto Tag Visibility block is needed if the tag visibility is either local or
global. When scoped, the block shows the tag name enclosed in braces ({}).

|
Example 13.8

The model in Figure 13.15, is the same as that of in Figure 13.14, except that it includes the Goto
Tag Visibility Tag block.

At
Goto Tag
Wisibility
I 1] | 2] | -2
A 4’<{ﬁ-} {P-}>—>I 2] | -4 | 2]
Constant G0t Frori I ] 2] 5]
Display

Figure 13.15. Model for Example 13.8

13-12 Introduction to Simulink with Engineering Applications
Copyright © Orchard Publications



Signal Routing Group Sub—Library

As indicated, in Figure 13.15, the Goto Tag Visibility block has no input and no output but it
must be included whenever the visibility is specified as scoped. Since the tag visibility is specified
as scoped, the Goto Tag Visibility block is shown in the model with the tag name enclosed in
braces ({}).

13.1.15 The Goto Block

[~]

Soto

The Goto block passes its input to its corresponding From blocks. From and Goto blocks allow us
to pass a signal from one block to another without actually connecting them. A Goto block can
pass its input signal to more than one From block, although a From block can receive a signal
from only one Goto block. The input to that Goto block is passed to the From blocks associated
with it as though the blocks were physically connected. Goto blocks and From blocks are matched
by the use of Goto tags, defined in the Tag parameter. The Tag visibility parameter determines
whether the location of From blocks that access the signal is limited. The three options are:

1. Local, the default, means that From and Goto blocks using the same tag must be in the same
subsystem. A local tag name is enclosed in brackets ([]).

2. Global means that From and Goto blocks using the same tag can be anywhere in the model
except in locations that span nonvirtual subsystem boundaries. The rule that From-Goto block
connections cannot cross nonvirtual subsystem boundaries has the following exception. A
Goto block connected to a state port in one conditionally executed subsystem is visible to a
From block inside another conditionally executed subsystem. A global tag name is not
enclosed.

3. Scoped means that From and Goto blocks using the same tag must be in the same subsystem
or at any level in the model hierarchy below the Goto Tag Visibility block that does not entail
crossing a nonvirtual subsystem boundary, i.e., the boundary of an atomic, conditionally exe-
cuted, or function-call subsystem or a model reference. A scoped tag name is enclosed in

braces ({}).
|
Example 13.9

The upper and lower models in Figure 13.16, are equivalent and thus both Scope 1 and Scope 2
blocks display the same waveform shown in Figure 13.17.
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Figure 13.16. Model for Example 13.9

Figure 13.17. Waveform displayed in Scope 1 and Scope 2 blocks in Figure 13.16

13.2 The Signal Storage and Access Group Sub-Library

Data stores are signals that are accessible at any point in a model hierarchy at or below the level
in which they are defined. Because they are accessible across model levels, data stores allow sub-
systems and model references to share data without having to use I/O ports to pass the data from
level to level. The Signal Storage and Access Group Sub-Library contains the three blocks
described in Subsections 13.2.1 through 13.2.3 below.

13.2.1 The Data Store Read Block

A R
Oam Store
Fead

The Data Store Read block copies data from the named data store to its output. The data store
from which the data is read is determined by the location of the Data Store Memory block or sig-
nal object that defines the data store. More than one Data Store Read block can read from the
same data store. For more information, please refer to Working with Data Stores and Data Store
Memory in Help menu for this block. An example is presented in Subsection 13.2.3, this chapter,
Page 13-15.
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13.2.2 The Data Store Memory Block

A

Datm Store
Mernony
The Data Store Memory block defines and initializes a named shared data store, which is a mem-
ory region usable by Data Store Read and Data Store Write blocks with the same data store name.
The location of the Data Store Memory block that defines a data store determines the Data Store
Read and Data Store Write blocks that can access the data store:

1. If the Data Store Memory block is in the top-level system, the data store can be accessed by
Data Store Read and Data Store Write blocks located anywhere in the model.

2. If the Data Store Memory block is in a subsystem, the data store can be accessed by Data Store
Read and Data Store Write blocks located in the same subsystem or in any subsystem below it
in the model hierarchy.

An example is presented in Subsection 13.2.3 below.

13.2.3 The Data Store Write Block

A

Datm Stone

Wiite
The Data Store Write block copies the value at its input to the named data store. Each write
operation performed by a Data Store Write block writes over the data store, replacing the previ-
ous contents. The data store to which this block writes is determined by the location of the Data

Store Memory or signal object that defines the data store. More than one Data Store Write block
can write to the same data store.

Example 13.10

In this example, we will create a model that will alternately will display the outputs of a low—pass
filter and a high—pass filter whose transfer functions are 1/(s+ 1), and s/(s + 1) respectively,
when the input is the step function.

We begin with a new model, we drag two Data Store Memory blocks into it, and for the first we
define the name Ipfilter, and for the second the name hpfilter as shown in Figure 13.18. Then, we
drag two Step blocks, two Transfer Fen blocks, two Gain blocks, two Data Store Write blocks,
and two Scope blocks into the same model, we connect them as shown, and to the first Data Store

Werite block we assign the name Ipfilter, and to the second the name hpfilter as shown in Figure
13.18.
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Figure 13.18. Initial model for Example 13.10

Next, we select the Transfer Fen 1, Gain 1, and Data Store 1 blocks by enclosing them in a
bounding box around them, we choose Create Subsystem from the Edit menu. We label this sub-
system as Subsystem 1. We repeat for the Transfer Fen 2, Gain 2, and Data Store 2 blocks, and we
label this subsystem as Subsystem 2. The model is now as shown in Figure 13.19, after reshaping

and renaming the subsystem blocks.

Ipfilter hpfilter
Data Stors Dat Store
Memony 1 Merony 2
Subsystern 1 Subsystam 2
Stepi HbErEEm Scope 1 Step 2 HEErEEm Scope 2

Figure 13.19. Modified model for Example 13.10

Now, we revise the model of Figure 13.19 by adding the Manual Switch block as shown in Figure
13.20 so that we can switch between Subsystem 1 for the low—pass filter, and Subsystem 2 for the
high—pass filter to observe their waveforms shown in Figures 13.21 and 13.22 respectively.

Ipfiltar hpfilter
Oatr Store Oar Store
Mernony 1 Mermony 2

Cutl

Ini

I

Step

s
Marual Switch  Swope

Subsystermn 1

Cutl

Ini

Subgystem 2

Figure 13.20. The model of Example 13.10 in its final form

13-16 Introduction to Simulink with Engineering Applications
Copyright © Orchard Publications



The Signal Storage and Access Group Sub—Library

Figure 13.22. Waveform of the output of Subsystem 2 (High-pass filter with Gain = 1.5)

In Example 13.10 we illustrated the use of the Data Store Memory block and the Data Store
Write block. The use of the Data Store Read block is illustrated in Figure 13.23.

Ipfilter hpfilter
Dat Storz Data Store
Mermony 1 Mermory 2
Ipfiltar [ ] hipfilter —— L]
Datm Stars Scope 1 Oar Stors Scope 2
Fead 1 FRead 2

Figure 13.23. Models to illustrate the use of the Data Store Read block

The Scope 1 and Scope 2 blocks in Figure 13.23 display the same waveforms as those in Figure
13.21 and Figure 13.22.
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13.3 Summary

The Bus Creator block combines a set of signals into a group of signals represented by a single
line.

The Bus Selector block outputs a specified subset of the elements of the bus at its input.

The Bus Assignment block assigns values, specified by signals connected to its assignment
(:=) input ports, to specified elements of the bus connected to its Bus input port.

The Mux block combines its inputs into a single output. An input can be a scalar, vector, or
matrix signal.

The Demux block extracts the components of an input signal and outputs the components as
separate signals.

The Selector block generates as output selected elements of an input vector or matrix. If the
input type is vector, the block outputs a vector of selected elements specified by element indi-
ces. If the input type is matrix, the Selector block outputs a matrix of elements selected from
the input matrix.

The Index Vector block switches the output between different inputs based on the value of
the first input, referred to as the Control Input. This block is an implementation of the Multi-
port Switch block.

The Merge block combines its inputs into a single output line whose value at any time is equal
to the most recently computed output of its driving blocks. We can specify any number of
inputs by setting the block's Number of inputs parameter.

The Environmental Controller block outputs the signal at its Sim port only if the model that
contains it is being simulated. It outputs the signal at its Real-Time Workshop (RTW) port
only if code is being generated from the model.

The Manual Switch block is a toggle switch that selects one of its two inputs to pass through
to the output. There is no dialog box for this block; to toggle between inputs, we double-click
the block. The block retains its current state when the model is saved.

The Multiport Switch block chooses between a number of inputs. The first (top) input is
called the control input, while the rest of the inputs are called data inputs. The value of the
control input determines which data input is passed through to the output port.

The Switch block outputs the first (top) input or the third (bottom) input depending on the
value of the second (middle) input. The first and third inputs are the data inputs. The second
input is the control input.

The From block accepts a signal from a corresponding Goto block, then passes it as output.
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Summary

The Goto Tag Visibility block defines the accessibility of Goto block tags that have scoped
visibility.

¢ The Goto block passes its input to its corresponding From blocks.

e The Data Store Read block copies data from the named data store to its output. The data

store from which the data is read is determined by the location of the Data Store Memory
block or signal object that defines the data store.

e The Data Store Memory block defines and initializes a named shared data store, which is a
memory region usable by Data Store Read and Data Store Write blocks with the same data
store name.

e The Data Store Write block copies the value at its input to the named data store. Each write
operation performed by a Data Store Write block writes over the data store, replacing the pre-
vious contents.

Introduction to Simulink with Engineering Applications 13-19
Copyright © Orchard Publications



Chapter 14

The Sinks Library

his chapter is an introduction to the Sinks library. This is the thirteenth library in the Sim-
T ulink group of libraries and consists of three sub-libraries, the Model & Subsystem Out-

puts Sub-Library, the Data Viewers Sub-Library, and the Simulation Control Sub-
Library blocks shown below. We will describe the function of each block included in this library
and we will perform simulation examples to illustrate their application.

[Model & Subsystem Cutputs

untited rmat simout

ot i
Termninatar Ta File To Workspace
Data Viewers
; Dizplay
Scope Floating
Scope #N Graph

Sim ulation Control

Stop Simulaton
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14.1 Models and Subsystems Outputs Sub-Library

The Models and Subsystems Outputs Sub-Library contains the blocks described in Subsections
14.1.1 through 14.1.4 below.

14.1.1 The Outport Block
Cutl

The Outport block creates an external output or an output port for a subsystem. This block is
described in Section 2.1, Chapter 2, Page 2-2.

14.1.2 The Terminator Block

Temninator

The Terminator block can be used to cap blocks whose output ports are not connected to other
blocks. If we run a simulation with blocks having unconnected output ports, Simulink issues
warning messages. We use Terminator blocks to cap those blocks to avoid warning messages. This

block is described in Section 2.3, Chapter 2, Page 2-5.
14.1.3 The To File Block

untited.mat

To File

The To File block writes its input to a matrix in a MATfile. The block writes one column for
each time step: the first row is the simulation time; the remainder of the column is the input data,
one data point for each element in the input vector.

|
Example 14.1

Let us consider matrix C defined as

123 4
co |11 0-1
4.0 3 2
3-1 2 4

. . . * . . . .
where the elements of the first row are time points, and the remaining rows contain data points
that correspond to the time point in that column. Thus at time 3, the outputs are 0, 3, and 2,

* The time points must always be monotonically increasing.
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which are the data points for the third column encountered at time 3. We enter the elements of
matrix C in MATLAB’s Command Window as

C=[1234-110-1,403-2,-3-12 -4

and we save it as matrixC.mat by selecting Save Workspace As from MATLAB’s File menu.

Next, we drag the From File block” found in the Sources library and the To File block into a new
model as shown in Figure 14.1 where to the From File block we have assigned the name matrixC,
and to the To File block we have assigned the name matrixCToFile.mat.

math=s.mat —— matixG ToFile.mat

Fram File To File

Figure 14.1. Example of copying the contents of a From File block to a To File block

Upon execution of the simulation command the contents of the matrixC file are copied into the
matrixCToFile.mat file and saved by that name. We can verify this as follows:

In MATLAB’s Command Window we type
open matrixCToFile.mat
ans =
ans: [4x51 doublel
Next, in MATLAB’s Command Window we type

whos
Name Size Bytes Class
C 4x4 128 double array
ans 1x1 1756 struct array
tout 51x1 408 double array

Grand total is 272 elements using 2292 bytes

From MATLAB’s Command Window we select Import Data from the File menu, and we choose
the file matrixCToFile.mat. The Import Wizard window displays the data shown in Figure 14.2.

* The From File block belongs to the Model and Subsystem Input sub—library described in the Sources Library,
Section 15.1.3, Chapter 15., Page 15-2.
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=) Import Wizard

Select variables toimport using checkboxes

@ Create vatiables matching preview

“ariables in C\Program FilesWATLABT wearkmatrixCToFile st

Import Matne = |Size Bytes Class 1 2 3 4
4ad 125 double| | 1 2 3 4
[€]an= 131 1756 struct || 2 1 1 o -
FH tout £1x1 405 doubls i ; 10 3 i

Figure 14.2. Displaying the contents of matrix C of Example 14.1 in Import Wizard

14.1.4 The To Workspace Block

sirout

To Workspace

The To Workspace block writes its input to the workspace. This block writes its output to an
array or structure that has the name specified by the block's Variable name parameter. The Save
format parameter determines the output format.

The MATLAB Workspace consists of the set of variables generated by the execution of a program
and these are stored in memory.

|
Example 14.2

Let us consider the matrix multiplication A - B where A = [1 -1 2]' and B = [2 3 4], and cre-
ate a model to include a To Workspace block at the output.

Matrix A isa 3 x 1 size and matrix B isa 1 x 3 size and matrix so these matrices are conformable
for multiplication. The model is shown in Figure 14.3 where to the To Workspace block we
assigned the name matrixmult.

Next, in MATLAB’s Command Window we type
who

and MATLAB lists the current workspace variables as
Your variables are:

matrixmult simout tout
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Figure 14.3. Model for Example 14.2
Also, in MATLAB’s Command Window we type

whos

and MATLAB lists the current workspace variables and information about their size and class as

Name Size Bytes Class

matrixmult 1x1 4482 struct array
simout 1x1 4482 struct array
tout 51x1 408 double array

Grand total is 1035 elements using 9372 bytes

If we exit MATLAB, the workspace is cleared. But we can save any or all of the variables to a
MAT-file.” MAT-files use the .mat extension. We can then invoke this MATfile at a later

time.

To save the workspace variables for this file, we select Save Workspace As from MATLAB’s File
menu.

14.2 The Data Viewers Sub-Library

The Data Viewers Sub-Library contains the four blocks described in Subsections 14.2.1 through
14.2.4 below.below.

* A MATfile stores data in binary (not human-readable) form. We need not know the internal format of a MAT—
file. This file writes the arrays currently in memory to a file as a continuous byte stream. For a detailed discussion
please log on to www.csb.yale.edu/userguides/ datamanip/matlab/pdf/matfile_format.pdf.
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14.2.1 The Scope Block

[

Scope

The Scope block displays its input with respect to simulation time. The Scope block can have
multiple axes (one per port), but all axes have a common time range with independent y—axes.
The Scope allows us to adjust the amount of time and the range of input values displayed. We can
move and resize the Scope window and we can modify the Scope's parameter values during the
simulation. At the end of the simulation, Simulink transmits data to the connected Scopes but
does not automatically open the Scope windows. The signal(s) will be displayed when we double-
click on the Scope block after simulation termination.

If the signal is continuous, the Scope produces a point—to—point plot. If the signal is discrete, the
Scope produces a stair—step plot. When displaying a vector or matrix signal, the Scope assigns col-
ors to each signal element in this order: yellow, magenta, cyan, red, green, and dark blue. When
more than six signals are displayed, the Scope cycles through the colors in the order listed. We set
y—limits by right—clicking an axis and choosing Axes Properties.

When we open the Scope block we observe several toolbar icons that enable us to zoom in on dis-
played data, preserve axis settings from one simulation to the next, limit data displayed, and save
data to the workspace. The toolbar icons are labeled in the Help menu for this block. The Help
menu provides more information than what is provided in this subsection.

Example 14.3

The model shown in Figure 14.4 displays a sine waveform, a square waveform, a sawtooth wave-
form, and a random signal waveform on a single Scope block with one input. All four generators
are Signal Generator blocks configured to produce and display the four different waveforms. Each
was specified at 0.2 Hz frequency, and all other parameters were left in their default states. The
waveforms are shown in Figure 14.5.

nooo
o0
Sirne Wave oooo
Senemtor e I:I
Square Waue %EED
Genarmatar Scope
Sawtooth Wimve oooo
Genermtor @2
Fandom wave Bus Greator
Generator
Figure 14.4. Model for Example 14.3
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Figure 14.5. Waveforms for sine wave, square wave, sawtooth wave and random wave signal generators

In all of the previous examples we have shown the Scope block with only one input where the sig-
nals from the previous blocks have been combined via a Bus Creator block. However, we can dis-
play the Scope block with two or more inputs as illustrated with the following example.

Example 14.4

The model shown in Figure 14.6 displays a sine waveform, a square waveform, a sawtooth wave-
form, and a random signal waveform on a single Scope block with four inputs. All four generators
are Signal Generator blocks configured to produce and display the four different waveforms. Each
was specified at 0.2 Hz frequency, and all other parameters were left in their default states.

On the Scope block we click on the Parameters icon (second from left), and we specify Number of
Axes: 4. The waveforms are shown in Figure 14.7.

oooo
palel

P
Sine Wawe oooo
Genemtor o Ly

Square Wawve oooan
Senerator Qo B

Sawtooth Wawe oooo
Generator e >
Fandom Yawe Seope
Generator

Figure 14.6. Model for Example 14.4
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Figure 14.7. Waveforms for the model of Figure 14.6

I
14.2.2 The Floating Scope Block

]

Floating
Scope

One of the options appearing on the General parameters pane for the Scope block described in
the previous subsection, is the Floating Scope. A Floating scope is a Scope block that can display
the signals carried on one or more lines. We can create a Floating Scope block in a model either
by copying a Scope block from the Simulink Sinks library into a model and selecting this option
or, more simply, by copying the Floating Scope block from the Sinks library into the model win-
dow. The Floating Scope block has the Floating scope parameter selected by default. The proce-
dure for using and displaying one or more signals on a Floating Scope is illustrated with the exam-
ple below.

|
Example 14.5

The model shown in Figure 14.8 displays a sine waveform, a square waveform, a sawtooth wave-
form, and a random signal waveform on a single Floating Scope block with four inputs. All four
generators are Signal Generator blocks configured to produce and display the four different wave-
forms. Each specified set at 0.2 Hz frequency, and all other parameters were left in their default
states.

Before executing the simulation command, we click on the Floating Scope whose display is as
shown in Figure 14.9. On the Floating Scope block, we click on the Parameters icon (second from
left — to the right of the print icon), and we specify Number of Axes: 4. The Floating Scope block
now becomes a a multi—axis floating scope as shown in Figure 14.10.
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Figure 14.8. Model for Example 14.5

J Floating Scope

Time offzet. 0

Figure 14.9. Floating Scope for the model of Figure 14.8

Figure 14.10. The Floating Scope of Figure 14.9 with 4 axes
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1. To specify the display of the sine waveform on the first (top) axis, we click on that axis. Sim-
ulink draws a blue border around that axis as shown in Figure 14.11.

Figure 14.11. Specifying display of a signal on the Floating Scope

2. We return to the model of Figure 14.8 and we select one or more signal (broken) line(s). To
select multiple lines, we hold down Shift key while clicking another line.

3. To use a floating scope during a simulation, we must disable the signal storage reuse and block
reduction optimization options. To disable them, we click Simulation on the model of Figure
14.8, we click on the Configuration Parameters, we click on the Optimization field (left
side), and we deselect the Signal storage reuse and Block reduction optimization parameters.

4. We right—click on the axis with the blue border around it, we click on Axis properties we set
the y—axis at =1 (min) and +1 (max), we right—click again, and we click on Signal selection.
On the Signal Selector window shown in Figure 14.12 we choose the Sine Wave Generator.

=% Signal Selector, : Figure_14_B/Floating Scope

Select signals for object Figure_14_8" |A}<es1

mModel hierarchy List contents: |All signals

B Figqure 14 & [] Random Yiave Generator
[] Sawtooth Wave Generator
Sine YWave Generator

[] Square Wave Generator

Figure 14.12. The Signal Selector window for the model of Figure 14.8

5. We issue the Simulation command and the displays on the Floating Scope are as shown in Fig-
ure 14.13.

14-10
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} Floating Scope

Titme offset. 0O

Figure 14.13. The display of the sine waveform on the Floating Scope

We repeat steps 1 through 5 for the remaining axes. The Floating Scope displays are now as
shown in Figure 14.14.

» Floating Scope

Titme offset: 0O

Figure 14.14. Floating Scope for the model of Figure 14.8 with all signals displayed
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We can choose to have more than one Floating Scope in a model, but only one set of axes in one
scope can be active at a given time. Active floating scopes show the active axes with a blue bor-

der.
14.2.3 The XY Graph Block

@]

=Y Gmaph

The XY Graph block displays an X-Y plot of its inputs in a MATLAB figure window. This block
plots data in the first input (the x direction) against data in the second input (the y direction).

1
Example 14.6

The For Iterator Subsystem in Figure 14.15 is shown in Figure 14.16 where the initial condition
for the Memory block is set to ©/128 and for the MATLAB Fcn block we have selected the sine
function from the Block Parameters menu. With the values shown, upon execution of the simula-
tion command, the XY Graph block displays the waveform shown in Figure 14.17. This waveform
indicates that at the beginning of the simulation cycle the value of y jumps to the value corre-
sponding to 27 and decreases to its minimum value.

10 ——m{nt farf..}

Constant

For teratar
Subsystem

Figure 14.15. Model for Example 14.6

n l:Il:lI.II:lIE. M For 1M double
Iterator

I

For [termtor
o | double
2*pi e+ double | MATLAE | doubie F@
_ Function
‘ MATLAE Fen ¥ Graph
double D 4
Mernony

Figure 14.16. The subsystem of Figure 14.15
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= % Plot
0.05 T
)
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>_
_DD5 1 1 1 1
] 2 4 4] =) 10
x Axis

Figure 14.17. The XY Plot displayed by the XY Graph block in Figure 14.16

14.2.4 The Display Block

)

Dizplay

The Display block shows the value of its input on its icon. The display formats are the same as
those of MATLAB. They are also specified in the Help menu for this block. The Decimation
parameter enables us to display data at every nth sample, where n is the decimation factor. Thus,
the default decimation 1 displays data at every time step. We use the Sample time parameter to
specify a sampling interval at which to display points. This parameter is useful when we are using
a variable—step solver where the interval between time steps might not be the same. The default
value of —1 causes the block to ignore the sampling interval when determining the points to dis-
play.

If the block input is an array, we must resize the block to see more than just the first element. The
Display block can be resized vertically or horizontally. The presence of a small black triangle indi-
cates that the block is not displaying all input array elements.

1 ——
Example 14.7
The model of Figure 14.18 displays the trigonometric functions sinx, cosx, tanx, sinhx, coshx,

and tanhx evaluated at n/6 and n/3. It was necessary to resize the Display block to display all
values.
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[pifS pif3] P zin
Constant — sin[pifs piia]
e cos
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I
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— cosh 18
o
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bIE pis)
— ) tanh Digplay

Eus Creator

Figure 14.18. Model for Example 14.7

14.3 The Simulation Control Sub-Library

The Simulation Control Sub-Library contains only one block, the Stop Simulation block

described below.

Stop Simulaton

The Stop Simulation block stops the simulation when the input is nonzero. A common use of this
block is when used in conjunction with a relational operator. The simulation completes the cur-
rent time step before terminating. If the block input is a vector, any nonzero vector element
causes the simulation to stop.

1
Example 14.8

The model is shown in Figure 14.19 uses a Stop Simulation block and a Relational Operator block
to terminate simulation when the first input is equal to the second input. We observe that the
simulation stops when the digital clock attains the value 10. The waveforms are shown in Figure

14.20.
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=
12:34 »
Digital Clack, >
1m — %EAEE;?] Stop Simulaton

Constant

Figure 14.19. Model for Example 14.8

Figure 14.20. Waveforms for the model of Figure 14.19
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14.4 Summary

The Outport block creates an external output or an output port for a subsystem.

The Terminator block is used to cap blocks whose output ports are not connected to other
blocks. We use Terminator blocks to cap those blocks to avoid warning messages.

The To File block writes its input to a matrix in a MAT-file. The block writes one column for
each time step: the first row is the simulation time; the remainder of the column is the input
data, one data point for each element in the input vector.

The To Workspace block writes its input to the workspace. The block writes its output to an
array or structure that has the name specified by the block's Variable name parameter. The
Save format parameter determines the output format.

The Scope block displays its input with respect to simulation time. The Scope block can have
multiple axes (one per port); all axes have a common time range with independent y—axes. We
can use a Bus Creator block to combine two or more signals to a Scope block with only one
input. We can also display the input signals to a Scope block with two or more inputs.

The Floating scope is a Scope block that can display the signals carried on one or more lines.

The XY Graph block displays an X-Y plot of its inputs in a MATLAB figure window. This
block plots data in the first input (the x direction) against data in the second input (the y
direction).

The Display block shows the value of its input on its icon. The display formats are the same as
those of MATLAB. They are also specified in the Help menu for this block. If the block input
is an array, we must resize the block to see more than just the first element. The Display block
can be resized vertically or horizontally. The presence of a small black triangle indicates that
the block is not displaying all input array elements.

The Stop Simulation block stops the simulation when the input is nonzero. A common use of
this block is when used in conjunction with a relational operator. The simulation completes
the current time step before terminating. If the block input is a vector, any nonzero vector ele-
ment causes the simulation to stop.
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The Sources Library

Simulink group of libraries and consists of two sub-libraries, the Model & Subsystem

Inputs Sub-Library, and the Signal Generators Sub—Library blocks shown below. We will
describe the function of each block included in this library and we will perform simulation exam-
ples to illustrate their application.

T his chapter is an introduction to the Sources library. This is the fourteenth library in the

[Model & Subsystem Inputs

@3 untited.mat [ Simin o

In1 Ground Frormn File From
Workspace

Signal Generators

oooo .
S a0 B k- E Signal 1 [
Canstant Sigral Fulse Signal Builder
Senerator Senermtor
M
Famp Sine Wawe Fepeatng
Sequence

s
C:VTJ
= 15

W m M

Chirp Signal Fandom  Uniformn Randornm  Band-Limited
Nurnber Nurber hite Maoise

=

T

Fepeating Fepeating Counter Counter
Sequence Sequence Free-Running Lirnited
Stair Interpolated
C'—} 1234 F
Clock, Diigital Clock,
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15.1 Models and Subsystems Inputs Sub-Library

The Models and Subsystems Inputs Sub-Library contains the blocks described in Subsections
15.1.1 through 15.1.4 below.

15.1.1 The Inport Block

In1

The Inport block creates an input port for a subsystem or an external input. This block is
described in Section 2.1, Chapter 2, Page 2-2.

15.1.2 The Ground Block

=

Ground

The Ground block grounds an unconnected input port. This block is described in Section 2.2,
Chapter 2, Page 2-4.

15.1.3 The From File Block

untited.mat

Fram File

The From File block outputs data read from a MAT file. The name of the file is displayed inside

the block. An example using the From File and the To File blocks was presented in Subsection
14.1.3, Chapter 14, Page 14-2.

15.1.4 The From Workspace Block

simin [

From
Wiorkspace

The From Workspace block reads data from the MATLAB workspace. The workspace data are
specified in the block's Data parameter via a MATLAB expression that evaluates to a 2-D array.

Example 15.1
For the model of Figure 15.1, the MATLAB workspace contains the statement

t=1:10; u=log10(t);

In the Display block, the first 10 values are those specified by t, and the last ten values are those
specified by u.
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Figure 15.1. Model for Example 15.1

15.2 The Signal Generators Sub-Library

The Signal Generators Sub-Library contains the eighteen blocks described in Subsections
15.2.1 through 15.2.18 below.

15.2.1 The Constant Block

1 b

Constant

The Constant block generates a real or complex constant value. This block is described in Sec-
tion 2.4, Chapter 2, Page 2-6.
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15.2.2 The Signal Generator Block

oooo
Ll

Signal
Senermtor
The Signal Generator block can produce one of four different waveforms: sine wave, square
wave, sawtooth wave, and random wave. The signal parameters can be expressed in Hertz (the
default) or radians per second. We can invert the waveform by specifying a negative amplitude in
the block’s parameters window.

Example 15.2

The model in Figure 15.2 shows all four possible configurations of the Signal Generator block to
produce and display the four different waveforms. Each is specified at 0.2 Hz frequency with the
unlisted parameters in their default state. The waveforms are shown in Figure 15.3.

oooo
el

Sime Wawe
Generato

oooo
e

il

Square Wawe
Senerator

oooo
el

Sawtooth e Scope
Senerato

—]

oooo
e

Fandomn Wawe
Senerator

Figure 15.2. Model for Example 15.2
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Figure 15.3. Waveforms for sine wave, square wave, sawtooth wave and random wave signal generators

15.2.3 The Pulse Generator Block

ﬂﬂ 3

Fulze
SenerAtor

The Pulse Generator block generates square wave pulses at regular intervals. The shape of the
generated waveform depends on the parameters, Amplitude, Pulse Width, Period, and Phase
Delay as shown in Figure 15.4.

Amplitude —

A
y

- -

/ _ ‘K‘— Pulse Width
Phase Delay — \
Period

Figure 15.4. Illustration of the Pulse Generator block parameters

Example 15.3
In the model of Figure 15.5, the Pulse Generator block parameters are specified as:

Amplitude: 1, Period: 3, Pulse Width: 50, Phase Delay: 1
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The unlisted parameters are left in their default states.

N
Fulze Scope
Senemtor

Figure 15.5. Model for Example 15.3

The Scope block displays the waveform shown in Figure 15.6.

Figure 15.6. Waveform for the model of Figure 15.5

15.2.4 The Signal Builder Block

E Signal 1

Signal Builder

wr

The Signal Builder block allows us to create interchangeable groups of piece-wise linear signal
sources and use them in a model. The procedure for building a piece-wise linear signal is as fol-
lows:

1. We first double—click on the Signal Builder block, a waveform similar to that shown in Figure
15.7 is displayed. The points at the ends of each line segment indicate that this waveform is
selected. To deselect it, we press the Esc key.

2. To select a particular point, we position the mouse cursor over that point and we left—click. A
circle is drawn around that point to indicate that it is selected.

3. To select a line segment, we left—click on that segment. That line segment is now shown as a
thick line indicating that it is selected. To deselect it, we press the Esc key.
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Signal 1!
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Figure 15.7. Waveform displayed when the Signal Builder block is double-clicked the first time

4. To drag a line segment to a new position, we place the mouse cursor over that line segment
and the cursor shape shows the position in which we can drag the segment.

5. To drag a point along the y—axis, we move the mouse cursor over that point, and the cursor
changes to a circle indicating that we can drag that point. We can then move that point in a
direction parallel to the x—axis.

6. To drag a point along the x—axis, we select that point, and we hold down the Shift key while
dragging that point.

7. When we select a line segment on the time axis (x—axis) we observe that at the lower end of
the waveform display window the Left Point and Right Point fields become visible. We can
then reshape the given waveform by specifying the Time (T) and Amplitude (Y) points. For
our example we will use the triangular waveform shown in Figure 15.8.

Example 15.4

For the triangular waveform of Figure 15.8 it is specified that the Time (T) and Amplitude (Y)
points are (0,0), (1,1), (2,0), (3,1), (4,0), (5,1), (6,0), (7,1), (8,0), (9,1), and (10,0).

The menu bar at the top contains several icons that we could use to modify our waveform.

After the simulation command is executed, the model of Figure 15.9 displays the triangular wave-
form and its integrated waveform in Figure 15.10.
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Time (sec)

Figure 15.8. Triangular waveform for Example 15.4

E Signal 1 ; ]
Signal Builder Scope
‘ 1

Integrator

Figure 15.9. Model for Example 15.4

Figure 15.10. Waveforms for the model of Figure 15.9
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15.2.5 The Ramp Block

Vi

Famp

The Ramp block generates a signal that starts at a specified time and value and changes by a spec-
ified rate. The characteristics of the generated signal are determined by the specified Slope, Start
time, Duty Cycle, and Initial output parameters.

Example 15.5

With the Ramp block parameters at their default states, the Scope block in Figure 15.11 displays
the waveform shown in Figure 15.12.

{0

Rarnp Scope

Figure 15.11. Model for Example 15.5

Figure 15.12. Waveform for the model of Figure 15.11

15.2.6 The Sine Wave Block

AN
v

Sine Wawe

The Sine Wave block generates a sine wave. To generate a cosine wave, we specify the Phase
parameter as n/2.The Sine type can be either time-based mode or sample-based mode sine
wave block.
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1. The time-based mode has two submodes: continuous submode or discrete submode. We use
the Sample time parameter to specify that the block will operate in the continuous submode or
discrete submode. For the continuous submode we specify the O value (the default), and for the
discrete submode we specify a value greater than zero.

2. The sample-based mode requires a finite discrete time. A Sample time parameter value greater
than zero causes the block to behave as if it were driving a Zero—Order Hold block whose sam-
ple time is set to that value. The formulas used are given in the Help menu for this block.

The following parameters appear in the Dialog Box:

Sine type — Type of sine wave generated by this block, either time— or sample—based. Some of the
other options presented by the Sine Wave dialog box depend on whether we select
time-based or sample-based as the value of Sine type parameter.

Time — Specifies whether to use simulation time as the source of values for the sine wave's time
variable or an external source. If we specify an external time source, the block displays
an input port for the time source.

Amplitude — The amplitude of the signal. The default is 1.
Bias — Constant (DC) value added to the sine to produce the output of this block.

Frequency — The frequency, in radians/second. The default is 1 rad/s. This parameter appears only
if we specify time—based as the Sine type of the block.

Samples per period — Number of samples per period. This parameter appears only if we specify
sample-based as the Sine type of the block.

Phase — The phase shift, in radians. The default is O radians. This parameter appears only if we
specify time-based as the Sine type of the block.

Number of offset samples — The offset (discrete phase shift) in number of sample times. This
parameter appears only if we specify sample-based as the Sine type

of the block.

Sample time — The sample period. The default is O. If the sine type is sample-based, the sample
time must be greater than 0. We can refer to Specifying Sample Time in the
online documentation for more information.

Interpret vector parameters as 1-D — If checked, column or row matrix values for the Sine Wave
block's numeric parameters result in a vector output signal;
otherwise, the block outputs a signal of the same dimension-
ality as the parameters. If this option is not selected, the
block always outputs a signal of the same dimensionality as
the block's numeric parameters.
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Example 15.6

For the model shown in Figure 15.13 the parameters for the Sine Wave blocks are specified as fol-
lows:

[
W
Sine Wawe 1
ine e -
I.I'I.|
P
L]
Sine Wawe 2 gl
e Scope
.+++.
Sine Wawe 3

Figure 15.13. Model for Example 15.6
Sine Wave 1 block — All parameters in their default state.
Sine Wave 2 block — Sample time: 0.25. All other parameters in default state.
Sine Wave 3 block — Sine type: Sample based, Sample time: 0.25. All other parameters in default
state.

The waveform for each is shown in Figure 15.14.

Figure 15.14. Waveforms for the model of Figure 15.13

15.2.7 The Step Block

[

Step
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The Step block generates a step between two defined levels at some specified time. If the simula-
tion time is less than the Step time parameter value, the block's output is the Initial value param-
eter value. For simulation time greater than or equal to the Step time, the output is the Final
value parameter value.

Example 15.7

For the model shown in Figure 15.15 the parameters for the Step blocks were specified as follows:
Step 1 block — Step time: 1. All other parameters are in their default state.

Step 2 block — Step time: 5. All other parameters are in their default state.

Step 3 block — Step time: 10. All other parameters are in their default state.

The waveforms are shown in Figure 15.16.

Step 1
gl
e
Step 2 —
Scope
Step 3

Figure 15.15. Model for Example 15.7

Figure 15.16. Waveforms for the model of Figure 15.15
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15.2.8 The Repeating Sequence Block

M

Fepeating
Sequence

The Repeating Sequence block outputs a periodic waveform that we specify using the block dia-
log's Time values and Output values parameters. The default of the Time values and Output val-
ues parameters are both set to [0 2]. This setting specifies a sawtooth waveform that repeats
every 2 seconds from the start of the simulation with a maximum amplitude of 2. This block uses
linear interpolation to compute the value of the waveform between the specified sample points.

Example 15.8

For the model shown in Figure 15.17, the parameters for the Repeating Sequence blocks are as

follows:
M

Fepeating -
Sequence 1
h —

W Scope

Fepeating
Saquence 2

Figure 15.17. Model for Example 15.8

Repeating Sequence 1 block — Time values: [0 2], Output values: [0 2]
Repeating Sequence 2 block — Time values: [0 1 2], Output values: [0 2 0]

With these parameter specifications, the waveforms are as shown in Figure 15.18.

Figure 15.18. Waveforms for the model of Figure 15.17
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15.2.9 The Chirp Signal Block

ik

Chirp Signal

The Chirp Signal block generates a sine wave whose frequency increases at a linear rate with
time. The model of Figure 15.19 displays the waveform shown in Figure 15.20.

i/

Ghirp Signal Soope

Figure 15.19. Model for displaying the output of the Chirp Signal block

Figure 15.20. Output waveform of the Chirp Signal block

Chirp signals” can be used for analyzing the spectral components of a variety of nonlinear systems.
They offer practical solutions to problems arising in radar and sonar systems design.

15.2.10 The Random Number Block

i

Randorn
Murmber

The Random Number block generates normally distributed random numbers. The seed is reset
to the specified value each time a simulation starts. By default, the sequence produced has a mean
of 0 and a variance of 1, but we can specify other values for these parameters. The sequence of

* Another Chirp block is included in the Signal Processing Sources library of the Signal Processing Blockset. This
block outputs a swept-frequency cosine (chirp) signal with unity amplitude and continuous phase. We can see
an example by typing doc_chirp_ref at the MATLAB command line.

1 The seed is defined in Appendix C.
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numbers is repeatable and can be produced by any Random Number block with the same seed
and parameters. To generate a vector of random numbers with the same mean and variance, we
specify the Initial seed parameter as a vector. To generate uniformly distributed random numbers,
we use the Uniform Random Number block which is described in Section 15.2.11, this chapter,
Page 15-16.

For a discussion and an example of generating a sequence for a random number generator, please
refer to Appendix C.

Example 15.9

With the Random Number block Sample time parameter specified as 0.25 and the remaining at
their default states, the Scope block in Figure 15.21 displays the waveform shown in Figure 15.22.

i

Fandarn Soope
Murnber
Dizplayy

Figure 15.21. Model for Example 15.9

Figure 15.22. Waveform for the model of figure 15.21

15.2.11 The Uniform Random Number Block

ot

Uniformn Fandom
Nurnber
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The Uniform Random Number block generates uniformly distributed” random numbers over a
specified interval with a specified starting seed. The seed is reset each time a simulation starts.
The generated sequence is repeated and can be produced by any Uniform Random Number block

with the same seed and parameters. To generate normally distributed random numbers, we use
the Random Number block which is described in Subsection 15.2.10, this chapter, Page 15-14.

Example 15.10

For comparison, the model of Figure 15.23 contains the Random Number (normally distributed)
block and the Uniform Random Number block. With the Sample time parameter at 0.25 for both
blocks and the remaining at their default states, the Scope block in Figure 15.23 displays the
waveforms shown in Figure 15.24.

N 0.8476
Fiandom Display 1
Murnber

—L]

W

Uniformn Random Scope
Murnber
-0.8546
Dizplay 2

Figure 15.23. Model for Example 15.10

Figure 15.24. Waveforms for the model of Figure 15.23

For a detailed discussion on uniform and normal distributions, please refer to Mathematics for Business, Sci-
ence, and Technology, ISBN 0-970951108.
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15.2.12 The Band Limited White Noise Block

Sikets

Band-Limited
‘white Maoise

3 . >k . .
White noise has a constant power, usually denoted as P,, over a bandwidth that theoretically

extends from —oo to +o0 as shown in Figure 15.25.

Py
PO

0

Figure 15.25. White noise in a theoretical sense
T

tor is contained in a certain finite bandwidth extended from -B to +B as shown in Figure 15.26,
and thus it is referred to as band-limited white noise.

In a practical sense, white noise is limited is some way. For instance, the thermal noise' in a resis-

In Simulink, the Band-Limited White Noise block is an implementation of white noise into
Zero—Order Hold block. As described in Subsection 5.2.3, Chapter 5, Page 5-23, the Zero—Order
Hold block samples and holds its input for the specified sample period. The block accepts one
input and generates one output, both of which can be scalar or vector.

Py
PO

_B 0 +B v

Figure 15.26. Band-limited white noise

* The adjective "white" is used to describe this type of noise in analogy with the white light. White light is a blend
of all the colors in the visual spectrum, resulting in the color white that is made up of all of the different colors
(frequencies) of light combined together. As we know from physics, a prism separates white light back into its
component colors.

1 Thermal noise is the result of random fluctuations of the charge carriers in any conductive medium and is
dependent on the temperature.
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. . . . . . * .
In Simulink, we can simulate the effect of white noise by using a random sequence with a corre-

lation time much smaller than the shortest time constant of the system. The Band-Limited
White Noise block produces such a sequence. For good results, the Simulink documentation rec-
ommends that we use the relation

S (15.1)

max
where t. is the correlation time and o,,,, is the bandwidth of the system in rad/sec.

|
Example 15.11

Consider an RC low—pass filter whose input is random noise denoted as n;,(t) and the filtered
output is denoted as n,,(t). The constants are R = 1 MQ and C = 1 pF. This network is
referred to as first order low—pass filter. For this filter we will:

a. Derive the transfer function for this filter and create a model to display the output when the
input is a Band-Limited White Noise block.

b. Use the bilinear transformation* to derive the equivalent discrete time transfer function and
create a model to display the output when the input is a Band-Limited White Noise block. For

simplicity, we will neglect the effect of warping.**
The s—domain transformed filter is shown in Figure 15.27.

R
F—MW—
Nin(s) 1/5C 7R Now(s)

Figure 15.27. The transformed first order RC low—pass filter

1. By the voltage division expression,

* The Random Number block, described in Subsection 15.2.10, this chapter, Pagel5—14, produces random
sequences also. The primary difference is that the Band—Limited White Noise block produces an output at a
specific sample rate, which is related to the correlation time of the noise.

T The correlation time of the noise is the sample rate of the Band—Limited White Noise block.

% For a detailed discussion on the bilinear transformation, please refer to Signals and Systems with MATLAB
Applications, ISBN 0-9709511-6—7.

** The continuous—time frequency to discrete-time frequency transformation results in a non—linear mapping and
this condition is known as warping. A detailed discussion appears in the Signals and Systems text cited above.
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_1/sC
Rearranging, substituting the given values, and simplifying we get the continuous—time trans-
fer function
Nyui(s) 1
G(s) = =22 = — 15.3

) N..(s) s+ 1 ( )
The Simulink block for this transfer function is found in the Continuous Library, Chapter 3,
and thus we create the model shown in Figure 15.28.

1
- -
]ﬂPﬁ[ =+1 Scope
Band-Lirnited Transfer Fon Eus
White Moize Creator

Figure 15.28. Model for Example 15.11 with continuous—time transfer function

Figure 15.29. Input and output waveforms for the model of Figure 15.28

The parameters for the Band—Limited White Noise block in Figure 15.28 are specified as fol-
lows:

Noise power: [0.1] (default)
Sample time: 0.5
Seed: [23341] (default)
2. The bilinear transformation uses the relation

H(z) = H(s) (15.4)

z—1
z+

_]h\’

s =

»
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For convenience, we will use MATLAB's bilinear(Z,P,K,Fs) function where column vectors Z
and P specify the zeros and poles respectively, scalar K specifies the gain, and Fs is the sample
frequency in Hz. In Part (1), the sample time is specified as T, = 0.5 s, therefore, we specify

F, = 2 Hz for part (2). Denoting the numerator and denominator of (15.3) as numa = 1 and
dena = [1 1], we type and execute the statement

numa=1; dena=[1 1]; Fs=2; [numd,dend]=bilinear(numa,dena,Fs)

and MATLAB displays the discrete—time coefficients as

numd =
0.2000 0.2000

dend =
1.0000 -0.6000

Our model with the discrete—time transfer function is as shown in Figure 15.30 where the Dis-
crete Transfer Fcn block was dragged from the Discrete library and we substituted the values
above into that block. The input and output waveforms are shown in Figure 15.31.

0.2z+0.2
i ——
0.6 Scope
Band-Limited Discrete Bus
Wuhite Moise Transfer Fon Creatar

Figure 15.30. Model for Example 15.11 with discrete—time transfer function

Figure 15.31. Input and output waveforms for the model of Figure 15.30
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15.2.13 The Repeating Sequence Stair Block

|-|_|-L|_}

Fepeating
Sequence
Stair

The Repeating Sequence Stair block outputs and repeats a discrete time sequence. We specify
the stair sequence with the Vector of output values parameter.

|
Example 15.12

For the model shown in Figure 15.32, the Vector of output values parameter is specified as
[-4 2 0 2 4 2 0 -2 -4 -2] and the Sample time as 0.5. The waveform produced is
shown in Figure 15.33.

Fepeating Scope
Sequence
Sitmir

Figure 15.32. Model for Example 15.12

Figure 15.33. Waveform for the model of Figure 15.32

15.2.14 The Repeating Sequence Interpolated Block

VAN

Fepeating
Sequence
Interpolatad

The Repeating Sequence Interpolated block generates a repeating discrete—time sequence. This
block uses any of the methods specified by the Lookup Method parameter.
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Example 15.13

For the model shown in Figure 15.34, the parameters for the Repeating Sequence blocks are as
annotated inside the model.

The waveforms generated by each of the Repeating Sequence Interpolated blocks are shown in
Figure 15.35.

L.ﬂ'\‘ FRepeating Sequence Interpalated 1 block: Interpolaton - Use End Values
Fepeating Sequence Interpolated 2 block: Use Input Nearest
Fepeating
Sequence Repeating Sequence Interpolated 3 block: Use Input Below
Interpolated 1

Fepeating Sequence Interpolated 4 block: Use Input Abowe

s

Repeating
Sequence - |:|
Interpolated 2 — e

i
h_[l_| Scope
Fiepeating
Seguence For all 4 Repeatng Sequence Interpolated blocks the Sarmple tre was specified as -1
Interpolated 3
Unlisted pammeters were left in their default waues
Fepeating
Sequence

Interpolated 4

Figure 15.34. Model for Example 15.13

Figure 15.35. Waveforms for the model of Figure 15.34
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15.2.15 The Counter Free-Running Block
A

Gounter
Free-Running

The Counter Free—Running block counts up until the maximum possible value, 2~ -1, is
reached, where N bits is the number of bits. The counter then returns to zero, and restarts count-
ing up. It is always initialized to zero.

Example 15.14
For the model of Figure 15.36, in the Counter Free-Running block the Number of bits was speci-

fied as 5, thatis, N = 5,and thus 2¥ =1 = 2°~1 = 31. We observe on the Scope block of Figure
15.37 that the counter reaches the value of 31, resets to zero at approximately 6.5 seconds, and
restarts counting up. At the end of the simulation time, the counter has reached the value of 18
and this is also indicated in the Display block.

A]ne
Counter Display
Fres-Running
I [
Scope

Figure 15.36. Model for Example 15.14

Figure 15.37. Waveform for the model of Figure 15.36
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15.2.16 The Counter Limited Bloc

[
Counter
Lirnited

e

k

The Counter Limited block counts up until the specified upper limit is reached. Then the
counter wraps back to zero, and restarts counting up. The counter is always initialized to zero.

Example 15.15

For the model of Figure 15.38, in the Counter Limited block the Upper limit is specified as 32, and
as we observe on the Scope block of Figure 15.39 that the counter reaches the value of 32, resets
to zero at approximately 6.6 seconds, and restarts counting up. At the end of the simulation time,
that is, 10 sec, the counter has reached the value of 17 and this is also indicated in the Display

block.
rrﬂﬂ L
Counter Display
Lirnited
I | .
Scope
Figure 15.38. Model for Example 15.15
Figure 15.39. Waveform for the model of Figure 15.38
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15.2.17 The Clock Block

S,

Clochk

The Clock block outputs the current simulation time at each simulation step. This block is useful
for other blocks that need the simulation time. For discrete—time systems we use the Digital Clock
block which is described in Subsection 15.2.18, this chapter, Page 15-26. We use the Display time
check box to display the current simulation time inside the Clock icon. The Decimation parame-
ter value is the increment at which the clock is updated and it can be any positive integer.

|
Example 15.16

In the model of Figure 15.40, the Display time check box is checked to display the simulation
time. The Decimation parameter in Clock 1 is specified as 10, and this is the increment at which
the clock is updated. Thus, for a fixed integration step of 1 second, the clock updates at 1 second,
2 seconds, and so on. The Decimation parameter in Clock 2 is specified as 100 and this is the
increment at which the clock is updated. Thus, for a fixed integration step of 1/100 second, the
clock updates at 1/100 second, 2/100 second, and so on. The Decimation parameter in Clock 3
has been set to 1000 and this is the increment at which the clock is updated. Thus, for a fixed
integration step of 1/1000 second, the clock updates at 1/1000 second, 2/1000 second, and so on.
The waveforms are shown in Figure 15.41.

Decimaton =10 10

Clack. 1

o
Decirmation =100 10
P

Glock. 2

Scope

Decimation =1000 [ 40

Glock. 3

Figure 15.40. Model for Example 15.16
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Figure 15.41. Waveforms for the model of Figure 15.40

15.2.18 The Digital Clock Block

12:24

o]

Digital Clock

The Digital Clock block displays the simulation time at a specified sampling interval. At all other
times, the output is held at the previous value. This block is useful when we desire to know the
current time within a discrete system.

Example 15.17

For the model of Figure 15.42, in the Digital Clock block Sample time was specified as 0.25, and
its output is displayed on the Scope block of Figure 15.43.

1234
Oigital Clock Display
I [
Scope

Figure 15.42. Model for Example 15.17
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Figure 15.43. Waveform for the model of Figure 15.42
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15.3 Summary

The Inport block creates an input port for a subsystem or an external input.
The Ground block grounds an unconnected input port.

The From File block outputs data read from a MAT file. The name of the file is displayed
inside the block.

The From Workspace block reads data from the MATLAB workspace. The workspace data
are specified in the block's Data parameter via a MATLAB expression that evaluates to a 2-D
array.

The Constant block generates a real or complex constant value.

The Signal Generator block can produce one of four different waveforms: sine wave, square
wave, sawtooth wave, and random wave.

The Pulse Generator block generates square wave pulses at regular intervals. The shape of the
generated waveform depends on the parameters, Amplitude, Pulse Width, Period, and Phase
Delay.

The Signal Builder block allows us to create interchangeable groups of piece wise linear signal
sources and use them in a model.

The Ramp block generates a signal that starts at a specified time and value and changes by a
specified rate. The characteristics of the generated signal are determined by the specified
Slope, Start time, Duty Cycle, and Initial output parameters.

The Sine Wave block generates a sine wave. The Sine type can be either time—based or sam-
ple-based mode.

The Step block provides a step between two definable levels at a specified time.

The Repeating Sequence block outputs a periodic waveform that we specify using the block
dialog's Time values and Output values parameters.

The Chirp Signal block generates a sine wave whose frequency increases at a linear rate with
time.

The Random Number block generates normally distributed random numbers. The seed is
reset to the specified value each time a simulation starts. By default, the sequence produced
has a mean of 0 and a variance of 1, but we can specify other values for these parameters. The
sequence of numbers is repeatable and can be produced by any Random Number block with
the same seed and parameters.

The Uniform Random Number block generates uniformly distributed random numbers over
a specifiable interval with a specifiable starting seed. The seed is reset each time a simulation
starts. The generated sequence is repeatable and can be produced by any Uniform Random
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Number block with the same seed and parameters. To generate normally distributed random
numbers, we use the Random Number block.

¢ The Band-Limited White Noise block is an implementation of white noise into Zero-Order

Hold block.

¢ The Repeating Sequence Stair block outputs and repeats a discrete time sequence.

e The Repeating Sequence Interpolated block outputs a discrete-time sequence and then
repeats it.

e The Counter Free—Running block counts up until the maximum possible value, 2™ 1, is
reached, where N bits is the number of bits. Then the counter overflows to zero, and restarts
counting up. The counter is always initialized to zero.

¢ The Counter Limited block counts up until the specified upper limit is reached. Then the
counter wraps back to zero, and restarts counting up. The counter is always initialized to zero.

e The Clock block outputs the current simulation time at each simulation step. For discrete-
time systems we use the Digital Clock block.

e The Digital Clock block displays the simulation time at a specified sampling interval. At all
other times, the output is held at the previous value.
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Chapter 16

The User-Defined Functions Library

library in the Simulink group of libraries and contains the blocks shown below. We will
describe the function of each block included in this library and we will perform simulation
examples to illustrate their application.

T his chapter is an introduction to the User-Defined Functions Library. This is the fifteenth

User-define d Functions
MATLAE
flu) i Function R I o
Fem MATLAE Fon
Embedded
MATLAE Function
systarn [ rilfil= [+ |__E|
[
S-Function Lewal-2 M-file SR
S-Function
S-Function Builder
S-Function
E:armples
Introduction to Simulink with Engineering Applications 16-1
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16.1 The Fcn Block

fiul  p

Fen

The Fen block applies a specified expression to its input denoted as u. If u is a vector, u(i) repre-
sents the ith element of the vector; u(1) or u alone represents the first element. The specified
expression can consist of numeric constants, arithmetic operators, relational operators, logical
operators, and the math functions abs, acos, asin, atan, atan2, ceil, cos, cosh, exp, fabs, floor,
hypot, In, log, log10, pow, power, rem, sgn, sin, sinh, sqgrt, tan, and tanh.

Example 16.1

[t can be shown that the solution of the differential equation

2
Y44y = tan2e (16.1)
dt
. y = —(1/4)cos2t - In(sec2t + tan2t) + k, cos2t + k,sin2t (16.2)

where the constants k, and k, can be evaluated from the initial conditions. Then we can com-

pute and display any value of y by specifying t, k;, and k,, using the model shown in Figure 16.1.

[(1) uiz) uf@] —w ¥
Constant Feon Dizplay

Figure 16.1. Model for Example 16.1

For the model of Figure 16.1 we specified u(1) = t = n/6, u(2) = k;, = -1, u(3) = k, = -3,
and in MATLAR’s Command window we entered:

u(1)=pi/6; u(2)=—1; u(3)=-3;
y=—(1/4)*cos(2*u(1))*log(sec(2*u(1))+tan(2*u(1)))+v(2)*cos(2*u(1))+v(3)*cos(2*u(1));

16.2 The MATLAB Fcn Block

MATLAE |
Furction

MATLAE Fon

The MATLAB Fcn block applies the specified MATLAB function or expression to the input.
This block is slower than the Fcn block because it calls the MATLAB parser during each integra-
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tion step. As an alternative, we can use built-in blocks such as the Fen block or the Math Func-
tion block, or writing the function as an M—file S—function, then accessing it using the S—Func-
tion block.

|
Example 16.2

In the model of Figure 16.2, the function in the MATLAB Fcn block is specified as eig and out-
puts the eigenvalues of Matrix A.

e Eigernaluss
— e MATLAS L [ 18] ofmarixa

Function [Formnat: Bank.)

1
LI -
fn 4 P
JEC QX
| |

MATLAE Fen
Constant =ig Dizplay
Mairiz A

Figure 16.2. Model for Example 16.2

16.3 The Embedded MATLAB Function Block

u fom vk

Embedded
MATLAE Function

The Embedded MATLAB Function block contains a MATLAB language function in a Simulink
model. This block accepts multiple input signals and produces multiple output signals. For more
information and an example, please refer to the Simulink User’s Manual.

Example 16.3

In this example we will create a model using an Embedded MATLAB Function block to accept a
3 x 3 matrix and output the value of its determinant and its inverse matrix.

We begin with a model that contains a Constant block, an Embedded MATLAB Function block,
and two Display blocks as shown in Figure 16.3. We save this model as matrix_det_inv.mdl

1k MATLAE L Display 1
Function
Gonstant MATLAE Fon
Dizplay 2

Figure 16.3. Blocks for the model for Example 16.3
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We double—click the Embedded MATLAB Function block to open it for editing, and the Embed-
ded MATLAB Editor appears as shown in Figure 16.4.

Ei Embedded MATLAB Editor - Block: matrix_det_inw/Embedded MATLAB Function M=
File Edit Text Debug Toaols ‘Window Help

FH| tBoo ARG SE " aRBARNE @©HODE SO

function v = feniu)
% This block supports an ewbeddable subset of the MATLAER language.
% Fee the help menu for details.

m o W

Figure 16.4. The Embedded MATLAB Editor window
Using MATLAB’s Editor, we define a new function file as

function [det, inv] = matrix(A)
The contents of this function file as follows:

function [det, inv] = matrix(A)

% This function computes the determinant and the inverse of a 3x3

% matrix A which must be defined in MATLAB's Command Window.

%

det=A(1,1)*A(2,2)*A(3,3)+A(1,2)*A(2,3)*A(3,1)+A(1,3)*A(2,1)*A(3,2)...
_A(351 )*A(2’2)*A(1 53)_A(3’2)*A(213)*A(1 ’1 )_A(S’S)*A(2’1 )*A(1 12)’

o

% For a 3x3 matrix where A=[a11 a12 a13; a21 a22 a23; a31 a32 a33],

% the inverse of A is obtained as invA = (1/detA)*adjA where adjA

% represents the adjoint of A. Ref: Numerical Analysis, ISBN 0-9709511-1-6
% The cofactors are defined below.

%

b12=—(A(2.1)*A(3.3)-A(

2,3)" A(3,1));
b13=A(2,1)*A(3,2)-A(2,2)*A(3,1);
b21=—(A(1,2)*A(3,3)-A(1,3)*A(3,2));
b22=A(1,1)*A(3,3)-A(1,3)*A(3,1);
b23=—(A(1,1)*A(3,2)-A(1,2)*A(3,1));
b31=A(1,2)*A(2,3)-A(1,3)*A(2,2):
b32=—(A(1,1)"A(2,3)-A(1,3)*A(2,1));

2)*A(2,1);

b33=A(1,1)*A(2,2)-A(1,
%

% We must remember that the cofactors of the elemements of the ith
% row (column) of A are the elements of the ith column (row) of AdjA.

* The script for the user defined function used in this example is not the best choice. For the computation of the
determinant of a square matrix of any size, we could use for loops such as for i=1:n, and for the computation of
the inverse of a square matrix of any size, we can use the LU decomposition method.
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% Accordingly, for the next statement below,we use the single quotation
% character (') to transpose the elements of the resulting matrix.

Y%
adjA=[b11 b12 b13; b21 b22 b23; b31 b32 b33];
Y%

inv=(1/det)*adjA

We delete the contents shown in Figure 16.4, we copy the above script into the Embedded MAT-
LAB Editor, from the File menu we select Save as Model, and we save it as
matrix_det_inv01.mdl. The content of the modified Embedded MATLAB Editor is now as
shown in Figure 16.5.

& Embedded MATLAB Editor - Block: matrix_det_inv01/Embedded MATLAB Function

File Edit Text Debug Tools ‘Window Help

D + =B~ #AZT S8 »m g8000 B

1 function [det, inw] = matrixi(i)

2 % This function computes the determinant and the inverse of a 3x3

3 Y matrix L which must be defined in MATLAEB'= Cormmatcd UindDwJ

4 - det=A(1,1)%R[(2,2)FA(3,3)+A(1,2) FA(2,3)FA(3,1)+R(1,3) "A(2, ) %A (3,2)...
k- —h(3, 1) A2, 2 VAL, 3 ) -A(3,2) TR, 3 A (L, L) A3, 3 FR(2, 1) FR(L,2)
[} % For a 3®3 matrix where A=[all ali ali; aZl ai a23i; a3l a&a3Z2 a33].,
7 % the inverse of &L is obtained as invhk = [(1/detl) *adjl where adjk

g % represents the adjoint of A. Bef: Numerical Analysis, ISEN 0-9708511-1-6
= % The cofactors are defined below.
10 - bll=A(2,2) FA(3,3)-L(2,3)%A(3,2):
11 - bl2=-(A(2,1)%A(3,3)-L(2,3)%A(3,1)):
12 - bl3=A(2,1)*A(3,2)-A(2,2)%4A(3,1):
13 - b21=-(A(1,2)%A(3,3)-L(1,3)%A(3,2)):

14 - bh22=A(1,1)*A(3,3)-A(1,3)%a(3,1);

15 - b23=-(A(1,1)%A(3,2)-L(1,2)%A(3,1)):

16 - b31=R(1,2)*FA(2,3)-A(1,3)%A(2,2):

17 - bh32=-(A(1,1)%A(2,3)-A(1,3)%A(2,1)):

15 - b353=R(1,1)*A(2,2)-A(1,2)%A(2,1);

19 % We must rewmemnber that the cofactors of the elemewents of the ith
20 Y row [(coluwn) of R are the elements of the ith column (row) of Adjld.
21 % Accordingly, for the next statement below,we use the single guotation
22 % character (') Lo transpose the elenments of the resulting matrix.
23 - adji=[kbll kilZ2 kil3i; k21l k2Zz b23; b31 k3iZz b33]':
24 %
25 - inv=(1/det) *adjl

Figure 16.5. Function definition for the computation of the determinant and inverse of a 3x3 matrix

Next, we return to the model of Figure 16.3, and we observe that the Embedded MATLAB Func-
tion block appears as shown in Figure 16.6.
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[

detf Display 1
1 F A ==
Embedded
M ATLAE Function Display 2

Figure 16.6. Modified model for Example 16.3

Now, we connect the blocks shown in Figure 16.6 as shown in Figure 16.7 where in the Constant
block we have assigned matrix A defined in MATLAB’s Command window as

A=[1 2 3;1 3 4,1 4 3]

|

det Display 1
A ——A rr=fri=

i

Constant

ﬂ

Embedded
MATLAE Function Digplay 2

Figure 16.7. The connected blocks for the model of Example 16.3
Finally, in MATLAB’s Command Window we type and execute the command
matrix_det_inv01

After execution of the simulation command in Figure 16.7, the model appears as shown in Figure

16.8.

det J Display 1
A A i afrix
Conetnt i —| [ 3.5] | 2] | 0.5]
Embedded gl 0.5 ol 0.5]
MATLAE Function [ 0.5 | 1] | -0.5]
Dizplay 2

Figure 16.8. The model for Example 16.3 in its final form

The functions det(A) and inv(A) are defined in MATLAB but are not included in the Embedded
MATLAB Run-Time Function Library List. This list includes common functions as sqrt, sin, cos,
and others. Thus, had we issued the simulation command without defining the function [det, inv]
= matrix(A), Simulink would have issued the following warnings:

Output det must be assigned before returning from the function

Output inv must be assigned before returning from the function
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16.4 The S-Function Block

systern |

S-Funiction

The S-Function block provides access to S—functions. The S—function named as the S—function
name parameter can be a Level-1 Mfile or a Level-1 or Level-2 C MEX-file S—function. We
should use the M-File S-Function block to include a Level-2 M-file S—function in a block dia-
gram. This block is described in Section 11.18, Chapter 11, Page 11-43.

16.5 The Level-2 M-file S-Function Block

mlfile o

Lewel-2 M-filz
S-Function

We introduced the S—Function blocks in Section 11.18, Chapter 11, Page 11-43. We will now
describe some additional blocks.

A Level-2 M-file S—function is an M-file that defines the properties and behavior of an instance
of a Level-2 M-File S-Function block that references the M—file in a Simulink model.

The Level-2 M-file S—Function block allows us to use a Level-2 M—file S—function in a model.
We do this by creating an instance of this block in the model. Then, we enter the name of the
Level-2 M-File S—function in the M—file name field of the block's parameter dialog box.

For a Level-1 M-file S—function we use the S—Function block.

To become familiar with this block, let us review the demos as we did in Section 11.17, Chapter
11, Page 11-41. In MATLAB’s Command Window we type

sfundemos

and MATLAB will display the S-Function directory blocks shown in Figure 16.9. In this text we
will be concerned with the M—file S-Functions only.

Next, we double-click on the M—file S—Functions block of Figure 16.9 and MATLAB displays the
Level-1 and Level-2 Mfile S-Functions shown in Figure 16.10.
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M-files C-files
M-file G-file
S-functions S-functions

C++ Ada Fortran
C++ Ada Fortan
S-functions S-functions S-functions

Figure 16.9. S—Function directory blocks

Lewal-2 M-files Lewvel-1 M-files
Lewal-2 M-file Lewal-1 M-file
S-functions S-functions1

Figure 16.10. Levels of M—file S—Functions

The Level-1 M—file S—Functions are shown in Figure 16.11 and the Level-2 M-file S-Functions
are shown in Figure 16.12. We observe that the first 5 models of the Level-2 M—file S-Functions

and the same as those of the Level-1 M-file S—Functions but of course are implemented differ-
ently in each case.

Continuaous time
vanable step
ri-file

Inherited
sample fime

Lirnited
integrator

Times twd
fy=2*u)

ri-file

Uit delay

Lewal-1 M-
S-function
Template

1=}

Lewel-1 M-fil=
template

Figure 16.11. List of Level-1 M—file S—Functions
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Dnnt_nunus tirne Inherited Lt
wanable step - .
Tofile sample tirme integrator
Tirmes o
Uit delzy [y=2*u)
m-file
Systern Level-2 M-file
identificaton S-function Image
using LMS Template edge detection
using Sabel filter

Lewvel-2 M-file
template

Figure 16.12. List of Level-2 M—file S—Functions

The Level-2 M-file S—function Application Programming Interface (API) allows us to use the
MATLAB language to create custom blocks with multiple inputs and outputs and capable of han-
dling any type of signal produced by a Simulink model, including matrix and frame signals of any
data type. The Level-2 M-file S-Functions resemble those defined by the C MEX~file S—func-
tions and consist of a set of callback methods that Simulink invokes when updating or simulating
the model. The callback methods perform the actual work of initializing and computing the out-
puts of the block defined by the S—function. Thus, the Level-2 M—file S—function API specifies a
set of callback methods that an M—file S—function must implement and others that it may choose
to omit, depending on the requirements of the block that the S—function defines.

To create an Level-2 M-file S—function, we can begin by making a copy of the template that Sim-
ulink provides and edit the copy as necessary to reflect the desired behavior of the S-function you
are creating. The comments in the template explain how it is done. To access this template, we
double-click on the Level-2 M-file template block shown in Figure 16.11.

To access the Level-1 Mfile S—function template, we double-click on the Level-1 M-file tem-
plate block shown in Figure 16.10.

Table 16.1 lists the Level-2 M-file S—function callback methods and their C MEX-file equiva-

lents.
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TABLE 16.1 Level-2 M-file S-Function and corresponding C MEX-file callback methods

Level-2 M-file callback method

C MEX-file callback method

setup method (see Setup Method) mdlInitializeSizes
CheckParameters mdlCheckParameters
Derivatives mdIDerivatives

Disable mdIDisable

Enable mdIEnable
InitializeCondition mdlInitializeConditions
Outputs mdIOutputs
ProcessParameters mdlProcessParameters

SetlnputPortComplexSignal

mdlSetInputPortComplexSignal

SetInputPortDataType

mdlSetInputPortDataType

SetInputPortDimensions

mdlSetInputPortDimensionInfo

SetlnputPortSample Time

mdISetInputPortSample Time

SetInputPortSamplingMode

mdlSetInputPortFrameData

SetOutputPortComplexSignal

mdISetOutputPortComplexSignal

SetOutputPortDataType

mdlSetOutputPortDataType

SetOutputPortDimensions

mdISetOutputPortDimensionInfo

SetOutputPortSample Time

mdlSetOutputPortSample Time

Start mdlStart

Update mdlUpdate
WriteRTW mdIRTW
ZeroCrossings mdlZeroCrossings

Example 16.4

Let us review the Level-1 M-file S—function file script for the Times two m—file shown in Figure
16.11 above, and the Level-2 Mfile S—function file script for the Times two m—file shown in Fig-
ure 16.12 above. To view the script for these files denoted as sfundemo_timestwo, and
msfcn_times_two.m respectively, we double—click on the Times two blocks and on the annotated
blocks shown in green.

The Level-1 M-file S—function file script for the Times two m-file is as shown below where we
have disabled the executable mex file. We observe that the script for this file has the same syntax
as Example 11.14, Section 11.18, Chapter 11, Page 11-44.

function [sys,x0,str,ts] = timestwo(t,x,u, flag)

STIMESTWO S-function whose output is two times its input.

2 This M-file illustrates how to construct an M-file S-function that
computes an output value based upon its input. The output of this

o
o
)
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The Level-2 M—file S—Function Block

S-function is two times the input value:

y =2 * u;
See sfuntmpl.m for a general S-function template.
See also SFUNTMPL.

Copyright 1990-2002 The MathWorks, Inc.
SRevision: 1.7 $

Dispatch the flag. The switch function controls the calls to
S-function routines at each simulation stage of the S-function.

0° 0C 0P d° 0 0P A° A 0P A° o 0P o oP

switch flag,
VL5 5%5%%5%%%%%
% Initialization %
9999000000000 00090000
OCOOOOOOOOOOOOOODO™OO™©
% Initialize the states, sample times, and state ordering strings.
case 0
[sys,x0,str,ts]=mdlInitializeSizes;
TLLLL5%%%%%
% Outputs %
TLLLL5%%%%%
% Return the outputs of the S-function block.
case 3
sys=mdlOutputs(t,x,u) ;
9909000000000 0000000
OCOOOOOOOOOO0OOOOOOOO©O
% Unhandled flags %
VBB 5%5%5%%%%%%%
% There are no termination tasks (flag=9) to be handled.
% Also, there are no continuous or discrete states,
% so flags 1,2, and 4 are not used, so return an emptyu
% matrix
case { 1, 2, 4, 9 }
sys=1[1;
L5 %%%%%%%%%%%53333333223338%%%%
% Unexpected flags (error handling)$%
990000000000000000000000000000000000
OCOO0OO0OO0OO0OO0OO0OO0OOOOOOOOOOOOOOOOO0O0O0O0O0O0O0O0O0OOO©
% Return an error message for unhandled flag values.
otherwise
error ([ 'Unhandled flag = ',num2str(flag)]);
end

% end timestwo

The Level-2 M-file S—function file script for the Times two m-file is as shown below where we
observe that only the required Level-2 N-file callback methods appearing in Table 16.1 are used.

function msfcn_times_two (block)

Level-2 M file S-Function for times two demo.
Copyright 1990-2004 The MathWorks, Inc.
SRevision: 1.1.6.1 S

0P o oP
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setup (block) ;
%endfunction

function setup(block)

%% Register number of input and output ports
block.NumInputPorts = 1;
block.NumOutputPorts = 1;

%% Setup functional port properties to dynamically
%% inherited.

lock.SetPreCompInpPortInfoToDynamic;
block.SetPreCompOutPortInfoToDynamic;

o

block.InputPort(1l) .DirectFeedthrough = true;

%% Set block sample time to inherited

block.SampleTimes = [-1 0];

%% Run accelerator on TLC

block.SetAccelRunOnTLC (true) ;

%% Register methods

block.RegBlockMethod ('Outputs', @Ooutput) ;
%$endfunction

function Output (block)
block.OutputPort (1) .Data = 2*block.InputPort(l) .Data;

%endfunction

16.6 The S-Function Builder Block

[

systern [

S-Function Builder

The S-Function Builder block creates a C MEX-file S—function from specifications and C source
code that we provide. As stated earlier, we will not discuss C MEX-files in this text. To view some
examples we type

sfundemos

at the MATLAB Command window, and we choose the appropriate block from those shown in
Figure 16.13 below.
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M-files C-files C++ Ada Forran
M-fil= GC-fil C++ Ada Fortan
S-functions S-functions S-functions S-functions S-functions

Figure 16.13. Examples of S—Functions

16.7 The S-Function Examples Block

S-Function
E:amples

The S-Function Examples block displays M—file S-Function, C—file S—-Function, C++ S-Func-
tion, Ada S—Function, and Fortran S—Function examples shown in Figure 16.13 above.
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16.8 Summary

® The Fen block applies a specified expression to its input denoted as u.
e The MATLAB Fcn block applies the specified MATLAB function or expression to the input.

¢ The Embedded MATLAB Function block contains a MATLAB language function in a Sim-
ulink model. This block accepts multiple input signals and produces multiple output signals.

e The S-Function block provides access to S—functions. The S—function named as the S—func-
tion name parameter can be a Level-1 Mfile or a Level-1 or Level-2 C MEX-file S—function.

e The Level-2 M-file S-Function block allows us to use a Level-2 M—file S—function in a
model.

® The S-Function Builder block creates a C MEX-file S—function from specifications and C
source code that we provide.

® The S-Function Examples block displays M—file S-Function, C—file S-Function, C++ S—
Function, Ada S-Function, and Fortran S-Function examples.
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Chapter 17

The Additional Discrete Library

his chapter is an introduction to the Additional Discrete Library. This is the sixteenth

library in the Simulink group of libraries and contains the blocks shown below. We will

describe the function of each block included in this library and we will perform simulation
examples to illustrate their application.

Additional Discrete
1 z Input
'3'-2+'3'-3fL '3'-22’ L FI:IirecTI L 3,r[n1)=l3:[n :H-I:I;[n:l 5
d [=luy] [N+ =N HBEun
1-0.0z k0 Bz e Mo Leng M+ 1 Azn HEL M)
Transfer Fon Transfer Fon Fixed-Foint
Oirect Formn 1 Oirect Formn 1 State-Space
Time JWarying
|
Y | uq | Yo Yo E 1
- B - B F— F - B E— P E— P E- F
IS5 = R Z G Z E Z R Z IGZ IDZ
Uit Delmy Unit Delay Unit Delzy Unit Delzy Unit Delzy Unit Delay Uit Delay
Extemal IC FRezattahble FResettble Enabled Enabled Enabl=d Enabled
Extemal 15 Fesetmble Extemal IS FResetmble
Extemal IG
u b
B
1 Z [T
Unit Delay Uit Delay Unit Delay Uit Delay Urit Delay
With Preview With Preview With Preview With Preview With Preview
Fesettable Fesettable Emabled Enabled Enabled
Extarmal RV Resettble Eesetmble
Extamal FW
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17.1 The Transfer Fcn Direct Form 11 Block

0.2+0.3z k0222
1.0.0z ko g=2

Transfer Fcn
Oirect Form 1

The Transfer Fcn Direct Form II block implements a Direct Form II realization of the transfer
function specified by the Numerator coefficients and the Denominator coefficients without the

. * 03 . . .
leading coefficient in the Denominator.

Example 17.1

The model of Figure 17.1 implements the discrete—time function

-1 2
H(z) = 0.5276 — 1.5828z "+ 1.5828z (17.1)

1-1.7600z" +1.1829z7*

M > 0.5276-1.58208z" }11.5020=-2
L] 1.1.76= 11.182a=2
Sine Wave Transfer Fon Gain Eusz
Oirect Formn 11 Creator

Figure 17.1. Direct Form—II of a second-order digital filter

In Figure 17.1, the Sample time for the Sine Wave block is specified as 0.1. The num(z) for the
Transfer Fcn Direct Form 11 block is specified as [0.5276 —1.5828 1.5828], and the den(z) is

specified as [-1.7600 1.1829]. The leading coefficient 1 in the denominator is excluded. The
input and output waveforms are shown in Figure 17.2.

* By lead we mean that the leading coefficient | in the denominator which has the form 1 + z' + 272,
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Figure 17.2. Input and output waveforms for the model of Figure 17.1

17.2 The Transfer Fcn Direct Form II Time Varying Block

Tnput

T Direct L
Farmn 1l

Den Mo Lead

Transfer Fon
Direct Fomn 11
Tire “arying

The Transfer Fen Direct Form Il Time Varying block implements a Direct Form II realization
of a specified transfer function. Essentially, this block performs the same function as that of the
Transfer Fen Direct Form II block which is described in the previous section, except that the
numerator and denominator coefficients of the discrete—time transfer function are specified exter-
nally by two inputs Num and Den.

Example 17.2

The model of Figure 17.3 is essentially the same as that of Figure 17.1 and thus the input and out-
put waveforms of Figure 17.4 are the same as those of Figure 17.2.
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lnll.uJ ] Input
Dirzct
—= I
Sine Wae Fom |l
Den Mo Lead .
Transfer Fon Eain Bus
Direct Fom 1 Creator
[0.5276 -1.59828 1.5824] Tirme Warying

Constant 1 Mum

[=1.7600 1_13829)

Constant 2 Oen

Figure 17.3. Model for Example 17.3

Figure 17.4. Input and output waveforms for the model of Figure 17.3

17.3 The Fixed-Point State-Space Block

win =G HOuln)
#[m+1 A= HBEUn]

T

Fixed-Paint
State-Space

The Fixed-Point State-Space block implements the system described by
x[n+ 1] = Ax[n] + Bu[n]

(17.2)
y[n] = Cx[n]+ Du[n]

where:

A is a matrix with dimensions n xn, n = number of states, B is a matrix with dimensions
nxm, m = number of inputs, C is a matrix with dimensions r x n, r = number of outputs, D
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is a matrix with dimensions rxm, x = state,ann x 1 vector, u = input, anm x 1 vector, and
y = output,anr x 1 vector.
|

Example 17.3

The matrix form of a 3—input 2—-output 3—state discrete—time system is specified as

Xi[n+1] 025 0 0 x[n] 0 10 |wln]
Xn+1]] = | 0 05 0| "|x[n]lt [0 0 1| -|uy[n]
X;[n+1] 0 -0.25 -0.75] |x4[n] 1 01 u;[n]
A B (17.3)
yiml] _ [1 0 1] X;[n] 010 u;[n]
- Xy[n]| + u,[n]
y2[n] 010 001
— —— [x3[n]] ————=— J|us[n]
C D

In the model of Figure 17.5 we enter the values of matrices A, B, C, and D in the Fixed-Point
State—Space block parameters dialog box, and we specify initial condition 0. The input vector is as
shown and when the simulation command is given the input and output waveforms are as shown

in Figure 17.6.

]
. i ECsn - Oun )
[ 0.5-0.9 P e AxinkBOlR) Soopai
Gonstant Fixed-Foint Bus=
State-Space Eireatar
Figure 17.5. Model for Example 17.3
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Figure 17.6. Input and output waveforms for the model of Figure 17.5

17.4 The Unit Delay External IC Block

u
- B
IGZ

Uit Dizlay
Extemal I

The Unit Delay External IC (Initial Condition) block delays its input by one sample period. This

block is equivalent to the z™' discrete—time operator. The block accepts one input and generates
one output, both of which can be scalar or vector. If the input is a vector, all elements of the vec-
tor are delayed by the same sample period. The block's output for the first sample period is equal
to the signal IC. The input u and initial condition IC data types must be the same.

|
Example 17.4

In the model of Figure 17.7, the Pulse Generator block is specified for a period 2 sec. All other
parameters are in their default state. The input and output waveforms are shown in Figure 17.8.

Fulze

Generator |:|

P-1u 1 > K Ts Spope
—{ 152 z1

Constant Unit Deelay Discrete- Time Integrator

Extarmal IC Forward Euler
1
Figure 17.7. Model for Example 17.4
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Figure 17.8. Input and output waveforms for the model of Figure 17.7

17.5 The Unit Delay Resettable Block

u

R =

e

Unit Dl
Fesetmble

The Unit Delay Resettable block delays a signal one sample period. If the reset input signal is
false, the block outputs the input signal delayed by one time step. If the reset signal is true, the
block resets the current state to the initial condition, specified by the Initial condition parameter,
and outputs that state delayed by one time step.

Example 17.5

In the model of Figure 17.9, the Pulse Generator 1 block is specified for a period 2 sec. and the
Pulse Generator 2 block is set for a period 4 sec. All other parameters are in their default state.
The input and output waveforms are shown in Figure 17.10.

Fulze
Genermtor 1 |:|
.' u 1 K Ts Sggpe
- -
——MFk = =1
Fulse it Dielzy Dizcrete-Time Integrator
Generator 2 Fesetahble Forward Euler

1

Figure 17.9. Model for Example 17.5
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Figure 17.10. Input and output waveforms for the model of Figure 17.9

17.6 The Unit Delay Resettable External IC Block

u
E— F
IGZ

Uit Delay

Fesetmble

Extemal IG
The Unit Delay Resettable External IC block delays a signal one sample period. The block can
be reset by the external reset signal R. The block has two input ports, one for the input signal u
and the other for the reset signal R. When the reset signal is false, the block outputs the input sig-
nal delayed by one time step. When the reset signal is true, the block resets the current state to
the initial condition given by the signal IC and outputs that state delayed by one time step.

Example 17.6

In the model of Figure 17.11, the Pulse Generator 1 block is set for a period 2 sec. and the Pulse
Generator 2 block is set for a period 4 sec. All other parameters are in their default state. The
input and output waveforms are shown in Figure 17.12.
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Fulze
Genermtor 1 E:]
U1 »o
1 K Ts Scope
Ro— -
Fulse = z1
Genermtor 2 Ll Dizcrete- Time Integrator
Urit Dstay Foruard Buler
U1 =
External IC
Constant Dizplay
1

Figure 17.11. Model for Example 17.6

Figure 17.12. Input and output waveforms for the model of Figure 17.11

17.7 The Unit Delay Enabled Block

u 4
E Z

Unit Delay
Enabl=d

The Unit Delay Enabled block delays a signal by one sample period when the external enable sig-
nal E is on. When the enable signal E is off, the block is disabled. The block holds the current

state at the same value and outputs that value. The enable signal is on when E is not 0, and is off
when E is 0.

b
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Example 17.7

Figure 17.13 contains two models where in the upper model the Unit Delay Enabled 1 block is
disabled and thus its output is zero. In the lower model the Unit Delay Enabled 2 block is enabled
and causes a delay in the input signal before being propagated to the Discrete Time Integrator
Forward Euler 2 block. The inputs and outputs are shown in Figure 17.14.

T b1 [

E Z =1
Fulze - = I
Generator 1 Uit Delay Izcrate- ime Integrator >
o Erablad 1 Farward Euler 1 I:I
—

Gonstantl

Scope

[T >y o[

E = =1
Fulze » .
Generator 2 1 Lnit Dizlay Digcrate-Time Integrator
Enabled 2 Forward Euler 2
Constant 2

Figure 17.13. Models for Example 17.7

Figure 17.14. Input and Output waveforms for the models of Figure 17.7

17-10 Introduction to Simulink with Engineering Applications
Copyright © Orchard Publications



The Unit Delay Enabled Resettable Block

17.8 The Unit Delay Enabled Resettable Block

4o
E— F
Rz

Unit Delay

Erabled

Fezetable
The Unit Delay Enabled Resettable block delays a signal one sample period, if the external
enable signal is on. This block combines the features of the Unit Delay Enabled and Unit Delay
Resettable blocks. When the enable signal E is on and the reset signal R is false, the block outputs
the input signal delayed by one sample period. When the enable signal E is on and the reset signal
R is true, the block resets the current state to the initial condition, specified by the Initial condi-
tion parameter, and outputs that state delayed by one sample period. When the enable signal is
off, the block is disabled, and the state and output do not change except for resets. The enable sig-
nal is on when E is not 0, and off when E is O.

Example 17.8

In the model of Figure 17.15, the Pulse Generator 1 block is specified for a period 2 sec., the Pulse
Generator 2 block is specified for a period 3 sec., and the Pulse Generator 3 block is specified for a
period 4 sec. All other parameters are in their default state. The input and output waveforms are
shown in Figure 17.16.

Fulse
SGenemAtor 1 o
1 4
e
FPuls=
Genermtar 2 oo |
1 k. T=
e — - — P
= z1
—m R Discrete- Tirme Integrator Scope
Pulze Uit Dialay Foriard Euler
Generator 3 Enabled
FResetmbl= __3
Display

Figure 17.15. Model for Example 17.8
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Figure 17.16. Input and output waveforms for the model of Figure 17.15

17.9 The Unit Delay Enabled External IC Block

U
E— F
IGE

Uit Delay
Enabled
Extemal I1G

The Unit Delay Enabled External IC block delays a signal by one sample period when the enable
signal E is on. When the enable is off, the block holds the current state at the same value and out-
puts that value. The enable E is on when E is not 0, and off when E is 0. The initial condition of
this block is specified by the input signal IC. Essentially, this block is the same as the Unit Delay
Enabled block which we described in the previous section of this chapter except that the initial
condition is specified by an external block.

Example 17.9

In the model of Figure 17.17, the Constant 1 block enables the Unit Delay Enabled External IC
block while the Constant 2 block is set to 1 to specify the initial condition. The input and output
waveforms are shown in Figure 17.18.
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Fulz=
Generator I:l
[ ¢
1 K Te Scope
——E — - —
z =1
Constant 1 Ll Dizcrete- Time Integrator
it Delay Faorward Euler 1
1 Enabled
External IC
Constant 2

Figure 17.17. Model for Example 17.9

Figure 17.18. Input and output waveforms for the model of Figure 17.17

17.10 The Unit Delay Enabled Resettable External IC Block

1
- P
z

= o
|_-_|I"'"

Unit Oelay
Enablzd
Resattabla
Extemal IC

The Unit Delay Enabled Resettable External IC block is a combination of the functions per-
formed by the Unit Delay Enabled, Unit Delay External IC, and Unit Delay Resettable blocks.
The block can reset its state based on an external reset signal R. When the enable signal E is on
and the reset signal R is false, the block outputs the input signal delayed by one sample period.
When the enable signal E is on and the reset signal R is true, the block resets the current state to
the initial condition given by the signal IC, and outputs that state delayed by one sample period.
When the enable signal is off, the block is disabled, and the state and output do not change
except for resets. The enable signal is on when E is not 0, and off when E is 0.
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Example 17.10

In the model of Figure 17.19, the Pulse Generator 1 block is specified for a period 2 sec., the Pulse
Generator 2 block is specified for a period 3 sec., and the Pulse Generator 3 block is specified for a
period 4 sec. All other parameters are in their default state. The input and output waveforms are
shown in Figure 17.20.

Fulze
Senerator 1 >
U1 ™
I
Fulze
Genemtor 2 U I
WE | I
K Ts |
- -
—F =1 Soope
Pulse Digcrats- Time Integratar
Eenerator 3 [w] Foramard Euler
Uit Oelay ;
J_I—H Enabled Dizplay
Fesetmbla
Constant Extemal IC

1

Figure 17.19. Model for Example 17.10

Figure 17.20. Input and output waveforms for the model of Figure 17.19
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17.11 The Unit Delay With Preview Resettable Block

u b
|
il |l

Unit Delay
Wiith Preview
Resettahbla

I

The Unit Delay With Preview Resettable block can reset its state based on an external reset sig-
nal R. The block has two output ports. When the reset R is false, the upper port outputs the signal
and the lower port outputs the signal delayed by one sample period. When the reset R is true, the
block resets the current state to the initial condition given by the Initial condition parameter. The
block outputs that state delayed by one sample time through the lower output port, and outputs
the state without a delay through the upper output port.

Example 17.11

In the model of Figure 17.21, the Pulse Generator 1 block is specified for a period 2 sec. and the
Pulse Generator 2 block is specified for a period 4 sec. All other parameters are in their default
state. The input and output waveforms are shown in Figure 17.22.

Fulse
Generator 1 I:I
L
J_|_|_|. u K Ts Scope
H

—
Fulze P

| =1
GSenemtor 2

i Dizcrete- Time Integrator
Unit Delzy Foramrd Euler

‘with Preview
Fesetmble

Figure 17.21. Model for Example 17.11
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Figure 17.22. Waveforms for the model of Figure 17.21

17.12 The Unit Delay With Preview Resettable External RV Block

(N] [
RT

ru | ZF

Uit Delay
With Preview
FResetmble
Extemal R\

The Unit Delay With Preview Resettable External RV block has three input and two output
ports. This block can reset its state based on the state of the an external input reset signal R.
When the external reset R is false, the upper port outputs the signal and the lower port outputs
the signal delayed by one sample period. When the external reset R is true, the upper output sig-
nal is forced to equal the external input reset signal RV. The lower output signal is not affected
until one time step later, at which time it is equal to the external reset signal RV at the previous
time step. The block uses the internal Initial condition only when the model starts or when a par-
ent enabled subsystem is used. The internal Initial condition only affects the lower output signal.

Example 17.12

In the model of Figure 17.23, the Pulse Generator 1, 2, and 3 blocks are specified for the periods
shown on the model. All other parameters are in their default state. The input and output wave-
forms are shown in Figure 17.24.
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Figure 17.23. Model for Example 17.12

Figure 17.24. Waveforms for the model of Figure 17.23

17.13 The Unit Delay With Preview Enabled Block

Unit Delay
With Preview
Enabled

The Unit Delay With Preview Enabled block has two input and two output ports. When the
external input enable signal E is on, the upper port outputs the signal and the lower port outputs
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the signal delayed by one sample period. When the enable signal E is off, the block is disabled, and
the state and output values do not change. The enable signal is on when E is not 0, and off when

E is O.

Example 17.13

In the model of Figure 17.25, the Pulse Generator block is set for a period 2 sec. All other param-
eters are in their default state. The input and output waveforms are shown in Figure 17.26.

N

Fulz=
Generator

|

]

» 2:5 Scope

= AU
E 0
1 =
Constant Unit Delay
iith Preview
Enabl=d

Oiscrete- Tirme Integrator
Farward Euler

Figure 17.25. Model for Example 17.13

Figure 17.26. Waveforms for the model of Figure 17.25
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17.14 The Unit Delay With Preview Enabled Resettable Block

u L
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" 1z)
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Unit Oelay
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The Unit Delay With Preview Enabled Resettable block has three inputs and two outputs. This
block can reset its state based on an external input reset signal R. When the external enable sig-
nal E is on and the reset R is false, the upper port outputs the signal and the lower port outputs
the signal delayed by one sample period. When the enable input signal E is on and the reset R is
true, the block resets the current state to the initial condition given by the Initial condition
parameter. The block outputs that state delayed by one sample time through the lower output
port, and outputs the state without a delay through the upper output port. When the Enable sig-
nal is off, the block is disabled, and the state and output values do not change, except for resets.
The enable signal is on when E is not 0, and off when E is 0.

Example 17.14

In the model of Figure 17.27, the Pulse Generator 1, 2, and 3 blocks are specified for the period
shown on the model. All other parameters are in their default state. The input and output wave-
forms are shown in Figure 17.28.

Fulze
Generator 1

ﬂﬂ_.

Ferod T=2

Fulze
Generator 2 P

ﬂ_ﬂ R T K Ts

| — = - —
Ferod T=4 =1 L 1]
Linit Dielauy Digcrete-Trne Integrator  Bus
Fulza With Preview Foreard Euler Creator
Genarior 3 Enabled [ o]
p— Resstatis —)
L
Display
Ferod T=5
Figure 17.27. Model for Example 17.14
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Figure 17.28. Waveforms for the model of Figure 17.27

17.15 The Unit Delay With Preview Enabled Resettable External RV Block

U
E
E

|
iR i =l
Unit Delay
With Preview
Enabled
Fesatmble
Extemal RY
The Unit Delay With Preview Enabled Resettable External RV block has four inputs and two
outputs. This block can reset its state based on an external reset signal R. When the external
enable signal E is on and the reset R is false, the upper port outputs the signal and the lower port

outputs the signal delayed by one sample period.

T

When the enable signal E is on and the reset R is true, the upper output signal is forced to equal
the external input reset signal RV. The lower output signal is not affected until one time step
later, at which time it is equal to the external reset signal RV at the previous time step. The block
uses the internal Initial condition only when the model starts or when a parent enabled subsystem
is used. The internal Initial condition only affects the lower output signal. When the Enable signal
is off, the block is disabled, and the state and output values do not change, except for resets. The
enable signal is on when E is not 0, and off when E is 0.
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Example 17.15

In the model of Figure 17.29, the Pulse Generator 1, 2, and 3 blocks are set for the periods shown
on the model. All other parameters are in their default state. The input and output waveforms are
shown in Figure 17.30.
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| — Dizcrate- Time Integrato us
Constant |scrle::'m;rn§ EI:"E?E ' Greator
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! Y ™ [E—
Enablad
Fulse Fiesetable [ 5
Senemttor 3 Extermal RV Dizplay
Ferod T=5
Figure 17.29. Model for Example 17.15
Figure 17.30. Waveforms for the model of Figure 11.29
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17.16 Summary

The Transfer Fen Direct Form II block implements a Direct Form I realization of the trans-
fer function specified by the Numerator coefficients and the Denominator coefficients without
the leading coefficient in the Denominator.

The Transfer Fcn Direct Form II Time Varying block implements a Direct Form II realiza-
tion of a specified transfer function. Essentially, this block performs the same function as that
of the Transfer Fen Direct Form II block.

The Fixed-Point State-Space block implements the system described by

x[n+ 1] = Ax[n] + Bu[n]
y[n] = Cx[n] + Du[n]

The Unit Delay External IC (Initial Condition) block delays its input by one sample period.

This block is equivalent to the z™' discrete-time operator. The block accepts one input and
generates one output, both of which can be scalar or vector. If the input is a vector, all ele-
ments of the vector are delayed by the same sample period. The block's output for the first
sample period is equal to the signal IC. The input u and initial condition IC data types must be
the same.

The Unit Delay Resettable block delays a signal one sample period. If the reset input signal is
false, the block outputs the input signal delayed by one time step. If the reset signal is true, the
block resets the current state to the initial condition, specified by the Initial condition parame-
ter, and outputs that state delayed by one time step.

The Unit Delay Resettable External IC block delays a signal one sample period. The block
can be reset by the external reset signal R. The block has two input ports, one for the input sig-
nal u and the other for the reset signal R. When the reset signal is false, the block outputs the
input signal delayed by one time step. When the reset signal is true, the block resets the current
state to the initial condition given by the signal IC and outputs that state delayed by one time
step.

The Unit Delay Enabled block delays a signal by one sample period when the external enable
signal E is on. When the enable signal E is off, the block is disabled. The block holds the cur-
rent state at the same value and outputs that value. The enable signal is on when E is not 0,
and is off when E is 0.

The Unit Delay Enabled Resettable block delays a signal one sample period, if the external
enable signal is on. This block combines the features of the Unit Delay Enabled and Unit Delay
Resettable blocks.

The Unit Delay Enabled External IC block delays a signal by one sample period when the
enable signal E is on. When the enable is off, the block holds the current state at the same
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value and outputs that value. The enable E is on when E is not 0, and off when E is 0. The ini-
tial condition of this block is specified by the input signal IC.

¢ The Unit Delay Enabled Resettable External IC block is a combination of the functions per-
formed by the Unit Delay Enabled, Unit Delay External IC, and Unit Delay Resettable blocks.

® The Unit Delay With Preview Resettable block has two input and two output ports. This
block can reset its state based on the state of the external input reset signal R. When the reset
R is false, the upper port outputs the signal and the lower port outputs the signal delayed by
one sample period. When the reset R is true, the block resets the current state to the initial
condition given by the Initial condition parameter. The block outputs that state delayed by
one sample time through the lower output port, and outputs the state without a delay through
the upper output port.

¢ The Unit Delay With Preview Resettable External RV block has three input and two output
ports. This block can reset its state based on the state of the an external input reset signal R.
When the external reset R is false, the upper port outputs the signal and the lower port outputs
the signal delayed by one sample period. When the external reset R is true, the upper output
signal is forced to equal the external input reset signal RV. The lower output signal is not
affected until one time step later, at which time it is equal to the external reset signal RV at the
previous time step. The block uses the internal Initial condition only when the model starts or
when a parent enabled subsystem is used. The internal Initial condition only affects the lower
output signal.

® The Unit Delay With Preview Enabled block has two input and two output ports. When the
external input enable signal E is on, the upper port outputs the signal and the lower port out-
puts the signal delayed by one sample period. When the enable signal E is off, the block is dis-
abled, and the state and output values do not change. The enable signal is on when E is not 0,
and off when E is 0.

® The Unit Delay With Preview Enabled Resettable block has three inputs and two outputs.
This block can reset its state based on an external input reset signal R. When the external
enable signal E is on and the reset R is false, the upper port outputs the signal and the lower
port outputs the signal delayed by one sample period. When the enable input signal E is on and
the reset R is true, the block resets the current state to the initial condition given by the Initial
condition parameter. The block outputs that state delayed by one sample time through the
lower output port, and outputs the state without a delay through the upper output port. When
the Enable signal is off, the block is disabled, and the state and output values do not change,
except for resets. The enable signal is on when E is not 0, and off when E is 0.

® The Unit Delay With Preview Enabled Resettable External RV block has four inputs and
two outputs. This block can reset its state based on an external reset signal R. When the exter-
nal enable signal E is on and the reset R is false, the upper port outputs the signal and the lower
port outputs the signal delayed by one sample period. When the enable signal E is on and the
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reset R is true, the upper output signal is forced to equal the external input reset signal RV.
The lower output signal is not affected until one time step later.
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Chapter 18

The Additional Math - Increment / Decrement Library

This is the seventeenth and last library in the Simulink group of libraries and contains the
blocks shown below. We will describe the function of each block included in this library
and we will perform simulation examples to illustrate their applications.

T his chapter is an introduction to the Additional Math — Increment / Decrement Library.

Increment / Drecrement

Wit [ W [ LR LR =

Increrment Decrerment Increrment Decrernent
Feal wiord Feal Wworldd  Stored Integer Stored Integer

maxW--, 0] p [ W-Ts, 0] B
Decrerment Decrerment Time
To Zero To Zero
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18.1 The Increment Real World Block

Wt

]

Inzrerment
Feal wiord

The Increment Real World block increases the real-world value of the signal by one.

Example 18.1

The model of Figure 18.1 implements the function y = 3x + 5 as indicated by the XY Graph in

Figure 18.2.
X
: * P P+ _|—> IE'
Clack ] o v
Product Imcrement . # Graph
= Feal Wiorld
Constant 1 ‘
4
Constant 2
Figure 18.1. Model for Example 18.1
X Plot
35 T
a0tk ]
261 .
[} 2':' B 7
i
i
> 15¢ J
10 .
5 .
I:I 1 1 1 1
] 2 4q 5 2 10
X Axis
Figure 18.2. The XY graph for the model of Figure 18.1
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18.2 The Decrement Real World Block

Ve B

Oecrement
Feal Wiord

The Decrement Real World block decreases the real-world value of the signal by one.

|

Example 18.2

The model of Figure 18.3 implements the function y = -3(x + 1) as indicated by the XY Graph
in Figure 18.4.

C # e
ko +
Cilock —™ ¥
Froduct Decrerment + =¥ Graph
e Feal Wiord
Constant 1
-2

Constant 2

Figure 18.3. Model for Example 18.2

= % Plot

Y Axis

_35 1 1
0 2 4 5 =] 10

= Axis

Figure 18.4. XY graph for the model of Figure 18.3
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18.3 The Increment Stored Integer Block

Qt++ B

Inzrerment
Stored Integer

The Increment Stored Integer block increases the stored integer value of a signal by one.
|

Example 18.3

The model of Figure 18.5 implements the function y = (2 +x)sinx — 1. The XY Graph for this
model is shown in Figure 18.6.

& " 0]
Clock,
[als]
e sin W X Pl Gt |+ y ¥ Graph
Trigonormetric Increrment +
Furniction Stored Integer
2 L
-1
Constant 1 Frodoet oot s
Figure 18.5. Model for Example 18.3
= % FPlot
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T
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0 2 4 <] g 10
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Figure 18.6. XY graph for the model of Figure 18.5
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18.4 The Decrement Stored Integer Block

Q- B

Oecrenent
Stored Integer

The Decrement Stored Integer block decreases the stored integer value of a signal by one.

Example 18.4

The model of Figure 18.7 implements the function y = 2x* + 1. The XY Graph for this model is
shown in Figure 18.8.

c > —D
Cilack —
- K y ol o s i Graph
5 » - = ¥
Math Decrernsnt +

Constant 2 Function Stored Integer

o I

2
Constant 1
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Figure 18.7. Model for Example 18.4
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Figure 18.8. XY graph for the model of Figure 18.7

Introduction to Simulink with Engineering Applications 18-5
Copyright © Orchard Publications



Chapter 18 The Additional Math — Increment / Decrement Library

18.5 The Decrement to Zero Block

] We-, 0]

I

Oecrernent
Ta Zera

The Decrement To Zero block decreases the real-world value of the signal by one. The output
never goes below zero.

|
Example 18.5

For the model of Figure 18.9, the output value never goes below zero as shown in Figure 18.10.
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Figure 18.9. Model for Example 18.5
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Figure 18.10. XY graph for the model of Figure 18.9
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18.6 The Decrement Time To Zero Block

] W T, 100)

W

Oecrerment Time
Ta era

The Decrement Time To Zero block decreases the real-world value of the signal by the sample
time, Ts. This block works only with fixed sample rates and the output never goes below zero.

|
Example 18.6

The model of Figure 18.11 implements the waveform shown in Figure 18.12.
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Figure 18.11. Model for Example 18.6
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Figure 18.12. XY graph for the model of Figure 18.11
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18.7 Summary

The Increment Real World block increases the real-world value of the signal by one.

The Decrement Real World block decreases the real-world value of the signal by one.

The Increment Stored Integer block increases the stored integer value of a signal by one.

The Decrement Stored Integer block decreases the stored integer value of a signal by one.

The Decrement To Zero block decreases the real-world value of the signal by one. The out-
put never goes below zero.

The Decrement Time To Zero block decreases the real-world value of the signal by the sam-

ple time, Ts. This block works only with fixed sample rates and the output never goes below
zero.
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Engineering Applications

illustrate the application of the blocks in the libraries which we described in Chapters 2

through 18. Most of these applications may be considered components or subsystems of
large systems such as the demos provided by Simulink. Some of these applications describe some
of the new blocks added to the latest Simulink revision.

T his chapter is devoted to engineering applications using appropriate Simulink blocks to

19.1 Analog-to-Digital Conversion
One of the recently added Simulink blocks is the Idealized ADC Quantizer. Figure 19.1 shows

how this block can be used to discretize a continuous—time signal such as a clock. The Function
Block Parameters dialog box provides a detailed description for this block.

[ ]

4 bits
10 g 0O
Soope

Clock

Idealized ADC quantizer
[settings: d4-bit conwerter
wriin: O, W 15)

Figure 19.1. Model for Analog—to—Digital conversion

The settings specified for the Idealized ADC Quantizer are noted in Figure 19.1. The output data
types for the Clock and the Idealized ADC Quantizer blocks are specified as double. The input
and output waveforms are shown in Figure 19.2.

Figure 19.2. Input and output waveforms for the model of Figure 19.1
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19.2 The Zero-Order Hold and First-Order Hold as Reconstructors

Suppose that a continuous—time signal x(t) is bandlimited with bandwidth B, and its Fourier
transform |X()| is zero for o > B. The Sampling Theorem states that if the sampling frequency
og is equal or greater than 2B, the signal x(t) can be recover entirely from the sampled signal
xs(t) by applying x4(t) to an ideal lowpass filter with bandwidth B. Another method for recover-
ing the continuous—time signal x(t) from the sampled signal x4(t) is to use a holding circuit that
holds the value of the sampled signal at time nT until it receives the next value at time nT + T. A

Zero—Order Hold circuit behaves like a low-pass filter and thus can be used as a holding circuit to
recover the continuous—time signal x(t) from the sampled signal x4(t).

The model of Figure 19.3 shows the output of a Zero-Order Hold block specified at a low sam-
pling frequency, and Figure 19.4 shows the input and output waveforms.

) > J_LI_
U Soope
Sime Wave Zero-COrder
Fraquency Haold
1 adisec Sample tme 0.5 sec

Figure 19.3. Model producing a piecewise constant waveform when the sampling frequency is low

Figure 19.4. Input and output waveforms for the model of Figure 19.3

Whereas the Zero—Order Hold circuit generates a continuous input signal u(t) by holding each
sample value u[k] constant over one sample period, a First—~Order Hold circuit uses linear inter-
polation between samples as shown by the model of Figure 19.5 and the waveforms in Figure 19.6.
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" L
U ﬁ Scope
Sirne Wawe First-Crder
Frequency Hald
1 rdise: Sample tme 0.5 sec

Figure 19.5. The model of Figure 19.2 with a First—Order Hold block

Figure 19.6. Input and output waveforms for the model of Figure 19.4

A comparison of the outputs produced by a Zero-Order Hold block and a First-Order Hold block
with the same input, is shown in the model of Figure 19.7. The outputs are shown in Figure 19.8.

5 I
Clock
4 bits ™ |:|
S rrfén w (L >

Zero-Order
Idealized ADC quantizer Haold
[setings: 4-bit conwerter Sample tre: 1 sec Scope

wrnin: 0, Vs 15)

w S

First-Crder
Hold
Sample trme: 1 sec

Figure 19.7. Model for comparison of a Zero-Order Hold and a First-Order Hold blocks with same input
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Figure 19.8. Waveforms for the model of Figure 19.7

19.3 Digital Filter Realization Forms

A given transfer function H(z) of a digital filter can be realized in several forms, the most com-
mon being the Direct Form I, Direct Form II, Cascade (Series), and Parallel. These are
described in Subsections 19.3.1 through 19.3.4 below. Similar demo models can be displayed as

indicated in these subsections.

19.3.1 The Direct Form I Realization of a Digital Filter
The Direct Form I Realization of a second-order digital filter is shown in Figure 19.9.

1
—b,

X[l‘l] O——tg 7

Figure 19.9. Direct Form I Realization of a second—order digital filter
At the summing junction of Figure 19.9 we obtain

a,X(z) +a,z ' X(z) + a,z " X(z) + (=b))z'Y(2) + (-b,)z ' Y(2) = Y(2)
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X(z)(a, + alz_1 + azz_z) = Y(z)(1+ blz_1 + bzz_z)

and thus the transfer function of the Direct Form I Realization of the second-order digital filter of
Figure 19.9 is

Y(z) _ 3+ alz_1 + azz_2
X(2) 1+ blz_1 + bzz_2

H(z) = (19.1)

A disadvantage of a Direct Form I Realization digital filter is that it requires 2k registers where k
represents the order of the filter. We observe that the second-order (k = 2) digital filter of Figure

11.9 requires 4 delay (register) elements denoted as z' . However, this form of realization has the

sk
advantage that there is no possibility of internal filter overflow.

19.3.2 The Direct Form II Realization of a Digital Filter

Figure 19.10 shows the Direct Form-II" Realization of a second—order digital filter. The Sim-
ulink Transfer Fcn Direct Form II block implements the transfer function of this filter.

4
\l hd l/
Figure 19.10. Direct Form-II Realization of a second-order digital filter

The transfer function for the Direct Form—II second-order digital filter of Figure 19.10 is the same
as for a Direct Form—I second—order digital filter of Figure 19.9, that is,

-1 2

H(z) = (19.2)

1+ blz_1 + bzz_2

A comparison of Figures 19.9 and 19.10 shows that whereas a Direct Form-I second-order digital
filter is requires 2k registers, where k represents the order of the filter, a Direct Form-II second—

order digital filter requires only k register elements denoted as z™' . This is because the register

* For a detailed discussion on overflow conditions please refer to Digital Circuit Analysis and Design with an
Introduction to CPLDs and FPGAs, ISBN 0-9744239-6-3, Section 10.5, Chapter 10, Page 10—6.
T The Direct Form-I1 is also known as the Canonical Form.
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(z'") elements in a Direct Form-II realization are shared between the zero section and the pole
section.

Example 19.1

Figure 19.11 shows a Direct Form-II second-order digital filter whose transfer function is

-1 -2
H(z) = L¥ 152"+ 1,022 (19.3)

1-0252" +0.752"

The input and output waveforms are shown in Figure 19.12.

Direct Form | Realization, Second-Crder Digital Filter - Simulation Time: 200 - Equ (18.3)

shix[16) an —
2710 o+
R
Floar Bl B a1 Cormert |:|
nooo Gain 1 ——+ — double
D P Corwvert Scope
1 double Bus
Signal - Fnns Creator
Genertor ™ ™ z 102 a2 ..-+_ Floor
Square wave Unit Delay 2 Gain 2 Sum 2
Arnplitade: 1
Freq: 0.005Hz
Gain 3
075
b2
Gain 4
Figure 19.11. Model for Example 19.1
Figure 19.12. Input and output waveforms for the model of Figure 19.11
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A demo model using fixed—point Simulink blocks can be displayed by typing

fxpdemo_direct_form2

in MATLAB’s Command Window. This demo is an implementation of the third—order transfer

function

142272 +1.852°+0.52"
1-0.5z" +0.84z % +0.092"

H(z) =

19.3.3 The Series Form Realization of a Digital Filter

. * . . . . 3
For the Series Form Realization, the transfer function is expressed as a product of first—order and

second-order transfer functions as shown in relation (19.4) below.
H(z) = H,(z) - Hy((2)... Hg(2))

Relation (19.4) is implemented as the cascaded blocks shown in Figure 19.13.

X(z) 00— H,(z)—¥ H,(z)—» — — — —»|H(2)[—> Y(2)

Figure 19.13. Series Form Realization

Figure 19.14 shows the Series—Form Realization of a second-order digital filter.

z y[n]

b4
<

Figure 19.14. Series Form Realization of a second-order digital filter

The transfer function for the Series Form second—order digital filter of Figure 19.14 is

-1 -2
l+a,z +a,z

1+ blz_1 + bzz_2

H(z) =

* The Series Form Realization is also known as the Cascade Form Realization

(19.4)

(19.5)
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Example 19.2
The transfer function of the Series Form Realization of a certain second—order digital filter is

0.5(1-0.362 )

H(z) = e
14017 '-0.727

To implement this filter, we factor the numerator and denominator polynomials as

_ 0.5(1+0.62 )(1-0.62")*

H(z)
(14092 )(1-0.8z")

(19.6)

The model is shown in Figure 19.15, and the input and output waveforms are shown in Figure
19.16.

Series Form Realization - Second-Order Digital Filter - Simulation Time: 200sec - Equ (12.8)

=fix[16)

2510 —
R
Floaor )+

oooa

Input Gain 1
Square wave
Armnplitade: 1

Freq: 0.005H=z

From Fi=Ft
double
R
Floor

To FixPt

Gain 3 Sum 3

Eain o

Figure 19.15. Model for Example 19.2

* The combination of the of factors in parentheses is immaterial. For instance, we can group the factors as

(1 +o.6z’1) and (1-0.6{1) oras +o.6z’:) and (1—0.62711)
(140927 (1-0827" (1-08z7" (140927

19-8 Introduction to Simulink with Engineering Applications
Copyright © Orchard Publications



Digital Filter Realization Forms

Figure 19.16. Input and output waveforms for the model of Figure 19.15

A demo model using fixed-point Simulink blocks can be displayed by typing
fxpdemo_series_cascade_form

in MATLAB’s Command Window. This demo is an implementation of the third—order transfer
function

(14052 )(1+1.72" +27)

H(z) = 1 1 2
(1+0.127)(1-0.62"" +0.927%)

19.3.4 The Parallel Form Realization of a Digital Filter

The general form of the transfer function of a Parallel Form Realization is
H(z) = K+H,(z) + Hy(2) + ... + Hx(2) (19.7)

Relation (19.7) is implemented as the parallel blocks shown in Figure 19.17.

Introduction to Simulink with Engineering Applications 19-9
Copyright © Orchard Publications



Chapter 19 Engineering Applications

H,(z)

y
X(z)o—» H2(2)4><P_>Y(Z)

Hy(z

Figure 19.17. Parallel Form Realization

As with the Series Form Realization, the ordering of the individual filters in Figure 19.17 is imma-
terial. But because of the presence of the constant K, we can simplify the transfer function

expression by performing partial fraction expansion after we express the transfer function in the
form H(z)/z.

Figure 19.18 shows the Parallel Form Realization of a second-order digital filter. The transfer
function for the Parallel Form second—order digital filter of Figure 19.18 is

-2
H(z) = —2 2822 (19.8)
1+b,z +byz
N
L—a,
N
L a,
= y(n]
b, P
~
Figure 19.18. Parallel Form Realization of a second-order digital filter
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Example 19.3
The transfer function of the Parallel Form Realization of a certain second-order digital filter is

0.5(1-0.362"°)
1+0.12'-0.722"

H(z) =

To implement this filter, we first express the transfer function as

H(z) _ 0.5(z+0.6)(z-0.6)
z z(z+0.9)(z-0.8)

Next, we perform partial fraction expansion.

0.5(z+0.6)(z-0.6) _ 1) 4 L2 41
z(z+0.9)(z-0.8) z (z+09) (z-0.8)

P, = 0.5(z+0.6)(z—-0.6) — 025
(z+09)(z-038) | _,

r, = 05(2+0.6)(2-0.6) = 0.147
z(z—-0.8) 2=-09
ry = 05(z+0.6)(z-06) = 0.103
z(z+0.9) 2=08
Therefore,
H(z) _ 025, 0.147 , 0.103
VA ya Z+09 Z_08
H(z) = 0254 01472 , 0.1032
z+09 z-0.8
H(z) = 0254 0147, _0.103 (19.9)

1409z z-08z"

The model is shown in Figure 19.19, and the input and output waveforms are shown in Figure
19.20.
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Farallel Form Realization - Second-Crder Digital Filter - Simulation Time: 200 sec - Equ (12.9)

(I
sfix[18
2,\_[103 Scope
R FixFt to Obl
Flaar Gimin 2 double Bus
oooo Sum 3 R Creator
O I Corvert Elaar
Signal To FixFt
SensrmAtor

Unit Delay 1

Square wave Sum 1
Armnplitade: 1

Freq: 0.005H=z

Eain 3

Gain 4

Unit Delay 2
Sum 2

Gain 5

Figure 19.19. Model for Example 19.3

Figure 19.20. Input and output waveforms for the model of Figure 19.19
A demo model using fixed-point Simulink blocks can be displayed by typing
fxpdemo_parallel_form

in MATLAB’s Command Window. This demo is an implementation of the third—order transfer
function
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3.4639 - 1.0916+ 3.0086z "'

H(z) = 5.5556 — 1 : 8
(1+40.1z")  1-06z"+09z

19.4 Models for Binary Counters

In this section we will draw two models for binary counters.” Subsection 19.4.1 presents a 3—bit up
/ down counter, and Subsection 19.4.2 presents a 4-bit Johnson counter.

19.4.1 Model for a 3-bit Up / Down Counter

A model for the operation of a 3-bit counter with three D Flip-Flop blocks, six NAND gate
blocks, a NOT gate (Inverter) block, and a Clock block is shown in Figure 19.21. The D Flip—
Flop and Clock blocks are in the Simulink Extras Toolbox, Flip—Flops library, and the NAND
and NOT gates are in the Logic and Bit Operations Library. The D Flip—Flop CLK (clock)
inputs are Negative Edge Triggered. The Clock waveform and the D Flip—Flops output waveforms
when the Manual Switch block is the Count up position, are shown in Figure 19.22.

3 - Bit Up / Down Counter - Simulation Time: 100 sec

[]

Scope

YY¥Y

NaMD

NaND |

Yy ¥

\—b -
MAND b
> gl o ™ NAND »O

NaMD

o]

o
' ;i[ £
=
=
ﬁ
Lo}
=
Y'Yy ; ¥y

Y
g
¥
£

:
?
:

T

MAND ||

¥

Figure 19.21. Model for a 3—bit Up / Down binary counter

* For a detailed discussion on the analysis and design of binary counters, please refer to Digital Circuit Analysis
and Design with an Introduction to CPLDs and FPGAs, ISBN 0-9744239-6-3.
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Figure 19.22. Waveforms for the model of Figure 19.20
19.4.2 Model for a 4-bit Ring Counter

The model of Figure 19.23 implements a 4-bit binary counter known as Johnson counter. The D
Flip—Flop and Clock blocks are in the Simulink Extras Toolbox, Flip—Flops library. The wave-
forms for this model are shown in Figure 11.24.

4 - Bit Johnson Sounter - Simulation Time: 20 sec

TUL >
<l
-
I
—D
> i T g . [
Ok
—
1 g WF I b - a
! — /LR o Ul _plin !D_I
Figure 19.23. Model for a 4-bit Johnson counter
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Figure 19.24. Waveforms for the model of Figure 19.23

19.5 Models for Mechanical Systems

In this section we will draw three models for mechanical systems. Subsection 19.5.1 presents a
Block-Spring—Dashpot system, Subsection 19.5.2 presents a system with two mass blocks and two
springs, and Subsection 19.5.3 is a simple mechanical accelerometer system

19.5.1 Model for a Mass-Spring-Dashpot

Figure 19.25 shows a system consisting of a block, a dashpot, and a spring. It is shown in feedback
and control systems textbooks that this system is described by the second-order differential equa-

tion
2

m%x(t) +p(%x(t) +kx(t) = F(t) (19.10)

where m represents the mass of the block, p is a positive constant of proportionality of the force
that the dashpot exerts on the block, and & is also a positive constant of proportionality of the
force that the spring exerts on the block, known as Hooke’s law.

% X |
Dashpot
1 Block
: «— F
Mass m|
Spring

7
Figure 19.25. Mechanical system with a block, spring and dashpot
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The mass of the dashpot and the mass of the spring are small and are neglected. Friction is also
neglected. For the system of Figure 19.25, the input is the applied force F and the output is the
change in distance x.

Let us express the differential equation of (19.10) with numerical coefficients as

(%x(t)+2(%x(t)+3x(t) = (20sint)ug(t) (19.11)

where uy(t) is the unit step function, and the initial conditions are x(0) = 4, and dx/dt = 0.

For convenience, we denote these are denoted as x10 and x20 respectively.

For the solution of (19.11) we will use the State-Space block found in the Continuous Library,
and thus our model is as shown in Figure 19.26.

Signal

Generator
gooo .
| = Ax+Bu » |:|
2o = GxOu
Sine wave Srte-Space Scope

Armplitude 1
Frequency 1 Hz

Figure 19.26. Model for Figure 19.25

The state equations are defined as

X (1) = x(t) (19.12)
and
X,(t) = (%Xl(t) (19.13)
Then,
d d’ d’
e = ale(t) = (PX(t) (19.14)

From (19.11), (19.13), and (19.14) we obtain the system of state equations

Lx,(0) = x(0

adjtxz(t) = —3x,(t) — 2x,(t) + (20sint)u,(t)

(19.15)

and in matrix form,

d

— X (1)

de 7 o {0 1} {Xl(t)}{ 0 }uo(t) (19.16)
ixz(t) -3 2] |x,(t) 20sint

dt
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The output state equation is

y = Cx+Du
or

t)

vy = [1 o | }

[ J Lz(t)
Therefore, for the model of Figure 19.26, the coefficients A, B, C, and D are

A:{O 1} B:M c=[ o D=0 (19.17)
-3 -2 5

The initial conditions x10 and x20 are denoted by the matrix

{Xlo} = H (19.18)
x20 0

The values in (19.17) and (19.18) are entered in the Block parameters dialog box for the State-
Space block, and after the simulation command is issued, the Scope block displays the waveform
of Figure 19.27.

Figure 19.27. Waveform for the model of Figure 19.26
19.5.2 Model for a Cascaded Mass-Spring System

Figure 19.28 shows a a cascaded mass-spring system where F is the applied force, M is the mass,
k is the spring constant, f is the friction, and X is the displacement. It is shown in feedback and
control systems textbooks that the transfer function G(s) = X,/F is

K,

> > 5 (19.19)
(M;s"+ fis+k))(M,s™ + f,s + k, +k,) —k;

G(s) =
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%

- X ——

k, k,

—WW— M MWW M, «e—F

_
Figure 19.28. Cascaded mass—spring system

For simplicity, let us assume that the constants and conditions are such that after substitution into
(19.19), this relation reduces to

12

G(S)= 4 3 2
s +10s” +36s” + 56s + 32

(19.20)

and the force applied at 50sint. The model under those conditions is shown in Figure 19.29, and
the input and output waveforms are shown in Figure 19.30.

12
Signal_Figure_18_328 z .
E >{ 41034+ 36:24 505422 Seope

Gain Transfer Fon

Signal Builder
Fulze uft-1}ut-5)

Figure 19.29. Model for the system of Figure 19.28

Figure 19.30. Input and output waveforms for the model of Figure 19.29
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19.5.3 Model for a Mechanical Accelerometer

A simple mechanical accelerometer system consisting of a block, a dashpot, and a spring is con-
nected as shown in Figure 19.31.

X
k Block Dashpot
—’\/V\/\/\/ Mass ! II
Spring M D
Acceleration = a

Figure 19.31. A simple mechanical accelerometer

It is shown in feedback and control systems textbooks that the transfer function G(s) = x/a is

G(s) = I (19.21)

s+ (D/M)s + k/M

For simplicity, let us assume that the constants and conditions are such that after substitution into
(19.21), this relation reduces to

1

G(s) = S REuE——
s +0.1s+0.2

(19.22)

and the force applied is 0.8uy(t) where uy(t) is the unit step function. The model under those
conditions is shown in Figure 19.32, and the input and output waveforms are shown in Figure

19.33.

Sirnulation tirme = 50 sec

1
—D{D.El L
240 15402 Scope

Step S5ain Transfer Fcn

Figure 19.32. Model for the system of Figure 19.31
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Figure 19.33. Input and output waveforms for the model of Figure 19.32

19.6 Feedback Control Systems

In our previous discussions in this chapter, we have used system components that are intercon-
nected in series. These are referred to as open—loop control systems. An example of an open—
loop system is a microwave oven which is controlled by a timer. However, most control systems
are closed-loop control systems where the control action ia affected by the output. An example
of a closed-loop system is the autopilot subsystem in an airplane which continuously measures the
actual airplane direction and automatically adjusts other subsystems of the airplane to change the
airplane heading to the desired direction. Feedback is the characteristic of a closed-loop control
system which distinguishes it from open—loop systems. It is beyond the scope of this text to
describe feedback control systems in detail. We will only describe some basics to aid the reader in
understanding some of the advanced designs of the systems provided by the Simulink demos.

Figure 19.34 shows a simple feedback control system with two elements represented as blocks, the
first of which is generally known as the control element or controller, and the second is known as
the plant. The feedback (the line connecting the output to the summing point) is the same as the

output and for this reason the entire system is referred to as unity feedback system. The path E
represents the error, that is, the difference E = X -Y.

X E 1 1
AS s+a s+b Y
Controller Plant

Figure 19.34. A unity feedback system

In Figure 19.34, the Controller and Plant blocks are in series and according to Feedback and Con-
trol Systems theory, can be replace by a single block whose transfer function is their product as
shown in Figure 19.35.

19-20 Introduction to Simulink with Engineering Applications
Copyright © Orchard Publications



Feedback Control Systems

E 1
X _ (s+a)(s+b) I =Y

Figure 19.35. Simplified representation for the system of Figure 19.33
To find the overall transfer function G(s) = Y/X, observe that

_ 1 _ 1
B (s+a)(s+b)E B (s+a)(s+b)

[X-Y]

or
+ I Y = L X
(s+a)(s+b) (s+a)(s+b)

Y

(s+a)(s+b) 1 _ 1
(sra)stb)  GrasaD). T GraGrot

Dividing both sides by (s +a)(s + b) we obtain
(s+a)(s+b)Y+Y =X

[(s+a)(s+b)+1]Y = X
and thus

G(s) = < = !
X (s+a)(s+b)+1

Therefore, the block diagram of Figure 19.34can be replaced with only one block in an open—loop
form as shown in Figure 19.36.

1

(s+a)(s+b)+1 Y

X——>

Figure 19.36. The system of Figure 19.33 in an open—loop form

A feedback control system in the form of the feedback path shown as in Figure 19.37 is referred to
as a feedback control system in canonical form. For the system of Figure 19.37, the ratio Y/X is

Y__G (19.23)
X 1+ GH

G Y

H

Figure 19.37. Canonical form of a feedback control system
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More complicated block diagrams can be reduced by methods described in Feedback and Control

Systems textbooks. For instance, the block diagram of Figure 19.38 below,

12s

’

(72}
+
—

Figure 19.38. Feedback control system to be simplified to an open—loop system

can be replaced with the open—loop system of Figure 19.39.

X—>

G,G,G; + G,-G,G,G,H, + G,G,H, + G,G;G,H,
1-G,G,H, +G,H, + G,G;H,

—Y

Figure 19.39. Open-loop equivalent control system for the closed—loop system of Figure 19.38

We can prove that the systems of Figures 19.37 and 19.38 are equivalent with Simulink blocks.
The system of Figure 19.38 is represented by the model in Figure 19.40 and there is no need to
represent it as an open—loop equivalent. Instead, we can represent it as the subsystem shown in

Figure 19.41.

i

Step

0.3
—
shed
. + HZ
1 4 01
- + - -
+ =+1 s+2 243
G + 52 e
F5+5
53+15
HA1
2s+1
243542
G54

Figure 19.40. A complicated feedback control system
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| P In1 Cutd —h-|:|

Step Subsystem Scope

Figure 19.41. The model of Figure 19.40 replaced by a Subsystem block

19.7 Models for Electrical Systems

In this section we will draw two models for mechanical systems. Subsection 19.7.1 presents an
electric circuit whose output voltage is determined by application of Thevenin’s theorem, and
Subsection 19.7.2 presents an electric circuit to be analyzed by application of the Superposition
Principle.

19.7.1 Model for an Electric Circuit in Phasor Form

By application of Thevenin’s theorem, the electric circuit of Figure 19.42 can be simplified” to
that shown in Figure 19.43.

8503 == -i100 O
Ix
6_) ANV
100 Q
17020° V] 00 6 % $50 0

Figure 19.42. Electric circuit to be replaced by its Thevenin equivalent

AN SHTo X
112 j10.6Q

@ 21000

Vi = 110-6.87 V

Y
Figure 19.43. The circuit of Figure 19.42 replaced by its Thevenin equivalent

* A phasor is a rotating vector. Phasors are used extensively in the analysis of AC electric circuits. For a thorough
discussion on phasors, please refer to Circuit Analysis I with MATLAB Applications, ISBN 0-9709511-2-4.

1 For a step-by-step procedure, please see same reference.
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Next, we let Viy = Vig, Vour = Vxy, Z; = 112+j10, and Z, = 100. Application of the volt-
age division expression yields

Z
Vour = ZITZZQVIN (19.24)

Now, we use the model of Figure 19.44 to convert all quantities from the rectangular to the polar
form, perform the addition and multiplication operations, display the output voltage in both polar

and rectangular forms, and show the output voltage on a Scope block in Figure 19.45. The Sim-
ulink blocks used for the conversions are in the Math Operations library.

L_aE
s [u] 110.2
110-f6.87 —I'--.L ] 51.82
fu 005237
Win
Complex to 2
Mag-Angle 1
Divide ™11 2 :
o Pl ==
100 1{ Mag-Angle
u -_Ijl 1o Complex
= ﬁU |
Comple: to
Mag-Angle 2 Amplitude=31.82  Scope
L e+ FPhasze = 0.1123 ad
ol 2123
[112+100]+p10.5 —Ir~.L P+ -0.1123
fu EEE]
Z1+22
Complex to -
Mag-Angle 3

Surmn

Figure 19.44. Model for the computation and display of the output voltage for the circuit of Figure 19.43

Figure 19.45. Waveform for the output voltage of model of Figure 19.44
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19.7.2 Model for the Application of the Superposition Principle

We will create a model to illustrate the superposition principle by computing the phasor voltage
across capacitor C, in the circuit of Figure 19.46.

R, L
AN T
T 20 3Q
4Q2Z R, 8QZR;
520° AN M) 10£0° A
-j6 Q -~ C, -i3 Q. ~ C, \L

Figure 19.46. Electric circuit to illustrate the superposition principle

Let the phasor voltage across C, due to the 520° A current source acting alone be denoted as

V'c,, and that due to the 10£0° A current source as V"¢, . Then, by the superposition principle,
Voo = Vip+ V'

With the 520° A current source acting alone, the circuit reduces to that shown in Figure 19.47.

R, L
AN SR
T 2Q i3 Q
402R 8 QO R,
520°A (MU
-j6 Q -~ C, -i3Q . 1~V'y,
2

Figure 19.47. Circuit of Figure 7.45 with the 5£0° A current source acting alone

By application of the current division expression, the current I'¢, through C, is

T 4-ij6 o _ 1211/-56.3°
27 4-i6+2+j3+8-]3 T 15.232/-23.2°

5£0° = 2.367£-33.1°

The voltage across C, with the 520° current source acting alone is

V', = (=i3)(2.367£-33.1°) = (3.£-90°)(2.367£-33.1°)
= 7.102£-123.1° = — 3.878 — j5.949

Next, with the 10£0° A current source acting alone, the circuit reduces to that shown in Figure
19.48.
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R, L
A, ETT
20 3 Q
R 8OOSR,
4as 4% @ 10.£0° A
-j6 Q -~ C -i3Q~V'"w
C, l

Figure 19.48. Circuit with the 10£0° A current source acting alone
and by application of the current division expression, the current 1", through C, is
4-j6+2+j3
4-j6+2+j3+8—]

6.708 £-26.6°
15.232£-23.2°

1", (~10.£0°)

10£180° = 4.404£176.6°

The voltage across C, with the 10£0° current source acting alone is

V', = (=j3)(4.404£176.6°) = (3.£-90°)(4.404.£176.6°)
= (13.213.286.6 = 0.784 +j13.189)

Addition of (7.13) with (7.14) yields

Ve, = Vi + V", = —3.878 —j5.949 + 0.784 + j13.189
or

Ve, = —3.004 +(7.240 = 7.873/113.1°

The models for the computation of V'¢, and V", are shown in Figures 19.49 and 19.50 respec-

tively.
B > *
#
== ), = [
- I B I Product 2
e | L Progust |
Z1 Divide —
Comple: to
Mag-Angls 1 I+ I+
i :l
> + = +
- i arg(IGz) ]
_Jr-lul - e Surmn 2 i Sum 3
[rere |»R0
o
(2242301
Compla: to
M=ag-Angle 2
Figure 19.49. Model for the computation of V',
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b J

0.4404

o Product 2

1

2

# 4.404
Iz L
Product 4

[
-

* 13.21

] =
s ] §.708 .
B-13 ! -
s Ju g 04638
1+ 22 Divide1
Comple: to
M=ag-Angle 2
=+
-
4] | 1523 L
—"r_ v Surn 4
14-p8 a
fu -0.4043
[T+Z2+Z102)
Compla: to
M=ag-Angle 4

|
Ll
> 00T .

2082

arg 1521

Figure 19.50. Model for the computation of V",

-+

1.512

Surmn B

The final step is to add V'¢, with V",. This addition is performed by the model of Figure 19.51
where the models of Figures 19.49 and 19.50 have been converted to Subsystems 1 and 2 respec-

tively.
4.6
[ Lpefint outs LS| Sy ey
1 — . : - .
L ..|| ZH70 - 50461 |
_I_plne outs -2.148 Mag-Angle Wi
14-fG Subayewr to Cornples 1
[+Z2+Z311) * —p{
b | 5.003 + 7241 |
—+
oo Wi l4\ie2
_Lp In1 Outl 13.21 ]|~
71+ 22 _— . !
s p.|| 07750 + 12150 ||
| in2 ouz 1.512 Mag-Angle e
] (o
14-f6 to Complex 2
Subsystermn 2
M+Z2+Z 102

Figure 19.51. Model for the addition of V', with V"¢,

The model of Figure 19.51 can now be used with the circuit of Figure 19.46 for any values of the

impedances Z .

19.8 Transformations

The conversions from complex to magnitude—angle and magnitude—angle to complex used in the
previous section, can also be performed with the Cartesian to Polar and Polar to Cartesian blocks.
Examples are presented in the model of Figure 19.52 where transformations from Cartesian to
Spherical and Spherical to Cartesian are shown. The equations used in these transformations are
shown in the Block Parameters dialog box for each block.
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3—|_.]i‘

4 Cartezian to 0.9273
Folar

Falar ta 5.928
Cartesian

{

pil3

i

2 12
—
> ) 118 pifz 5.196
ey
Cartesian to 050z
o Spherical Sphercal to 10.38

il Cartesian

Figure 19.52. Transformation examples

Other transformation blocks include Fahrenheit to Celsius, Celsius to Fahrenheit, Degrees to
Radians, and Radians to Degrees.

19.9 Another S-Function Example

An S-Function example is presented in Subsection 11.18, Chapter 11, Page 11-44. In this sec-
tion, we will present another example.

For semiconductor diodes, the empirical equations describing the temperature coefficient
dV:/dT in mV/°C as a function of forward current I in mA are

d—;]_lfl = 0.6log10(I4) —1.92 for gold doped diodes
d—;;fl = 0.33log10(I;— 1) — 1.66 for non-gold doped diodes

where, for this example,

I = final value of forward current
I;, = variable value of forward current

We begin with the user—defined m—file below which we type in the Editor Window and we save it
as diode.m

function dx=diode(t,x,Ifv)

Model for gold-doped and non-gold-doped diodes

oP 0P o

VEl = x(1); % Gold-doped diode forward voltage, volts
VE2 = x(2); % Non-gold-doped diode forward voltage, volts
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Iff = 100; % Iff = final value in of forward current in mA
dvfl = 0.6*1ogl0(Iff)-1.92;
dvf2 = 0.33*1oglO0(Iff-Ifv)-1.66; % Ifv = variable value of forward current in mA

dx = [dVEl;dVE2];

To test this function for correctness, on MATLAB’s Command Window we type and execute the
command

[t,x, Ifw]=0de45(@diode, [0 10], [1;10],] ], 50)

where the vector [0 10] specifies the start and the end of the simulation time, the vector [1;10]
specifies an initial value column vector, the null vector [ ] can be used for other options, and the
input value is set to 50.

Next, using the Editor Window we write the m—file below and we save it as diode_sfcn.m

function [sys,x0,str,ts]=...
diode_sfcn(t,x,u, flag,Vflinit,Vvf2init)

switch flag

case 0 % Initialize
str = [1;
ts = [0 0];
S = simsizes;
s.NumContStates = 2;
s.NumDiscStates = 0;
s.NumOutputs = 2;
s.NumInputs = 1;
s.DirFeedthrough = 0;
s .NumSampleTimes = 1;
sys =simsizes(s);
x0 = [Vflinit,Vf2init];
case 1 % Derivatives
Ifw = u
sys = diode(t,x,Ifw);
case 3 % Output
sys = X;
case {2 4 9} % 2:discrete
% 3:calcTimeHit
% 9:termination
sys = [1;
otherwise
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error ([ 'unhandled flag =',num2str(flag)l);
end

The syntax for the diode_sfcn.m file above is the same as that of Example 11.14, Chapter 11,
Page 11-44.

Next, we open a new model window, from the User—Defined Functions Library we drag an S-
Function block into it, we double—click this block, in the Function Block Parameters dialog box
we name it diode_sfcn, and we add and interconnect the other blocks shown in Figure 19.53.

=t 1
| diode_sfcn ope
Step S-Function |:|

Oernaz

Scope 2

Figure 19.53. Another example illustrating the construction of an S—Function block

The waveforms displayed by the Scope 1 and Scope 2 blocks are shown in Figures 19.54 and 19.55
respectively.

Figure 19.54. Waveform displayed by the Scope 1 block in the model of Figure 19.53
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Figure 19.55. Waveform displayed by the Scope 2 block in the model of Figure 19.53

19.10 Concluding Remarks

This text, as its title indicates, is an introduction to Simulink. In Chapters 2 through 18 we have
described all blocks of all Simulink Libraries and provided examples to illustrate their application.
Chapter 1 and this chapter provided additional examples. This text is not a substitute for the Sim-
ulink User’s Manual which provides much more information on MATLAB and Simulink, and
should be treated as a supplement. Moreover, the demos provided with Simulink are real-world
examples and should be studied in thoroughly after reading this text. Undoubtedly, new MAT-
LAB and Simulink releases will include new functions and new blocks.
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19.11 Summary

An analog-to—digital conversion (ADC) application with an Idealized ADC Quantizer block
was presented in Section 19.1.

Examples of using Zero-Order Hold and First—Order Hold blocks as reconstructors for digital-
to-analog conversion were presented in Section 19.2.

The four forms of digital filter realization forms were presented in Section 19.3.
Models for binary counters were presented in Section 19.4.

Three models for mechanical systems were presented in Section 19.5.

A brief review of feedback control systems was provided in Section 19.6.

Two models for AC electric circuit analysis were presented in Section 19.7.
Four transformations blocks were introduced in Section 19.8.

An S-Function example was presented in Section 11.18, Chapter 11. Another example was
given in Section 19.9, this chapter.
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Introduction to MATLAB®

his appendix serves as an introduction to the basic MATLAB commands and functions,
T procedures for naming and saving the user generated files, comment lines, access to MAT-

LAB’s Editor / Debugger, finding the roots of a polynomial, and making plots. Several exam-
ples are provided with detailed explanations.

A.1 MATLAB® and Simulink®
MATLAB and Simulink are products of The MathWorks,™ Inc. These are two outstanding soft-

ware packages for scientific and engineering computations and are used in educational institu-
tions and in industries including automotive, aerospace, electronics, telecommunications, and
environmental applications. MATLAB enables us to solve many advanced numerical problems
rapidly and efficiently.

A.2 Command Window

To distinguish the screen displays from the user commands, important terms, and MATLAB
functions, we will use the following conventions:

Click: Click the left button of the mouse
Courier Font: Screen displays

Helvetica Font: User inputs at MATLAB’s command window prompt >> or EDU>>"
Helvetica Bold: MATLAB functions
Normal Font Bold Italic: Important terms and facts, notes and file names

When we first start MATLAB, we see various help topics and other information. Initially, we are
interested in the command screen which can be selected from the Window drop menu. When the
command screen, we see the prompt >> or EDU>>. This prompt is displayed also after execution
of a command; MATLAB now waits for a new command from the user. It is highly recommended
that we use the Editor/Debugger to write our program, save it, and return to the command screen
to execute the program as explained below.

To use the Editor/Debugger:

1. From the File menu on the toolbar, we choose New and click on M—File. This takes us to the
Editor Window where we can type our script (list of statements) for a new file, or open a previ-
ously saved file. We must save our program with a file name which starts with a letter. Impor-

* EDU>> is the MATLAB prompt in the Student Version
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tant! MATLAB is case sensitive, that is, it distinguishes between upper— and lower—case let-
ters. Thus, t and T are two different letters in MATLAB language. The files that we create are
saved with the file name we use and the extension .m; for example, myfileO1.m. It is a good
practice to save the script in a file name that is descriptive of our script content. For instance,
if the script performs some matrix operations, we ought to name and save that file as
matricesO1.m or any other similar name. We should also use a floppy disk or an external drive
to backup our files.

2. Once the script is written and saved as an m—file, we may exit the Editor/Debugger window by
clicking on Exit Editor/Debugger of the File menu. MATLAB then returns to the command
window.

3. To execute a program, we type the file name without the .m extension at the >> prompt;
then, we press <enter> and observe the execution and the values obtained from it. If we have
saved our file in drive a or any other drive, we must make sure that it is added it to the desired

directory in MATLAB’s search path. The MATLAB User’s Guide provides more information
on this topic.

Henceforth, it will be understood that each input command is typed after the >> prompt and fol-
lowed by the <enter> key.

The command help matlab\iofun will display input/output information. To get help with other
MATLAB topics, we can type help followed by any topic from the displayed menu. For example,
to get information on graphics, we type help matlab\graphics. The MATLAB User’s Guide con-
tains numerous help topics.

To appreciate MATLAB’s capabilities, we type demo and we see the MATLAB Demos menu.
We can do this periodically to become familiar with them. Whenever we want to return to the
command window, we click on the Close button.

When we are done and want to leave MATLAB, we type quit or exit. But if we want to clear all
previous values, variables, and equations without exiting, we should use the command clear. This
command erases everything; it is like exiting MATLAB and starting it again. The command cle
clears the screen but MATLAB still remembers all values, variables and equations that we have
already used. In other words, if we want to clear all previously entered commands, leaving only
the >> prompt on the upper left of the screen, we use the cle command.

All text after the % (percent) symbol is interpreted as a comment line by MATLAB, and thus it is
ignored during the execution of a program. A comment can be typed on the same line as the func-
tion or command or as a separate line. For instance,

conv(p,q) % performs multiplication of polynomials p and q
% The next statement performs partial fraction expansion of p(x) / q(x)

are both correct.
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One of the most powerful features of MATLAB is the ability to do computations involving com-
plex numbers. We can use either i, or j to denote the imaginary part of a complex number, such as
3-4i or 3-47.For example, the statement

z=3-4j
displays
z = 3.0000-4.00001

In the above example, a multiplication (*) sign between 4 and j was not necessary because the
complex number consists of numerical constants. However, if the imaginary part is a function, or
variable such as cos(x), we must use the multiplication sign, that is, we must type cos(x)*j or
j*cos(x) for the imaginary part of the complex number.

A.3 Roots of Polynomials

In MATLAB, a polynomial is expressed as a row vector of the form [a, a | ... a, a, a,]. These

are the coefficients of the polynomial in descending order. We must include terms whose coeffi-
cients are zero.

We find the roots of any polynomial with the roots(p) function; p is a row vector containing the
polynomial coefficients in descending order.

Example A.1
Find the roots of the polynomial

p(x) = x* — 10X’ +35x” — 50x + 24
Solution:

The roots are found with the following two statements where we have denoted the polynomial as
p1, and the roots as roots_ p1.

p1=[1 —10 35 -50 24] % Specify and display the coefficients of p1(x)

pl =
1 -10 35 -50 24

roots_ p1=roots(p1) % Find the roots of p1(x)

roots_pl =
4.0000
3.0000
2.0000
1.0000
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We observe that MATLAB displays the polynomial coefficients as a row vector, and the roots as a
column vector.

Example A.2
Find the roots of the polynomial

py(x) = X" —7x" + 16X +25x + 52
Solution:

There is no cube term; therefore, we must enter zero as its coefficient. The roots are found with
the statements below, where we have defined the polynomial as p2, and the roots of this polyno-
mial as roots_ p2. The result indicates that this polynomial has three real roots, and two complex

roots. Of course, complex roots always occur in complex conjugate” paits.
p2=[1 -7 0 16 25 52]

p2 =
1 -7 0 16 25 52

roots_ p2=roots(p2)

roots_p2 =
6.5014
2.7428
-1.5711
-0.3366 + 1.32021i
-0.3366 - 1.32021

A.4 Polynomial Construction from Known Roots

We can compute the coefficients of a polynomial, from a given set of roots, with the poly(r) func-
tion where r is a row vector containing the roots.

Example A.3

It is known that the roots of a polynomial are 1, 2, 3, and 4. Compute the coefficients of this
polynomial.

* By definition, the conjugate of a complex number A = a+jb is A* = a—jb
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Solution:

We first define a row vector, say r3, with the given roots as elements of this vector; then, we find
the coefficients with the poly(r) function as shown below.

r3=[1 2 3 4] % Specify the roots of the polynomial

r3 =
1 2 3 4

poly_r3=poly(r3) % Find the polynomial coefficients

poly_r3 =
1 -10 35 -50 24

We observe that these are the coefficients of the polynomial p,(x) of Example A.1.

]
Example A.4

[t is known that the roots of a polynomial are -1, -2, -3, 4 +j5, and 4—j5. Find the coeffi-
cients of this polynomial.

Solution:

We form a row vector, say r4, with the given roots, and we find the polynomial coefficients with
the poly(r) function as shown below.

rd=[ -1 -2 -3 445j 4-5j]

rd =
Columns 1 through 4
-1.0000 -2.0000 -3.0000 -4.0000+ 5.00001
Column 5

-4.0000- 5.00001

poly_r4=poly(r4)

poly_r4d =
1 14 100 340 499 246

Therefore, the polynomial is

pa(x) = x°+ 14x" + 100X + 340x” + 499x + 246
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A.5 Evaluation of a Polynomial at Specified Values

The polyval(p,x) function evaluates a polynomial p(x) at some specified value of the indepen-
dent variable x.

Example A.5

Evaluate the polynomial

ps(x) = X0 3%° + 5% —4x” +3x +2 (A.1)
atx = -3.
Solution:

p5=[1 -3 0 5 -4 3 2]; % These are the coefficients of the given polynomial

% The semicolon (;) after the right bracket suppresses the

% display of the row vector that contains the coefficients of p5.
%
val_minus3=polyval(p5, —-3) % Evaluate p5 at x=—3; no semicolon is used here

% because we want the answer to be displayed

val minus3 =
1280

Other MATLAB functions used with polynomials are the following:
conv(a,b) — multiplies two polynomials a and b

[q,r]=deconv(c,d) —divides polynomial ¢ by polynomial d and displays the quotient q and
remainder r.

polyder(p) — produces the coefficients of the derivative of a polynomial p.
|
Example A.6
Let
P = X =3x +5x7 +7x +9
and

P, = 2x° - 8x" +4x" + 10x + 12

Compute the product p, - p, using the conv(a,b) function.
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Solution:

pi=[1 -3 05 7 9] % The coefficients of p1

p2=[2 0 -8 0 4 10 12]; % The coefficients of p2

p1p2=conv(p1,p2) % Multiply p1 by p2 to compute coefficients of the product p1p2
plp2 =

2 -6 -8 34 18 -24 -74 -88 78 166 174 108
Therefore,
PPy = 2x ' —6x'0 - 8x” + 34x" + 18x’ - 24x°
~74x°-88x" + 78x” + 166x” + 174x + 108
——————————
Example A.7
Let
P = x —3%° +5%x +7x+9
and

pa = 2x° = 8% +4x” + 10x + 12

Compute the quotient p;/p, using the [q,r]l=deconv(c,d) function.

Solution:

% It is permissible to write two or more statements in one line separated by semicolons
p3=[1 0 -3 0 5 7 9]; p4=[2 -8 0 0 4 10 12]; [qg,r]=deconv(p3,p4)

q =
0.5000
r =
0 4 -3 0 3 2 3
Therefore,

Example A.8
Let

ps = 2x° = 8x" +4x + 10x + 12

Compute the derivative (;-d—xps using the polyder(p) function.
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Solution:
p5=[2 0 -8 0 4 10 12]; % The coefficients of p5
der_p5=polyder(p5) % Compute the coefficients of the derivative of p5
der_pb5 =
12 0 -32 0 8 10
Therefore,
d 5 3 2
P = 12x™ - 32x" +4x" +8x+ 10

A.6 Rational Polynomials
Rational Polynomials are those which can be expressed in ratio form, that is, as

n-1 n-2
X +...+bx+b
n-2 i (A.2)

2
X +...+ax+a,

n
Num(x) _ b x +b,_x

Rx) = Den(x)

m
a x +a,

where some of the terms in the numerator and/or denominator may be zero. We can find the roots
of the numerator and denominator with the roots(p) function as before.

As noted in the comment line of Example A.7, we can write MATLAB statements in one line, if
we separate them by commas or semicolons. Commas will display the results whereas semicolons
will suppress the display.

|
Example A.9
Let

R(x) = Pmum _ X =3x" +5x" 4 7x 49

Pden x6—4x4+2x2+5x+6

Express the numerator and denominator in factored form, using the roots(p) function.

Solution:
num=[1 -3 0 5 7 9];den=[1 0 -4 0 2 5 6]; % Do not display num and den coefficients
roots_num=roots(num), roots_den=roots(den) % Display num and den roots
roots_num =
2.4186 + 1.07121 2.4186 - 1.07121 -1.1633
-0.3370 + 0.99611 -0.3370 - 0.99611
A-8 Introduction to Simulink with Engineering Applications
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roots_den =
1.6760 + 0.49221 1.6760 - 0.49221i -1.9304
-0.2108 + 0.98701 -0.2108 - 0.98701 -1.0000

As expected, the complex roots occur in complex conjugate pairs.
For the numerator, we have the factored form

= (x-2.4186 —j1.0712)(x~2.4186 +j1.0712)(x + 1.1633)
(x +0.3370 — j0.9961)(x + 0.3370 +j0.9961)

pnum

and for the denominator, we have

Paen = (X—1.6760 — 10.4922)(x~1.6760 + j0.4922)(x + 1.9304)
(x +0.2108-70.9870)(x + 0.2108 + j0.9870)(x + 1.0000)

We can also express the numerator and denominator of this rational function as a combination of
linear and quadratic factors. We recall that, in a quadratic equation of the form x> +bx+¢ = 0
whose roots are x, and x,, the negative sum of the roots is equal to the coefficient b of the x

term, that is, —(x, + x,) = b, while the product of the roots is equal to the constant term ¢, that
is, x; - x, = ¢. Accordingly, we form the coefficient b by addition of the complex conjugate roots

and this is done by inspection; then we multiply the complex conjugate roots to obtain the con-
stant term ¢ using MATLAB as follows:

(2.4186 + 1.0712i)*(2.4186 —1.0712i)
ans = 6.9971

(—0.3370+ 0.9961i)*(—0.3370-0.9961i)
ans = 1.1058

(1.6760+ 0.4922i)*(1.6760-0.4922i)
ans = 3.0512

(-0.2108+ 0.9870i)*(-0.2108-0.9870i)
ans = 1.0186

Thus,
R(x) = Prum _ (x° — 4.8372x + 6.9971)(x" + 0.6740x + 1.1058)(x + 1.1633)
Pgen  (X°—3.3520x +3.0512)(x* + 0.4216x + 1.0186)(x + 1.0000)(x + 1.9304)
Introduction to Simulink with Engineering Applications A-9
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We can check this result of Example A.9 above with MATLAB’s Symbolic Math Toolbox which is
a collection of tools (functions) used in solving symbolic expressions. They are discussed in detail
in MATLAB'’s Users Manual. For the present, our interest is in using the collect(s) function that
is used to multiply two or more symbolic expressions to obtain the result in polynomial form. We
must remember that the conv(p,q) function is used with numeric expressions only, that is, poly-
nomial coefficients.

Before using a symbolic expression, we must create one or more symbolic variables such as x, y, t,
and so on. For our example, we use the following script:

syms x % Define a symbolic variable and use collect(s) to express numerator in polynomial form
collect((x"2—-4.8372*x+6.9971)*(x"2+0.6740*x+1.1058)*(x+1.1633))

ans =
x"5-29999/10000*x74-1323/3125000*x"3+7813277909/
1562500000*x72+1750276323053/250000000000*x+4500454743147/
500000000000

and if we simplify this, we find that is the same as the numerator of the given rational expression
in polynomial form. We can use the same procedure to verify the denominator.

A.7 Using MATLAB to Make Plots

Quite often, we want to plot a set of ordered pairs. This is a very easy task with the MATLAB
plot(x,y) command that plots y versus x, where x is the horizontal axis (abscissa) and y is the ver-
tical axis (ordinate).

Example A.10

Consider the electric circuit of Figure A.1, where the radian frequency o (radians/second) of the
applied voltage was varied from 300 to 3000 in steps of 100 radians/second, while the amplitude
was held constant.

R,

()
O

|

Figure A.1. Electric circuit for Example A.10

Y
/1
@)
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The ammeter readings were then recorded for each frequency. The magnitude of the impedance
|Z| was computed as |Z| = |[V/A| and the data were tabulated on Table A.1.

TABLE A.1 Table for Example A.10

o (rads/s) |Z| Ohms || ® (rads/s) |Z| Ohms
300 39.339 1700 90.603
400 52.589 1800 81.088
500 71.184 1900 73.588
600 97.665 2000 67.513
700 140.437 2100 62.481
800 222.182 2200 58.240
900 436.056 2300 54.611

1000 1014.938 2400 51.428
1100 469.83 2500 48.717
1200 266.032 2600 46.286
1300 187.052 2700 44.122
1400 145.751 2800 42.182
1500 120.353 2900 40.432
1600 103.111 3000 38.845

Plot the magnitude of the impedance, that is, | Z| versus radian frequency .
Solution:

We cannot type o (omega) in the MATLAB Command prompt, so we will use the English letter
w instead.

If a statement, or a row vector is too long to fit in one line, it can be continued to the next line by
typing three or more periods, then pressing <enter> to start a new line, and continue to enter
data. This is illustrated below for the data of w and z. Also, as mentioned before, we use the semi-
colon (;) to suppress the display of numbers that we do not care to see on the screen.

The data are entered as follows:

w=[300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900....
2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000];

%

z=[39.339 52.789 71.104 97.665 140.437 222.182 436.056....

1014.938 469.830 266.032 187.052 145.751 120.353 103.111....

90.603 81.088 73.588 67.513 62.481 58.240 54.611 51.468....

48.717 46.286 44.122 42.182 40.432 38.845];

Of course, if we want to see the values of w or z or both, we simply type w or z, and we press
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<enter>. To plot z (y—axis) versus w (x—axis), we use the plot(x,y) command. For this example,

we use plot(w,z). When this command is executed, MATLAB displays the plot on MATLAB’s
graph screen and MATLAB denotes this plot as Figure 1. This plot is shown in Figure A.2.

1200

1000 - b

800 - b

600 - b

400 b

200 b

O 1 1 1 1 1
0 500 1000 1500 2000 2500 3000

Figure A.2. Plot of impedance |z| versus frequency o for Example A.10

This plot is referred to as the magnitude frequency response of the circuit.

To return to the command window, we press any key, or from the Window pull-down menu, we
select MATLAB Command Window. To see the graph again, we click on the Window pull-down
menu, and we choose Figure 1.

We can make the above, or any plot, more presentable with the following commands:

grid on: This command adds grid lines to the plot. The grid off command removes the grid. The

command grid toggles them, that is, changes from off to on or vice versa. The default” is off.

box off: This command removes the box (the solid lines which enclose the plot), and box on
restores the box. The command box toggles them. The default is on.

title(‘string’): This command adds a line of the text string (label) at the top of the plot.
xlabel(‘string’) and ylabel(‘string’) are used to label the x— and y—axis respectively.

The magnitude frequency response is usually represented with the x—axis in a logarithmic scale.
We can use the semilogx(x,y) command which is similar to the plot(x,y) command, except that
the x—axis is represented as a log scale, and the y-axis as a linear scale. Likewise, the semil-
ogy(x,y) command is similar to the plot(x,y) command, except that the y—axis is represented as a

*  Adefault is a particular value for a variable that is assigned automatically by an operating system and remains

in effect unless canceled or overridden by the operator.
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log scale, and the x—axis as a linear scale. The loglog(x,y) command uses logarithmic scales for
both axes.

Throughout this text it will be understood that log is the common (base 10) logarithm, and In is
the natural (base e) logarithm. We must remember, however, the function log(x) in MATLAB is
the natural logarithm, whereas the common logarithm is expressed as log10(x), and the logarithm
to the base 2 as log2(x).

Let us now redraw the plot with the above options by adding the following statements:

semilogx(w,z); grid; % Replaces the plot(w,z) command
title('Magnitude of Impedance vs. Radian Frequency');
xlabel('w in rads/sec'); ylabel('|Z| in Ohms')

After execution of these commands, the plot is as shown in Figure A.3.

If the y—axis represents power, voltage or current, the x—axis of the frequency response is more
often shown in a logarithmic scale, and the y—axis in dB (decibels).

Magnitude of Impedance vs. Radian Frequency

1200

1000

800

600

|Z] in Ohms

400

200

w in rads/sec

Figure A.3. Modified frequency response plot of Figure A.2.

To display the voltage v in a dB scale on the y—axis, we add the relation dB=20*log10(v), and we
replace the semilogx(w,z) command with semilogx(w,dB).

The command gtext(‘string’) switches to the current Figure Window, and displays a cross—hair
that can be moved around with the mouse. For instance, we can use the command gtext(‘Imped-
ance |Z| versus Frequency’), and this will place a cross—hair in the Figure window. Then, using

*  With the latest MATLAB Versions 6 and 7 (Student Editions 13 and 14), we can add text, lines and arrows directly into
the graph using the tools provided on the Figure Window. For advanced MATLAB graphics, please refer to The Math-
Works Using MATLAB Graphics documentation.
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the mouse, we can move the cross—hair to the position where we want our label to begin, and we
press <enter>.

The command text(x,y, string’) is similar to gtext(‘string’). It places a label on a plot in some
specific location specified by x and y, and string is the label which we want to place at that loca-
tion. We will illustrate its use with the following example which plots a 3—phase sinusoidal wave-
form.

The first line of the script below has the form
linspace(first_value, last_value, number_of_values)

This function specifies the number of data points but not the increments between data points. An
alternate function is

x=first: increment: last
and this specifies the increments between points but not the number of data points.
The script for the 3—phase plot is as follows:

x=linspace(0, 2*pi, 60); % piis a built—in function in MATLAB;

% we could have used x=0:0.02*pi:2*pi or x = (0: 0.02: 2)*pi instead;

y=sin(x); u=sin(x+2*pi/3); v=sin(x+4*pi/3);

plot(x,y,x,u,x,v); % The x—axis must be specified for each function

grid on, box on, % turn grid and axes box on

text(0.75, 0.65, 'sin(x)'); text(2.85, 0.65, 'sin(x+2*pi/3)"); text(4.95, 0.65, 'sin(x+4*pi/3)")

These three waveforms are shown on the same plot of Figure A.4.

1 T

|
|

sin(x+2*pi/3) Sin(x+4*pi/3)
| |

0.5

-0.5

Figure A.4. Three—phase waveforms
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In our previous examples, we did not specify line styles, markers, and colors for our plots. How-
ever, MATLAB allows us to specify various line types, plot symbols, and colors. These, or a com-
bination of these, can be added with the plot(x,y,s) command, where s is a character string con-
taining one or more characters shown on the three columns of Table A.2. MATLAB has no
default color; it starts with blue and cycles through the first seven colors listed in Table A.2 for
each additional line in the plot. Also, there is no default marker; no markers are drawn unless
they are selected. The default line is the solid line. But with the latest MATLAB versions, we can
select the line color, line width, and other options directly from the Figure Window.

TABLE A.2 Styles, colors, and markets used in MATLAB

Symbol Color Symbol Marker Symbol Line Style
b blue . point - solid line
g green o circle : dotted line
T red X x—mark - dash—dot line
c cyan + plus — dashed line
m magenta * star
y yellow s square
k black d diamond
w white v triangle down

A triangle up
< triangle left
> triangle right
p pentagram
h hexagram

For example, plot(x,y,'m*:') plots a magenta dotted line with a star at each data point, and
plot(x,y,'rs') plots a red square at each data point, but does not draw any line because no line was
selected. If we want to connect the data points with a solid line, we must type plot(x,y,'rs—'). For
additional information we can type help plot in MATLAB’s command screen.

The plots we have discussed thus far are two—dimensional, that is, they are drawn on two axes.
MATLAB has also a three-dimensional (three—axes) capability and this is discussed next.

The plot3(x,y,z) command plots a line in 3-space through the points whose coordinates are the
elements of x, y and z, where x, y and z are three vectors of the same length.

The general format is plot3(X4,Y1,21,S1,X2,¥2,22,52,X3,Y3,23,S3,-..) Where X, Y, and z,, are vectors
or matrices, and s, are strings specifying color, marker symbol, or line style. These strings are the
same as those of the two—dimensional plots.
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Example A.11
Plot the function

z=—2x3+x+3y2—1 (A.3)
Solution:

We arbitrarily choose the interval (length) shown on the script below.

x=-10:0.5: 10; % Length of vector x
y=X; % Length of vector y must be same as x
2= —2."°XN3+x+3.7'y N2—1; % Vector z is function of both x and y*

plot3(x,y,z); grid

The three—dimensional plot is shown in Figure A.5.

3000
2000

1000

-1000

-2000 -l
10

Figure A.5. Three dimensional plot for Example A.11

In a two—dimensional plot, we can set the limits of the x— and y—axes with the axis([xmin xmax
ymin ymax]) command. Likewise, in a three-dimensional plot we can set the limits of all three
axes with the axis([xmin xmax ymin ymax zmin zmax]) command. It must be placed after the
plot(x,y) or plot3(x,y,z) commands, or on the same line without first executing the plot com-
mand. This must be done for each plot. The three-dimensional text(x,y,z,’string’) command will
place string beginning at the co—ordinate (x,y,z) on the plot.

For three—dimensional plots, grid on and box off are the default states.

We can also use the mesh(x,y,z) command with two vector arguments. These must be defined as

*  This statement uses the so called dot multiplication, dot division, and dot exponentiation where the multiplication, division,
and exponential operators are preceded by a dot. These important operations will be explained in Section A.9.
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length(x) = n and length(y) = m where [m, n] = size(Z). In this case, the vertices of the mesh
lines are the triples {x(j), y(i), Z(i,j)} . We observe that X corresponds to the columns of Z, and y
corresponds to the rows.

To produce a mesh plot of a function of two variables, say z = f(x,y) , we must first generate the
X and Y matrices that consist of repeated rows and columns over the range of the variables x and
y. We can generate the matrices X and Y with the [X,Y]=meshgrid(x,y) function that creates the
matrix X whose rows are copies of the vector X, and the matrix Y whose columns are copies of the
vector y.

]
Example A.12
The volume V of a right circular cone of radius r and height h is given by
v = tnrh (Ad)
Plot the volume of the cone as r and h vary on the intervals 0 <r<4 and 0 <h <6 meters.

Solution:

The volume of the cone is a function of both the radius r and the height h, that is,
V = f(r, h)

The three—dimensional plot is created with the following MATLAB script where, as in the previ-
ous example, in the second line we have used the dot multiplication, dot division, and dot expo-
nentiation. This will be explained in Section A.9.

[R,H]=meshgrid(0: 4, 0: 6); % Creates R and H matrices from vectors r and h;...
V=(pi .* R A2 .*H) ./ 3; mesh(R, H, V);...

xlabel('x—axis, radius r (meters)'); ylabel('y—axis, altitude h (meters)’);...
Zlabel('z—axis, volume (cubic meters)'); title('Volume of Right Circular Cone'); box on

The three—dimensional plot of Figure A.6 shows how the volume of the cone increases as the
radius and height are increased.

The plots of Figure A.5 and A.6 are rudimentary; MATLAB can generate very sophisticated
three-dimensional plots. The MATLAB User’s Manual and the Using MATLAB Graphics Man-

ual contain numerous examples.
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Volume of Right Circular Cone
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Figure A.6. Volume of a right circular cone.

A.8 Subplots

MATLAB can display up to four windows of different plots on the Figure window using the com-
mand subplot(m,n,p). This command divides the window into an m x n matrix of plotting areas
and chooses the pth area to be active. No spaces or commas are required between the three inte-
gers m, n and p. The possible combinations are shown in Figure A.7.

We will illustrate the use of the subplot(m,n,p) command following the discussion on multiplica-
tion, division and exponentiation that follows.

111
Full Screen Default
211 221 | 222
122
212 223 | 224 121
221
221 | 222 211 12 o 322
212 223 | 224 223 124

Figure A.7. Possible subplot arrangements in MATLAB

A.9 Multiplication, Division, and Exponentiation

MATLAB recognizes two types of multiplication, division, and exponentiation. These are the
matrix multiplication, division, and exponentiation, and the element-by—element multiplication,
division, and exponentiation. They are explained in the following paragraphs.
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In Section A.2, the arrays [a b ¢ ...], such a those that contained the coefficients of polynomi-
als, consisted of one row and multiple columns, and thus are called row vectors. If an array has
one column and multiple rows, it is called a column vector. We recall that the elements of a row
vector are separated by spaces. To distinguish between row and column vectors, the elements of a
column vector must be separated by semicolons. An easier way to construct a column vector, is to
write it first as a row vector, and then transpose it into a column vector. MATLAB uses the single
quotation character (') to transpose a vector. Thus, a column vector can be written either as

b=[-1; 3; 6; 11]

or as
b=[-1 3 6 11]
As shown below, MATLAB produces the same display with either format.
b=[-1; 3; 6; 11]
b =
-1
3
6
11
b=[-1 3 6 11] % Observe the single quotation character ()
b =
-1
3
6
11

We will now define Matrix Multiplication and Element-by—Element multiplication.
1. Matrix Multiplication (multiplication of row by column vectors)
Let
A =1[a a a; .. a]]

and
B=[b b b .. bJ

be two vectors. We observe that A is defined as a row vector whereas B is defined as a col-
umn vector, as indicated by the transpose operator (). Here, multiplication of the row vector
A by the column vector B, is performed with the matrix multiplication operator (*). Then,

A*B = [a;b, +a,b,+asb;+... +a b ] = single value (A.5)

Introduction to Simulink with Engineering Applications A-19
Copyright © Orchard Publications



Appendix A Introduction to MATLAB®

For example, if

A=[l 2 3 4 5]
and

B=[2 6 -3 8 7]

the matrix multiplication A*B produces the single value 68, that is,
A*B = 1 x(=2)+2x6+3x(<3)+4x8+5x7 = 68
and this is verified with the MATLAB script
A=[1 2 3 4 5];B=[-2 6 -3 8 7]; A*B % Observe transpose operator (‘) in B
ans =
68

Now, let us suppose that both A and B are row vectors, and we attempt to perform a row—by—
row multiplication with the following MATLAB statements.

A=[1 2 3 4 5];B=[-2 6 -3 8 7]; A"B % No transpose operator (‘) here

When these statements are executed, MATLAB displays the following message:

??? Error using ==> *

Inner matrix dimensions must agree.

Here, because we have used the matrix multiplication operator (*) in A*B, MATLAB expects
vector B to be a column vector, not a row vector. It recognizes that B is a row vector, and
warns us that we cannot perform this multiplication using the matrix multiplication operator

(*). Accordingly, we must perform this type of multiplication with a different operator. This
operator is defined below.

2. Element-by-Element Multiplication (multiplication of a row vector by another row vector)
Let
C=1[c, ¢ ¢35 ... ¢]

and
D = [dl d2 d3 e dn]

be two row vectors. Here, multiplication of the row vector C by the row vector D is per-
formed with the dot multiplication operator (.*). There is no space between the dot and the
multiplication symbol. Thus,

C-*D = [Cldl Czdz C3d3 e Cndn] (A.6)
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This product is another row vector with the same number of elements, as the elements of C
and D.

As an example, let

C=[1 23 4 5]
and

D=[2 6 -3 8 7]

Dot multiplication of these two row vectors produce the following result.
CH*D = 1x(-2) 2x6 3x(-3) 4x8 5x7=-2 12 -9 32 35
Check with MATLAB:

C=[1 2 3 4 5] % Vectors C and D must have
D=[-2 6 -3 8 7]; % same number of elements
C.*D % We observe that this is a dot multiplication

-2 12 -9 32 35

Similarly, the division (/) and exponentiation (* ) operators, are used for matrix division and
exponentiation, whereas dot division (./) and dot exponentiation (.” ) are used for element—
by—element division and exponentiation, as illustrated in Examples A.11 and A.12 above.

We must remember that no space is allowed between the dot (.) and the multiplication, divi-
sion, and exponentiation operators.

Note: A dot (.) is never required with the plus (4+) and minus (-) operators.

]

Example A.13

Write the MATLAB script that produces a simple plot for the waveform defined as
2

y = f(t) = 3¢ M cos5t—2e " sin2t + #1— (A.7)

in the 0 <t <5 seconds interval.

Solution:
The MATLAB script for this example is as follows:
t=0: 0.01: 5; % Define t—axis in 0.01 increments

y=3." exp(-4 .* 1) .* cos(5 .* 1)-2 .* exp(-3 .* 1) .* sin(2 .* t) + t A2 ./ (1+1);
plot(t,y); grid; xlabel('t"); ylabel('y=f(t)"); title('Plot for Example A.13")

The plot for this example is shown in Figure A.8.
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Plot for Example A.13

Figure A.8. Plot for Example A.13

Had we, in this example, defined the time interval starting with a negative value equal to or less
than -1, say as -3 <t <3, MATLAB would have displayed the following message:

Warning: Divide by zero.

This is because the last term (the rational fraction) of the given expression, is divided by zero
when t = —1. To avoid division by zero, we use the special MATLAB function eps, which is a

number approximately equal to 2.2 x 107" It will be used with the next example.

The command axis([xmin xmax ymin ymax]) scales the current plot to the values specified by
the arguments xmin, xmax, ymin and ymax. There are no commas between these four argu-
ments. This command must be placed after the plot command and must be repeated for each plot.
The following example illustrates the use of the dot multiplication, division, and exponentiation,
the eps number, the axis([xmin xmax ymin ymax]) command, and also MATLAB’s capability
of displaying up to four windows of different plots.

Example A.14

Plot the functions

y = sinzx, z = coszx, w = sinzx-coszx, v = sin’x/cos’x

in the interval 0 <x <2n using 100 data points. Use the subplot command to display these func-
tions on four windows on the same graph.
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Solution:

The MATLAB script to produce the four subplots is as follows:

x=linspace(0,2*pi,100); % Interval with 100 data points
y=(sin(x).A 2); z=(cos(x)." 2);
w=y.* z;

v=y./ (z+eps);% add eps to avoid division by zero
subplot(221);% upper left of four subplots

plot(x,y); axis([0 2*pi 0 1]);

title ('y=(sinx) * 2');

subplot(222); % upper right of four subplots
plot(x,z); axis([0 2*pi 0 1]);

title ('z= (cosx) * 2');

subplot(223); % lower left of four subplots
plot(x,w); axis([0 2*pi 0 0.3]);

title('w= (sinx) © 2*(cosx) * 2');

subplot(224); % lower right of four subplots
plot(x,v); axis([0 2*pi 0 400]);

title('v=(sinx) * 2/(cosx) * 2);

These subplots are shown in Figure A.9.

y=(sinx)2 z=(cosx)2
1
0.5 0.5
0 0
0 2 4 6 0 2 4 6
w=(sinx)2’*(cosx)2 v=(sinx)2/(cosx)2
400
0.2
200
0.1
0 0
0 2 4 6 0 2 4 6

Figure A.9. Subplots for the functions of Example A. 14

The next example illustrates MATLAB’s capabilities with imaginary numbers. We will introduce
the real(z) and imag(z) functions that display the real and imaginary parts of the complex quan-
tity z = x + iy, the abs(z), and the angle(z) functions that compute the absolute value (magni-
tude) and phase angle of the complex quantity z = x + iy = r£0. We will also use the
polar(theta,r) function that produces a plot in polar coordinates, where r is the magnitude, theta
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is the angle in radians, and the round(n) function that rounds a number to its nearest integer.

Example A.15

Consider the electric circuit of Figure A.10.

a ANV
10Q

100

ab —

~ 10 puF

Yl

b
Figure A.10. Electric circuit for Example A.15

With the given values of resistance, inductance, and capacitance, the impedance Z_, as a func-

tion of the radian frequency o can be computed from the following expression:

4 . 6
z,=12=10+—10 =110 /";) (A.8)
10+j(0.1o-10"/w )

a. Plot Re{Z} (the real part of the impedance Z) versus frequency .
b. Plot Im{Z} (the imaginary part of the impedance Z) versus frequency o.

c. Plot the impedance Z versus frequency o in polar coordinates.

Solution:
The MATLAB script below computes the real and imaginary parts of Z,, which, for simplicity,

are denoted as z, and plots these as two separate graphs (parts a & b). It also produces a polar
plot (part c).

w=0: 1: 2000; % Define interval with one radian interval;...
z=(10+(10 A4 —j .10 A6 ./ (w+eps)) ./ (10 +] .* (0.1 .* w —10.A5./ (W+eps))));...
%

% The first five statements (next two lines) compute and plot Re{z}
real_part=real(z); plot(w,real_part);...

xlabel('radian frequency w'); ylabel(‘Real part of Z'); grid
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Figure A.11. Plot for the real part of the impedance in Example A.15

% The next five statements (next two lines) compute and plot Im{z}
imag_part=imag(z); plot(w,imag_part);...
xlabel('radian frequency w'); ylabel('Imaginary part of Z'); grid

600
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Imaginary part of Z
o

-200

-400

|

|

:

i

| | |

1 1 1
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200 400 600 800 1000 1200 1400 1600 1800 2000
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-600
0

Figure A.12. Plot for the imaginary part of the impedance in Example A.15

% The last six statements (next five lines) below produce the polar plot of z

mag=abs(z); % Computes |Z|;...

rndz=round(abs(z)); % Rounds |Z| to read polar plot easier;...
theta=angle(z); % Computes the phase angle of impedance Z;...
polar(theta,rndz); % Angle is the first argument

ylabel('Polar Plot of Z'); grid
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Polar Plot of Z

Figure A.13. Polar plot of the impedance in Example A.15
Example A.15 clearly illustrates how powerful, fast, accurate, and flexible MATLAB is.

A.10 Script and Function Files

MATLAB recognizes two types of files: script files and function files. Both types are referred to as
m~files since both require the .m extension.

A script file consists of two or more built—in functions such as those we have discussed thus far.
Thus, the script for each of the examples we discussed earlier, make up a script file. Generally, a
script file is one which was generated and saved as an m—file with an editor such as the MAT-

LAB’s Editor/Debugger.

A function file is a user—defined function using MATLAB. We use function files for repetitive
tasks. The first line of a function file must contain the word function, followed by the output argu-
ment, the equal sign ( =), and the input argument enclosed in parentheses. The function name
and file name must be the same, but the file name must have the extension .m. For example, the
function file consisting of the two lines below

function y = myfunction(x)
y=x. 3 + cos(3.* x)

is a function file and must be saved as myfunction.m
For the next example, we will use the following MATLAB functions:

fzero(f,x) — attempts to find a zero of a function of one variable, where f is a string containing the
name of a real-valued function of a single real variable. MATLAB searches for a value near a
point where the function f changes sign, and returns that value, or returns NaN if the search fails.
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Important: We must remember that we use roots(p) to find the roots of polynomials only, such as
those in Examples A.1 and A.2.

fplot(fcn,lims) — plots the function specified by the string fen between the x—axis limits specified
by lims = [xmin xmax]. Using lims = [xmin xmax ymin ymax] also controls the y—axis limits.
The string fen must be the name of an m—file function or a string with variable x.

NaN (Not-a—Number) is not a function; it is MATLAB’s response to an undefined expression
such as 0/0, o/, or inability to produce a result as described on the next paragraph. We can
avoid division by zero using the eps number, which we mentioned earlier.

]
Example A.16

Find the zeros, the minimum, and the maximum values of the function

f(x) = 1 - 1 ~10 (A.9)

(x=0.1)"+0.01 (x=12)"+0.04

in the interval -1.5<x< 1.5
Solution:

We first plot this function to observe the approximate zeros, maxima, and minima using the fol-
lowing script.

x=—1.5:0.01: 1.5;
y=1./ ((x-0.1).A2 + 0.01) 1./ ((x-1.2).A 2 + 0.04) —10;
plot(x,y); grid

The plot is shown in Figure A.14.
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Figure A.14. Plot for Example A.16 using the plot command
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The roots (zeros) of this function appear to be in the neighborhood of x = -0.2 and x = 0.3. The

maximum occurs at approximately x = 0.1 where, approximately, = 90, and the minimum

ymax

occurs at approximately x = 1.2 where, approximately, = -34.

Ymin
Next, we define and save f(x) as the funczero01.m function m—file with the following script:

function y=funczero01(x)
% Finding the zeros of the function shown below
y=1/((x-0.1)"2+0.01)-1/((x—1.2)"2+0.04)-10;

To save this file, from the File drop menu on the Command Window, we choose New, and when
the Editor Window appears, we type the script above and we save it as funczero01. MATLAB
appends the extension .m to it.

Now, we can use the fplot(fen,lims) command to plot f(x) as follows:
fplot(‘funczero01', [-1.5 1.5]); grid
This plot is shown in Figure A.15. As expected, this plot is identical to the plot of Figure A.14

which was obtained with the plot(x,y) command as shown in Figure A.14.
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Figure A.15. Plot for Example A.16 using the fplot command

We will use the fzero(f,x) function to compute the roots of f(x) in Equation (A.9) more precisely.
The MATLAB script below will accomplish this.

x1= fzero(‘funczero01', -0.2);

x2= fzero(‘funczero01', 0.3);

fprintf("The roots (zeros) of this function are r1= %3.4f', x1);
fprintf(' and r2= %3.4f \n', x2)
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MATLAB displays the following:
The roots (zeros) of this function are rl= -0.1919 and r2= 0.3788

The earlier MATLAB versions included the function fmin(f,x1,x2) and with this function we
could compute both a minimum of some function f(x) or a maximum of f(x) since a maximum of
f(x) is equal to a minimum of —f(x). This can be visualized by flipping the plot of a function f(x)
upside—down. This function is no longer used in MATLAB and thus we will compute the maxima
and minima from the derivative of the given function.

From elementary calculus, we recall that the maxima or minima of a function y = f(x) can be
found by setting the first derivative of a function equal to zero and solving for the independent
variable x . For this example we use the diff(x) function which produces the approximate deriva-
tive of a function. Thus, we use the following MATLAB script:

syms x ymin zmin; ymin=1/((x-0.1)A2+0.01)-1/((x-1.2)2+0.04)-10;...
zmin=diff(ymin)

zmin =
-1/ ((x-1/10)72+1/100)"2*(2*%x-1/5)+1/((x-6/5)"2+1/25)"2* (2*%x-12/5)

When the command
solve(zmin)

is executed, MATLAB displays a very long expression which when copied at the command
prompt and executed, produces the following:

ans =

0.6585 + 0.3437i
ans =

0.6585 - 0.34371
ans =

1.2012

The real value 1.2012 above is the value of x at which the function y has its minimum value as
we observe also in the plot of Figure A.15.

To find the value of y corresponding to this value of x, we substitute it into f(x), that is,
x=1.2012; ymin=1/ (x-0.1) A2 + 0.01) =1 / (x~1.2) A 2 + 0.04) —10

ymin = -34.1812

We can find the maximum value from —f(x) whose plot is produced with the script
x=-1.5:0.01:1.5; ymax=-1./((x-0.1).A2+0.01)+1./((x-1.2).A2+0.04)+10; plot(x,ymax); grid
and the plot is shown in Figure A.16.
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Figure A.16. Plot of —f(x) for Example A.16
Next we compute the first derivative of —f(x) and we solve for x to find the value where the max-
imum of ymax occurs. This is accomplished with the MATLAB script below.
syms x ymax zmax; ymax=—(1/((x-0.1)22+0.01)-1/((x—1.2)22+0.04)—-10); zmax=diff(ymax)

zmax =
1/((x-1/10)"2+1/100)"2* (2*x-1/5)-1/((x-6/5)"2+1/25)"2* (2*x-12/5)

solve(zmax)
When the command
solve(zmax)

is executed, MATLAB displays a very long expression which when copied at the command
prompt and executed, produces the following:

ans =
0.6585 + 0.3437i

ans =
0.6585 - 0.34371

ans
.2012
ans

(=2 I |

.0999

From the values above we choose x = 0.0999 which is consistent with the plots of Figures A.15
and A.16. Accordingly, we execute the following script to obtain the value of ymin.
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x=0.0999; % Using this value find the corresponding value of ymax
ymax=1/((x-0.1) A2+ 0.01) -1/ ((x-1.2) A2 + 0.04) -10

ymax = 89.2000

A.11 Display Formats

MATLARB displays the results on the screen in integer format without decimals if the result is an
integer number, or in short floating point format with four decimals if it a fractional number. The
format displayed has nothing to do with the accuracy in the computations. MATLAB performs all
computations with accuracy up to 16 decimal places.

The output format can changed with the format command. The available MATLAB formats can
be displayed with the help format command as follows:

help format

FORMAT Set output format.

All computations in MATLAB are done in double precision.

FORMAT may be used to switch between different output display formats
as follows:

FORMAT Default. Same as SHORT.

FORMAT SHORT Scaled fixed point format with 5 digits.

FORMAT LONG Scaled fixed point format with 15 digits.

FORMAT SHORT E Floating point format with 5 digits.

FORMAT LONG E Floating point format with 15 digits.

FORMAT SHORT G Best of fixed or floating point format with 5 digits.

FORMAT LONG G Best of fixed or floating point format with 15 digits.

FORMAT HEX Hexadecimal format.

FORMAT + The symbols +, - and blank are printed for positive, negative,
and zero elements.Imaginary parts are ignored.

FORMAT BANK Fixed format for dollars and cents.

FORMAT RAT Approximation by ratio of small integers.

Spacing:

FORMAT COMPACT Suppress extra line-feeds.
FORMAT LOOSE Puts the extra line-feeds back in.

Some examples with different format displays age given below.

format short 33.3335 Four decimal digits (default)

format long 33.33333333333334 16 digits

format short e 3.3333e+01 Four decimal digits plus exponent
format short g 33.333 Better of format short or format short e
format bank 33.33 two decimal digits

format + only + or - or zero are printed
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format rat 100/3 rational approximation

The disp(X) command displays the array X without printing the array name. If X is a string, the
text is displayed.

The fprintf(format,array) command displays and prints both text and arrays. It uses specifiers to
indicate where and in which format the values would be displayed and printed. Thus, if %f is
used, the values will be displayed and printed in fixed decimal format, and if %e is used, the val-
ues will be displayed and printed in scientific notation format. With this command only the real
part of each parameter is processed.

This appendix is just an introduction to MATLAB.” This outstanding software package consists
of many applications known as Toolboxes. The MATLAB Student Version contains just a few of
these Toolboxes. Others can be bought directly from The MathWorks,™ Inc., as add-ons.

*  For more MATLAB applications, please refer to Numerical Analysis Using MATLAB and Spreadsheets,
ISBN 0-9709511-1-6.
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Difference Equations

his appendix is a treatment of linear difference equations with constant coefficients and it is
confined to first— and second-order difference equations and their solution. Higher—order

%
difference equations of this type and their solution is facilitated with the &—transform.

B.1 Recursive Method for Solving Difference Equations

In mathematics, a recursion is an expression, such as a polynomial, each term of which is deter-
mined by application of a formula to preceding terms. The solution of a difference equation is

often obtained by recursive methods. An example of a recursive method is Newton’s method" for
solving non-linear equations. While recursive methods yield a desired result, they do not provide
a closed—form solution. If a closed—form solution is desired, we can solve difference equations
using the Method of Undetermined Coefficients, and this method is similar to the classical
method of solving linear differential equations with constant coefficients. This method is
described in the next section.

B.2 Method of Undetermined Coefficients

A second-order difference equation has the form
y(n)+a,y(n-1)+a,(n-2) = f(n) (B.1)

where a; and a, are constants and the right side is some function of n. This difference equation
expresses the output y(n) at time n as the linear combination of two previous outputs y(n—1)
and y(n-2). The right side of relation (B.1) is referred to as the forcing function. The general
(closed-form) solution of relation (B.1) is the same as that used for solving second—order differen-
tial equations. The three steps are as follows:

1. Obtain the natural response (complementary solution) yq(n) in terms of two arbitrary real

constants k; and k,, where a; and a, are also real constants, that is,

Ye(n) = kya; + kpaj (B.2)

* For an introduction and applications of the Z-transform please refer to Signals and Systems with MATLAB
Applications, ISBN 0-9709511-6-7.

T For a complete discussion of Newton’s Method, please refer to Numerical Analysis Using MATLAB and
Spreadsheets, ISBN 0-9709511-1-6.

Introduction to Simulink with Engineering Applications B-1
Copyright © Orchard Publications



Appendix B Difference Equations

2.0Obtain the forced response (particular solution) ys(n) in terms of an arbitrary real constant
ks, that is,

yp(n) = Ksag (B.3)
where the right side of (B.3) is chosen with reference to Table B.1.

TABLE B.1 Forms of the particular solution for different forms of the forcing function

Form of forcing function Form of particular solution®

Constant

kK — a constant

k . 2 k .
an  —aisa constant Ko+ kin+k,n"+ ... +kn" — K; is constant

i . . +
ab™ —aand b are constants |Expression proportional to b™"

acos(nmw) or asin(nw) k,cos(nm) + k,sin(nm)

a. As in the case with the solutions of ordinary differential equations with con-
stant coefficients, we must remember that if f(n) is the sum of several terms,
the most general form of the particular solution yp(n) is the linear combina-
tion of these terms. Also, if a term in Y (N) is a duplicate of a term in the com-

plementary solution y¢ (n), we must multiply yp(n) by the lowest power of n
that will eliminate the duplication.

3. Add the natural response (complementary solution) y.(n) and the forced response (particular

solution) yp(n) to obtain the total solution, that is,

y(n) = yc(n) +yp(n) = kyay +Kya + yp(N) (B.4)

4. Solve for k; and k, in (B.4) using the given initial conditions. It is important to remember
that the constants k; and k, must be evaluated from the total solution of (B.4), not from the

complementary solution yq(n).
[t is best to illustrate the Method of Undetermined Coefficients via examples.
|
Example B.1

Find the total solution for the second-order difference equation

* For a complete discussion on the solution of ordinary differential equations with constant coefficients, please

refer to Numerical Analysis Using MATLAB and Spreadsheets, ISBN 0-9709511-1-6.
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y(n)—gy(n—1)+%y(n—2) =5" n>0 (B.5)

subject to the initial conditions y(-2) = 25 and y(-1) = 6

Solution:

1. We assume that the complementary solution y.(n) has the form

ye(n) = kqaj + Kpa) (B.6)

The homogeneous equation of (B.5) is

y(n)—gy(n—1)+%y(n—2) =0 n>0 (B.7)

Substitution of y(n) = a" into (B.7) yields

a2 ez = 0 (B.8)
Division of (B.8) by a"~ yields
a’-2a+==0 (B.9)
The roots of (B.9) are
a, = % a, = % (B.10)

and by substitution into (B.6) we get
1\" 1\" n -n

2. Since the forcing function is 5, we assume that the particular solution is
yp(n) = k357 (B.12)

and by substitution into (B.5),

ks5™" - k3( 2)5‘(”‘” + ks( %)5—(”-” =5"

Division of both sides by 5™ yields

=
w
1
[EEN
|
77N\
[epR &)}
N—
(S}
+
VR
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N——
a1
N
| —
Il
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or k; = 1 and thus
yp(n) = 57 (B.13)
The total solution is the addition of (B.11) and (B.13), that is,
y(n) = ye(n) +yp(n) = k2" +k,3"+5™ (B.14)

To evaluate the constants k; and k, we use the given initial conditions, i.e., s y(-2) = 25 and
y(-1) = 6. For n = -2, (B.14) reduces to

y(=2) = k,2°+k,3°+5° = 25
from which

4k, +9k, = 0 (B.15)
For n = -1, (B.14) reduces to

y(-1) = k;2' +k,3'+5' = 6
from which

Simultaneous solution of (B.15) and (B.16) yields

=3 -2
ky = 2 ke = =% (B.17)

and by substitution into (B.14) we obtain the total solution as

y(n) = ye(n) +yp(n) = (gjz‘“+(-§)3‘”+5‘” n>0 (B.18)

To plot this difference equation for the interval 0<n< 10, we use the following MATLAB
script:

n=0:1:10; yn=1.5."2.7(-n)—(2./3).*3.M-n)+5.A(—n); stem(n,yn); grid
The plot is shown in Figure B.1.
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Figure B.1. Plot for the difference equation of Example B.1
Example B.2
Find the total solution for the second—order difference equation
3 1 -n
y(n)—zy(n—1)+§y(n—2) =1+3 n>0 (B.19)
subject to the initial conditions y(-2) = 0 and y(-1) = 2
Solution:
1. We assume that the complementary solution y.(n) has the form
The homogeneous equation of (B.19) is
3 1
y(n)—éy(n—1)+§y(n—2) =0 n>0 (B.21)
Substitution of y(n) = a" into (B.21) yields
n 3.n-1. 1n-2 _
a-ja +za "= 0 (B.22)
Introduction to Simulink with Engineering Applications B-5
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Division of (B.22) by a"? yields
0 3,1 _
a —2a+2 =0 (B.23)
The roots of (B.23) are
a, = % a, = 1 (B.24)

and by substitution into (B.20) we get

13\" n -n
2. Since the forcing function is 1 + 3™, in accordance with the first and third rows of Table B.1,
we would assume that the particular solution is
yp(n) = Ks+k,3™ (B.26)

However, we observe that both relations (B.25) and (B.26) contain common terms, that is,
the constants k, and ky. To avoid the duplication, we choose the particular solution as

yp(n) = k3n + k43_n (Bo27)

and by substitution of (B.27) into (B.19) we obtain

ksn + k43‘”—(g )ks(n— 1)-(% )k43‘(”‘“ + %ks(n—Z) +(% )k43‘(”‘2> =1+3"

NIw

)ks_(g)k@'u1k3n_k3+(g)k43—“ — 143"

k3n+k43'”_@)k3n+( 2

k43’”+(g )kg_kg = 143"
Equating like terms, we get
@ Jhs—ks = 1
k,3" = 3"

and after simplification,

By substitution into (B.27),
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yp(n) = 2n+37" (B.28)
The total solution is the addition of (B.25) and (B.28), that is,
y(n) = yc(N)+yp(n) = k2" +k,+2n+ 37" (B.29)

To evaluate the constants k; and k, we use the given initial conditions, i.e., s y(-2) = 0 and
y(-1) = 2. For n = -2, (B.29) reduces to
y(-2) = k;2°+k,-4+9 = 0
from which
4k1 + k2 = —5 (B.30)
For n = -1, (B.29) reduces to

y(-1) = k;2'+k,-2+3" = 2
from which
2k1+ k2 = 1 (B.31)

Simultaneous solution of (B.30) and (B.31) yields
k, = -3 k, =7 (B.32)
and by substitution into (B.29) we obtain the total solution as
y(n) = ye(N)+yp(n) = (=3)2"+7+2n+37" n>0 (B.33)

To plot this difference equation for the interval 0<n<10, we use the following MATLAB
script:

n=0:1:10; yn=(-3).*2.M(-n)+7+2.*n+3.A(—n); stem(n,yn); grid

Introduction to Simulink with Engineering Applications B-7
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Figure B.2. Plot for the difference equation of Example B.2
Example B.3
Find the total solution for the first-order difference equation
y(n)-09y(n—1) = 05+ (0.9)"* n>0 (B.34)
subject to the initial condition y(-1) = 5
Solution:
1. We assume that the complementary solution yc(n) has the form
ye(n) = k;a' (B.35)
The homogeneous equation of (B.34) is
y(n)-09y(n-1) =0 n>0 (B.36)
Substitution of y(n) = a" into (B.35) yields
a"-0.9a" " = 0 (B.37)
Division of (B.22) by a" " yields
B-8 Introduction to Simulink with Engineering Applications
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a-09=0
a=09 (B.38)
and by substitution into (B.35) we get
ye(n) = ki(0.9)" (B.39)

. Since the forcing function is 0.5 + (0.9)" ", in accordance with the first and third rows of Table
B.1, we would assume that the particular solution is

ye(n) = K, +k;3(0.9)" (B.40)

However, we observe that both relations (B.39) and (B.40) contain common terms, that is, the

constants k;(0.9)" and k;(0.9)". To avoid the duplication, we choose the particular solution as
yp(n) = Kk, + ksn(0.9)" (B.41)
and by substitution of (B.41) into (B.34) we obtain
k, + kgn(0.9)" = 0.9k, — 0.9k4(n — 1)(0.9)" " = 05+ (0.9)" !
0.1k, + k3n(0.9)" — 0.9k5n(0.9)" ' + 0.9k, (0.9)" Y = 0.5+ (0.9)"*
0.1k, + k3n(0.9)" — 0.9k3n(0.9)"0.9™" + 0.9k4(0.9)"0.9™" = 0.5+ (0.9)" "
0.1k, + ksn(0.9)" — k;3n(0.9)" + k4(0.9)" = 0.5+ (0.9)"" = 0.5+ (0.9)(0.9)"

Equating like terms, we get
0.1k, = 0.5

k;(0.9)" = (0.9)7(0.9)"
and after simplification,
By substitution into (B.41),
10 n
yp(n) = 5+ En(0.9) (B.42)

The total solution is the addition of (B.39) and (B.42), that is,

n 10 n
y(n) = ye(n) +yp(n) = k;(0.9) +—9—n(0.9) +5 (B.43)
To evaluate the constant k; we use the given initial condition, i.e., y(-1) = 5. For n = -1,
Introduction to Simulink with Engineering Applications B-9
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(B.43) reduces to
y(-1) = k1(0.9)‘1+%)(—1)(0.9)‘1+5 =5

10, 100 _
9 Ki= 81 0
from which
k, = 199 (B.44)

and by substitution into (B.43) we obtain the total solution as
y(n) = (0.9)" ' +n(0.9)" '+5

y(n) = (n+1)(0.9)" ' +5 n>0 (B.45)

To plot this difference equation for the interval 0<n< 10, we use the following MATLAB
script:

n=0:1:10; yn=(n+1).*(0.9).A(n-1)+5; stem(n,yn); grid
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Figure B.3. Plot for the difference equation of Example B.3
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Example B.4

Find the total solution for the second—order difference equation
y(n)—18y(n—1)+0.8ly(n-2) = 2" n>0 (B.46)

subject to the initial conditions y(-2) = 25 and y(-1) = 6
Solution:

No initial conditions are given and thus we will express the solution in terms of the unknown con-
stants.

1. We assume that the complementary solution yc(n) has the form
ye(n) = kya; +k,a; (B.47)
The homogeneous equation of (B.46) is
y(n)-1.8y(n-1)+0.8ly(n-2) = 0 n>0 (B.48)
Substitution of y(n) = a" into (B.48) yields
a"-1.8a" '+081a" * =0 (B.49)

Division of (B.49) by a"~? yields
a®-~18a+081 =0 (B.50)
The roots of (B.50) are repeated roots, that is,

al = a2 = 09 (B.Sl)

and as in the case of ordinary differential equations, we accept the complementary solution to
be of the form

ye(n) = Kk;(0.9)" + k,n(0.9)" (B.52)
2. Since the forcing function is 2™, we assume that the particular solution is

yp(n) = kg2 (B.53)
and by substitution into (B.46),

k2 "~ Ky(1.8)2 "V 4+ ky(0.81)27" 2 = 27"
Division of both sides by 27" yields
ko[1-(1.8)2+(0.81)2°] = 1

ko[1-3.6+324] = 1

Introduction to Simulink with Engineering Applications B-11
Copyright © Orchard Publications



Appendix B Difference Equations

(. L _2
0.64 16
and thus
ye(n) = (22 )2 (B.54)

The total solution is the addition of (B.52) and (B.54), that is,

n n 25\,7"
y(n) = yc(n) +Yyp(n) = ky(0.9)" +k,n(0.9) +(1—é )2 (B.55)
Example B.5
For the second-order difference equation
y(n)—1.8y(n—-1)+0.8ly(n-2) = (0.9)" n>0 (B.56)

what would be the appropriate choice for the particular solution?

Solution:

This is the same difference equation as that of Example B.4 where the forcing function is (0.9)"

instead of 27" where we found that the complementary solution is
ye(n) = k,(0.9)" + k,n(0.9)" (B.57)

Row 3 in Table B.1 indicates that a good choice for the particular solution would be k;3(0.9)". But
this is of the same form as the first term on the right side of (B.57). The next choice would be a

term of the form k;n(0.9)" but this is of the same form as the second term on the right side of
(B.57). Therefore, the proper choice would be

yp(n) = kgn’(0.9)" (B.58)

Example B.6

Find the particular solution for the first-order difference equation

y(n)—0.5y(n—1) = sin(%") n>0 (B.59)
B-12 Introduction to Simulink with Engineering Applications
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Solution:

From Row 4 in Table B.1 we see that for a sinusoidal forcing function, the particular solution has
the form

ye(n) = klsm( 2) + kzcos( 2) (B.60)
and by substitution of (B.60) into (B.59)

klsln(nz) + kzcos( 2) 0. 5klsln[m—_?l—m}—0.5k2cos[m—_—2—m} = sm(nzn)

klsm(nz) + kzcos(nz) O.5klsin[n-g—E - g} 0.5k, cos [n_é_n - g} = sm(nzn) (B.61)

From trigonometry,

Then,

and by substitution into (B.61)

k sm(nz) + kzcos( 2) + 0.5k cos( 2) 0. 5kzsm(n2n) = sm(nzn) (B.62)

Equating like terms, we get

k,— 0.5k, = 1 (B.63)

0.5k, +k, = 0 (B.64)

and simultaneous solution of (B.63) and (B.64) yields

4 2
k=2 k=2
‘75 ?7 5
Therefore, the particular solution of (B.59) is
Introduction to Simulink with Engineering Applications B-13
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yp(N) = gsin(%n)—% cos(n?n) (B.65)
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Random Number Generation

his appendix is a short tutorial on Random Number Generation. An example is presented to
illustrate the sequence which most random generators use.

C.1 Random Numbers

Random numbers are used in many applications. Random number generation is the production of
an unpredictable sequence of numbers in which no number is any more likely to occur at a given
time or place in the sequence than any other. Truly random number generation is generally
viewed as impossible. The process used in computers would be more properly called pseudoran-
dom number generation.

C.2 An Example

A typical random number generator creates a sequence in accordance with the following recur-
rence:

X,+1 =Px,+P, (modN) n=0,1,2,... X, = seed (C.1)

where mod N is used to indicate that the sum P,x, + P, is divided by N and then is replaced by
the remainder of that division. The values of x, (seed), P,, P,, and N must be specified. As an

example, let
x,=1 P =281 P,=123 N=75

then, in MATLAB notation

x0=1, P1=281, P2=123, N=75
x1=P1*x0+P2, y1=mod(x1,N)
x2=P1*y1+P2, y2=mod(x2,N)

xn=P1*y(n-1)+P2, yn=mod(xn,N)

To find the sequence of numbers for the random number generator, we use the following MAT-
LAB script:

P1=281; P2=123; N=75; x=1:100; y=zeros(100,2);
y(:,1)=x"; y(:,2)=mod((P1.*x+P2),N)"; fprintf('" x y\n"); disp(* ------ );
fprintf('%3.0f\t %3.0f\n',y")
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MATLAB outputs the following table:

X Yy
1 29
2 10
3 66
4 47
5 28
6 9
7 65
8 46
9 27
10 8
11 64
12 45
13 26
14 7
15 63
16 44
17 25
18 6
19 62
20 43
21 24
22 5
23 6l
24 42
25 23
26 4
27 60
28 41
29 22
30 3
31 59
32 40
33 21
34 2
35 58
36 39
37 20
38 1
C-2
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39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

57
38
19

56
37
18
74
55
36
17
73
54
35
16
72
53
34
15
71
52
33
14
70
51
32
13
69
50
31
12
68
49
30
11
67
48
29
10
66
47
28
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82 65
83 46
84 27
85 8
86 64
87 45
88 26
89 7
90 63
91 44
92 25
93 6
94 62
95 43
96 24
97 5
98 61
99 42
100 23

We observe that for x = 1, y = 39, and for x = 76, y = 39 also. This indicates that the
sequence repeats. For this reason, this generator is referred to as a pseudo-random generator. For
a true random number generator all numbers from 0 to 99 should be included in the sequence, of
course, in a random manner.

If we wanted to transform the above sequence in the interval O to 1, we would divide the original
sequence of numbers again by N.
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Bitwise Operator block 6-14
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box in MATLAB A-12
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Bus Editor 2-10
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clear MATLAB command A-2
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complementary solution B-1
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complex numbers in MATLAB A-3
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Sub-Library 8-24
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Configuration Parameters 1-12, 2-9
conj (complex conjugate) in
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Constant block 2-6
Contents Pane 1-7
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control element 19-20
control input 13-10
control signal 11-2
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conv MATLAB command A-6
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data points in MATLAB A-14
Data Store Memory block 13-15
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Data Store Write block 13-15
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Decrement Stored Integer block 18-5
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Detect Change block 6-21
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