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Orbital Mechanics for Engineering Students

Solutions Manual

Problem 1.1

(a)

A-A (Ai+A}+Af<)-( §+A]+Ak)
—Af( 1+Ay]+ Z) ( 1+Ayi+Azf<)+Azf<-(Ax§+Ay]+A

[A 11+AA( )+ 12]+[AyAx(] )+A ( )

+[4.4 &1+AA(ﬁ) ic-i)]
=[A2 1)+ 4,4, (0)+ 4,4, (0)] + [ 00+4,20)+ 4,4, 0]+ 4.4,
=A2 +Ay2 +A2

But, according to the Pythagorean Theorem, A~ + A

the vector A. Thus A-A = A2,

(b)
i j k
A-(BxC)=A-B, B, B,
c, C
X
(B C,-B Cy)—Ay (B,C, -B,C,) (Bny —Bny)

or
A-(BxC)=A.B,C, +A/B,C, +A,B,C, - AB.C, - AB,C, - A,B,C,
Note that (A xB)-C=C-(AxB), and according to (1)
-C,A,B, -C,A,B, -C,A,B,

CyAyB, +C,A,B, +C,AB,

C-(AxB)=

(©)
Do R
Ax(BxC)=(ai+Aj+ak)xp, B, B|=| 4,
¢, ¢, C.| |BC.-B.C, B.C,-

=[A (B.C, -B,C,)-4
[A (B.C,-B.C.)-4,

A,B.C, +A,B.C, AyBny A,B,C

( yoxTy
(A B.C, +A,B,C, - AB,C, - AB,C

X"z

[ B.(A,C +Azcz)-cx(AyBy+AB )] A
[ (Ac,+a,C )—Cz(AxBx+AyBy)]k

(Bc BC)]
i+ (4B,

e

Add and subtract the underlined terms to get

The right hand sides of (1) and (2) are identical. Hence A (BxC)=(AxB)-C

(BC-BCZ)]i[ -(B,C. Bc)

Chapter 1

A2 = A% where A= |All, the magnitude of

Cy y -z
(ad+a,j+ak) [1(B,C. - B.C,)-(B.C. - B.C) +k(BC, - B,C)]

A

k
AZ

, B.C,-B,C,
(B%—%Q”}

z7z-y

A.B C +ABC ABC -ABC

oY)

)

)i

(A C +AC)- Cy(AxBx+AZBZ)]]
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Ax(BxC)= [Bx (4,C, +A.C.+ALC,)-C,(A,B, +A.B. + AB, )]

+ [By (AxCx +A,C, +AyCy)— c, (AxBx +AB, +A B )]]

+[. (AxCy+A,C, +AC.)-C (AB, +AB, + AZBZ)] k

= (Bxi +B,j+ Bzﬁ)(Axcx +4,C, +AC,)- (cxi +C,j+ Czﬁ) (AB, +A,B, +A.B,)

or

Ax(BxC) =B(A-Q) -C(A-B)

Problem 1.2 Using the interchange of Dot and Cross we get

(AxB)-(CxD) = [(AxB)xC]-D
But

[(AxB)xC]-D=-[Cx(AxB)]-D 1
Using the bac — cab rule on the right, yields

[(AxB)xC]-D=-]A(C-B)-B(C-A)]-D
or

[(AxB)xC]-D==(A-D)(C-B) +(B-D)(C-A) @)
Substituting (2) into (1) we get

[(AxB)xC]-D=(A-C)(B-D)-(A-D)(B-C)

Problem 1.3
Velocity analysis

From Equation 1.38,
V=V, +QXr gtV . (1)

From the given information we have

v, =101 +30] - 50K 2)
1.y =1, = (1501 - 200 +300K) - (3001 +200j +100K) = ~150i - 400j + 200K 3)
i j K
Qxr, =] 06 -04 1.0[=3201-270]-300K (4)
~150 400 200
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v, = —20i +25j + 70k
= -20(0.577351 +0.57735] +0.57735K)
+25(-0.742961 +0.66475] +0.078206K)

+70(-0.338641 - 0.47410] +0.81274K)
so that

Vel = -53.8261 - 28.115] +47.300K (m/s) )
Substituting (2), (3), (4) and (5) into (1) yields
v =(-101 + 30 - 50K) + (320 - 270 - 300K ) + (~53.8261 - 28.115] + 47.300K

v = 256.171 - 268.12] - 302.7K
= 478.68(0.535161 - 0.56011] - 0.63236K ) (m/s)

Acceleration analysis

From Equation 1.42,
a:aO-'-QereI—'-QX(Qerel)-'-zngrel"-arel (6)

Using the given data together with (4) and (5) we obtain

a, =251 +40J - 15K ?)
I ] K
Qxr, =|-04 03 -1.0/=-340I+230] + 205K (8)
-150 -400 200
I ] K
Qx(Qxry)=|06 -04 1.0 |=390I+500] - 34K ©)

320 -270 -300

A A A

i j K
20xv,y =2 06  -04 10 |=2(9.1511-82206] - 38.399K) (10)
~53.826 28115 47.300

a,, =7.5i-85j+6.0k
=7.5(0.577351 +0.57735] +0.57735K )
- 8.5(~0.742961 + 0.66475] +0.078206K )
+6.0(~0.338641 - 0.47410] +0.81274K)

a,, = 8.61341 - 4.1649] +8.5418K (11)
Substituting (7), (8), (9), (10) and (11) into (6) yields

a = (251 +40f - 15K + (3401 + 230] + 205K + (3901 + 500] - 34K)
+[2(9.1511 - 82.206] - 38.399K) | + (8.61341 - 4.1649] + 8.5418K)
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a =102 +601.42] + 87.743K
= 616.29(0.165511 +0.97588] +0.14327K ) (m/s2)

Problem 1.4 From Example 2.8, we have
F=6xF+20x(0xF)+0x[oxF+0x(oxF)|
Substituting the given values for the quantities on the right hand side,

dxF=0x10i=0

26 x (@ x F) = 2(-2k) x [(3k) x (101)] = 2(-2k) x (30§) = 120

o x (@ x F) = (3k) x [(-2k) x (101)] = (3k) x (-20§) = 60i

o x [0 (wxF)] = (3k) x {(3k) x [(38) x (10)]} = (&)  [(3&) x (305) ] = (3&) x (~00i) = -270]

Thus, ¥ = 0+120i +60i - 270j = 120i - 270}(N/ s3) .

Problem 1.5

i=sin0i+cos€j i=—cos@i+sin(9j k=K (1)
Velocity analysis
The absolute velocity of the airplane is

v=uol )
The absolute velocity of the origin of the moving frame is

v,=0 3)
The position of the airplane relative to the moving frame is

L; = h (sinf)i + COSHj) =
cosf cosf

hsthhj )

Trel =
The angular velocity of the moving frame is

Q=-0K ®)

The velocity of the airplane relative to the moving frame is, making use of (1)

v (sin 01 + cos Gj) = 0, SO + v, cos 0] (6)

rel = Prell = Urel

According to Equation 1.38, v = v, + QX1 + Vv, . Substituting (2), (3), (4), (5) and (6) yields

sin @

ol = 0+(—61A<)X (h I+h]) ( Vel sin(9i+vrel Cosej)

cosO

or
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s ( Uy SINOL + v, COS 6])

vi:0+[(h6)i ( Sm@)j

Collecting terms,

A . A sin 6
vl=(hO+v,, sind I+( cos6 - ho )
( rel ) Urel cos0 ]

Equate the I and ] components on each side to obtain

hf + v,y sin 0 = v

Y sin @

50 + 7, cos60=0

Solving these two equations for 8 and v, yields
6="cos’0
h

V] =0SING

Acceleration analysis

Chapter 1

)

®)

The absolute acceleration of the airplane, the absolute acceleration of the origin of the moving frame,

and the angular acceleration of the moving frame are, respectively,

a=0 a =0 Q=—éf(

0

The acceleration of the airplane relative to the moving frame is, making use of (1),

A = gyl = g (sin 61 + cos 0]) =, sin 6l + a,,; cos 0]

Substituting (7) into (5), the angular velocity of the moving frame becomes
Q=_0K= —%cos2 0K
Substituting (8) into (6) yields

Vil = Vgl = 0sing (sin 01 + cos 6]) = vsin? 61 + vsin 6 cos 6]

From (4) and (9) we find

sin@ »

Sm01+h]) ol - v 2275
cosO

Q1 = (_éf() * (h cosf

Using (5) and (7) we get

erel—hOI hesmG] h(vcos 0)1 h( Ze)ﬂj:vcoszﬁi—vsinﬁcosej
0s 60 h cosf

From (11) and (14) we have

)

(10)

(11)

(12)

(13)

(14)
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A

I ] K
_ 4 2 nl — 772 . 35T 772 4 5T
Qx(Qxry)=| 0 0 ~-€0s” 6] = = ——sinf cos” 01 - ——cos" 6] (15)
vcos’ 6 -vsinfcosd 0
From (11) and (12),
I J K
(Y 2 U2 3.4 Uz 2 2 A
2Qxv =2 0 0 _ZCOS 0 :275in0c:os OI—ZTSin 6 cos” 6] (16)
vsin?0 vsinfcosd 0

According to Equation 1.42, a=a, + Qx T QX (Q X rrel) +2Q X%V +a,, . Substituting (9), (10),
(13), (15) and (16) yields

nsinf s [ 02 . <)
0=0+(h91—h9:§;2])+[\—%sin€cosal9l—%cos49])
2

A <) A .
+ k 2075'1114%053 o1 - ZUTSin2 0.cos? 9]) + (arel sin 61 + a,, cos 9])

Collecting terms

. 2 2 \ .
0= kh@—%smﬁcos30+2%s'm0cos39+arel sinH)I

[ .si 2 2 .
+| -ho sinf _ T cos* -2 sin?0cos? 0+ A COS@J J
cos h h
or
( 02 [ .sinf o2

0= Lhé+75in6cos36+arel sinB) i+L—h0 —7C0829(1 +5sin? 6)+arel cosHJj

cosf

Equate the I and y components on each side to obtain

2
hf + a, sin 6 = —%sin@coss’ 0

. 2
—héﬂ + 1,4 COSO = 2 cos? 9(1 +sin? 9)
cosf h

Solving these two equations for & and a, yields

. 02 02
6=-2"—cos>Osinb Ay = 2 _cos’ O
> L h

Problem 1.6 From Equation 2.58b with z =0 we have

a=-2Qysin ¢i + QzRE sin ¢ cos ¢i - [IyQ_ + QZRE cos? ¢ k (1)
E

where
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Rg =6378x10° m
¢ =30°
. 1000x10°
3600
Q= 2—'77:
23.934 x 3600

=27.78 m/s
=7.2921x10™ rad/s
Substituting these numbers into (1), we find
a = -0.0020256 +0.014686] - 0.025557k (m/s)
From F =ma, with m =1000 kg, we obtain the net force on the car,

F=-2.0256i +14.686j - 25.557k (N)
Fateral = Fy =-2.0256 N = -0.4554 b, that is

Rateral =0.4554 b  to the west

The normal force N of the road on the car is given by N =F, +mg, so that

N =-25.557 +1000 x9.81 =9784 N

Chapter 1

Problem 1.7 From Equation 1.61b, with z =0,
a= QZRE sinlcos li - QZRE cos? Ik
From Y F, =ma, we get

Tsinf = szRE sin ¢ cos ¢

_ szRE sin ¢ cos ¢
sin @

T

From 2 F, =ma, we obtain

L=30m

0 € ——— —

TcosO -mg = —mQZRE cos? ¢ y

o North
Q°R
m E.Sm¢cos¢cose—mg = -mQ’Ry cos” ¢

sin 6
QZRE sin ¢ cos¢

tan6 = > >
§—Q°Rpcos” ¢

Since d = Ltan 08, we deduce
J=1 QZRE sin ¢ cos ¢
g- QZRE cos? ¢

Setting
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L=30m
Rg = 6378 x1000 =6.378 x10° m
¢ =29°
g=9381 m/52
2

Q=——
23.9344 x 3600
yields

=7.2921x10~° rad/s

d =441 mm (to the south)
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Problem 2.1

r =3t + 23] + 92K
lell = \/(3t4i +28F +92K) - (3#41 + 23] + 92K = or® + 416 + 814
Lo dlrll _ 36t +12¢° +162¢°

it o8 + 446 +81¢4

At t =2 sec,

. 4608+384+1296 . /s
V2304 +256 +1296 —

#=12t31 + 6¢2] + 18K

el = \/(12t3i + 6125 +18tK) - (12631 + 62 +181K) = 14410 + 3614 + 32412

At t =2 sec,

el =+/9216 + 576 +1296 =105.3 m/s

Problem 2.2

q, 6, =1 %(ﬁr'ﬁr)ﬂz%’ ﬁr+ﬁr-%:o:y-d;f =0
Or,

dr _dr

dﬁr—i(f) ar Yar _ri-rr

dt dt\r) 2 )

. odu, _r ri-ri _rt i

S R

A

L . d
But according to Equation 2.25,r -t = 7. Hence u, - ;’ =0

Problem 2.3 Both particles rotate with a constant angular velocity o
around the center of mass c.m., which lies midway along the line /\ "
joining the two masses. Let @ be the unit vector drawn from one of d ‘

the masses to c.m., which is the origin of an inertial frame. The only
force on m is that of mutual gravitational attraction,

d .
azw?d
2
m? d
From Newton’s second law, Fg =ma, so that G—Zﬁ = mw? Eﬁ , or
d
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Problem 2.4 The center of mass of the three equal masses lies
at the centroid of the equilateral triangle, whose altitude  is
given by h =d,sin60°. The distance r of each mass from the
center of mass is, therefore

r :gh :gdosin60°

Relative to an inertial frame with the center of mass as its
origin, the acceleration of each particle is

2
a= wozr = gwozdo sin 60°

and this acceleration is directed toward the center of mass. The net force on each particle is the vector
sum of the gravitational force of attraction of its two neighbors. This net force is directed towards the
center of mass, so that its magnitude, focusing on particle 1 in the figure, is

o o — m‘m o m O_
Eoot —Fgl_2 cos 30 +F81—3 cos30° =G 2 cos30°+G cos30

0 0 o

5 Cos 30°

Setting F,,; =ma, we get

2

Gm
22
0

2
cos30° = mgwozd0 sin 60°

» 3Gm cos30° _3Gm

Yo T3 sin60° 43
_|13Gm
a)o - _d03
Problem 2.5
\F == 398,600 _, co7 7.697 km/s
6378 350
27 3 .
(b) T="=r2=—FZ"_(6378 +350)2 =5492 sec =91 min 32 s

U «/398 600

Problem 2.6 The mass of the moon is 7.348 x 10?2 kg . Therefore, for a satellite orbiting the moon,

3 3
LZ\ (7,348 x10%2 kg) =4903 X2
kg -s ) s

U= Grgoon = (6.67259 x10720

The radius of the moon as 1738 km. Hence

\/7 1/ 4903 =1.642 km/s
1738 80

2x 3
T r2 (1738 + 80)2 =6956 sec =1 hr 56 min

10
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Problem 2.7 The time between successive crossings of the equator equals the period of the orbit.
That is

d _2m 3/2
- REarth +2
‘QEarthREarth \/ﬁ ( o )

where d =3000 km is the distance between ground tracks, z is the altitude of the orbit,
Rparth =6378 km and Qg =27/(23.934 -3600) =7.2921 %10~ rad/s. Thus

3000 2

= (6378 +2)°2
(7.2921x10-°)(6378) ~ /398 600

so that

z =1440.7 km

Problem 2.8 From Example 2.3 we know that vgpo =3.0747 km/s. From Equation 2.82 we know

that
Uesc Z‘/EUcircular' Hence Av = (W/E —1)UGEQ =0.41421-3.0747 =1.2736 km/s_
Problem 2.9
leun =1.3271x10"" km?®/s?
Foarth, =149.6 x10% km
11
Uearth = \/7 1.5271 106 =29.784 km/s
Tearth 149.6 x 10
Vegc = 2 29.784 =42.121 km/s
Vrelative =42.121 -29.784 =12.337 km/s
Problem 2.10
A _mb
T/3 T
A=T _1 04724b
3 —_—
Problem 2.11
v, = %e sin
bl h
w1
U 1+ecosf
2 2

v=40v," +v

\/62 (cos2 0 +sin? 9) +2ecosO +1

\/e2 +2ecosO +1

== ==

0=

Problem 2.12 For the ellipse, according to Problem 2.11,

11



Solutions Manual Orbital Mechanics for Engineering Students

2
Uellipsez = /}':_2 (32 +2ecosO + 1)

For the circle, at the point of intersection with the ellipse,

H_o__
o1
U 1+ecosf

(2
Vcircle = h—z (1+ecosh)

. 2 _ 2
Settlng Ucircle _vellipse ’

2 2
”—2(1 +ecosb) :u—z(e2 +2ecosB +1)
h h

yields ecos 6 = —ez, or 6= cos_l(—e).

Chapter 2

Problem 2.13 From Equation 3.42

esin@

tany =———
1+ecosf
From Problem 2.12 0 = cos'1 (—e). Hence

esin[cos_l(—e)]
tany =——————
1-e

But sin[cos_l(—e)] =41-¢2 . Therefore,
eVl —e? e

tany =

1-¢2 \/l —¢?
Problem 2.14
(a)
r ~Toeri 70 000 7000
o = POBEC POTEE =0.81818 (ellipse)
Tapogee * Tperigee 70 000 +7000
(b)
r +Toeri 77 000
a= apogee perlgee - :38 500 km
(c)
21 3/2 21 3/2
T="=4%2=—2—__(38500)°'* =75180 s (20.88 h)
Ju /398 600 ( )
(d)
398 600
e=-H = T2 - 59766 km?/s?
22 2-38 500
(e) From Equation 3.62,
38 50011 - 0.81818>
6378 +1000 = ( )
1+0.81818 cos 0

cosf =0.88615 = 0 =27.607°

12
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(f) From Equation 3.40

= UL+ rperigee =398 600 -(1+0.81818) 7000 =71226 km?/s

Then
k71226

YL = T 378

;
398 600
Hesing = :0.81818 -sin 27.607° =2.1218 km/s
n 71226 et

=9.6538 km/s

(g
ho 71226

Toerigee 7000
o 71226

’v ===

APOE Ty gee 70000

Uperigee ~

=10.175km/s

=1.0175km/s

Chapter 2

Problem 2.15

Toerigee = 6378 +250 = 6628 km
Tapogee = 6378 +300 =6678 km

*r, _ 6628 +6678

apogee
2

2 2
=B = T 665332 =5400.5 5 (90.009 m)

T
Ju /398 600

T
tperigee to apogee — E =45.005 m

r .
q =28 = 6653 km

Problem 2.16

(a)
(6378 +1600) - (6378 +600)  0.066863

(6378 +1600) + (6378 +600)

_ Tapogee ~"perigee

Tapogee + Tperigee

(b)

h 54 474
Voo = =
perigee = igee 6378 +600
h 54 474
- - =6.8280 k
Capogee T e 63781600 6.8280 km/s

=7.8065 km/s

()
2n( k' 2n (447

- =6435.6 s =107.26
s Wl_ez J 3986002L\/1_0.0668632J s=107.26 m

T

h= \/u(l +€)lerigee = \/398 600 - (1 +0.066863) - (6378 +600) =54 474 km?/s

Problem 2.17

1 = perigeeUperigee = (6378 +1270) -9 =68 832 km?/s

R/
Tperigee = ‘u_z 1+e

13
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688322 1
6378 +1270 = ——— ——— — ¢ =0.55416

398 600% 1+e

in0 _ 0.55416 -sin100°
tany = — - = oI =0.60385 = y =31.13°
1+ecos@ 1+0.55416cos100° EE—

”ooo1
+ =—
2+ Reartn U 1+ecosf
68 8322 1
Z+6378 = = 2=6773.8 km

398 600 1+ 0.55416 cos100°
11 = TperigeeUperigee = (6378 +1270)-9 =68 832 km?/s
K1
Tperigee = Fm
688322 1

398 600% 1+e

in 6 0.55416 -sin100°
tany = — = o =0.60385 = y =31.13°
1+ecos@ 1+0.55416cos100° EE—

6378 +1270 = = ¢ =0.55416

”ooo1
+ = -
2+ Rearth U 1+ecosf
68 8322 1
z+6378 = = z=6773.8 km
398 600 1 +0.55416 cos100°
Problem 2.18

v, =vsiny =9.2-sin10° =1.5976 km/s
v, =vcosy =9.2-cos10° =9.0602 km/s

~h=rv, =(6378 +640)-9.0602 =63 585 km? /s

U S
Hu 1+ecosb

635852 1
398 600 1 +ecosB
ecos6 =0.445 29

6378 + 640 =

u

v, = Ze sin 6
398 600
1.5976 = esin@
63 585

esin @ = 0.254 84
sinf _ 0.254 84
cosf  0.44529

tan0 = =0.57231 = 60=29.783°

esin29.783°=0.254 84 = ¢ =0.51306

2x( h \*_ 2n [ 63585

T2 V1o ) 3986007 (Vi ~o51306% )

3
=16 075 s =4.4654 h

T

14
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Problem 2.19

= Tperigee * Tapogee _ (6378 +250) + (6378 +42 000)
2 2

T=2832 22T 5750332 245300 s=12.61h

Ju /398 600

_ Tapogee = Tperigee _ (6378 +42 000) - (6378 +250)

" Tapogee ~Terigee (0378 +42 000) + (6378 +250)

1= U1+ rperigee =398 600 -(1+0.75901) (6378 +250) =68170 km?/s
h 68170

oo = = =10.285 k
Cperigee T igee 6378 +250 10.285 km/s

=27 503 km

=0.75901

Chapter 2

Problem 2.20
I = ToerigeeUperigee = (6378 +640) -8 =56 144 km/s

”o1
ul+e

Tperigee =

561442 1

7018=———
398600 1+e

= ¢=0.126 82

o1 561442 1
7 =— =
apogee T 11 1 —¢ 398600 1-0.126 82
Zapogee = 9056.6 — 6378 =2678.6 km

=9056.6 km

Q= Tperigee + Tapogee _ (7018) + (9056.6)
2 2

=8037.3 km

2 2
== 82 - 7

Ju /398 600

T 8037.3%/2 =7171s=1.992 h

Problem 2.21
i
27 3/2

/398 600 g

Using the energy equation

2-3600 = = 4 =8059 km

2
Uperigee H  _ M
2

Tperigee 2a

2
398600 398 600
8 _ = = Tperigee =7026.2 km
2 Toerigee | 28059

Zperigee =7026.2 - 6378 = 648.25 km

15
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Problem 2.22
T = 2m 232
T
90-60 = 2Z 2 = a=6652.6 km

H
Tperigee + Tapogee = 2a

(6378 +150) + fapogee =2°6652.6 = Typogee =6777.1 km

pogee

Tapogee ~Tperigee _ 6777.1 — 6528
6777.1 + 6528

e= =0.018 723

Tapogee + Tperigee

Chapter 2

Problem 2.23

(a)
/ _ |, 398600 _ oo y
0 m/s
esc 6378 300

=152 10,9262 =10277 km/s

Voo = perlgee - esc
(b)
1 = FperigeeVperigee =6678-15=100170 km?/s
K1
Tperigee = Fm
100170 1
6678 = —————— = ¢=2.7696
398600 1+e
2 2
100 170
- ! ! =48497 km/s
ul +ecosf 398600 1+2.7696cos100° —— 17
()
398 600
v, = Eesing = +2.7696 -sin100° =10.853 km/s
h 100170 _—
h 100170
v, =—= =2.0655 km/s
r 48497 ———
Problem 2.24

(a) From Equation 3.47

v?  p 2232 398600

= =1.4949 km?/s?
2 7r 2 7402000

o 1A o) 1398600%(
= - e -

12 = (531412 —1)x 101

From the orbit equation

16
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h? = pr(1 +ecos0) =398 600 -402 000 - (1 + e cos 150°)
h? =(16.024 -13.877¢) x 10'°

Equating the two expressions for K,
(5314162 ~1)x10'0 = (16.024 ~13.877¢) x10"°
yields

e? +22.6113¢ -4.0153 =0
which has the positive root
e =1.086

(b) Using this value of the eccentricity we find

1 =(16.024 -13.877 -1.086) x10'° =9.5334 x10° km*/s?

Chapter 2

so that
o1 95334x10° 1
e S———— = =11466 k
Tperigee =7 T4 p T 398600 1+1.086 m
Zperigee = 11466 —6378 =5087.6 km
(0)
h 9.5334 x10°
ee = = =8.5158 k
Cperigee 7 gee 1466 0158 km/s
Problem 2.25 From the energy equation
0002 + UQSCZ = 02
vmz + 2—” = (1.11)00)2
T
r=9.5238 -t
(4
Substituting Equation 3.105
2
1
r=95238 —H - =9.5238 L 5
(U /ez _1\ H e -1
\n )
Using Equation 3.40
r .
_ _ perigee
r= 9.5238[rperigee (1+ e)] chr 9.5238 -LE=
Problem 2.26
398 600
v, =H\e2 21 = 32 _1=10.737 km/s
h 105 000 e

17
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Problem 2.27
(@)
P®o1
n=—T—
U 1+ecost;
2
1
6378 +1700 = i

398 600 1 + e cos130°
W2 =(3.2199 - 2.0697¢) x 10°

S|
- 7 1+ecos6,
W2 1
398 600 1 +ecos 50°
W2 =(2.7416 +1.7622¢) x 10°

n

6378 + 500 =

(3.2199 —2.0697¢) x10° = (2.7416 +1.7622¢) x 10°
3.832¢ = 0.478 32
e=0.12482

(b)
1% = (2.7416 +1.76220.124 82) x 10 =2.9615x10° km*/s?

o1 29615%x10° 1

Chapter 2

L= = =6605.4 k
Tperigee =7 Ty T 398600 1+0.124 82 m
Zperigee = 6605.4 ~ 6378 =227.35 km
(c) From Equation 3.63,
r .
; = [perigee _ 6605.4 7547 5 km
1-e 1-012482 ——
Problem 2.28
(@ L =tany =tan15°=0.26795 = v, =0.267950,
s

02 =Ur2+UJ_2

7% =(0.267950, )* +0, 2
5.0, =6.7615 km/s
v, =1.8117 km/s

h=rv, =9000-6.7615 =60 853 km?/s

v, = %e sin 6
398 600

60853 ©
esin@ =0.27659

1.8117 = sin 6

18
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U 1+ecosf

608532 1

398 600 1 +ecosf
ecosf =0.032259

9000 =

_esin@ _ 0.27659
"~ ecos®  0.032259

tan @ =8.574 = 0 =83.348°

(b)
€c0s83.348° = 0.032259 = ¢ =0.27847

Chapter 2

Problem 2.29 From Equation 3.50,

(1-¢2) = ¢=0.30605

. _K 1 _60000* 1
Perigee = T+~ 398 600 1+0.30605
Zperigee =6915.2 - 6378 = 537.21 km

=6915.2 km

. _K 1 _60000° 1
POgEe T 1 —¢ 398 600 1-0.30605
Zapogee =13 015 - 6378 = 6636.8 km

=13 015 km

Problem 2.30
(a)
v, =vcosy =8.85-cos6° =8.8015 km/s
h=rv, =(6378+550)-8.8015 =60 977 km?/s
P
e 7 1+ecosB
609772 1

6928 = = ecosb =0.34644
398 600 1 +ecosf

v, =vsiny =8.85-sin6° =0.92508 km/s
v, = %esin@

398 600
60 977

0.92508 = esinf = esin6 =0.14152

stanf = =0.40849 = 0 =22.22°
ecosO
esin22.22° =0.14152 = ¢ =0.37423

(b)
3

2 60 977
z | ) 211243 5-187.39 m

i 1-e? ) 398 6007 L\/l 0374232 )

19
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Problem 2.31

v, =vcosy =10-cos30° =8.6603 km/s
h=rv, =(10000)-8.6603 =86 603 km?/s
S S

U 1+ecosf

86 6032 1
10 000 = = ecosf =0.88159

398 600 1 +ecosB

v, =vsiny =10-sin30° =5 km/s

Chapter 2

v, = %e sin 6
398 600
= esin = esinO =1.0863
86 603
esin@
stanf = —=1.2323 = 0§ =50.94°
Problem 2.32

v, =vcosy =10-c0s20° =9.3969 km/s
h=rv, =(15000)-9.3969 =140 950 km?/s
L S

H 1+ecos

140 950 1
15000 = = ecosf =2.323

398 600 1+ecosb

v, = vsiny =10 -sin20° =3.4202 km/s

v, = %esin@

398 600
3.4202 = esinf = esinf =1.2095
140 950
esin 0
sotan@ = =0.52065 = 6 =27.504°
ecosf -
. . . o1 .
Problem 2.33 Using the orbit equation r =———— we find
U 1+ecosb

2
L =10 000(1 + e cos30°) =10 000 + 8660.3¢

2
% =30 000(1 + e cos105°) = 30 000 —7764.6¢

.10 000 +8660.3¢ = 30 000 -7764.6e
16 425¢ =20 000 = ¢=1.2177

Problem 2.34
398 600
o =B = 0 276127 km/s
r V6378 +500

20
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0y =0y +”2—1 =11.419 km/s
v’ H_'

2 00 2 r

0,2 11.419% 398 600

_ =7.2441 = v, =3.8062 km/s
2 2 6878

Chapter 2

Problem 2.35

u 398 600
— = |————-=77143 k
“ \Fr 6378 + 320 m/s
Uperigee = V1 +0.5=8.2143 km/s
1t = ToorigeeUperigee = 6698 8.2143 =55 019

K1
Tperigee = Fm
55019% 1
= —— = ¢=0.13383
398600 1+e
K2 1 550197 1
Tapooee = —— = =8767.8 km
pog U l-e 398600 1-0.13383
Zapogee = 8767.8 —6378 =2389.8 km
Problem 2.36
v = H
Tperigee
- _ H
Uperigee = U+ O =(1+a) P
perigee
- _ H
h= TperigeeUperigee = Tperigee (1+a) . =@+ a)\/“rperigee
perigee
2
. ﬁ 1 (1+a) Hperigee 1
perigee — ,Ul+€_ u 1+e

~1+e :(1+0z)2

2

l+e=1+2a+0a’ = e=ala+2)

Problem 2.37

(a)
398 600
o =B = 0T 27,6686 km/s
r 6378 +400
v), =01 +0.24 =7.9086 km/s

Iy =rv,, =67787.9086 =53 605 km?/s
_h 1

71 +e
_53605° 1
7398600 1+e
=400 km

6778 = ¢ =0.063572

Zperigeez

21
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p* 1 53605 1
M 1-e 398600 1-0.063572

398 600
01, =B = | 276686 km/s
r V6378 +400

Iy =rv,, =67787.6686 =51978 km?/s

6378 + Zapogee, = = Zapogee, =1320.3 km

(b)

_H .
Vpy = Eez sin 6

398 600
0.24 = ey sinf = e, sin@ =0.031296
51978
Lot 1
U 1+eycos6
51978 1
6778 = = e¢ycos60=0 = 0=90° (since e cannot be zero if v, = 0)

398 600 1 +e, cosO
e, sin90° = 0.031296 = ¢, =0.031296

k% 1 519782 1 _
6378 * Zperigeey =~ " T4p 398600 140031206  Zperigeey = 19649 km
2 2
51978
6378 + z L N L =631.3 km

apogeer ~ "1, T 398600 1-0.031296  -aPO8ee

Problem 2.38 In Figure 3.30

My = Mgy =1.989x10%° kg
My = Mgyt = 5.974 x10% kg
fp =149.6x10° km

From Equation 3.169

7wy =—12  =30085%107°
Gh +m2

Substitute 7, into Equation 3.195,

fQ)= 1 (e my) +

g+ mf

)
E+m, - 1|3

(E+my -1)-&

The graph of £(&) is similar to Figure 3.33, with the two crossings on the right much more closely
spaced. Zeroing in on the regions where f (E) =0, with the aid of a computer, reveals

£ =0.990 026 6
£, =1.010 034
E; =-1.000 001

Then,
X =&n, =148.108 x10° km

X =&n, =151.101 x10° km
X3 =&, =-149.600 x10° km

22
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These are the locations of L;, L, and L relative to the center of mass of the sun-earth system
(essentially the center of the sun).

23



Solutions Manual Orbital Mechanics for Engineering Students Chapter 2

24



Solutions Manual

Orbital Mechanics for Engineering Students Chapter 3
Problem 3.1 Graph the function
f=x* -5x+4-105"*
flx)
to get an idea where the roots lie.
5 .
f'=2x-5-10cos xe5"*
0 x
)
i+l =X
f(x:) 5 ¥
_ x? - 5x; +4 -105M%i \ | | |
Xi4] = Xj — A l I I I
2x; —5-10cos x;e®"%i 5 6 7 8
First root: Second root: Third root:
xg =4 (Estimate) X9 =7 (Estimate) xg =8 (Estimate)
x; =4.7733482 X1 =6.7673080 x =7.9259101
Xy =4.9509264 Xy =6.7732223 Xy =7.9198260
x5 =4.9577657 X3 =6.7732128 x5 =7.9197836
xy =4.9577768 x5 =6.7732128 x4 =7.9197836
x5 =4.9577768
Problem 3.2 Graph the function f(x)
f =tanx-tanhx 1
| | | |
to get an idea where the roots lie. 0 é 4‘: 6‘ é ‘0 X
Clearly, the first rootis x =0. q L
£ =sec? x —sech®x
Xiag = X - f(x:)
1 1 ’
f'(x:)
S tan x; - tanh x;
T el x; —sech’x;
Second root: Third root: Fourth root:
xg =4 (Estimate) X9 =7 (Estimate) X9 =10 (Estimate)
x; =3.9322455 x =7.0730641 x; =10.247568
Xy =3.9266343 x, =7.0686029 x, =10.211608
x5 =3.9266023 x5 =7.0685827 x5 =10.210178
x4 =3.9266023 x5 =7.0685827 x4 =10.210176
x5 =10.210176
Problem 3.3

1

a=—

2 2
T =257 32 =

1
7 (rapogee * Tperigee) = 2 (6978 +6578) =6778 km

T 677832 = 55535 5

" T Jeosen

e =

Tapogee ~ Tperigee _ 6978 — 6578 _

Tapogee + Tperigee 6978 +6578

0.029 507

25
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Let B denote the point where the satellite flies through 400 km altitude on the way to apogee.

a(l —ez)

1+ecosfp

6778(1 -0.029 5072)
1+0.029 507 cos 6y

B =

6378 +400 =

Orbital Mechanics for Engineering Students

= 65 =91.691°

1- 1-0.029 507 1.691°
= =% tang—B = tan 91.69 = Ep =1.5708 rad
1+e 2 1+0.029 507 2

Mp = Eg —esin Eg =1.5708 - 0.029 507 sin1.5708 =1.5413 rad

_ MpgT 1.5413-5553.5
B = =
27 27

=1362.3 s

Chapter 3

tp is the time after perigee at which the spacecraft goes above 400 km. Let C denote the point at
which the satellite flies downward through 400 km altitude on its way to perigee. The time of flight
tgc from B to C is

tgc =T —2tg =5553.5-2-1362.3 =28289 s = 47.148 m

Problem 3.4
(a)
1
a= E(rapogee pengee)
T=2232 227 g5003/2 7799

(b)

Ju /398600

Tapogee ~ Tperigee 10000 -7000

e= = =0.17647

Tapogee *+ Terigee 10000 +7000

t; =0.5-3600 =1800 s

M, = 27t _ 2771800
T 7799

El —BSiI'lEl = Ml

E; -0.17647 sin E; =1.4501

E; =1.6263 rad Algorlthm 3. 1

=1.4501 rad

(10 000 +7000) =8500 km

l+e E 1+017647 162
tan— i = 6 63 _ 6, =10328°
1oe ! 12017647 |

t, =1.5-3600 = 5400 s
2ty _ 2m-5400
T 7799
Ez —ESil’lEz = M2

E, -0.17647 sin E, = 4.3504
E2 =4.1969 rad Algorlthm 3. 1

M, = =4.3504 rad

+ 1+017647
_ [tre, Ez 41969 6, =2319%°
T=e ' 1-0.17647 '

A6 = 92 -6, =128.7°

1= [ erigee (1 +) = |[398600-7000- (1 +0.176 47) = 57294 km®/s

A4 _h

At 2
At =3600 s
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Chapter 3

S AA= %hAt = %57 294-3600 = 103.13 x 10° km?
Problem 3.5
(a)
T = 2_77:613/2

Ju
15.743 3600 = —2% 32— 4 =31890 km

4398 600 ‘

1
a=—

2 (rperigee +

rapogee)

1
31890 = 5(12 756 + Iapogee) = Tapogee = 51024 km

Tapogee ~Tperigee _ 51024 -12756

€= =0.6000
Tapogee * Tperigee 51024 +12756
t 10
M=2n—=2n7 =3.9911 rad
T 15.743
E—-esinE=M

E-0.6sinE =3.9911
E =3.6823 rad (Algorithm 3.1)

+ +
tan 8 = 1€ E o \/m tan 2982 . g =19578°
2 Vi-e 2 V1-06 2

_ali=e?) 318900 -0.62)
" 1 %ecos0 1+0.6c0s195.78°

=48924 km

(b)

v ou_ p

2 v 22
v? 398600 398600

2 48924 ~  2-31890

= ©=2.0019 km/s

(c)

=y pall —¢?) = 398600 31890 (1 - 0.62) =90196 km?/5

4o 398600
vr = et =50106

-0.6-5in195.78° = -0.72097 km/s

Problem 3.6
(a)
Mpp =E -esinE

(b)

27
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tBAD ZtBA <—+—)T

Problem 3.7

E 1- 1-0.
tan -2 = —etan0—3= 03 tan = =0.733 80 = Ep =1.2661 rad
2 1+e 2 1+0.3 4

Mp = Eg —esinEg =1.2661 —0.6sin1.2661 =0.97992 rad

M 0.97992
tg=—LT= T =0.48996T
2 21
Problem 3.8
T, + Toeri +
Q= apogee perigee - 14000 +7000 =10 500 km
2 2
_ rapogee _rperigee _ 14000 -7000 =0.33333
14000 +7000

Tapogee + Tperigee
- 2.71’ 3 /2 21

= /398 600

an £O=60° 60° /1 ¢ onf 607} - [1-0.33333
1+e \ 2 ) 1+0 33333 30) 040825 :EO =60° —0 77519 rad

MG _¢0° = 0.77519 - 0.33333 5in(0.77519) =0.54191 rad

—60° 54191
to=go> = Mg—“ r=2 52 2110708 =923.51 s
T T

1050032 =10708 s

tg = tg—goe +30-60 =27235s
t 2723.5

Mg =27-% =27 =" =1.5981 rad
T 10708

EQ —ESinEB = Mg
Ey -0.33333sinEy =1.5981 = E, =1.9122 rad (Algorithm 3.1)

+
o @ 2 \/E o Fo - [1+033333 19122 o
2 \V1-e © 2 ~\1-0.33333 2 e

Problem 3.9

acosB +bsinf = ¢

b . c
cosf +—sinf = —
a a

sin
—=tan¢ = ¢
cos ¢
sing . c
0s 6 + sinf = —
cos ¢ a

. . c
cos B cos ¢ +sinfsin ¢ = —cos ¢
a

cos(H q)) = —cosq)
(€ e g)

—-¢ ==xcos” \ 5 Cos¢)

(o

0=¢+cos”

28
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Problem 3.10

MB :EB —esinEB

Chapter 3

2 B-Z —esin—
2
jT .
~_esin -
tp =2 T =(0.25 -0.15915¢)T
2w
Problem 3.11
S
U 1+ecosO N r—rperL(l'l'e)
! 1+ecosO
i’perigee —7m
27 ari —rperigee—(l"'O'S)
perigee — 1705003 BB

cosfg =-0.5 = 65 =120°

1-e " 1-05 120° T
tan— =, ——tan = Egp=—rad
1+e 1+.5 2 2

My =Ep —esinEg =E-o.551ng =1.0708 rad

M 1.0708
tB = —BT =
21 21

T =0.17042T

Problem 3.12 From Example 3.3 we have

e =0.24649
T =8679.1s
0, =143.36
Thus
E 1-0.2464 14 °
=< —C 0.246 9 336 = E_, =2.3364 rad
2 1 +e 2 1+0. 24649 _
=E.-esinE, =2.3364 —0.24649 -sin 2.3364 =2.1587 rad
t. = %T = 2.1587 -8679.1 =2981.8 s
2 2w
Problem 3.13

rsop = 925000 km
_ Tperigee (l + (3)

1+ecos@
925000 = (6378 +500)(1 +1) = 9=17011°
1+1-cosé

1. 6.1 _36_1 _17011° 1 _ 3170.11°

M, =—tan—+—tan” — =_tan +—tan” ———
P 226 272 2 6

h.’Z

Tperigee =51 = 1= [2Uherigee =+/2-398600-6878 =74048 km?/s

=262.82
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3 3
74048
Ly -262.82 =671630 s =7d 18h 34m
P T 398600
Problem 3.14
(a)
1= Uherigee (1 +€) =/398600-7500-(1 +1) =77 324 km?/s
1 ° 1 °
p) = —tan %0 +—tan® %0 =0.66667
6=90° 2 2 2
t W ) 77 324° 0.66667 =1939.9
—90° = — =— 0. = 9Is
=90" 7 2 T Pla=90° ~ 3896002
t_00° 1o +90° = 2°1939.9 =3879.8 s =1.0777 h
(b)
2 3
t  398600° -(24-3600
M, =t = ( : ) — 29,692
h 77324
0 2 1/3 2 -1/3
tan > = [BMP + (3Mp) +1] - [3Mp + (3Mp) +1]
0 2 1/3 2 -1/3
tan = = [3 :29.692 +/(3-29.692) +1] -[3 :29.692 ++/(3-29.692) +1] = 5.4492
6 =159.2°
2 2
77 324
p= L L =230200 km
U 1+cos@ 398600 1+cos159.2° ——
Problem 3.15
(a)
2398600
Operigee =11 |—— =11 22220 —11.341 ks
Foerigee 7500
1t = FoerigeeUperigee =7500-11.341 =85056 km?/s
K1
Tperigee = Im
85056 1
7500 = —————— = ¢=1.4200
398600 1 +e
Fyoe -1 ° N142-1 °
fanh 220 = (€1 907 tan 2L s By =0.887 14
2 Ve+1 2 “V142+1 0 2
M})gge =esinh Foge — Fope =1.42 -5inh 0.88714 - 0.88714 = 0.544 46
L 3/2
— 2
Mh)90° _h_g(e _1) tgge
398600% [, \3/2
054446 == (1422 1) “hoge = top =2057.9'5
85056
t90° 1o 90° = 2tope =4115.7 s =1.1433 h
(b)

2 3/2 3986007 3
Fo? 1) =222 (1422 1)
h 85056
esinh F-F =M,
1.42sinh F - F =22.859 = F =3.6196 (Algorithm 3.2)

/

2
My = -24 -3600 =22.859
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+1 F 1.42 +1 .61
tang= e—tanh—a/ tanh36 % = 0 =132.55°
2 e-1 2 1.42 -1 2

K1 850567 1

Chapter 3

=— = =455 660 km
U l+ecos® 3986001+142-cosl132.55° ————
Problem 3.16
= IoerigecUperigee = (6378 +300) 115 =76 797 km?/s
Ko
Tperigee = Fm
2 2
76 797
e= h -1= -1=1.2157 (hyperbola)
Hserigee 398 600 6878
2 2
1 76797 1
:h_2 - ——=30964 km
M e -1 39860012157° -1
At 6 AM:
v u_u
2 r 2a
2
398600 398 600
107 = = r=9149.9 km
2 r 230 964
S S
U 1+ecosf
76 797 1
9149.9 = = 0 =-59.494° (flying towards earth)

398 600 1 +1.2157 cos O

tanh£ = et tang = 12157 -1 tan 59494 _ -0.10384 = F =-0.36045
2 Ve+l 2 TV12157 +1 2

M;, = esinh F - F =1.2157 sinh(-0.360 45) - (~0.360 45) = -0.087 287

2 3/2
My, = E e -1)
K
398 600> , B2 , . I
—(1.2157 —1) t = t=-7533s (negatlve means time until pengee)

-0.087 287 = 3
76797

At 11 AM:

t =5-3600 —|-753.3| =17 247 s (time since perigee at 11 AM)
2 3/2 398 600° /2
M, = 5—3( 2 —1) ty = —(1 21572 —1) 17 247 =1.9984
esinh F-F = M,
12157 sinh F~F =1.9984 = F=1.8760 (Algorithm 3.2)

+ + 7
tanh—zw/e—t ,/12157 Ly 1860 — §=133.96°
2 Ve-1 12157 1

767977
r=— =94771 km
U 1+ecosf 398 600 1+1.2157 -cos133.96°

z=r-6378 =88393 km
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Problem 3.17
v, =vcosy =8-cos(-65°) =3.3809 km/s
h=ro, =(37000 +6378)-3.3809 =146660 km?/s
.
N U 1+ecos6
146 6607
43378 = ! = ecosf =0.24397
398 600 1+ecosf
v, = vsiny =8-sin(-65°) = -7.2505 km/s
v, = %esin@
398 600
-7.2505 = 146660 esinf = esinf =-2.6677
tang = 2500 - 2677 _ 15935 . g=_ga775°

" ecos® 024397
esin(-84.775°) = -2.6677 = ¢ =2.6788 (hyperbola)
o1 146660° 1
1" . = — =
perigee ™ 14+¢ 398600 1+2.6788

F_le-1. 6 [26788-1, (-84.775%
tanh— = [*"* tan 2 = | ¢ F =-1.4389
M T ew1 M2 TV2er88 41 U 2 ) T

M), =esinh F - F =2.6788 sinh(-1.4389) - (-1.4389) = -3.8906

M, = 212_3(62 —1)3/2t

=14 668 km (no impact)

398 6002 3/2
~3.8906 = m(z.ms2 1)t = +=-503255 =-1.3979 h

1.3979 hours until perigee passage.

Problem 3.18 Write the following MATLARB script to use M-function kepl er _U to implement
Algorithm 3.3.

cl ear
gl obal mu
mu = 398600;

ro
vro
a
dt

7200;
1;
10000;
3600;

X kepler_U(dt, ro, vro, 1/a);

fprintf( AN\ e oo \n")
fprintf('\n Initial radial coordinate = %' ,ro)

fprintf(*\n Initial radial velocity = 9%y ,vro)
fprintf('\n El apsed tine = %', dt)

fprintf('\n Sem maj or axis %9\ n’', a)
fprintf('\n Universal anomnaly %', X)
fprintf (" \Nn\n----- e e \n\n')

Running this program produces the following output in the MATLAB Command Window:
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Initial radial coordinate
Initial radial velocity
El apsed tine

Sem mgj or axi s

Uni ver sal anomal y

Thatis, x =229.34 km'/? . To check this with Equation 3.55, proceed as follows.

SR S
U 1+ecos@
2
7200 = h !

398 600 1 +ecosb

3.844x1071042 1
e

s.cosf =

v, = %esin@

| - 398,600

esin @

1 &

© SN0 = 2600 ¢

sin2 @ +cos2 0 =1

Substitute (1) and (2):

1 k2 +(3.844><10'10h2 -1
(398 600 Z) e
R
U 1-e?
W2 1
398600 1 — o2

a

10000 =

o h=+3.986 x10° (1 —¢2)
Substitute (4) into (3):

2
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7200
1
3600
10000

229. 341

) -1

(1 3986x10%(1 -¢2)) +{3.844><10‘10 3.986 x10°(1 —¢2)] -1

L398 600 e }

Expanding and collecting terms yields

1993¢2

or

3844.5¢* —4195.9¢% +351.41=0

e

(3844.5¢% —4195.9¢2 +351.41) = 0

33
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The positive roorts of this equation are e =1.0000 and e =0.30233 . Obviously, we choose the latter.

e =0.30233

Substituting (5) into (4), we get
h=60180 km?/s

Substituting (5) and (6) into (1) or (2) yields
0, =29.959°

Compute the time at this initial true anomaly as follows:

E, [1-e. 6 _ [1-030233  29.959°
tan—L= [~ tan = | ¢ =0.19584
M TV T+e 2 TV1+030233 T 2

. E; =0.38678 rad

M, = E; —esin E; =0.38678 -0.30233 -sin 0.38678 =0.27273 rad
_ My 027273

ty -9952.0 =431.99 s
27 27

Obtain E one hour later.

ty =t +3600 =4032 s

ty 4032
M, =272 =2
2 = T 5952.0
E, —esinE, = M,

E, -0.30233sin E, = 2.5456

=2.5456 rad

Using Algorithm 3.1,
E, =2.6802 rad
According to Equation 3.55,
x =a(E, - E;) =10000(2.6802 - 0.38678) =229.34 km /2

This is the same as the value obtained via Algorithm 3.3

Chapter 3

(5)

(6)

)

®)

)

Problem 3.19 Write the following MATLAB script to use the M-function r v_f rom r Ov0 to

execute Algorithm 3.4.
clear
gl obal mu
mu = 398600;
RO = [20000 -105000 -19000];
Vo =[ 0.9 -3.4  -1.5];
t =2*3600;

[RV] =rv_fromrOvO(RO, VO, t);

[ L 1S R i

fprintf('\n Initial position vector (km:")

fprintf('\n ro = (%, %, %9)\n', RO(1l), RO(2),

fprintf('\n Initial velocity vector (km's):")
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fprintf('\n vo = (%, %, %9)', VO(1), VO(2), VO(3))

fprintf('\n\n El apsed time = %9 s\n',t)

fprintf('\n Final position vector (km:")

fprintf('\n r = (%, %9, %)\n', R(1), R(2), R(3))

fprintf('\n Final velocity vector (km's):"')

fprintf('\n v = (%, %, %)', V(1), V(2), V(3))

Fprintf (AN ce s m oo \n')

Initial position vector (km:
r0O = (20000, -105000, -19000)

Initial velocity vector (kms):
vO = (0.9, -3.4, -1.5)

El apsed tine = 7200 s

Fi nal position vector (km:
r = (26337.8, -128752, -29655.9)

Final velocity vector (km's):
v = (0.862796, -3.2116, -1.46129)
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Problem 4.1 Algorithm 4.1 (MATLAB M-function coe_f r om sv in Appendix D.8):

(
(2)
(3) v,=rrV:00018856 km/s (>0)
(4)
(5)

(6) i=cos™! (h—z) =cos™! /@\ =63.952°
h | 96350 ~ ===

(7) N =K xh = 240351 + 82234] (km?/s) (Ny >0)
(8) N =INl=85674 km?/s

N
(9) Q=cos! (—X) =cos”! (%\ =73.707°
N | 85674 ==+

(10) e = [(5.7415" - 398 600/16 850) (26151 + 15881] + 3980K)
398600

- (16 580)(0.0018556 ) (~2.7671 - 0.7905] + 4.98K] |

=0.0595211 +0.36032] +0.08988K (e, >0)
(11) e =l =0.37602

(12) w =cos 1( )_1543°

(13) 6 =cos™! (7) =0.067 42°

Problem 4.2 Algorithm 4.1 (MATLAB M-function coe_f r om sv in Appendix D.8):

1) r =l =12670 km

(
(2)
(3) v, =¥ = -0.7905 km/s (<0)
(4)
(5)

r

(6) i=cos™ (%) =cos™! (—) =90°
(v

8
(7) N=Rxh=49084] (km?/s) (N
(8) N =INI = 49084 km?/s

(9) @=cos™ (NW) = cos™! ( ) =90°

(10) e= 3981600 [(3.95382 - 398600/12670)(12670K)

- (12670)(-0.7905)(~3.874] - 0.7905K] |

= -0.097342] - 0.52296K (e, <0)
(11) e =[lell =0.53194
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N-
(12) ® =360°-cos™! (N—:/ =360° -100.54° =259.46°

(13) 6 =360° -cos‘l(ﬂ> =360° —169.46° =190.54°
er

Problem 4.3 Algorithm 4.1 (MATLAB M-function coe_f r om sv in Appendix D.8):
(1) Irl =10189 km
2) llvll = 5.8805 km/s

r
4) h=rxv = 31500 +11468] + 47888K (km?/s)

5) 1= |hl = 58461 km?/s

(6) i=cos™! (h—z) =cos™! (47888 _ 35°
h | 58461)

(2)
(3) v, =¥ =1.2874 km/s (>0)
(4)
(5)

(7) N=Kxh = 114681 +31509] (km?/s) (Ny >0)
(8) N =INl=33532 km?/s

(9) @= cos™! (&) =cos”! (-11468) =110°
N | 33532

(10) e= — [(5.88052 ~ 398600/10189)(6472.71 - 7470.8] - 2469.8K)
398600

- (10189)(1.2874 ) (3.99141 + 2.7916] - 3.2948K] |
=-0.20511 - 0.006738 2] +0.13657K (e, >0)
(11) e =lel =0.2465

(12) o = cos_l(%) =74.996°

(13) 0 =cos~!( &) =130°
\er )

Problem 4.4
A2 §

U= -2.30454 km/s (Flying towards perigee)

6 =360° - cos ! (ﬂ) =360° —30° = 330°
er

Problem 4.5
foTXe _ -3353.11 + 6361.8] + 2718.1K
e x el 7687.9

W = -0.436161 +0.82751] + 0.353 55K
i = cos™ (W-K) = cos™ (0.35355) = 69.295°

Problem 4.6
(a)

AB=(4-1)i+(6-2)j+(5-3)k =3i+4j+2k

—

A

AC=(3-1)i+(9-2)j+(-2-3)k = 2i +7j -5k
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X’:AB:3§+43+21A<

Z' =X'x AC = -34i +19j +13k
Y'=Z'x X' = -14i +107j - 193k

=X = 055700i 074278} +0.37139k
Xl
ji = "z—" = -0.063314i +0.48390] - 0.872 83k
K = "Z—" = -0.82804i +0.46273j +0.316 60k
[¥]] 1055700 074278 037139
[Q]=1|j'| {=|-0.063314 048390 -0.87283
[ik]| | -082804 046273 031660

(b)
0.55709 -0.063314 -0.82804] (2
{v}=[Q]"{v}=|074278 048390 046273 ||-1
037139 -0.87283 031660 || 3

(v = -1.30661 +2.3898 +2.5654k)

Chapter 4

Problem 4.7
026726 053452 0.80178 1(-50
{vt,=[0] {V},=|-044376 0.80684 -0.38997|)100
-0.85536 -0.25158 0.45284 || 75

(V =100.224 +73.624% + 51.573w)

Problem 4.8
1 0 0 cos25° 0 -sin25°
[R;]=[0 cos40° sin40°| [Rp]=| 0 1 0
0 -sin40° cos40° sin25° 0 cos25°

cos25° sin40°sin25° -cos40°sin 25°
[Q] =[R;][Rs]=| © c0s40° sin40°
sin25° -sin40°cos25° cos40°cos?25°

0.90631 027165 -0.32374
[0]=] o 0.76604  0.64279
042262 -0.58256 0.69427

Problem 4.9 r, =-51021-8228] - 2106K (km) v, = -4.348 +3.478] - 2.846K (km/s)

Method 1
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Use Algorithm 3.4 (MATLAB M-function rv_from_r0v0 in Appendix D.7):

(1a

) 7,=9907.6km v, =62531 km/s

(1b) v,, =-0.044678 km/s

(1c) @=103.77x107® km™

(2) x =195 km'/?

(3) f=-036539 ¢=1394.45"

(4) r=(-0.36539)(-51021 - 8228] - 2106K ) +1394.4 (~4.3481 + 3.478] - 2.846K)

= -4198.41 +7856.1] - 3199.2K (km)

(5) f=-6.0467x10"* s ¢=-0.42931
(6) v = (~6.0467 x 107 ) (-51021 - 8228] - 2106K) +(~0.42931)(~4.3481 + 3.478] - 2.846K)
= 4.95171+3.4821] +2.4946K (km/s)

Method 2

Compute the orbital elements using Algorithm 4.1 (MATLAB M-function coe_f r om sv in Appendix

D.8):

1) r =kl = 9907.6 km
2) v= ||v|| =6.2531 km/s

h _
(6) i=cos™ (TZ) =cos! (%) =149.76°

(7) N =K xh =5367.81 +30738] (km2/s) (Ny >0)
(8) N =INl=31203 km?/s

(9) @=cos? (&) = cos™1 [ 23678) _ g0.004°
N | 31203

(10) ez ——— [(5.74152 ~398600/9907.6) (~51021 - 8228 - 2106K)
398600

~(9907.6)(-0.044678)(~4.3481 + 3.478] - 2.846K]

=0.009638 511 +0.027193] +0.002808 3K (e, >0)
(11) e =llel =0.028987

(12) » =cos 1( )-11 09°

(13) 6 =360°-co _1< ) =360° -166.14° =193.86°
er

3

2r(_ "V _o4149 s

w e

T =

Determine the time since perigee passage at true anomaly 6, =193.86°:
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1-0.028 987 °
tanE— 1/ —D 193 8° E, =-2.8926 rad
2 1+ e 2 1+0.028 987

—esinE, = -2.8926 —0.028987 - sm( 2.8926) = -2.8855 rad

M -2.8855
o = T"T "2
J JU

9414.9 = -4323.7 s (minus means time until perigee passage)

Update the true anomaly of the spacecraft. t =, +50-60 = -1323.7 s.

-1323.7
=2

¢
=20—
M= 2w =2y a9

=-0.88341 rad
E-esinE=M
E -0.028987 sinE = -0.88341 = E =-0.90623 rad Algorlthm 3. 1)

1+0028987 -
tan—zw/lit 0.0289 090623 — 0 =-53242°
2 T \1-e 1-0028987 °

Algorithm 4.2 (MATLAB M-function sv_f r om _coe in Appendix D.9):

h2 1 Cf)se 61 9522 1 cas(—53.242°)
W) Ards = [ 1+ecos6 Slgg ~ 398600 1+0.028987 cos(—53.242°) sin(-53.242°)
5663.9
=)-7582.8 1 (km)
0
-sin@ —sin(-53.242°) 5.1548
@) {v}s :% e+cosfl = 36918965020 0.028987 +cos(-53.242°) | = 14.0368 | (km/s)

0 0
[cos Qcosw —sin Qsinw cosi  —cos Lsinw —sin Qcosicosw  sin 2sini
(3) [Q]EX =|sin Qcosw +coscosisinw -sin2sinw +cos2cosicosw —cos2sini
sinisin sinicos cosi
[0.33251  0.80204  0.49616
=10.93811 -0.33532 -0.086644
0.09688 0.49426 -0.8639
-4198.4)
(4) {thx =[Q]. {r}z =] 78561 | (km) or r=-419841+7856.1]-3199.2K (km)
-3199.2
4.9517)
{vix =[Q] {v}z = 1348210 (km/s) or v=4.95171+3.4821]+2.4946K (km/s)
2.4946

Problem 4.10 ¢=15 Q=130° i=35° =115 0=0° rpeigee =6678 km

= UL+ roerigee =+/398600-(1+1.5)-6678 =81576 km?/s

Algorithm 4.2 (MATLAB M-function sv_f r om _coe in Appendix D.9):
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cos(0)] (6678
) sin(0)t=) 0 ! (km)
0 0

®o1 cost 815762 1
(1) {l‘}y —lsinfl=
H l+ecosd | 398600 1+1.5cos(0

r = 6678p (km)

—sin® —sin (0) 0

(2) {V}f:% e +cosf :38918567060 1.5+cos(0)! = 12.516 (km/s)

v=12216q (km/s)

[cos Qcosw —sin Qsinw cosi  —cos Qsinw —sin Qcosicosw  sin Qsini
[Q]EX =|sin Qcosw +coscosisinw -sin2sinw +cos2cosicosw —cos2sini
sinisinw sinicosw cosi
[-0.29706 0.84776 0.43939
=|-0.80095 -0.47175 0.36869
051984 -02424 0.81915
-1983.8
(4) {r}x =[Q]. {r}z =/-53488 (km)  or r=-1983.8I-5348.8] +3471.5K (km)
3471.5
10.356
{v}x =[Q] .y {v}s = 157627\ (km/s) or v=103561-5.7627] - 2.9611K (km/s)
-2.9611

Chapter 4

Problem 4.11 7=81576 km?/s e=15 ©=130° i=35° o =115°.

t=7200 s
2 3/2 3986002 3/2
My = B2 ) =220 (152 21) " 7200 =2.945
I 81576

esinh F-F = M,
1.5sinh F-F=2945 = F= 1886 AlgorltthZ)

+1 +
tan— 1/6 h— 12 L, 18863 0 =117.47°

Algorithm 4.2 (MATLAB M-function sv_f r om _coe in Appendix D.9):

21 | sisre? 1
(1) {e}y=———Isinol= sin(117.47°) L = ) 48093
W l+ecost | 398600 1+1.5cos(117.47°) 0 0
r = -25007p + 480934 (km)
—sing ) [ —sin (117.47°) ~4.3352
_H _ I =
(2) {v}g = e+cosOl= 91576 1.5+ cos(117.47°) = 5.00752 (km/s)

v = -4.3352p +5.0752q (km/s)

42
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~0.29706 0.84776 0.43939
[Q]., =[-0.80095 -0.47175 0.36869| (Problem 4.10)
051984 -0.2424 0.81915

48200
(4) {t}x =[Q] . {r}z =] 2658 | (km)  or r=482001-2658]-24658K (km)
24658
5.5903
{vlx =[Q]i {v}z =] 1.0781 | (km/s) or v=559031+1.0781]-3.4838K (km/s)
-3.4838

Problem 4.12 r, = 6472.71 - 7470.8] - 2469.8K (km) v, =3.99141 +2.7916] - 3.2948K (km/s? )

Method 1

Use Algorithm 3.4 (MATLAB M-function rv_from_r0v0 in Appendix D.7):

(1a) r,=10189km v, =5.805 km/s
(16) v,, =1.2874 km/s
(1c) @=109.54x107° km™
(2) x=171.31km'/?
(3) f=-0093379 ¢=1870.6s"
(4) r=(-0.093379)(6472.71 - 7470.8] - 2469.8K) +1870.6(3.99141 + 2.7916] - 3.2948K)
= 6861.91 +5919.6] - 5932.7K (km)
(5) f=-53316x10"* s ¢ =-0.028475
(6) v =(-5.3316 x107*) (6472.71 - 7470.8] - 2469 8K) + (-0.028 475)(3.99141 + 2.7916] - 3.2948K)
= -3.56471 +3.9037) +1.4106K (km/s)

4

Method 2

From Problem 4.3 h =58461 kmz/s, e =0.2465, i =35°, =110°, w =74.996°, 6 =130°.

3

2”/ f =86803 s

\? o2x [ 58461
J 3986002L\/1 024652J

EO / N 1- 02465 130 . E, 220612 rad
2 1+e 2 1+02465
» = E, —esinE, =2.0612 —0.2465 - sm(2 0612) =1.8437 rad

18437

T=

8680.3 =2547.1 s (minus means time until perigee passage)

Update the true anomaly:  =t, +50-60 =5547.1 s
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5547.1
=2r

t
-z = 4.0153 rad
T~ "geg03 1093 ra

M=2x

E-esinE=M
E -0.2465sinE =4.0153 = E =3.8541 rad Algorlthm 3. 1)

+
tan—: 1_et 1+02465 38541 g =_14773°
2 1-e¢ 1- 02465

Algorithm 4.2 (MATLAB M-function sv_f r om _coe in Appendix D.9):

cos 6 cos(—147.73°)

R PG W Y L 1 sin(147.739)
U 1+ecosh 0 398600 1 +0.2465 cos(-147.73°) 0
-9158.1
{—5783 81 (km)
-sin@ —sin(-147.73°) 3.6408
(@) {viz=Ele+cosol= 98600 ] 2465 + cos(-147.73%) | = | -4.0841 (km/s)
h 8461
0 0
[cos Qcosw —sin Qsinw cosi —cos Rsinw —sin Qcosicosw  sin Qsini
[Q]EX =|sin Qcosw +cosQcosisinw -sin2sinw +cos2cosicosw —cos2sini
SIinisinw SN i1Ccosw COS1
[ -0.8321  0.13078 0.53899
=1-0.026991 -0.9802 0.19617
0.55397 0.14869 0.81915
6864
(4) {t}x =[Q]. {r}z =1 59165 | (km) or r=68641+5916.5]-5933.3K (km)
-5933.3
-3.5636
{vix =[Q].x{v}s =1 3905 | (km/s) or v=-356361+3.905]+1.4096K (km/s)
1.4096

Problem4.13 ¢=12 Q=75° i=50° ®=80° 6=0° fpeigee =6578 km

= UL+ roerigee =+/398600-(1+1.2)-6578 =79950 km? /s

Algorithm 4.2 (MATLAB M-function sv_f r om _coe in Appendix D.9):

h2 , cosf 799502 , cos(O) 6578
(1) {t}y=————Jsinol= sin(0)t=1] 0 ! (km)
U 1+ecos0 398600 1+1.2cos(0)
0 0 0
r = 6578p (km)
—sinf 398600 —sin(0) 0
(2) {vhz = £ e wcost} = =212+ cos(0) = 111546 (km/s)

0
v =11.5464 (km/s)
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[cos Qcosw —sin Qsinw cosi —cos Rsinw —sin Qcosicosw  sin 2sini
[Q]EX =|sin Qcosw +coscosisinw -sin2sinw +cos2cosicosw —cos2sini
sinisinw sinicosw cosi
[-0.56561 -0.3627  0.73994
=1 033157 -0.92236 -0.19827
075441 013302 0.64279
-3726.5
(4) {e}x =[Q]. {rtz = 2181.1 | (km) or r=-3726.51+2181.1] +4962.5K (km)
4962.5
~4.1878
{vix =[Q].{v}s =1 -1065 | (km/s) or v=-418781+10.65] +1.5359K (km/s)
1.5359
Problem 4.14 1 =75950 km?/s e=12 @=130° i=50°  =80°
t=7200 s
2 3/2 3986002 3/2
My, =2 1) =222 (122 1) 7200 =0.76209
h 75950
esinh F - F = M,
12sinh F-F=0.76209 = F= 13174 Algorlthm32)
0.76209
tan 2 = |1 tanh 1/12“ — 0=124.86°
2 Ve-1 12-1
Algorithm 4.2 (MATLAB M-function sv_f r om _coe in Appendix D.9):
21 [0 e . cos(124.86°)]  (-26336
(1) {e}y=———Isinol= sin(124.86°) L = ) 37806 | (km)
W l+ecosd | 398600 1+1.2cos(124.86°) 0
r = -26336p + 378064 (km)
—sing ) [ —sin (124.86°) ~4.3064
(2) {v}z :% e+cosO = S1576 1.5+cos(124.86°) L =] 3.298 (km/s)
0
v = -4.3064p +3.2984 (km/s)
-0.56561 -0.3627  0.73994
[Q]., =|033157 092236 -0.19827| (Problem 4.13)
075441 013302 0.64279
1207.2
(4) {r}x =[Q]. {r}z =]-43603! (km) or r=1207.21-43603]-14839K (km)
~14839
1.2434
{vix =[Q].( {v}s = ]-4.4698| (km/s) or v=1.24341-4.4698] - 2.8100K (km/s)
~2.8100
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Problem 4.15 7=75000 km?/s ¢=0.7 0=25°

—sin 6 -sin(25°) ~2.2461
{v};:% e +cos 6 :379 58060%0 0.7 +cos(25°)t =1 8537 | (km/s)
0
-0.83204 0.02741 0.55403 |(-2.2461] [ 2.1028
{v}x = [Q]_ {v}z =|-013114 -098019 -0.14845|] 8537 |=1-8.0733! (km/s)
0.53899 -0.19617 0.81915 || 0 ~2.8853
or

v =2.10281 - 8.0733) - 2.8853K (km/s)

Chapter 4

Problem 4.16
Q=60° ©=0 i=90°
-3.208 apogee
\
\

{v}z=1-0.8288! (km/s)
0

[Q]yX = |sin Qcosw +cos Qcosisinw —sin 2sinw +cos £2cosicosw

sinisin w sinicosw
0.5 0 0.86603
=10.86603 0 -0.5

0 1 0
~1.604

{v}x =[Q]., {v}ts = {27782} (kmys)
~0.8288

or
v = -1.6041 - 2.7782] - 0.8288K (km/s)

[cos Qcosw —sin Rsinw cosi  —cos sinw —sin L cosicosw

sin £2sin i

—cos 2sini

cosi

perigee

Problem 4.17 2=7016 km ¢=0.05 i=45° Q=0 ®=20° 6=10°

cos10°)  (6568.7
sin10°! =J1158.2 | (km)
0 0

(= ai =) [ 70160 -05?)

¥ 1+ecosh 513 " 1+0.05c0810°
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[cos 2cosw —sin 2sinw cosi  —cos 2sin w — sin £2 cosicos w
[Q]}X =|sin 2cosw +cos 2cosisinw -sin 2sinw + cos 2 cosicosw
sin isin w sin i cosw

[0.93969 -0.34202 0

=10.24184 0.66446 -0.70711

0.24184 0.66446 0.70711

5776.4
{rhx = [Q],, {r}x = {23582 (km)
2358.2
or

r = 5776.41 + 2358.2] + 2358.2K (km)

Chapter 4

sin £2sin i
—cosQ2sini

cosi

Problem 4.18
- _ E \/HIZRear’rh2
2 (1_62)2 712
1

1
8= (Fperigee * Tapogee) = 5 (6878-+7378) = 7128 km

o= T’apogee - rperigee - 7378 — 6878 = 0.035073
rapogee + rperigee 7378 + 6878

Q _ 2w
365.26 - 24 - 3600

3 /398600 -0.001082 6 - 63782
) 2

% (1-0.0850732) 71287/2
1.991x1077 = -1.367 x 107 cos i = i = 98.372°

cosi

=1.991x107 rad/s

1.991x1077 = cosi

Problem 4.19
2 3/2 27
T=2432=__=__ (6378+180
Ju /398600

. R, .2 /398600 -0.001082 6 - 6378>
Q:—% \/ﬁ]27/ezarth CcOSi = - E cos30° =
r

)12 = 52853 5

(6378 +180)"/2
a 3625”26 5
Wearth = 543600 -3606 =7.2921x107 rad/s

Change in east longitude of the ascending node after 1 orbit of the satellite:

-1.5814x107° rad/s

A1 = (0 - ©)T = [7.2921x107° - (15814 x106)]-5285.3 = 0.39377 rad

Spacing s,

5 = RoprinAA =6378-0.39377 =2511.4 km

Problem 4.20

The change in east longitude A of the ascending node of a satellite after 7 orbits is
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A= (0gqugs - @)1, T

If AL is an integral multiple 1, of earth rotations (2s) then the ground track will close on itself,
2nn, = (wearth - Q) n, I

Let v=ng/n,. Then 27z = (wearth - Q)VT , or

r=1_ 2t (1)
V Wearth ~ Q

But T =232 / \/7 , where r is the radius of the orbit. Thus

21 52 1 2n

\/ﬁ V Wearth ~ Q
or
\/7 2/3
r= H @)
V\@earth ~ Q
For a circular orbit
2
O—_ E \/EIZRearth cosi
2 r7/ 2
or
2 712 :
cosi=————Q
2
3 \/H] ZRearth
Substituting (2) we get
7/3
[ Ju
viw -Q .
cosi = _2 ( carth )2 Q (3)
\/p] 2Rearth
Substituting

Ooarthy =72921x107 rad ~ 2=1.997 x107 rad/s
J,=0.0010826 R4 =6378km  p=398600 km?>/s>

into (1), (2) and (3) we get

-6378

. 1 73.948 86400 42241
i=c _—7/3 T = Z:—2/3
v v v

From these we obtain the following table of scenarios:
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v z(km) i (deg) T (h)
17 11.042 95.711 1.4118
16 27455 96.583 1.5000
15 567.03 97.658 1.6000
14 89393 99.006 1.7143
13 1262.2 100.72 2.000
12 1681.0 102.96 2.1818
11 2162.6 105.95 2.4000
10 2722.6 110.07 2.6667
9 3384.8 116.03 3.0000
8 41823 125.29 3.4286

Chapter 4

Problem 4.21

. 5.7, )
=_f(2 -2
) f(zsm i
[0) 7
f=- z =-= =7.2384 deg/day
Esin2 i-2 Es,in2 40° -2

Q=—fcosi=-7.2384-cos40° = -5.545 deg/day

Problem 4.22 From

r, = -2429.11+4555.1] +4577.0K (km) v, =-4.76891 - 5.6113] +3.0535K (km/s)

we obtain the orbital elements by means of Algorithm 4.1:
h =55000 (kmz/s) e=01 Q,=70° i=50° w,=60° 6,=0

2 2
55000
gz L 76658 km
M 1-¢2 398600 1-0.12

27 3/2 27

Tt T poseno

T = 7665.8%/2 =6679.5 s

The satellite is at perigee (6, =0) so t, =0. After 72 hours, t ¢ =t, +72-3600 =259 000 s.

ts / T =38.805, so t is in orbit 39. The time since perigee in orbit 39 is

tso =(38.805-38)T =5378.3 s

21 21
o Mao = Xty =—= _5378.3 =5.0952 rad
39 =7 139 T 6795 ra

E39 —esin E39 = M39
E39 -0.1sinEzg = 5.0952 = Ej9 =4.9623 rad Algorzthm 3. 1)

N L+e E 1+01 4 9623
39 / °t 39 = | = 039 =278.68°
T—e " 1-01"

The perifocal state vector is
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COs COs . .
2 0 s 0002 . (278.68°)] (11289
{r}y=————Isingl= sin(278.68°) L = 1-7390.5! (km)
u 1+ecos6 0 398600 1 +0.1cos(278.68°) 0
-sind ) oo -sin(278.68°) 7.1642
{v}x:% e+cosf == 10,1 +cos(278.68°) L =11.8191 | (k/s)

0

Update © and w:

. R...2 /3998600 -0.0010826 - 6378
Q= —%m—gaﬂh . c0s50° = —1.0789 x 10~° cos 50°
(1-¢2) 472 (1-0.12) 7665.87/2
=-6.9352x107 rad/s = -3.9736 x 10~ deg/s
o Q39 = Q) + QAE=T70° - 3.9736 X107 259200 = 59.701°

) 3
Ccosi=—-—
2

2
= _EM(ésmz i- 2) =-1.0789x107° (gsin2 50° - 2)

=5.7599 x 10~ rad/s=3.2945x10" deg/s
" 39 = 0 +OAL = 60° +3.2945 x 107 - 259200 = 68.539°

Update the transformation matrix between perifocal and geocentric equatorial coordinates:

COS £239 COS W39 —SIN 239 SiN W39 COST  —COS L2359 SIN W39 — SiN €239 COSiCOSW3g SN L2539 Sini

sin £239 cOs w39 + COs £239 COSisinwzg —sin 39 SiNwzg +COS 239 COSiCOSW39 —COS 239 Sin i

[Q]x
sinisin w sinicoswsg cosi
-0.33192 -0.67258 0.66141
0.6177 -0.68489 -0.38648
0.71294  0.28027 0.64278

Compute the geocentric equatorial state vector at ¢ £

4596
{thx =[Q] . {rtz =1 5759 | (km)  or r=45961+5759] -1266.5K (km)
~1266.5
~3.6014
{vix =[Q] .y {v}s =1 31794 | (km/s) or v=-3.60141+3.1794] +5.6174K (km/s)
5.6174
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Problem 5.1

The following MATLAB script uses the given data to compute v, by means of Algorithm 5.1, which is

implemented as the M-function gi bbs in Appendix D.10. The output to the MATLAB Command
Window is listed afterwards.

0/0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
% Problem 5 01

% ~~~~~~~~~~~~

%

% This programuses Algorithmb5.1 (G bbs nethod) to obtain the state

% vector fromthe three coplanar position vectors provided in

% Problem 5. 1.

%

% mu - gravitational paraneter (kmt3/s”2)

%rl, r2, r3 - three coplanar geocentric position vectors (kn
%ierr - 0if rl, r2, r3 are found to be copl anar

% 1 ot herw se

% v2 - the velocity corresponding to r2 (knis)

%

% User M function required: gibbs

% ____________________________________________________________________
cl ear

gl obal nmu

mu = 398600;

rl = [5887 -3520 -1204];

r2 = [5572 -3457 -2376];

r3 = [5088 -3289 -3480];

% ..Echo the input data to the comand wi ndow.

FPrintf (f m-mmmm i m e o e e oo ")
fprintf('\n Problem5.1: G bbs Method\n')

fprintf('\n Input data:\n')

fprintf(*\n Gavitational paraneter (knt3/s”2) = 9%\n', nu)
fprintf('\n r1 (km =[% % %', ri(1l), ri1(2), ri(3))
fprintf('\n r2 (km (Y9 %9 %], r2(1), r2(2), r2(3))
fprintf(*\n r3 (km [%9 %9 %]', r3(1), r3(2), r3(3))
fprintf('\n\n");

% ..Algorithm5. 1:
[v2, ierr] = gibbs(rl, r2, r3);

% ..1f the vectors rl, r2, r3, are not coplanar, abort:

if ierr ==
fprintf('"\n These vectors are not coplanar.\n\n")
return

end

% ..Qutput the results to the conmand w ndow

fprintf(' Solution:")

fprintf('\n');

fprintf('\n v2 (kms) =[% % %]', v2(1), v2(2), v2(3))
fprintf (" \N---e o m oo e \n')

Problem 5. 1: G bbs Mt hod
I nput dat a:

Gravitational paraneter (km3/s”2) = 398600
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ri (km) = [5887 -3520 -1204]
r2 (km) = [5572 -3457 -2376]
r3 (km = [5088 -3289 -3480]
Sol uti on:

v2 (km's) = [-2.50254 0.723248 -7.13125]

v, = -2.50251 +0.72325] - 7.1312K ( km/s )

Problem 5.2
The following MATLAB script uses r, and v, from Problem 5.1 to compute the orbital elements by

means of Algorithm 4.1, which is implemented as the M-function coe_f r om sv in Appendix D.8. The
output to the MATLAB Command Window is listed afterwards.

% e e e o s s s e e s e e e e e s e e e s s e e e e s e e e e e e e e e e s e e e e s e e e e e e e e e e e s e e e e s e e e o o
% Problem 5 _02

% ~~~~~~~~~~~~

%

% This programuses Algorithm4.1 to obtain the orbital

% el ements fromthe state vector obtained in Problem5. 1.

%

% pi - 3.1415926. ..

% deg - factor for converting between degrees and radi ans

% mu - gravitational paraneter (kmt3/s”2)

% r - position vector (km in the geocentric equatorial frane
% v - velocity vector (knis) in the geocentric equatorial frame
% coe - orbital elements [h e RAincl w TA a]

% where h = angul ar monmentum (kmt2/s)

% e = eccentricity

% RA = right ascension of the ascendi ng node (rad)
% incl = orbit inclination (rad)

% w = argunent of perigee (rad)

% TA = true anomaly (rad)

% a = sem mgjor axis (km

% T - Period of an elliptic orbit (s)

%
% User M- function required: coe_fromsv

cl ear

gl obal nmnu
deg pi / 180;
398600;

% ..Data declaration for Problemb5. 2:
[ 5572 - 3457 -2376];
[-2.50254 0.723248 -7.13125];

% ..Algorithm4. 1:
coe = coe_fromsv(r,v);

% ..Echo the input data and output results to the command w ndow:
fprintf (" ---mmmm e m e e e o '
fprintf('\n Problem5.2: Obital elenents fromstate vector\n')
fprintf('\n Gavitational parameter (km3/s”"2) = 9%g\n', m)
fprintf('\n State vector:\n')

fprintf('\nr (km =[%9 % %',

52



Solutions Manual

fprintf('\n v (knis)

disp(" ")

fprintf('\n Angul ar nmonentum (kmt2/s)

fprintf('\n Eccentricity

fprintf('\n R ght ascension (deg)

fprintf('\n Inclination (deg)

fprintf('\n Argunent of perigee (deg)
fprintf('\n True anomaly (deg)
fprintf('\n Sem major axis (kn):

Orbital Mechanics for Engineering Students

r(1), r(2), r(3))

=[%9 %9 %', ...
v(1), v(2), v(3))

= %', coe(l))

= %', coe(2))

= %', coe(3)/deg)

= %', coe(4)/deg)

= %', coe(5)/deg)

= %', coe(6)/deg)

= %', coe(7))

Chapter 5

%..if the orbit is an ellipse, output its period (Equation 2.73):

if coe(2)<1

T = 2*pi/sqgrt(mu)*coe(7)"1.5;
fprintf('\n Period:")
fprintf('\n Seconds
fprintf('\n M nut es
fprintf('\n Hour s
fprintf('\n Days

end

fprintf( \n-----om e

g9, T)

%', T/60)

og', T/3600)
og', T/ 24/3600)

el enents fromstate vector

Problem 5.2: Obital

G avitational paranmeter (km

State vector:

r (km
v (kn's)

Angul ar nmonment um (knt2/ s)

Eccentricity

Ri ght ascensi on (deg)

Inclination (deg)
Argunent of perigee
True anonaly (deg)
Sem maj or axis (km:
Peri od:

Seconds

M nut es

Hour s

Days

(deg)

3/s"2) = 398600

[5572 -3457

52948. 9
0. 0127382
150. 003
95. 0071
151. 688
48. 3093
7034.71

5871. 93
97. 8655
1. 63109
0. 0679622

-2376]
[-2.50254 0.723248 -7.13125]

K1 529492

1

"perigee =7 T4, T 398600 1+0.012738

Zperigee = 6945.1 - 6378 = 567.11 km

=6945.1 km

Problem 5.3

As in Example 5.3, we set 1 = rli and r, =1, (COS ABi +sin AB}), where n =6978 km, , =6678 km

and A6 =60°. The following MATLAB script uses this data to compute v; and v, by means of
Algorithm 5.2, which is implemented as the M-function | anber t in Appendix D.11. The output to the
MATLAB Command Window is listed afterwards.

O ~~~~

% Probl em 5 _03a
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Chapter 5

% This program uses Algorithmb5.2 to solve Lanbert's problemfor the
% data provided in Problemb5. 3.

radi ans

%gl\n', ...

2), R1(3))

%gl\n', ...

2), R(3))

Vi(3))

V2(3))

% deg - factor for converting between degrees and

% pi - 3.1415926. ..

% mu - gravitational paranmeter (kmt3/s”2)

%rl, r2 - initial and final radii (km

% dt - time between rl and r2 (s)

% dtheta - change in true anonaly during dt (degrees)

%RL, R2 - initial and final position vectors (km

% string - = "pro' if the orbit is prograde

% ='retro if the orbit is retrograde

% V1, V2 - initial and final velocity vectors (knis)

% User M function required: |anbert

O == - m e et et e e ceccccmccccescccmcmmcmamcmacsaa s e e
cl ear

gl obal mu

mu = 398600; 9K 3/ s"2

deg = pi/180;

ri = 6378 + 600; %m

r2 = 6378 + 300; %m

dt = 15*60; Y%sec

dt heta = 60; %degr ees

RL =[r1 0 O0];

R2 = [r2*cos(dt heta*deg) r2*sin(dtheta*deg) 0];

% ..Algorithm5. 2:

string = 'pro';

[V1 V2] = lanbert(Rl, R2, dt, string);

% ..Echo the input data and output results to the command w ndow:
Fprintf (" \N---e o m e e
fprintf('\n Problem5.3: Lanbert''s Problemn')

fprintf('\n Input data:\n');

fprintf('\n Gravitational paraneter (kmt3/s”2) = %\n', mu)
fprintf('\n Radius 1 (km =%, rl)
fprintf('\n Position vector RL (km =% %

R1(1), Ri(
fprintf('\n Radi us 2 (km =%, r2)
fprintf('\n Position vector R2 (km =% %

R2(1), R2(
fprintf('\n El apsed tinme (s) = 9g', dt)
fprintf('\n Change in true anonaly (deg) = %', dtheta)
fprintf('\n\n Solution:\n")
fprintf('\n Velocity vector V1 (km's) = [% % %]

V1i(1), V1(2),
fprintf('\n Velocity vector V2 (kmis) = [% % %]

V2(1), V2(2),
Fprintf (" \N---e o m e e e

Probl em 5. 3: Lanbert's Problem

I nput dat a:
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Gravitational paraneter (knm3/s”2) = 398600

Radius 1 (km = 6978
Position vector RL (kn) =[6978 0 O]
Radi us 2 (km 6678

Position vector R2 (km [3339 5783.32 0]

900
60

El apsed tine (s)
Change in true anomaly (deg)

Sol uti on:

Vel ocity vector V1 (knis) [-0.544135 7.68498 0]
Vel ocity vector V2 (knis) 6.98129 3.96849 0]

To find the perigee altitude, we need the orbital elements. The following MATLAB script uses

r = 6978i (km) and vy =-0.544 1351 + 7.68498; (km / s) from above to compute the orbital elements

by means of Algorithm 4.1, which is implemented as the M-function coe_f r om sv in Appendix D.8.
The output to the MATLAB Command Window is listed afterwards.

) e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e et e et e e e e e ~——

% Probl em 5 03b

% ~~~~~~~~~~~~

%

% Thi s program enpl oys Algorithm4.1 to obtain the orbital
% el enments fromthe state vector found fromthe sol ution

% of Lanbert's problemusing the data given in Problem5. 3.
%

% pi - 3.1415926. ..

% deg - factor for converting between degrees and radi ans

% mu - gravitational paraneter (kmt3/s”2)

% r - position vector (km in the geocentric equatorial frane
% v - velocity vector (knis) in the geocentric equatorial frane
% coe - orbital elements [h e RAincl w TA a]

% where h = angul ar monmentum (kmt2/s)

% e = eccentricity

% RA = right ascension of the ascending node (rad)
% incl = orbit inclination (rad)

% w = argunent of perigee (rad)

% TA = true anomaly (rad)

% a = sem mgjor axis (km

% T - Period of an elliptic orbit (s)

%
% User M- function required: coe_fromsv

cl ear

gl obal nmnu
deg pi / 180;
mu 398600;

% ..Data declaration for Problemb5.3:
r [6978 0 O0];

Y [-0.544135 7.68498 0];

% ..

% ..Algorithm4. 1:
coe = coe_fromsv(r,v);

% .. Echo the input data and output results to the command w ndow.
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e R T R ")
fprintf('\n Problemb5.3: Obital elenents fromstate vector\n')
fprintf('\n Gravitational paraneter (km3/s”"2) = %g\n', nu)
fprintf('\n State vector:\n")

fprintf('\n r (km =[%9 %9 %', ...

r(1), r(2), r(3)

["g9 %9 %', ...

v(1), v(2), v(3))

fprintf('\n v (knis)

disp(" ")

fprintf('\n Angular monentum (knmt2/s) = %', coe(1))
fprintf('\n Eccentricity = %', coe(2))
fprintf('\n R ght ascension (deg) = %', coe(3)/deg)
fprintf('\n Inclination (deg) = %', coe(4)/deg)
fprintf('\n Argunent of perigee (deg) = %', coe(5)/deg)
fprintf('\n True anomaly (deg) = %', coe(6)/deg)
fprintf('\n Sem major axis (km: = 9%, coe(7))

% ..if the orbit is an ellipse, output its period (Equation 2.73):

if coe(2)<1
T = 2*pi/sqrt(mu)*coe(7)"1.5;
fprintf('\n Period:")
fprintf('\n Seconds
fprintf('\n M nut es
fprintf('\n Hour s
fprintf('\n Days

end

TR R N 1 T T \n')

g9, T)

%', T/60)

og', T/3600)
og', T/ 24/3600)

Problem5.3: Orbital elenents fromstate vector
Gravitational paraneter (km3/s”2) = 398600

State vector:

r (km =[6978 0 0]
v (km's) = [-0.544135 7.68498 0]
Angul ar nmonentum (knt2/s) = 53625. 8
Eccentricity = 0.0806743
Ri ght ascension (deg) =0
Inclination (deg) =0
Argunent of perigee (deg) =0
True anonaly (deg) = 294. 849
Sem maj or axis (km: = 7261. 83
Peri od:
Seconds = 6158. 57
M nut es = 102. 643
Hour s = 1.71071
Days = 0.0712798

) _K 1536267 1
perigee =1 1 +e 398600 1+0.0806743
Zperigee = 6676 6378 =298 km

=6676 km

Problem 5.4 The following MATLAB script uses 1, 1, and At to compute v; and v, by means of

Algorithm 5.2, which is implemented as the M-function | anber t in Appendix D.11. The output to the
MATLAB Command Window is listed afterwards.
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G e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e ettt
% Probl em 5 04

% ~~~~~~~~~~~~

%

% Thi s program uses Algorithmb5.2 to solve Lanbert's problemfor the
% data provided in Problem5. 4.

%

% mu - gravitational paraneter (kmt3/s”2)

%rl, r2 - initial and final position vectors (km
% dt - time between rl and r2 (s)

% string - = "pro' if the orbit is prograde

% = 'retro if the orbit is retrograde
%vl, v2 - initial and final velocity vectors (kms)
% coe - orbital elements [h e RAincl w TA a]

%

% User M function required: |anbert

0/0 ___________________________________________________________
cl ear

gl obal nmnu

deg = pi/180;

% ..Data declaration for Problemb5.4:

mu = 398600;

ri = [-3600 3600 5100];
r2 = [-5500 -6240 -520];
dt = 30*60;

string = "pro';

% ..

% ..Algorithm5. 2:
[vl, v2] = lanbert(rl, r2, dt, string);

% .. Echo the input data and output the results to the comand w ndow.
fprintf(  -----cmmmm e ")
fprintf('\n Problem5.4: Lanbert''s Problemn")

fprintf('\n Input data:\n');

fprintf('\n Gravitational paraneter (km3/s”2) = %\n', nu);
fprintf('\n ri (km =[%9 %9 %', ...

ri(1), ri(2), ri1(3))

(%9 %9 %], ...

r2(1), r2(2), r2(3))

%g', dt);

fprintf('\n r2 (km

fprintf('\n El apsed tinme (s)
fprintf('\n\n Solution:\n")
fprintf('\n vl (knis) (Y9 %9 %], ...

vi(1), v1(2), v1(3))

(%9 %9 %], ...

v2(1), v2(2), v2(3))

fprintf (" \N---e o m oo \n')

fprintf('\n v2 (knis)

Probl em 5. 4: Lanbert's Problem
I nput dat a:

Gravitational paraneter (kmt3/s”2) = 398600

ri (km
r2 (km
El apsed time (s)

[-3600 3600 5100]
[-5500 -6240 -520]
1800
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Sol uti on:
vl (knis) = [-5.68521 -5.19833 0.348733]
v2 (knis) = [3.42204 -3.24131 -4.71994]

v, = -5.68521 - 5.1983] +0.348 73K (km /s) v, = 3.42201 - 3.2413] - 4.7199K (km /s)

Problem 5.5 The following MATLAB script uses ¥ = -36001 +3600] +5100K (km) and

vy = -5.68521 - 5.1983] +0.348 73K (km/s) from Problem 5.4 to compute the orbital elements by

means of Algorithm 4.1, which is implemented as the M-function coe_f r om sv in Appendix D.8. The
output to the MATLAB Command Window is listed afterwards.

% ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
% Problem 5 05

0/0 ~~~~~~~~~~~~

%

% Thi s program enpl oys Algorithm4.1 to obtain the orbital

% elements fromthe state vector found in Problem5. 4.

%

% pi - 3.1415926. ..

% deg - factor for converting between degrees and radi ans

% mu - gravitational paraneter (kmt3/s”2)

% r - position vector (kn) in the geocentric equatorial frane
% v - velocity vector (knis) in the geocentric equatorial frane
% coe - orbital elements [h e RAincl w TA a]

% where h = angul ar monmentum (kmt2/s)

% e = eccentricity

% RA = right ascension of the ascendi ng node (rad)
% incl = orbit inclination (rad)

% w = argunent of perigee (rad)

% TA = true anomaly (rad)

% a = sem mgjor axis (km

% T - Period of an elliptic orbit (s)

%
% User M- function required: coe_fromsv

cl ear

gl obal nmnu
deg = pi/180;
mu = 398600;

% ..Data declaration for Problem5.5:
[ - 3600 3600 5100] ;
[-5.68521 -5.19833 0.348733];

r
v
% ..

% ..Algorithm4. 1:
coe = coe_fromsv(r,v);

% ..Echo the input data and output results to the command w ndow:
L LR 18 e e ")
fprintf('\n Problem5.5: Obital elenents fromstate vector\n')
fprintf('\n Gavitational parameter (km3/s”"2) = 9%g\n', m)
fprintf('\n State vector:\n")
fprintf('\nr (km =[%9 %9 %', ...

r(1), r(2), r(3)
[%9 %9 %], ...

fprintf('\n v (knls)
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v(1), v(2), v(3))

disp(" ")

fprintf('\n Angular monentum (kmt2/s) = %', coe(1))
fprintf('\n Eccentricity = %', coe(2))
fprintf('\n R ght ascension (deg) = %', coe(3)/deg)
fprintf('\n Inclination (deg) = %', coe(4)/deg)
fprintf('\n Argunent of perigee (deg) = %', coe(5)/deg)
fprintf('\n True anomaly (deg) = %', coe(6)/deg)

fprintf('\n Sem major axis (kny: %', coe(7))

%..if the orbit is an ellipse, output its period (Equation 2.73):

if coe(2)<1
T = 2*pi/sqrt(mu)*coe(7)"1.5;
fprintf('\n Period:")
fprintf('\n  Seconds
fprintf('\n M nut es
fprintf('\n Hour s
fprintf('\n Days

end

fprintf( \nN---c-cm i \n')

%9, T)

%', T/60)

og', T/3600)
og', T/ 24/3600)

Problem5.5: Orbital elenents fromstate vector
Gravitational paraneter (kmt3/s”2) = 398600

State vector:

r (km = [-3600 3600 5100]
v (km's) = [-5.68521 -5.19833 0.348733]
Angul ar monentum (knt2/s) = 55458
Eccentricity = 0. 0982445
Ri ght ascensi on (deg) = 45. 0287
Inclination (deg) = 45. 0497
Argunent of perigee (deg) = 46.034
True anonaly (deg) = 43. 9458
Sem maj or axis (km: = 7791.19
Peri od:

Seconds = 6844.1

M nut es = 114. 068

Hour s = 1.90114

Days = 0.0792142

2 2
_h= 1 _ 55458 1 70257 km

"perigee =7 T4 T 398600 1 +0.098244
Zperigee =7025.7 - 6378 = 647.74 km

Problem 5.6 The following MATLAB script uses 1, 1, and At to compute v; and v, by means of
Algorithm 5.2, which is implemented as the M-function | anber t in Appendix D.11. The output to the
MATLAB Command Window is listed afterwards.
(a)
% e e e e e e o o ot ot ot P P Pt ot o Pt P P ot o Pt P Pt ot ot ot Pt Pt ot ot P P Pt P ot ot Pt Pt P P ot ot Pt P P et ot Pt P P P ot P Pt P P ot o Pt P Pt ot o ot P
% Probl em 5 06
% ~~~~~~~~~~~~
%
% Thi s program uses Algorithmb5.2 to solve Lanbert's problemfor the
% data provided in Problemb5. 6.
%
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% mu - gravitational paraneter (knmt3/s”"2)

%rl, r2 - initial and final position vectors (km
% dt - time between rl and r2 (s)

%string - = 'pro' if the orbit is prograde

% ='retro if the orbit is retrograde
%v1l, v2 - initial and final velocity vectors (knis)
% coe - orbital elements [h e RAincl w TA a]

%

% User M function required: |anbert

% ___________________________________________________________
cl ear

gl obal mu

deg = pi/ 180;

% ..Data declaration for Problemb5.6:

mu = 398600;

ri = [ 5644 -2830 -4170];
r2 = [-2240 7320 -4980];
dt = 20*60;

string = "pro';

% ..

% .. Al gorithmb5. 2:
[vl, v2] = lanbert(rl, r2, dt, string);

% .. Echo the input data and output the results to the comand w ndow.
I L LS G i ")
fprintf('\n Problem5.6: Lanbert''s Problemin')

fprintf('\n Input data:\n');

fprintf('\n Gravitational paraneter (km3/s”2) = %\n', nu);
fprintf('\n ri (km =[%9 %9 %', ...

ri(1), ri(2), ri1(3))

(%9 %9 %], ...

r2(1), r2(2), r2(3))
fprintf('\n El apsed time (s) = %', dt);

fprintf('\n\n Solution:\n")

fprintf('\n r2 (km

fprintf('\n vl (knis)

(%9 %9 %], ...

vi(1l), v1(2), v1(3))

(%9 %9 %], ...

v2(1), v2(2), v2(3))

fprintf('\n-------mmmmm \n")

fprintf('\n v2 (knis)

Probl em 5. 6: Lanbert's Problem
I nput dat a:

Gravitational paraneter (kmt3/s”2) = 398600

ri (km = [5644 -2830 -4170]
r2 (km = [-2240 7320 -4980]
El apsed time (s) = 1200
Sol uti on:
vl (knis) = [-4.13223 9.01237 -4.3781]
v2 (knis) = [-7.28524 6.31978 2.5272]
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v, = —4.13221 +9.0124] - 4.3781K (km/s) v, = -7.28521 +6.3198] + 2.5272K (km /)

Problem 5.7 The following MATLAB script uses 1; = 56441 - 28307 - 4170K (km) and

vy = ~4.13221 +9.0124] - 4.3781K (km/s) from Problem 5.4 to compute the orbital elements by means

of Algorithm 4.1, which is implemented as the M-function coe_f r om sv in Appendix D.8. The
output to the MATLAB Command Window is listed afterwards.

% ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
% Probl em 5_07

0/0 ~~~~~~~~~~~~

%

% Thi s program enpl oys Algorithm4.1 to obtain the orbital

% elements fromthe state vector found in Problemb5. 6.

%

% pi - 3.1415926. ..

% deg - factor for converting between degrees and radi ans

% mu - gravitational paraneter (kmt3/s”2)

% r - position vector (km in the geocentric equatorial frane
% v - velocity vector (knis) in the geocentric equatorial frane
% coe - orbital elements [h e RAincl w TA a]

% where h = angul ar monmentum (kmt2/s)

% e = eccentricity

% RA = right ascension of the ascendi ng node (rad)
% incl = orbit inclination (rad)

% w = argunent of perigee (rad)

% TA = true anomaly (rad)

% a = sem mgjor axis (km

% T - Period of an elliptic orbit (s)

%
% User M- function required: coe_fromsv

cl ear

gl obal nmnu
deg = pi/180;
mu = 398600;

% ..Data declaration for Problem5.7:
[ 5644 - 2830 -4170] ;
[-4.13223 9.01237 -4.3781];

r
%
% ..

% ..Algorithm4. 1:
coe = coe_fromsv(r,v);

% ..Echo the input data and output results to the comand w ndow:
Fprintf(  --mmmmmmm e e e '
fprintf('\n Problem5.7: Obital elenents fromstate vector\n')
fprintf('\n Gavitational parameter (km3/s”"2) = 9%g\n', m)
fprintf('\n State vector:\n')

fprintf(*\n r (km =[%9 %@ %], ...

r(1), r(2), r(3))

g % %', ...

v(1), v(2), v(3))

fprintf('\n v (kns)

di sp(* ")

fprintf('\n Angular nomentum (knmt2/s) %', coe(l))
fprintf('\n Eccentricity %', coe(2))
fprintf('\n Ri ght ascension (deg) %', coe(3)/deg)

fprintf('\n Inclination (deg)
fprintf('\n Argument of perigee (deg)
fprintf('\n True anomaly (deg)

%y' , coe(5)/deg)
%', coe(6)/degq)

%' coe(4)/ deg)
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fprintf('\n Sem major axis (kn):

i pse, output

%..if the orbit is an el

if coe(2)<1
T = 2*pi/sqgrt(mu)*coe(7)"1.5;
fprintf('\n Period:")
fprintf('\n  Seconds
fprintf('\n M nut es
fprintf('\n Hour s
fprintf('\n Days

end

fprintf('\n

= (y@',

coe(7))

%'
%'
%'
%'

its period (Equation 2.73):

T

T/ 60)

T/ 3600)

T/ 24/ 3600)

Problem 5.7: Obital

Gravi tational

State vector:

r
\'

Angul ar

(km
(km's)

Eccentricity
Ri ght ascension (deg)

Inclination (deg)

par aneter (

monment um (knt2/ s)

Argunent of perigee (deg)
True anonaly (deg)
Sem mgj or axis (km:

Tperigee = 4 1+e 398600 1+1.2005

o1 7609% 1

kmt 3/ s72)

[ 5644

76096. 4
1. 20053
130. 007
59. 0184
259. 98

320. 023
-32922.

Zperigee = 6601.8 ~6378 =223.82 km

= 398600

-2830 -4170]
[-4.13223 9.01237

3

=6601.8 km

el ements fromstate vector

- 4.3781]

Problem 5.8 The following MATLAB script uses the M-function JO in Appendix D.12 to compute
the Julian day for the date given in part (a) of Problem 5.8. The output to the MATLAB Command
Window is listed afterwards, as are the results for the dates (b) through (c).

%
%
%
%

Probl em 5 08a

% Thi s program conputes JO and the Julian day nunber using the data

% in Problemb5.8.

%

% year - range: 1901 - 2099

% nmonth - range: 1 - 12

% day - range: 1 - 31

% hour - range: 0 - 23 (Universal Tine)
% mnute - rage: 0 - 60

% second - range: 0 - 60

% ut - universal time (hr)

%0 - Julian day nunber at 0 hr UT
% jd - Julian day nunber at specified UT
%

% User M function required: JO
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cl ear

% ..Data declaration for Problem5. 8a
year = 1914;

month = 8;

day = 14;

hour = b5;

m nute = 30

second = 00;

% ..

ut = hour + minute/ 60 + second/ 3600;

% .. Equati on 5. 46:
jO = JO(year, nonth, day);

% .. Equation 5.47:
jd =j0 + ut/24

% .. Echo the input data and output the results to the command w ndow.
[ T 1S e e ")
fprintf('\n Exanple 5.8a: Julian day calculation\n')

fprintf('\n Input data:\n');

fprintf('\n Year = %', year)
fprintf('\n Mont h = %', nont h)
fprintf('\n Day =%, day)
fprintf('\n Hour =%, hour)
fprintf('\n M nut e =%, m nut e)

fprintf('\n Second %9\ n', second)

fprintf('\n Julian day number = %1.3f', jd);
fprintf( \n-----omimii - \n')

Exanpl e 5. 8a: Julian day cal cul ation

I nput dat a:
Year = 1914
Mont h =8
Day = 14
Hour =5
M nut e = 30
Second =0

Julian day number = 2420358. 729

Exanpl e 5.8b: Julian day cal cul ation

I nput dat a:
Year = 1946
Mont h =4
Day = 18
Hour = 14
M nut e =0
Second =0

Julian day nunber = 2431929. 083

Exanpl e 5.8c: Julian day cal cul ation
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| nput dat a:

Year
Mont h
Day
Hour

M nut e
Second

QOOFrRrON

Julian day nunmber =

Exanpl e 5.8d: Julian

Orbital Mechanics for Engineering Students

010

2455440. 500

day cal cul ation

| nput dat a:
Year = 2007
Mont h = 10
Day = 16
Hour =12
M nut e =0
Second =0

Julian day nunber =

2454390. 000

Chapter 5

Problem 5.9 This is similar to Example 5.5. The MATLAB script listed in the solution to Problem
5.8 can be used to obtain the Julian day numbers.

Problem 5.10 The following MATLAB script uses Algorithm 5.3, which is implemented in MATLAB
by the M-function LST in Appendix D.13, to compute the local sidereal time for the data given in part
(a) of Problem 5.10. The output to the MATLAB Command Window is listed afterwards, as are the
results for the data in (b) through (e).

0 ~~~~~~~~~

% Probl em 5 10a

% ~~~~~~~~~~~~~

%

% This programuses Algorithmb5.3 to obtain the |ocal sidereal
%time fromthe data provided in Problem5.10.

%

% | st - local sidereal time (degrees)

% EL - east longitude of the site (west longitude is negative):
% degrees (0 - 360)

% mnutes (0 - 60)

% seconds (0 - 60)

% W - west |ongitude

% year - range: 1901 - 2099
% nmonth - range: 1 - 12

%day - range: 1 - 31

% ut - universal tine

% hour (0 - 23)

% m nute (0 - 60)

% second (0 - 60)

%

% User M- function required: LST

% ____________________________________________________________________
cl ear

% ..Data declaration for Problem5. 10a:
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% East | ongi t ude:

degrees = 18;
mnutes = 3;
seconds = 0;

% Dat e:

year = 2008
nont h = 1;
day = 1;

% Uni versal tine:
hour = 12;
mnute = O;
second = 0;

% ..

% ..Convert negative (west) longitude to east |ongitude
if degrees < 0

degrees = degrees + 360
end

% .. Express the longitudes as deci mal nunbers:
EL degrees + minutes/60 + seconds/3600;
W. = 360 - EL;

% .. Express universal tine as a deci mal nunber:
ut = hour + mnute/60 + second/ 3600;

% ..Algorithm5. 3:
| st = LST(year, nonth, day, ut, EL);

% .. Echo the input data and output the results to the command w ndow.
[ LR 18 e LT ")
fprintf('\n Problem5.10a: Local sidereal time calculation\n')
fprintf('\n Input data:\n');

fprintf('\n Year = 9g', year)
fprintf('\n Mont h = %', nonth)
fprintf('\n Day = %', day)
fprintf('\n Ut (hr) = %', ut)
fprintf('\n West Longi tude (deg) =%, W)
fprintf('\n East Longi tude (deg) = %', EL)
fprintf('\n\n");

fprintf(' Solution:")

fprintf('\n');

fprintf(*\n Local Sidereal Time (deg) = %@, |st)
fprintf(*\n Local Sidereal Time (hr) = 9%, |st/15)
Fprintf (" \N---e o m oo \n')

Probl em 5. 10a: Local sidereal tine cal cul ation

I nput dat a:
Year = 2008
Mont h =1
Day =1
UT (hr) = 12
West Longi tude (deg) = 341.95
East Longitude (deg) = 18.05
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Sol uti on:

Local Sidereal Tinme (deg)
Local Sidereal Tinme (hr)

Probl em 5. 10b: Local si dereal

| nput dat a:

Year

Mont h

Day

Ut (hr)

West Longi tude (deg)
East Longi tude (deg)

Sol uti on:

Local Sidereal Tine (deg)
Local Sidereal Tinme (hr)

Probl em 5. 10c: Local siderea
I nput dat a:

Year

Mont h

Day

UT (hr)

West Longi tude (deg)
East Longitude (deg)

Sol uti on:

Local Sidereal Tine (deg) =
Local Sidereal Tinme (hr) =

Probl em 5. 10d: Local siderea
I nput dat a:

Year

Mont h

Day

UT (hr)

West Longi tude (deg)
East Longitude (deg)

Sol uti on:

Local Sidereal Tine (deg)
Local Sidereal Tinme (hr)

Probl em 5. 10e: Local siderea
I nput dat a:

Year

Mont h

Day

UT (hr)

West Longi tude (deg)
East Longitude (deg)

Orbital Mechanics for Engineering Students

298. 572
19. 9048

time cal cul ation

2007

12

21

10

215. 033
144. 967

24. 5646
1. 63764

time cal cul ation

2005

20
118. 25
241.75

104.676
6.9784

time cal cul ation

2006
15

43. 1
316. 9

146. 884
9. 79228

time cal cul ation

2006

3

21

8

228. 067
131. 933
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Sol uti on:
Local Sidereal Tinme (deg) = 70.6348
Local Sidereal Time (hr) = 4.70899

Chapter 5

Problem 5.11. 6 =117° ¢ =51° A=28° a=68°.

From Equation 5.83a,

8 =sin~! (cos ¢ cos Acosa +sin ¢sin a)=sin 1(cos 51°cos 28° cos 68° + sin 117°sin 68°)

0 =68.235°

From Equation 5.83b, since A <180°,

I = 360° Cos_l(cosq)sina —sin ¢ cos Acosa)
IR \

cosd )
_ 51°sin 68° —sin 51° cos 28° cos 68°\
= 360° - cos ™[ <8
€8 05 68.235° )
=331.69°

From Equation 5.83c
a=0-h=117°-331.69° = -214.69
Placing this within the range 0 < 6 < 360°,

a =145.31°

Problem 5.12 The following MATLAB script uses Algorithm 5.4, which is implemented in MATLAB
by the M-function r v_f r om obser ve in Appendix D.14, to compute the state vector of a space
object from the data given in Problem 5.12. The output to the MATLAB Command Window is listed

afterwards.

) e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e et et et e e et e e e e e

% Problem 5 12
0/0 ~~~~~~~~~~~~
%

% This programuses Algorithmb5.4 to obtain the state
% vector fromthe observational data provided in Problem5.12.

%

% deg - conversion factor between degrees and radi ans

% pi - 3.1415926. ..

% mu - gravitational paraneter (kmt3/s”2)

% Re - equatorial radius of the earth (km

% f - earth's flattening factor

% WE - angul ar velocity of the earth (rad/s)

% onega - earth's angular velocity vector (rad/s) in the

% geocentric equatorial frane

% r ho - slant range of object (km

% rhodot - range rate (knis)

% A - azimuth (deg) of object relative to observation site
% Adot - time rate of change of azimuth (deg/s)

% a - elevation angle (deg) of object relative to observation
site
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% adot - time rate of change of el evation angle (degrees/s)
%theta - local sidereal tinme (deg) of tracking site

% phi - geodetic latitude (deg) of site

% H - elevation of site (km

% r - geocentric equatorial position vector of object (km
% v - geocentric equatorial velocity vector of object (km
% coe - orbital elements [h e RAincl w TA a]

% wher e

% h = angul ar nmonentum (kmt2/s)

% e = eccentricity

% RA = right ascension of the ascendi ng node (rad)
% incl = inclination of the orbit (rad)

% w = argunent of perigee (rad)

% TA = true anomaly (rad)

% a = sem mgj or axis (km

%rp - perigee radius (km

% T - period of elliptical orbit (s)

%

% User Mfunction required: rv_fromobserve

% ____________________________________________________________________
cl ear

global f Re wE nu

deg = pi/180;

f = 0. 0033528;

Re = 6378;

wE = 7.2921e-5;

mu = 398600;

% ..Data declaration for Problem5.12:

rho = 988;

rhodot = 4. 86;

A = 36;

Adot = 0.59;

a = 36. 6;

adot = -0.263;

theta = 40;

phi = 35;

H = 0;

%. .

% .. Al gorithm5. 4:

[r,v] = rv_fromobserve(rho, rhodot, A Adot, a, adot,

% .. Echo the input data and output the solution to

% the conmand w ndow:

fprintf('------------“““““"“““““- o

fprintf('\n Problem5.12")
fprintf('\n\n I nput data:\

fprintf('\n Slant range (km
fprintf('\n Slant range rate (kms)

fprintf('\'n Azinuth (deg)

fprintf('\n Azinuth rate (deg/s)
fprintf('\n Elevation (deg)
fprintf('\n Elevation rate (deg/s)

fprintf('\n Local sidereal
fprintf('\n Latitude (deg)

fprintf('\n Altitude above sea | evel (kmn

fprintf('\n\n");

ny;

= %', rho);

= %', rhodot);

=%, A;

= %', Adot);

=%, a);

= 9%g', adot);
time (deg) = %', theta);

= %', phi);

=%, H;
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fprintf(' Solution:")

fprintf('\n\n State vector:\n');

fprintf("\nr (km =[%, %, %],

r(1), r(2), r(3));
fprintf('\n v (km's) = [%, %, %],

v(1), v(2), v(3));
fpr Nt (A e s s e \n")

Probl em 5. 12

| nput dat a:

Sl ant range (km = 9088

Sl ant range rate (kmn's) = 4.86
Azi mut h (deg) = 36
Azimuth rate (deg/s) = 0.59
El evati on (deg) = 36.6
El evation rate (deg/s) = -0.263
Local sidereal tinme (deg) = 40
Latitude (deg) = 35

Al titude above sea level (km =0

Sol uti on:
State vector:

ro(km [3794.66, 3792.71, 4501.31]
v (kni's) [-7.72483, 7.72134, 0.0186586]

r =3794.71+3792.7] + 4501.3K (km) v = -7.72481 +7.72134] +0.018 659K (km /s)

Problem 5.13 The following MATLAB script uses the state vector found in Problem 5.12 to
compute the orbital elements by means of Algorithm 4.1, which is implemented as the M-function
coe_from sv in Appendix D.8. The output to the MATLAB Command Window is listed afterwards.

% ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
% Problem 5 13

0/0 ~~~~~~~~~~~~

%

% Thi s program enpl oys Algorithm4.1 to obtain the orbital

% elements fromthe state vector found in Problemb5. 12.

%

% pi - 3.1415926. ..

% deg - factor for converting between degrees and radi ans

% mu - gravitational paraneter (kmt3/s”2)

% r - position vector (kn) in the geocentric equatorial frane
% v - velocity vector (knis) in the geocentric equatorial frame
% coe - orbital elements [h e RAincl w TA a]

% where h = angul ar monmentum (kmt2/s)

% e = eccentricity

% RA = right ascension of the ascendi ng node (rad)
% incl = orbit inclination (rad)

% w = argunent of perigee (rad)

% TA = true anomaly (rad)

% a = sem mgjor axis (km

% T - Period of an elliptic orbit (s)

%
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% User M function required:
cl ear

gl obal mu

deg = pi/ 180;

mu = 398600;

% .. Data declaration for
[ 3794.66, 3792.71,

r
v
% ..

% ..Algorithm 4. 1:
coe = coe_fromsv(r,v);

% ..Echo the input data and out put
fprintf('-----------cmm
fprintf('\n Problem5.13: Obital

fprintf('\n Gavitational
fprintf('\nr (km
fprintf('\n v (kn's)
disp(" ")
fprintf('\n Angul ar
fprintf('\n Eccentricity

fprintf('\n Ri ght ascension (deg)
fprintf('\n Inclination (deg)
fprintf('\n Argument of perigee (deg)
fprintf('\n True anomaly (deg)
fprintf('\n Sem major axis (km:

%..if the orbit
if coe(2)<1

monent um (knt 2/ s)

is an ellipse,

Orbital Mechanics for Engineering Students

coe_from sv

Pr obl em 5. 13:
4501. 31];
[-7.72483, 7.72134, 0.0186586];

= %\n', mu)

=% % %', ...
r(1), r(2), r(3))
(%9 %9 %], ...
v(1l), v(2), v(3))

coe(1))
coe(2))
coe(3)/deg)

coe(4)/ deg)
%y' , coe(5)/deg)
%', coe(6)/degq)

[ O | O VI T
<)
&

%', coe(7))

out put

T = 2*pi/sqrt(mu)*coe(7)"1.5;

fprintf('\n Period:")

fprintf('\n Seconds

fprintf('\n M nut es

fprintf('\n Hour s

fprintf('\n Days
end

fprintf('\n---------------“““““ -

=%, T)

= 9g', T/60)

= 9g', T/3600)

= 9g', T/ 24/3600)

Problem 5.13: Orbital

Gravitational paraneter

State vector:

r (km
v (kn's)

Angul ar nmonment um (knt2/ s)
Eccentricity

Ri ght ascensi on (deg)
Inclination (deg)
Argunent of perigee (deg)
True anonaly (deg)

Sem mgj or axis (km:

(kr*3/ s72)

el enments from state vector

= 398600

[3794.66 3792.71 4501.31]
[-7.72483 7.72134 0.0186586]

76490. 5
1. 09593
315. 13
39. 9968
89. 8097
0. 0797759
-73003. 5
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Problem 5.14 The local sidereal time 6, azimuth A, angular elevation 4 and slant range p are
provided at three observation times. The rates are not provided, but we can still use Algorithm 5.4,
implemented in MATLAB asrv_f r om obser ve in Appendix D.14, to find just the position vectors
at each of the times. The following MATLAB script carries out this procedure, passing zeros to
rv_from observe as values for the rates. The output to the MATLAB Command Window follows.

0/0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
% Probl em 5_10a

% ~~~~~~~~~~~~~

%

% This programuses Algorithmb5.4 to find the geocentric position

% vectors corresponding to the three sets of azinmuth, elevation

% and sl ant range data given in Problem5. 14

% deg - conversion factor between degrees and radi ans

% pi - 3.1415926. ..

% Re - equatorial radius of the earth (km

% f - earth's flattening factor

% WE - angul ar velocity of the earth (rad/s) (not required in
% this problem

% t - vector of three observation tinmes (mn)

% r ho - vector of slant ranges (knm) of the object at the three
% observation tinmes

% az - vector of azinmuths (deg) of the object relative to the
% observation site at the three observation tines

% el - vector of elevation angles (deg) of the object relative to
% the observation site at the three observation tines
%theta - vector of local sidereal tinmes (deg) of the tracking site
at

% the three observation tines

% phi - geodetic latitude (deg) of site

% H - elevation of site (km

% r - geocentric equatorial position vector of object (km

% v - geocentric equatorial velocity vector of object (km

% (not computed since the rates of rho, az and el are not
gi ven)

% User Mfunction required: rv_fromobserve

gl obal f Re wE

deg = pi/180;

Re = 6378;

f = 0. 0033528;

= = 7.292115e-5;

% ..Data declaration for Problem 5. 14:
phi = -20;

H = 0.5;

t =[0 2 4];

theta = [60.0 60. 5014 61.0027];
az = [165.931 145.967 2.40962];
el = [9.53549 45.7711 21.8825];
rho = [1214.89 421.441 732.079];

% ..
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% ..Echo the input data to the command w ndow:

e G e L ")
fprintf('\n Problem5.14")

fprintf('\n\n Input data (angles in degrees):\n');

fprintf('\n Tine')

fprintf('\n (mn) Azi mut h El evation Sl ant range\n')
for i =1:3

fprintf('\n 9%. 1f %45. 5e%45. 5e%d5. 5e' ,t (i), az(i), el (i), rho(i))
end

% ..Qutput the solution to the comand w ndow:
fprintf('\n\n Solution:")

fprintf('\n\n Time')

fprintf('\n (mn) Geocentric position vector (km\n')

for i = 1:3
% .. Al gorithm5. 4:
[r,v] = rv_fromobserve(rho(i), 0, az(i), 0, el(i),
0, theta(i), phi, H;
fprintf('\n 9%. 1f (Y9 %9 %) ,t(i), r(1), r(2), r(3))
end
Fprintf (" \N---c o m oo e oo \n')

Probl em 5. 14
I nput data (angles in degrees):
Ti me
(mn) Azi mut h El evati on Sl ant range
1.65931e+02 9. 53549e+00 1.21489e+03

0.0
2.0 1.45967e+02 4.57711e+01 4.21441e+02
4.0 2.40962e+00 2.18825e+01 7.32079e+02

Sol uti on:

(mn) Geocentric position vector (km

0.0 [2641.68 5158.02 -3328.73]
2.0 [2908.04 5474.36 -2500.03]
4.0 [3118.6 5685.65 -1623.34]

r, = 2641.71 +5158.0] - 3328.7K (km)

r, = 2908.01 + 5474.4] — 2500.0K (km)

13 = 3118.61 +5685.6] — 1623.3K (km)
Using these three position vectors we employ Gibbs’ method, Algrorithm 5.1, which is implemented
in MATLAB as the M-function gi bbs in Appendix D.10. The following MATLAB script calls upon

gi bbs to find the velocity vector v, corresponding to the position vector r, . The output is listed
afterward.

% ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
% Problem 5 14b

0/0 ~~~~~~~~~~~~~

%

% This programuses Algorithmb5.1 (G bbs nethod) to obtain the state
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% vector fromthe three coplanar position vectors found in the first
% part of Problem 5. 14.

%

% mu - gravitational paraneter (kmt3/s”"2)

%rl, r2, r3 - three coplanar geocentric position vectors (km
%ierr - 0if r1, r2, r3 are found to be copl anar

% 1 otherw se

% v2 - the velocity corresponding to r2 (kms)

%

% User M function required: gibbs

% ____________________________________________________________________
cl ear

gl obal mu

mu = 398600;

rl = [2641.68 5158.02 -3328.73];

r2 = [2908.04 5474.36 -2500.03];

r3 = [3118.6 5685.65 -1623.34];

% ..Echo the input data to the comuand wi ndow:

[ LR 18 e i ")
fprintf('\n Problem5.14: G bbs Met hod\n')

fprintf('\n Input data:\n')

fprintf('\n Gavitational paraneter (knt3/s”2) = 9%\n', nu)
fprintf('\n r1 (km (Y9 %9 %], r1(1l), r1(2), ri(3))
fprintf('\n r2 (km (Y9 %9 %], r2(1), r2(2), r2(3))
fprintf(*\n r3 (km [%9 %9 %]', r3(1), r3(2), r3(3))
fprintf('\n\n");

% ..Algorithm5. 1:
[v2, ierr] = gibbs(rl, r2, r3);

% ..1f the vectors rl, r2, r3, are not coplanar, abort:

if ierr ==
fprintf('\n These vectors are not coplanar.\n\n")
return

end

% ..Qutput the results to the conmand w ndow:

fprintf(' Solution:")

fprintf('\n');

fprintf('\n v2 (kms) =[% % %]', v2(1), v2(2), v2(3))
Fprintf (" \N---c o m e e \n')

Problem 5. 14: G bbs Met hod
I nput dat a:

Gravitational paraneter (km3/s”2) = 398600

ri (km = [2641.68 5158.02 -3328.73]

r2 (km = [2908.04 5474.36 -2500.03]

r3 (km =[3118.6 5685.65 -1623.34]
Sol uti on:

v2 (km's) = [1.99357 2.20552 7.12881]

v, =1.99361 +2.2055] +7.1288K (km /s)
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Problem 5.15 The following MATLAB script uses 1, and v, from Problem 5.14 to compute the

orbital elements by means of Algorithm 4.1, which is implemented as the M-function coe_f r om sv in
Appendix D.8. The output to the MATLAB Command Window is listed afterwards.

% ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
% Problem5 15

0/0 ~~~~~~~~~~~~

%

% Thi s programuses Algorithm4.1 to obtain the orbital

% el ements fromthe state vector obtained in Problem5. 14.

%

% pi - 3.1415926. ..

% deg - factor for converting between degrees and radi ans

% mu - gravitational paraneter (kmt3/s”2)

% r - position vector (km in the geocentric equatorial frane
% v - velocity vector (knis) in the geocentric equatorial frame
% coe - orbital elements [h e RA incl w TA aj

% where h = angul ar monmentum (kmt2/s)

% e = eccentricity

% RA = right ascension of the ascendi ng node (rad)
% incl = orbit inclination (rad)

% w = argunent of perigee (rad)

% TA = true anomaly (rad)

% a = sem mgj or axis (km

% T - Period of an elliptic orbit (s)

%

% User M function required: coe_fromsv

% ____________________________________________________________________
cl ear

gl obal nmnu

deg = pi/180;

mu = 398600;

% ..Data declaration for Problem5. 15
[2908. 04 5474.36 -2500.03];
[1.99357 2.20552 7.12881];

% ..Algorithm4.1
coe = coe_fromsv(r,v);

% ..Echo the input data and output results to the command w ndow:
fprintf (" ---mmm e m i m e e ")
fprintf('\n Problem5.15: Obital elements fromstate vector\n')
fprintf('\n Gavitational parameter (km3/s”"2) = 9%g\n', m)
fprintf('\n State vector:\n")

fprintf(*\n r (km =[%9 %@ %], ...

r(1), r(2), r(3))

g % %', ...

v(1), v(2), v(3))

fprintf('\n v (kn's)

disp(" ")

fprintf('\n Angul ar nonentum (km2/s) = %', coe(l))
fprintf('\n Eccentricity = 9%y, coe(2))
fprintf('\n Ri ght ascension (deg) = 9%g', coe(3)/deqg)
fprintf('\n Inclination (deg) = 9%y, coe(4)/deg)
fprintf('\'n Argunment of perigee (deg) = %', coe(5)/deg)
fprintf('\n True anomaly (deg) = 9%g', coe(6)/deqg)
fprintf('\'n Sem major axis (km: = 9%, coe(7))

% ..if the orbit is an ellipse, output its period (Equation 2.73):
if coe(2)<1
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T = 2*pi/sqrt(mu)*coe(7)"1.5;
fprintf('\n Period:")

fprintf('\n

fprintf('\n

fprintf('\n

fprintf('\n
end

fprintf('\n-----

Seconds =%, T

M nut es = %', T/60)

Hour s = %', T/3600)
Days = 9g', T/24/3600)

Problem 5.15: Obital elenents from state vector

Gravitational

State vector:

r (km
v (kn's)

parameter (km3/s”"2) = 398600

[2908.04 5474.36 -2500.03]
[1.99357 2.20552 7.12881]

Angul ar normentum (knmt2/s) = 51626.3
Eccentricity = 0. 00102595
Ri ght ascensi on (deg) = 60. 0001
Inclination (deg) = 95. 0003
Argunent of perigee (deg) = 270.34
True anonaly (deg) = 67.6075
Sem maj or axis (km: = 6686. 59
Peri od:

Seconds = 5441.5

M nut es = 90. 6916

Hour s = 1.51153

Days = 0. 0629803

Problems 5.16 and 5.17 The following MATLAB script uses Equations 5.55 and 5.56 to convert
the data given in Problem 5.16 into three tracking site position vectors (Ry, Ry, R3) and three space

object direction cosine vectors ( f)l , f)z , f)3 ). These vectors together with the three observation times are

then handed off to the M-function gauss (Appendix D.15). gauss implements both the Gauss
Algorithm 5.5 to compute an approximation of the state vector (r,v) and Algorithm 5.6. which
iteratively improves it. The output to the MATLAB Command Window is listed afterwards.

O ~~~~

% Problem 5 16
0/0 ~~~~~~~~~~~~
%

% This program uses Algorithnms 5.5 and 5.6 (Gauss's nethod) to conpute
% the state vector fromthe angles only data provided in Problem5. 16.

%

% deg
% pi
% nmu
% Re
% f
% H
% phi
%t
%ra
%

% dec
%

%t heta
% R

factor for converting between degrees and radi ans
3. 1415926. ..

gravi tational parameter (km3/s”"2)

earth's equatorial radius (km

earth's flattening factor

el evation of observation site (km

latitude of site (deg)

vector of observation tines tl1l, t2, t3 (s)

vector of topocentric equatorial right ascensions
at t1, t2, t3 (deg)

vector of topocentric equatorial right declinations
at t1, t2, t3 (deg)

vector of local sidereal tines for t1, t2, t3 (deg)
matrix of site position vectors at t1, t2, t3 (km
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% rho - matrix of direction cosine vectors at t1, t2, t3
% facl, fac2 - common factors

%r_old, v_old - the state vector without iterative inprovenent (km
kni's)

%r, v - the state vector with iterative inprovenment (km
kni's)

%

% User M function required: gauss

% ____________________________________________________________________
cl ear

gl obal mu

deg = pi/ 180;

mu = 398600;

Re = 6378;

f = 1/ 298. 26;

% ..Data declaration for Problen 5.16:

H = 0;

phi = 29*deg;

t = 0 60 120 1;

ra = 0 6.59279e+01 7.98500e+01] *deg;

dec = [5.15110e+01 2.79911e+01 1. 46609e+01] *deg;

theta = | 0 2.50684e- 01 5. 01369e- 01] *deg;

% ..

% .. Equations 5.56, 5.57:
facl = Re/sqrt(1-(2*f - f*f)*sin(phi)”"2);
fac2 = (Re*(1-f)"2/sqgrt(1-(2*f - f*f)*sin(phi)”2) + H)*sin(phi);

for i =1:3
R(i,1) = (facl + H) *cos(phi)*cos(theta(i));
R(i,2) = (facl + H)*cos(phi)*sin(theta(i));
R(i,3) = fac2;

rho(i,1) = cos(dec(i))*cos(ra(i));
rho(i,2) = cos(dec(i))*sin(ra(i));
rho(i,3) = sin(dec(i));

end

% ..Algorithns 5.5 and 5. 6:

[r, v, r_old, v_old] = gauss(rho(1,:), rho(2,:), rho(3,:),
R(1,:), R(2,:), R(3,:),
t(1), t(2), t(3));

% .. Echo the input data and output the solution to
% the command w ndow.

[ L 1S G e ")
fprintf('\n Problenms 5.16 and 5.17: Orbit determination')
fprintf('\n by the Gauss nethod\n")
fprintf('\n Radius of earth (km = %', Re)
fprintf('\n Flattening factor =%, f)

fprintf('\n Gravitational paranmeter (km3/s”"2)
fprintf('\n\n Input data:\n");
fprintf('\n Latitude (deg) of tracking site

%9, m)

%', phi/deg);

fprintf('\n Atitude (kn) above sea |evel %', H;
fprintf('\n\n Cbservations:')

fprintf('\n Ri ght ')

fprintf(" Local ')

fprintf('\n Time (s) Ascensi on (deg) Declination (deg)")
fprintf (" Sidereal tine (deg)')
for i =1:3

fprintf('\n 9%9.4g %1.4f 9%49. 4f 9%R0. 4f",
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t(i), ra(i)/deg, dec(i)/deg, theta(i)/deg)
end

fprintf('\n\n Solution:\n")

fprintf('\n Wthout iterative inprovenent (Problem5.16)...\n")
fprintf('\n r (km [%9, %9, Y%]', r_old(1l), r_old(2), r_old(3))
fprintf('\n v (kns) [%9, %9, %]', v_old(1l), v_old(2), v_old(3))
fprintf('\n");

fprintf('\n\n Wth iterative inprovenent (Problem5.17)...\n")
fprintf('\n r (km [, %9, %', r(1), r(2), r(3))
fprintf('\n v (kns) [%9, %, %]', v(1), v(2), v(3))

Fprintf (AN m e s e m oo \n')

Problenms 5.16 and 5.17: Orbit determ nation
by the Gauss net hod

6378
0. 00335278
398600

Radi us of earth (km
Fl atteni ng factor
G avitational parameter (kmt3/s”2)

I nput dat a:

Latitude (deg) of tracking site
Al titude (km above sea | evel

Qobservati ons:
Ri ght Local
Time (s) Ascensi on (deg) Declination (deg) Si dereal tine

(deg)

0 0. 0000 51.5110 0. 0000
60 65. 9279 27.9911 0. 2507
120 79. 8500 14. 6609 0. 5014
Sol uti on:

Wthout iterative inprovenent (Problem5.16)...

ro(km
v (kn's)

[5788. 09, 484.257, 3341.52]
[-0.460072, 8.05816, -0.265618]

Wth iterative inprovenent (Problem5.17)...

ro(km [5788. 42, 485.007, 3341.96]
v (km's) = [-0.460926, 8.0706, -0.266112]

Problem 5.18 The following MATLAB script uses r, and v, from Problem 5.17 to compute the

orbital elements by means of Algorithm 4.1, which is implemented as the M-function coe_f rom sv in
Appendix D.8. The output to the MATLAB Command Window is listed afterwards.

% ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
% Problem 5 18

% ~~~~~~~~~~~~

%

% Thi s program uses Algorithm4.1 to obtain the orbital

% el ements fromthe state vector obtained in Problemb5.17.

%

% pi - 3.1415926. ..
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% deg - factor for converting between degrees and radians

% mu - gravitational paraneter (kmt3/s”"2)

% r - position vector (kn) in the geocentric equatorial frane
% v - velocity vector (knis) in the geocentric equatorial franme
%coe - orbital elements [h e RAincl w TA a]

% where h = angul ar nmonentum (kmt2/s)

% e = eccentricity

% RA = right ascension of the ascendi ng node (rad)
% incl = orbit inclination (rad)

% w = argunent of perigee (rad)

% TA = true anonaly (rad)

% a = sem mgj or axis (km

% T - Period of an elliptic orbit (s)

%

% User M function required: coe_fromsv

0/0 ____________________________________________________________________
cl ear

gl obal nmnu

deg = pi/180;

mu = 398600;

% ..Data declaration for Problem5. 18:
[ 5788.42, 485.007, 3341. 96] ;
[-0.460926, 8.0706, -0.266112];

% ..Algorithm4. 1:
coe = coe_fromsv(r,v);

% ..Echo the input data and output results to the command w ndow:
L LR 18 i '
fprintf('\n Problem5.18: Obital elements fromstate vector\n')
fprintf('\n Gavitational parameter (km3/s”"2) = 9%g\n', mu)
fprintf('\n State vector:\n")

fprintf('\nr (km =[%9 %9 %', ...

r(1), r(2), r(3))

("9 %@ %], ...

v(1), v(2), v(3))

fprintf('\n v (knls)

disp(" ")
fprintf('\n Angular nonmentum (knt2/s)

%y', coe(l))

fprintf('\n Eccentricity %', coe(2))
fprintf('\n Ri ght ascension (deg) %', coe(3)/deg)
fprintf('\n Inclination (deg) coe(4)/ deg)

fprintf('\n Argument of perigee (deg)
fprintf('\'n True anomaly (deg)
fprintf('\n Sem major axis (km:

coe(6)/deg)
coe(7))

[ 1 O R T I |
<)
&

%' coe(5)/deg)

% ..if the orbit is an ellipse, output its period (Equation 2.73):

if coe(2)<1
T = 2*pi/sqrt(mu)*coe(7)"1.5;
fprintf('\n Period:")
fprintf('\n Seconds
fprintf('\n M nut es
fprintf('\n Hour s
fprintf('\n Days

end

T G Y S T L \n')

g, T)

%', T/60)

og', T/3600)
og', T/ 24/3600)

Problem 5.18: Obital elenents fromstate vector

Gravitational paraneter (km3/s”2) = 398600
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State vector:

r (km = [5788.42 485.007 3341.96]
v (km's) = [-0.460926 8.0706 -0.266112]
Angul ar normentum (kmt2/s) = 54201.2
Eccentricity = 0. 100054
Ri ght ascensi on (deg) = 270
I nclination (deg) = 30. 0001
Argunent of perigee (deg) = 89.9993
True anonaly (deg) = 4.15098
Sem mej or axis (km: = 7444.75
Peri od:
Seconds = 6392.73
M nut es = 106. 546
Hour s = 1.77576
Days = 0.07399

Problems 5.19 The following MATLAB script uses Equations 5.55 and 5.56 to convert the data
given in Problem 5.19 into three tracking site position vectors (Ry, Ry, R3) and three space object

direction cosine vectors (f)l ,f)z,@) . These vectors together with the three observation times are then
handed off to the M-function gauss (Appendix D.15). gauss implements both the Gauss Algorithm

5.5 to compute an approximation of the state vector (r,v) and Algorithm 5.6. which iteratively
improves it. The output to the MATLAB Command Window is listed afterwards.

% Problem 5 19

% ~~~~~~~~~~~~

%

% This program uses Algorithnms 5.5 and 5.6 (Gauss's nmethod) to

conput e

% the state vector fromthe angles only data provided in Problem

5. 16.

%

% deg - factor for converting between degrees and radi ans
% pi - 3.1415926. ..

% mu - gravitational paraneter (kmt3/s”2)

% Re - earth's equatorial radius (km

% f - earth's flattening factor

% H - elevation of observation site (km

% phi - latitude of site (deg)

% t - vector of observation times t1, t2, t3 (s)

%ra - vector of topocentric equatorial right ascensions
% at t1, t2, t3 (deg)

% dec - vector of topocentric equatorial right declinations
% at t1, t2, t3 (deg)

% t het a - vector of local sidereal times for t1, t2, t3 (deg)
% R - matrix of site position vectors at t1, t2, t3 (km
% r ho - matrix of direction cosine vectors at t1, t2, t3

% facl, fac2 - common factors

%r_old, v_old - the state vector without iterative inprovenment (km
km' s)

%r, v - the state vector with iterative inprovenent (km
km' s)

%
% User M function required: gauss
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cl ear

gl obal mu

deg = pi/ 180;

mu = 398600;

Re = 6378;

f = 1/ 298. 26;

% ..Data declaration for Problem5.19

H = 0;

phi = 29*deg;

t = [ 0 60 120];

ra = [15.0394 25.7539 48. 6055] *deg;
dec = [20. 7487 30.1410 43. 8910] *deg;
theta = | 90 90. 2507 90. 5014] *deg;
% ..

% .. Equations 5.56, 5.57

facl = Re/sqrt(1-(2*f - f*f)*sin(phi)”"2);
fac2 = (Re*(1-f)"2/sqgrt(1-(2*f - f*f)*sin(phi)”2) + H)*sin(phi);
for i =1:3

R(i, 1) (facl + H)y*cos(phi)*cos(theta(i));

R(i,2) = (facl + H)*cos(phi)*sin(theta(i));
R(i,3) = fac2;

rho(i,1) = cos(dec(i))*cos(ra(i));

rho(i,2) = cos(dec(i))*sin(ra(i));

rho(i,3) = sin(dec(i));

end

% ..Algorithns 5.5 and 5. 6:

[r, v, r_old, v_old] = gauss(rho(1,:), rho(2,:), rho(3,:),
R(1,:), R(2,:), R(3,:),
t(1), t(2), t(3));

% .. Echo the input data and output the solution to
% the command w ndow.

L L 1S e I ")
fprintf('\n Problems 5.19 and 5.20: Orbit determination')
fprintf('\n by the Gauss nethod\n")
fprintf('\n Radius of earth (km = %', Re)
fprintf('\n Flattening factor =%, f)
fprintf('\n Gavitational parameter (km3/s"2) = 9%, nmu)
fprintf('\n\n Input data:\n");

fprintf('\n Latitude (deg) of tracking site = %', phi/deg);
fprintf('\n Altitude (km above sea | evel =%, H;
fprintf('\n\n Cbservations:')

fprintf('\n Ri ght ')

fprintf(" Local ')

fprintf('\n Time (s) Ascensi on (deg) Declination (deg)")
fprintf (" Sidereal tine (deg)')
for i =1:3
fprintf('\n 99.4g %1.4f 9%49.4f 9%Q0.4f', ...
t(i), ra(i)/deg, dec(i)/deg, theta(i)/deg)
end

fprintf('\n\n Solution:\n")
fprintf('\n Wthout iterative inprovenent (Problem5.19)...\n")
fprintf("\n r (km =[%, %, %]', r_old(1l), r_old(2), r_old(3))

fprintf(*\n v (kms) ; [%9, %9, %@] ', v_old(1l), v_old(2), v_old(3))
fprintf('\n');

80



Solutions Manual Orbital Mechanics for Engineering Students Chapter 5

fprintf('\n\n Wth iterative inprovenent (Problem5.20)...\n")

fprintf("\n r (km) =[%, %, %]', r(1), r(2), r(3))
fprintf("\n v (km's) = [%, %, %', v(1), v(2), v(3))
T Y T \n")

Probl ens 5.19 and 5.20: Orbit determ nation
by the Gauss nethod

Radi us of earth (kn) = 6378
Fl attening factor = 0. 00335278
Gravitational paranmeter (km3/s”2) = 398600
| nput dat a:
Latitude (deg) of tracking site = 29
Al titude (km above sea | evel =0
Observations:
Ri ght Local
Time (s) Ascensi on (deg) Declination (deg) Si dereal tine
(deg)
0 15. 0394 20. 7487 90. 0000
60 25. 7539 30. 1410 90. 2507
120 48. 6055 43. 8910 90. 5014
Sol uti on:

Wthout iterative inprovenent (Problem5.19)...

r (km
v (km's)

[ 765.19, 5963.6, 3582.88]
[-7.50919, 0.705265, 0.423729]

Wth iterative inprovenent (Problem5.20)...

ro(km [ 766. 265, 5964.12, 3583.57]
v (knfs) = [-7.51882, 0.706233, 0.42431]

Approximate state vector:

r = 765.191 + 5963.60] + 3582.88K (km) v = -7.509191 +0.705265] +0.423729K (km /s)

Problem 5.20 From the MATLAB output in the previous problem solution, the refined state vector
is

r = 766.2651 + 5964.12] +3583.57K (km) v = -7.518821 +0.706233] +0.424 31K (km /s)

Problem 5.21 The following MATLAB script uses r and v from Problem 5.20 to compute the
orbital elements by means of Algorithm 4.1, which is implemented as the M-function coe_f r om sv in
Appendix D.8. The output to the MATLAB Command Window is listed afterwards.

% ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
% Problem 5 21

0/0 ~~~~~~~~~~~~

%

% Thi s programuses Algorithm4.1 to obtain the orbital

% el enments fromthe state vector obtained in Problem 5. 20.

%

% pi - 3.1415926. ..

% deg - factor for converting between degrees and radi ans
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% mu - gravitational paraneter (kmt3/s”"2)
% r - position vector (kn) in the geocentric equatorial frane
% v - velocity vector (knis) in the geocentric equatorial franme
%coe - orbital elements [h e RAincl w TA a]
% where h = angul ar nmonentum (kmt2/s)
% e = eccentricity
% RA = right ascension of the ascendi ng node (rad)
% incl = orbit inclination (rad)
% w = argunent of perigee (rad)
% TA = true anonaly (rad)
% a = sem mgj or axis (km
% T - Period of an elliptic orbit (s)
%
% User M function required: coe_fromsv
% ____________________________________________________________________
cl ear
gl obal nmnu
deg = pi/180;
mu = 398600;
% .. Data declaration for Problemb5. 21:
r = [ 766. 265, 5964. 12, 3583.57];
v = [-7.51882, 0.706233, 0.42431];
%
% ..Algorithm4. 1:
coe = coe_fromsv(r,v);
% ..Echo the input data and output results to the command w ndow:
fprintf (' ----ommmm e ")
fprintf('\n Problem5.21: Orbital elenents fromstate vector\n')
fprintf('\n Gavitational parameter (km3/s”"2) = 9%g\n', mu)
fprintf('\n State vector:\n")
fprintf('\nr (km =[%9 %9 %', ...
r(1), r(2), r(3))
fprintf('\n v (knm's) =[%9 %9 %', ...
v(1), v(2), v(3))

disp(* ")
fprintf('\n Angul ar nonentum (km2/s) = %', coe(l))
fprintf('\n Eccentricity = 9%y, coe(2))
fprintf('\n Ri ght ascension (deg) = %', coe(3)/deqg)
fprintf('\n Inclination (deg) = 9%y, coe(4)/deqg)
fprintf('\'n Argunment of perigee (deg) = %', coe(5)/deg)
fprintf('\n True anomaly (deg) = 9%g', coe(6)/deqg)
fprintf('\'n Sem major axis (km: = 9%y, coe(7))
% ..if the orbit is an ellipse, output its period (Equation 2.73):
if coe(2)<1

T = 2*pi/sqrt(mu)*coe(7)"1.5;

fprintf('\n Period:")

fprintf('\n Seconds =%, T)

fprintf('\n M nut es = %', T/60)

fprintf('\n Hour s = %', T/3600)

fprintf('\n Days = %', T/24/3600)
end
fprintf( \nN------mmomm e \n")

Problem 5.21: Orbital

Gravi tational

par anet er

(kr*3/ s72)
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State vector:

r (km
v (kn's)

Angul ar nonmentum (knt2/s)
Eccentricity
Ri ght ascensi on (deg)
Inclination (deg)
Argunent of perigee (deg)
True anonaly (deg)
Sem mej or axis (km:
Peri od:

Seconds

M nut es

Hour s

Days

Orbital Mechanics for Engineering Students

Chapter 5

[ 766.265 5964.12 3583.57]
[-7.51882 0.706233 0.42431]

52946. 7

0. 00474691
360

30. 9997
90. 3282
353. 388
7033. 16

5869. 98
97. 833

1. 63055
0. 0679396

Problem 5.22 The following MATLAB script uses the given three tracking site position vectors

(Ry, Ry, R3) and three space object direction cosine vectors (f’u 0, f)3) together with the three

observation times to find the state vector (r,v) by means of Algorithm 5.5 and then iteratively

improve it using Algorithm 5.6. Both algorithms are implemented in the MATLAB M-function gauss
in Appendix D.15. The output to the MATLAB Command Window is listed afterwards.

%

% Probl em 5_22
%
%

% This programuses Algorithnms 5.5 and 5.6 (Gauss's nethod) to conpute
% the state vector fromthe angles only data provided in Problem 5. 16.

%

% deg - factor for converting between degrees and radi ans
% pi - 3.1415926. ..

% mu - gravitational paraneter (kmt3/s”2)

% t - vector of observation times t1, t2, t3 (s)

% t heta - vector of local sidereal tinmes for t1, t2, t3 (deg)
% R - matrix of site position vectors at t1, t2, t3 (km
% r ho - matrix of direction cosine vectors at t1, t2, t3
%r_old, v_old - the state vector without iterative inprovenment (km
k' s)

%r, v - the state vector with iterative inprovenent (km
km' s)

%

% User M function required: gauss

LS4 T
cl ear

gl obal nmnu

deg = pi/180;

mu = 398600;

% ..Data declaration for

Pr obl em 5. 22:

t = [ 0 60 120] ;

R = [ -1825.96  3583.66  4933.54
-1841.63  3575.63  4933.54
-1857.25  3567.54  4933.54];

rho = [-0.301687 0.200673 0.932049
-0.793090 -0.210324 0.571640
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-0.873085 -0.362969 0. 325539];
% ..

% ..Algorithns 5.5 and 5. 6:

[r; v, r_old, v_old] = gauss(rho(1,:), rho(2,:), rho(3,:), .
R(1,:), R(2,:), R(3,:), .
t(1), t(2), t(3));

% ..Echo the input data and output the solution to
% the command wi ndow

e R e ")
fprintf('\n Problens 5.22 and 5.23: Orbit determination')
fprintf('\n by the Gauss nethod\n')

fprintf('\n Gravitational paraneter (km3/s"2) = %', nu)
fprintf('\n\n Input data:\n");

fprintf('\n Site position vector (R and space object')
fprintf('\n direction cosine vector (rho) at three tines:\n")
for i =1:3

fprintf('\n t =% s:\n',t(i))
fprintf('\n R =[% %9 %]', Ri,1), R(i,2), R(i,3))
fprintf('\n rho =[% % %]', rho(i,1), rho(i,2), rho(i,3))
disp(" ")
end

fprintf('\n\n Solution:\n")

fprintf('\n Wthout iterative inprovenent (Problem5.22)...\n")
fprintf("\n r (km =[%, %, %]', r_old(1l), r_old(2), r_old(3))
fprintf(*\n v (kms) =[%, %9, %]', v_old(1l), v_old(2), v_old(3))
fprintf('\n');

fprintf('\n\n Wth iterative inprovenent (Problem5.23)...\n")

fprintf("\n r (km) =[%, %, %]', r(1), r(2), r(3))
fprintf("\n v (km's) = [%, %, %]', v(1l), v(2), v(3))
Fr it f (A \n')

Problems 5.22 and 5.23: Orbit determ nation
by the Gauss net hod

Gravitational paraneter (km3/s”2) = 398600
I nput dat a:

Site position vector (R) and space object
direction cosine vector (rho) at three tines:

t =0 s

R = [-1825.96 3583.66 4933.54]

rho = [-0.301687 0.200673 0.932049]
t = 60 s:

R = [-1841.63 3575.63 4933.54]

rho = [-0.79309 -0.210324 0.57164]
t = 120 s:

R = [-1857.25 3567.54 4933.54]

rho = [-0.873085 -0.362969 0.325539]
Sol uti on:
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Wthout iterative inprovement (Problem5.22)...

r (km
v (knis)

[-2350. 74, 3440.62, 5300.49]
[-6.61345, -3.88226, -0.413321]

Wth iterative inprovenent (Problem5.23)...

ro(km [-2351.59, 3440.39, 5301.1]
v (km's) = [-6.62403, -3.8885, -0.414013]

Approximate state vector:

r = —2350.741 + 3440.62] +5300.49K (km) v = -6.613451 - 3.88226] - 0.413321K (km /)

Problem 5.23 From the MATLAB output listed in the previous problem solution, the iteratively
improved state vector is

r = -2351.591 + 3440.39] + 5301.1K (km) v = -6.624031 - 3.8885] - 0.414 013K (km /s)

Problem 5.24 The following MATLAB script uses r and v from Problem 5.23 to compute the
orbital elements by means of Algorithm 4.1, which is implemented as the M-function coe_f r om sv in
Appendix D.8. The output to the MATLAB Command Window is listed afterwards.

% Probl em 5 24

% ~~~~~~~~~~~~

%

% Thi s program uses Algorithm4.1 to obtain the orbital

% el emrents fromthe state vector obtained in Problemb5.23.
%

% pi - 3.1415926. ..

% deg - factor for converting between degrees and radians

% mu - gravitational paraneter (kmt3/s”"2)

% r - position vector (kn) in the geocentric equatorial frane
% v - velocity vector (knis) in the geocentric equatorial franme
%coe - orbital elements [h e RAincl w TA a]

% where h = angul ar nmonentum (kmt2/ s)

% e = eccentricity

% RA = right ascension of the ascendi ng node (rad)
% incl = orbit inclination (rad)

% w = argunent of perigee (rad)

% TA = true anonaly (rad)

% a = sem mgj or axis (km

% T - Period of an elliptic orbit (s)

%
% User M function required: coe_fromsv

cl ear

gl obal nmnu
deg pi / 180;
mu 398600;

% ..Data declaration for Probl em5. 24:
r [-2351.59, 3440. 39, 5301. 1];
\Y; [-6.62403, -3.8885, -0.414013];
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% ..

% ..Algorithm 4. 1:
coe = coe_fromsv(r,v);

% ..Echo the input data and output results to the command w ndow.
e R R ")
fprintf('\n Problemb5.24: Obital elenents fromstate vector\n')
fprintf('\n Gravitational paraneter (km3/s”"2) = %g\n', nu)
fprintf('\n State vector:\n")

fprintf('\nr (km =[%9 %9 %', ...

r(1), r(2), r(3))

("9 %@ %], ...

v(1), v(2), v(3))

fprintf('\n v (knis)

disp(' ")

fprintf('\n Angul ar nmonentum (kmt2/s) %', coe(1l))
fprintf('\n Eccentricity %', coe(2))
fprintf('\n Ri ght ascension (deg) %', coe(3)/deg)

fprintf('\n Inclination (deg)

%' coe(4)/deg)

fprintf('\n Argument of perigee (deg) %y' , coe(5)/deg)
fprintf('\'n True anomaly (deg) %', coe(6)/degq)
fprintf('\n Sem major axis (km: %', coe(7))

% ..if the orbit is an ellipse, output its period (Equation 2.73):

if coe(2)<1
T = 2*pi/sqrt(mu)*coe(7)"1.5;
fprintf('\n Period:")
fprintf('\n Seconds
fprintf('\n M nut es
fprintf('\n Hour s
fprintf('\n Days

9, T)

%', T/60)

og', T/3600)
og', T/ 24/3600)

end
Fprintf (" \N---e o m oo e oo \n')

Problem 5.24: Obital elenents fromstate vector
Gravitational paraneter (kmt3/s”2) = 398600

State vector:

r (km = [-2351.59 3440.39 5301.1]
v (kn's) = [-6.62403 -3.8885 -0.414013]
Angul ar nmonentum (knt2/s) = 51868. 3
Eccentricity = 0. 000957299
Ri ght ascension (deg) = 28. 0006
Inclination (deg) = 51.9999
Argunent of perigee (deg) = 88.9231
True anomaly (deg) = 4.99817
Sem maj or axis (km: = 6749. 43
Peri od:
Seconds = 5518. 38
M nut es = 91.973
Hour s = 1.53288
Days = 0. 0638701

Problems 5.25 The following MATLAB script uses Equations 5.55 and 5.56 to convert the data
given in Problem 5.25 into three tracking site position vectors (Ry, Ry, R3) and three space object

direction cosine vectors (f)l oy f)3) . These vectors together with the three observation times are then
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handed off to the M-function gauss (Appendix D.15). gauss implements both the Gauss Algorithm

5.5 to compute an approximation of the state vector (r,v) and Algorithm 5.6. which iteratively
improves it. The output to the MATLAB Command Window is listed afterwards.

) e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e et et e et el e e e et et e et et e e et et e e e e e e e e e

% Problem 5 25
% ~~~~~~~~~~~~
%

% This program uses Algorithnms 5.5 and 5.6 (Gauss's nethod) to conpute

% the state vector fromthe angles only data provided in Problem 5. 25.
%

% deg - factor for converting between degrees and radi ans
% pi - 3.1415926. ..

% mu - gravitational paraneter (kmt3/s”"2)

% Re - earth's equatorial radius (km

% f - earth's flattening factor

% H - elevation of observation site (km

% phi - latitude of site (deg)

% t - vector of observation tinmes t1, t2, t3 (s)

%ra - vector of topocentric equatorial right ascensions
% at t1, t2, t3 (deg)

% dec - vector of topocentric equatorial right declinations
% at t1, t2, t3 (deg)

% t heta - vector of local sidereal tines for t1, t2, t3 (deg)
% R - matrix of site position vectors at t1, t2, t3 (km
% r ho - matrix of direction cosine vectors at t1, t2, t3

% facl, fac2 - common factors

%r_old, v_old - the state vector without iterative inprovenment (km
km' s)

%r, v - the state vector with iterative inprovenent (km
km' s)

%
% User M function required: gauss

cl ear

gl obal nmnu

deg = pi/180;

mu = 398600;

Re = 6378;

f = 1/ 298. 26;

% ..Data declaration for Problemb5. 25:

H = 0.5;

phi = 60*deg;

t = 0 300 600] ;

ra = [157.783 159.221 160. 526] *deg;
dec = [24.2403 27.2993 29. 8982] *deg;
theta = [ 150 151. 253 152. 507] *deg;

% ..

% .. Equations 5.56, 5.57:
facl = Re/sqrt(1-(2*f - f*f)*sin(phi)”"2);
fac2 = (Re*(1-f)"2/sqgrt(1-(2*f - f*f)*sin(phi)”2) + H)*sin(phi);

for i =1:3
R(i,1) = (facl + H) *cos(phi)*cos(theta(i));
R(i,2) = (facl + H)*cos(phi)*sin(theta(i));
R(i,3) = facz;

rho(i,1) = cos(dec(i))*cos(ra(i));
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rho(i, 2)
rho(i, 3)

cos(dec(i))*sin(ra(i));
sin(dec(i));

end

% ..Algorithms 5.5 and 5. 6:

[r, v, r_old, v_old] = gauss(rho(1,:), rho(2,:), rho(3,:),
R(1,:), R(2,:), R(3,:),
t(1), t(2), t(3));

% ..Echo the input data and output the solution to
% the command wi ndow

e R e ")
fprintf('\n Problens 5.25 and 5.26: Orbit determination')
fprintf('\n by the Gauss nethod\n')
fprintf('\n Radius of earth (km = %', Re)
fprintf('\n Flattening factor = %', f)
fprintf('\n Gavitational parameter (km3/s"2) = 9%, nmu)

fprintf('\n\n Input data:\n");

fprintf('\n Latitude (deg) of tracking site %', phi/deg);

fprintf('\n Atitude (kn) above sea |evel %', H;
fprintf('\n\n Cbservations:')

fprintf('\n Ri ght ')

fprintf(" Local ')

fprintf('\n Time (s) Ascensi on (deg) Declination (deg)")
fprintf (" Sidereal tine (deg)')
for i =1:3
fprintf('\n 99.4g %1.4f 9%49.4f 9%0.4f', ...
t(i), ra(i)/deg, dec(i)/deg, theta(i)/deg)
end

fprintf('\n\n Solution:\n")

fprintf('\n Wthout iterative inprovenent (Problem5.25)...\n")
fprintf("\n r (km =[%, %, %]', r_old(1l), r_old(2), r_old(3))
fprintf(*\n v (kms) =[%, %9, %]', v_old(1l), v_old(2), v_old(3))
fprintf('\n');

fprintf('\n\n Wth iterative inprovenment (Problem5.26)...\n")

fprintf("\n r (km) =[%, %, %]', r(1), r(2), r(3))
fprintf("\n v (km's) = [%, %, %]', v(1), v(2), v(3))
fprintf (A Me e oo m o \n’

Problems 5.25 and 5.26: Orbit determ nation
by the Gauss net hod

Radi us of earth (km
Fl atteni ng factor
G avitational paranmeter (km3/s”2)

6378
0. 00335278
398600

I nput dat a:

Latitude (deg) of tracking site 60

Al titude (km above sea | evel

observati ons:
Ri ght Local
Time (s) Ascensi on (deg) Declination (deg) Si dereal tine

(deg)

157. 7830 24. 2403 150. 0000
300 159. 2210 27. 2993 151. 2530
600 160. 5260 29. 8982 152. 5070
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Sol uti on:

Wthout iterative inprovement (Problem5.25)...

r (km
v (knis)

[-19050. 2, 7702.56, 14469. 6]
[-3.27477, -0.482844, 5.07464]

Wth iterative inprovenent (Problemb5.26)...

ro(km [-19081, 7714.25, 14486. 6]
v (km's) = [-3.27846, -0.484358, 5.08206]

Approximate state vector:
r = -19050.21 + 7702.56] +14469.6K (km) v = -3.274771 - 0.482844] +5.07464K (km /s)

Problem 5.26 From the MATLAB output listed in the previous problem solution, the iteratively
improved state vector is

r = -190811 +7714.25] +14486.6K (km) v = -3.278461 - 0.484 358] + 5.08206K (km/s)

Problem 5.27 The following MATLAB script uses r and v from Problem 5.26 to compute the
orbital elements by means of Algorithm 4.1, which is implemented as the M-function coe_f r om sv in
Appendix D.8. The output to the MATLAB Command Window is listed afterwards.

% ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
% Probl em 5_27

% ~~~~~~~~~~~~

%

% This programuses Algorithm4.1 to obtain the orbital

% el ements fromthe state vector obtained in Problem5. 26.

%

% pi - 3.1415926. ..

% deg - factor for converting between degrees and radi ans

% mu - gravitational paraneter (kmt3/s”2)

% r - position vector (km in the geocentric equatorial frane
% v - velocity vector (knis) in the geocentric equatorial frame
% coe - orbital elements [h e RAincl w TA a]

% where h = angul ar monmentum (kmt2/s)

% e = eccentricity

% RA = right ascension of the ascendi ng node (rad)
% incl = orbit inclination (rad)

% w = argunent of perigee (rad)

% TA = true anomaly (rad)

% a = sem mgj or axis (km

% T - Period of an elliptic orbit (s)

%
% User M- function required: coe_fromsv

cl ear

gl obal nmnu
deg = pi/180;
mu 398600;

% ..Data declaration for Problem5. 27:
[ -19081, 7714.25, 14486.6];
[-3.27846, -0.484358, 5.08206];

r =
Vv =
% ..
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% ..Algorithm 4. 1:
coe = coe_fromsv(r,v);

% .. Echo the input data and out put
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results to the conmand w ndow.

A L G e
fprintf('\n Problem5.27: Obital elements fromstate vector\n')
fprintf('\n Gravitational paraneter (km3/s”"2) = %g\n', nu)
fprintf('\n State vector:\n")
fprintf('\nr (km =[%9 %9 %', ...
r(1), r(2), r(3))
fprintf('\n v (knis) =[%9 %9 %', ...
v(1), v(2), v(3))
disp(" ")
fprintf('\n Angular monentum (knmt2/s) = %', coe(1))
fprintf('\n Eccentricity = %', coe(2))
fprintf('\n R ght ascension (deg) = %', coe(3)/deg)
fprintf('\n Inclination (deg) = %', coe(4)/deqg)
fprintf('\'n Argunment of perigee (deg) = %', coe(5)/deg)
fprintf('\'n True anomaly (deg) = 9%y, coe(6)/deqg)
fprintf('\'n Sem major axis (km: = 9%y, coe(7))

% ..if the orbit
if coe(2)<1

is an ellipse,

output its period (Equation 2.73):

T = 2*pi/sqrt(mu)*coe(7)"1.5;

fprintf('\n Period:")

fprintf('\n Seconds =%, T
fprintf('\n M nut es = %', T/60)
fprintf('\n Hour s = %', T/3600)
fprintf('\n Days = %', T/ 24/3600)
end
fprintf( \nN---c-cmmim e \n")

Problem 5.27: Orbital

Gravitational paraneter

State vector:

ro(km
v (kn's)

Angul ar nmonent um (knt2/ s)
Eccentricity

Ri ght ascensi on (deg)
Inclination (deg)
Argunent of perigee (deg)
True anonaly (deg)

Sem maj or axis (km:

(kmt3/ s72)

el enments from state vector

= 398600

[-19081
[-3.27846

7714.25 14486. 6]
-0.484358 5.08206]

76005. 8
1. 08937
136. 949
62.9772
287. 335
112. 915
-77612. 3

Problem 5.28 The following MATLAB script uses the given three tracking site position vectors

(Ry, Ry, R3) and three space object direction cosine vectors (f’u 0, f)3) together with the three

observation times to find the state vector (r,v) by means of Algorithm 5.5 and then iteratively

improve it using Algorithm 5.6. Both algorithms are implemented in the MATLAB M-function gauss
in Appendix D.15. The output to the MATLAB Command Window is listed afterwards.

0 ~~~~m~e—~—~

% Problem5 28
% ~~~~~~~~~~~~
%
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% Thi s program uses Algorithnms 5.5 and 5.6 (Gauss's nethod) to conpute
% the state vector fromthe angles only data provided in Problem 5. 28.
%
% deg - factor for converting between degrees and radi ans
% pi - 3.1415926. ..
% mu - gravitational paraneter (kmt3/s”2)
% t - vector of observation tinmes t1, t2, t3 (s)
%t heta - vector of local sidereal times for t1, t2, t3 (deg)
% R - matrix of site position vectors at t1, t2, t3 (km
% r ho - matrix of direction cosine vectors at t1, t2, t3
%r_old, v_old - the state vector without iterative inprovenent (km
kni' s)
%r, v - the state vector with iterative inmprovenment (km
kni's)
%
% User M function required: gauss
O == - - e it ccecceccccmccscccmcmammammamseamsssasmsssmsnman—ana
cl ear
gl obal nmnu
deg = pi/180;
mu = 398600;
% .. Data declaration for Problem 5. 28:
t = 0 300 600] ;
R = [ 5582.84 0 3073. 90
5581. 50 122. 122 3073. 90
5577. 50 244.186 3073.90] ;
rho = [ 0.846428, 0, 0.532504
0.749290, 0.463023, 0.473470
0.529447, 0.777163, 0.340152];
% ..
% ..Algorithns 5.5 and 5. 6:
[r, v, r_old, v_old] = gauss(rho(1,:), rho(2,:), rho(3,:),
R(1,:), R(2,:), R(3,:), ...
t(1), t(2), t(3));
% .. Echo the input data and output the solution to
% the command w ndow.
[ LR 1S e e ")
fprintf('\n Problems 5.28 and 5.29: Orbit determination')
fprintf('\n by the Gauss nethod\n")
fprintf('\n Gavitational parameter (km3/s"2) = 9%, nu)
fprintf('\n\n Input data:\n");
fprintf('\n Site position vector (R) and space object')
fprintf('\n direction cosine vector (rho) at three tines:\n")
for i =1:3
fprintf('\n t =% s:\n",t(i))
fprintf('\n R =[% %9 %]', Ri,1), R(i,2), Ri,3))
fprintf('\n rho =[% % %]', rho(i,1), rho(i,2), rho(i,3))
disp(* ")
end
fprintf('\n\n Solution:\n")
fprintf('\n Wthout iterative inprovenent (Problem5.28)...\n")
fprintf("\n r (km =[%, %, %]', r_old(1l), r_old(2), r_old(3))
fprintf(*\n v (kms) =[%, %9, %]', v_old(1l), v_old(2), v_old(3))
fprintf('\n');
fprintf('\n\n Wth iterative inprovenent (Problem5.29)...\n")
fprintf('\n r (km =[%, %, %', r(1), r(2), r(3))
fprintf('\n v (km's) =[%, %, %] ', v(1), v(2), v(3))
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Probl ens 5.28 and 5.29: Orbit determ nation
by the Gauss nethod

Gravitational paraneter (km3/s”2) = 398600
| nput dat a:

Site position vector (R) and space object
direction cosine vector (rho) at three tines:

t =0 s:

R [5582.84 0 3073.9]

rho [0.846428 0 0.532504]
t = 300 s:

R =[5581.5 122.122 3073.9]

rho = [0.74929 0.463023 0.47347]
t = 600 s:

R = [5577.5 244.186 3073.9]

rho = [0.529447 0.777163 0.340152]
Sol uti on:

Wthout iterative inprovenent (Problem5.28)...

r (km
v (km's)

[8282.6, 1791.26, 4780.7]
[-1.07108, 5.89508, -0.618321]

Wth iterative inprovenent (Problem5.29)...

ro(km
v (kn's)

[ 8306. 27, 1805.89, 4795.66]
[-1.07872, 5.94219, -0.622807]

Approximate state vector

r = 8282.61 +1791.26] + 4780.7K (km) v =-1.07108I +5.89508] - 0.618 321K (km /s)

Chapter 5

Problem 5.29 From the MATLAB output listed in the previous problem solution, the iteratively

improved state vector is

r = 8306.271 +1805.89] + 4795.66K (km) v =-1.078721 +5.94219] - 0.622807K (km /s)

Problem 5.30 The following MATLAB script uses r and v from Problem 5.29 to compute the
orbital elements by means of Algorithm 4.1, which is implemented as the M-function coe_f rom sv in

Appendix D.8. The output to the MATLAB Command Window is listed afterwards.

% Problem 5 30
% ~~~~~~~~~~~~
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% Thi s program uses Algorithm4.1 to obtain the orbital

% el ements fromthe st
%

ate vector

obt ai ned in Probl em 5. 29.

% pi - 3.1415926. ..

% deg - factor for converting between degrees and radians

% mu - gravitational paraneter (kmt3/s”2)

% r - position vector (kn) in the geocentric equatorial frane
% v - velocity vector (knis) in the geocentric equatorial frame
%coe - orbital elements [h e RAincl w TA a]

% where h = angul ar nmonentum (kmt2/s)

% e = eccentricity

% RA = right ascension of the ascending node (rad)
% incl = orbit inclination (rad)

% w = argunent of perigee (rad)

% TA = true anonaly (rad)

% a = sem mgj or axis (km

% T - Period of an elliptic orbit (s)

%

% User M function required: coe_fromsv

% ___________________________________________________________________
cl ear

gl obal nmnu

deg = pi/180;

mu = 398600;

% ..Data declaration for Problem5. 30:

r = [ 8306.27, 1805. 89, 4795. 66] ;

v = [-1.07872, 5.94219, -0.622807];

%. .

% ..Algorithm4. 1:
coe = coe_fromsv(r,v)

% .. Echo the input dat

a and out put

results to the command w ndow.

fprintf(  ----ccmmmmm e
fprintf('\n Problem5.30: Obital elenents fromstate vector\n')
fprintf('\n Gravitational parameter (km3/s”"2) = 9%g\n', mu)
fprintf('\n State vector:\n')
fprintf(*\nr (km =% % %', ...
r(1), r(2), r(3))
fprintf('*\n v (knm's) =% % %', ...
v(1), v(2), v(3))
disp(* ")
fprintf('\n Angul ar nonentum (km2/s) = %', coe(l))
fprintf('\n Eccentricity = 9%y, coe(2))
fprintf('\n Ri ght ascension (deg) = 9%y, coe(3)/deqg)
fprintf('\n Inclination (deg) = 9%y, coe(4)/deqg)
fprintf('\'n Argunment of perigee (deg) = %', coe(5)/deg)
fprintf('\n True anomaly (deg) = 9%g', coe(6)/deqg)
fprintf('\'n Sem major axis (km: = 9%, coe(7))
% ..if the orbit is an ellipse, output its period (Equation 2.73):
if coe(2)<1
T = 2*pi/sqrt(mu)*coe(7)"1.5;
fprintf('\n Period:")
fprintf('\n Seconds =%, T)
fprintf('\n M nut es = %', T/60)
fprintf('\n Hour s = %', T/3600)
fprintf('\n Days = %', T/24/3600)
end
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Problem 5.30: Obital elenents from state vector
Gravitational paranmeter (km3/s”2) = 398600

State vector:

r (km = [8306.27 1805.89 4795.66]
v (knis) = [-1.07872 5.94219 -0.622807]
Angul ar nomentum (kmt2/s) = 59242.6
Eccentricity = 0. 0995646
Ri ght ascensi on (deg) = 270
Inclination (deg) = 30. 0002
Argunent of perigee (deg) = 269.945
True anonaly (deg) = 190. 718
Sem maj or axis (km: = 8893. 18
Peri od:
Seconds = 8346. 36
M nut es = 139. 106
Hour s = 2.31843
Days = 0. 0966014
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Problem 6.1
Orbit 1 (circle):
398600
ve= B = 2220 27706 km /s
r 6378 + 300
Orbit 2 (ellipse):
. ~ Tperi + - +
, = Tapogee ~Tperigee _ (6378 +300) - (6378 +200) _ 0.003758
Tapogee * Toerigee (6378 +300) - (6378 +200)
K1
Tapogee = 7:
6378 +300 = — - L = h=51500 km?/s
398600 1 -0.003758
51500
Vapogee = . =7.711 km/s
Tapogee 6678
Av=7.726-7.711=0.01453 km/s =14.53 m/s
(a) Thrust - At = mAv
53400 - At =125000-14.53 = At =34.01s
e F (Vgirae + A )
Vg = Ucircle (U;rde o) Veirele + % =7.726 + —14253 =7.733 m/s
(b) A5 = Vg, At =7.733-34.01 =263 km
As 263
= =0.006268 0.63¢
© orbit circumference 27 -6600 o Z}
Problem 6.2

Uperigeel =82 km/s

Tperigee; = 6378 +480 =6858 km

rapogeez = rperigeel =6858 km

rperigeez = 6378 +160 =6538 km
0r = rapogeez - rperigeez _ 6858 — 6538 —0.02389
2 - - - .
rapogeez + rperigeeZ 6858 + 6538
apogee, U 1-e,
6555 = 12 1 =l =51660 km?/s
398600 1-0.02389 2
h 51660
Vapogee, — 2 = =7.532 km/s
2 Tapogee, 6858

AV = Vapogee, ~ Uperigee; =7-532 =8.2 = -0.6678 km/s
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Problem 6.3
(a)
Orbit 1 (circle):

Orbital Mechanics for Engineering Students Chapter 6

398 600
o =B = 22T =7.726 km/s
7~ V6378 +300

Orbit 2 (transfer ellipse):

_ Tapogee, ~Tperigee, _ (6378 +3000) - (6378 +300)

= = =0.1682
27 Fapogee, *Tperigee, (6378 +3000) + (6378 +300)
_h® 1
rperigeez - T 1+e,
h’ 1 2
6678 = — I, =55760 km?/s
398600 1 +0.1682
55760
Uperigee, — 2 = =8.35 km/s
2 hoerigee, 0678
55760
Vapogee, = L =5.946 km/s
2 Fapogee, 9378
Orbit 3 (circle):

398 600
vy =B = |22 26519 km/s
7~ 6378 +3000

Avy = UperigeeZ

AUZ =03

- zJapogeez

-v; =8.350 -7.726 =0.6244 km/s

=6.519 - 5.946 =0.5734 km/s

Avioal = Avy + Avy =1.198 km/s

(b)
1 1
ay = E(rperig%z + rapogeez) = (6678 +9378) =8028 km/s
27 3/2 27 3/2 . .
T, =—=ua"'" =—==8028""“ =7159 s (period of tranfer ellipse
> Ju /398600 (p pse)

tperigee to apogee

2

T
=2 =3579 s =59.65 m

Problem 6.4 To determine where the projectile B impacts the earth we need the orbital elements.

=7000 km
=71 km/s

Tapogee B
Yapogee B

hg = Tapogee Bvapogee B

. Chg? 1
apogeep g 1+eg

49700% 1

7000 =

3

_2n(_ hg )

398600 1 +ep

=7000-7.1=49700 km?/s

= ep =0.1147

2t [ 49700 \°

Tp

FL\/l‘eBZJ )

= 4952 s (period of B's orbit
3986007 | V1 _0.11472 ) (v )
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Atimpact, 153 = Roarth -

hg® 1
— |Ati ct, 15 =
Rearth = [ 1+egcos ezmpact ( mpa B Rearth)
2
6378 = 49700 ! = Oipacy =104.3° (from perigee of B's elliptical orbit)

398600 1+0.1147 cos 0,

impact

Determine the time of flight (fof ) to impact by first finding #;,,;, the time from perigee to B’s
impact point.

Eimpact _ [1—eg . Oimpact _ [1-0.1147  104.3°
tan 2 1+es tan > ~\1+01la tan 7 = Eimpact =1.708 rad

Mipact = Eimpact =€ S0 Ejyyoer =1.708 ~0.1147 sin1.708 =1.594 rad

M; 1.594
P - 4952 —259 =1257 s (from impact point to perigee)
T

timpact =Tp
Then

4952
tof—— impact =—5— ~1257 =1220 s

Find the orbital elements of spacecraft S trajectory.

Tperigeeg = 7000 km
[ 2u [2-398 600
oo, =130, =13 |—— =13,/[——— =13.97 k
Uperlgees UQSC rperigees 7000 m/s
— 2
s = TperigeegUperigeeg =700013.97 297110 km?/s
_h 1
rperigees - 71 +eg
97110% 1

7000 = eg =2.38

398600 1 +eg

Location of S on its hyperbolic trajectory when B impacts the earth:

u
—3(65 -1
essinhF F=M,

2.38sinh F-F=2131 = F= 1118 Algor1hm32)

+1 +
05 eg+1 _ [238 1, 1118 6 27687
es - 238 1"
971102 1

15 b ~=15360 km
U 1+egcos, " 398600 1 +0.28 c0s76.87

3/2 398 6002 (
P2 = 28600°

) )3/2
My = 3 2.38° -1 -1220 =2.131 rad
97110

R‘

distance =rg —6378 =8978 km

Problem 6.5

(a) For the transfer ellipse
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1 1
@ =3 (rvars * Tearin) =5 (227.9 +149.6) x10° =188.8x10° km

3/2

T=2232 = 2 (1838x108)"% 24473 x10° s = 517.7 days
@ V132.7 x10°

tof = — =258.8 days (tlme of flight from earth to Mars)

(b) Period of Mars in its orbit,
27 3/2 _ 27

Titars = o Mgarss 2 = (2279 x10°)""" =59.34 x10° 5 =686.8 days
JH 132.7 x10°
180°-a _ tof _ 2588

Chapter 6

= = =0.7537
180° Thars 3434
2
a =44.33°
Problem 6.6
rq4 =7000 km 7o =32000 km
e = 0.3
_IB-7A
B + ra
rg —7000
= =13000 km
rg +7000 B
ey = 0.5
e, = D~TC
p *tr1c
-32000
05="D""""% _ . =96000 km
rp +32000

7000 13000
Iy =20 |—AB = 2398600 =60230 km?/s

TA+T g 7000 +13 000

32000 -96 000 5
hy =32u =42 =1 km
2 \/ 398600 | 0+ 9000 ~ 108300 km?/s

7000 -96 000
hy =20 |—AD = [5.398600 |~ =72120 km?%/s

TAtTD 7000 +96 000
. e 1300032000 _ )
hy =2 |2 = 27398600 |——— " =85850 km
N 13000 +32000 &
60230 72120
UAlzh—lz—:8,604km/S Z}A3:h—3:—:10.3km/5
ra 7000 ra 7000
Iy _ 60230 By, 85850
=4633km =l 2P 6 604 km
B T 13000 /s B4 = T 13000 /s
I, 138300 hy, 85850
v, == =———=4323km/s vy == ———=2.683km/s
e 32000 e 32000
138300 72120
UDQ :h_2 = =1.441 kl’n/s UD3 h3 =—=(0.7512 kITI/S
> 96000 96000
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3/2
) =116300 s =32.31 h

_2x (7000 +96 000
/398600 2

_ 2x (13 000 +32000
/398600 2

3/2
) =33590s=9.33 h

(a) Transfer orbit 3:

Avy =04, -0 =10.3 -8.604 =1.699 km/s
Avp = vp, —vpy =1.441-0.7512 =0.6896 km /s
Avyoal = Av g + Avp =2.389 km/s

T, 3232
tofs === =—"-=16.15h
fs = 5
(b) Transfer orbit 4:

Avg = vp, —vp, =6.604 -4.633 =1.971 km/s
Avc = v, —vc, =4.323 -2.683 =1.64 km/s
Avyora) = Avg + Ave =3.611 km/s
T, 933 _

tofs = —=—"—"—=4.665h
0fy 2 2

Chapter 6

Problem 6.7 Orbit 1 is the original circular orbit and orbit 2 is the impact trajectory.

398600
Oa =B = | =7.613 km/s
r V6378 +500
2

k1
rapogeez - u 1—62

[ S 5

6378 +500 = —2— =6878(1 -¢,)
H 1-e H
_h? 1
By =~ —

U 1+eycosOp

hy? 1 hy?
6378 = 2——————— = —2-=6378(1+0.5¢)

u 1+eycos60° u
h _h?
% :% = 6378(1+0.5e;) =6878(1 —¢;) = e, =0.04967

oy =/68781(1-¢,) = 6878 398600 - (1 - 0.04967) =51040 km?/s

(@)
51040
V4, _hp 51040 =7.421km/s
rA 6878

Av =0y, -V 4y =7.421-7.613 =-0.1915km/s

(b) To fall through the point directly below, we must remove completely the transverse component of

velocity:

Av =0-v,y, =-7.613km/s
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Problem 6.8 A is apogee of impact trajectory, I is the
impact point, 4 is the semimajpr axis.

ra = a(l+e)
. 6578 km
ne=-4_1 (1) Al
a spacecraft
From Equation 3.22,

r; = a(l —ecosE)

= a[l—(%—l) cosE}

=(1+cosE)a —714COSE

projectile
&

_T1tra cosE
1+cosE

)

Substitute (2) into (1) to get

T T4 -7
e = A 1= ATl (3)
1 +ry cosE 74 COSE +17
1+cosE

Mean anomaly of the impact point (measured ccw from perigee) is

ot At
T —JT+2Jl’T—fL’+2il’2la3/2 —n+u3/2

Ju

Let f(E) = M —E +esin E. Then Kepler’s equation is f(E) =0.

f(E) =M -E +esinE

t t -7
f(E)=n+{im—E+esinE=n+ \/ﬂ 57 ~E+ 'l GnE
a (1; +1,c0sE\ 1, COSE +7;
\ 1+cosE /

Setting r4 =6578 km, 1 =6378 km, t =30-60 =1800s,

1136400 - 200
(6378 +6578 cosE\*/?  6578cosE +6378

\ 1+cosE )

sin E

f(E)=m+

Graphing f(E) reveals that f(E) =0 at E =5.319 rad. Substituting this into (1) and (2) yields
e =0.01975 a =6451 km

True anomaly of the impact point:

1+ E 1+0.01975 31
tan% = ﬁ tan71 = 12001975 tan > ?; 2 = 0 =303.8° (123.8° cw from apogee)

= pall - ¢2) = 398600 -6451-(1 ~0.019752) = 50700 km?/s
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h 50 700

“r4 6578

1398 600
\/7 578 =7.784km/s velocity of spacecraft in circular orbit.

Av =v, -v, =7.707 -7.784 = -0.07725km/s

=7.707 km/s velocity of projectile at apogee.

Problem 6.9

Tapogee; = 6378 +302 = 6680 km Tperigee; = 6378 +296 = 6674 km

Tapogee, = 6378 +291 = 6669 km Tperigee, = 6378 +259 =6637 km
r3 =6378 +259 = 6637 km

Tapogee, = 6378 +255 = 6633 km Toerigee, = 6378 +194 = 6572 km

T Trors 6674
I =20 \/ aPOgee1+ier1?eel :4/2-3986001/% =51590 km?/s

7’apogeel perigee;

51590
Vaposce. = L =7.723km/s
POl Tapogee, 6680
51590
S =7.730km/s

Uperigee; — -
PEMBEL ™ Frerigee, 6674

T Theri 7
Iy =2 \/ Wogeey DB 1398600100297 _ 51500 km?/s

Tapogee, + Tperigee, 6669 +6637
51500
Vapogee, — L = =7.722 km/s
POB%2  lapogee, 06669
hl 51500
Uperigeez = ’ = =7.759 kl’n/s

perigeey 6637

398 600
vy = B = =7.750 km/s
V6637

£ peri 72
hy =2 \/ OBy PENEs [ 398600, 0000 0572 _ 51300 km? /s

Tapogee, * Tperigee 4 6633 +6572
51300
Vapogee, — hy = =7.734 km/s
POB%4  Tapogee, 6633
hy 51300
Uperigee4 = ’ = =7.806 km/s

perigeey 6572

Apogee of orbit 1 to perigee of orbit 2:

T, Toeri 6637
Iy =20 \/ e P :4/2-3986001/% =51520 km?/s

7’apogeel rperigeez

hp

~ Vapogee,| * ~ Uperigee, | = 7.712 -7.723| +17.762 =7.759| =0.01393 km/s

rperigeez

Perigee of orbit 2 to orbit 3 (tangent):
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4033 = Vperigee, — U3 =7.759 =7.750 =0.009313 km/s

Orbit 3 to perigee of orbit 4:

"3Tperigee, 6572 <6637 2
hay =42 |[—————— =,/2-398600 | —————= =51310 k
34 SNEHL V \ 6572 + 6637 m?/s

+ Tperigee 4

~ Vperigee, | = 7.731 -7.75 +17.807 -7.806| =0.02026 km/s

3

A7234 =
Tperigee 4

Avypa = Avyy + Avgy + Avgy =0.01393 +0.009313 +0.02026 =0.04351 km/s

Problem 6.10 r, =6878 km 13 =7378 km

398600
va = = =7.613km/s
A 6878
6878 7378 )
hy =24 / = 23986002278~ 53570 k
: 6878 +7378 m?/s

hy 53270
YA2 =T 6878
A
hy _ 53270
s 7378

=7.745 km/s

=7.220km/s

'032 =

Alternatively, the energy equation, 02 / 2 —pfr =-p/(2a), implies

so that, since a :(rA +rB)/2 =7128 km,

2 1\ 2 1)
= (22 u= (=2 1) 398600 =7.745 km
v \/(rA a)“ \/\6878 7128) /s

2 1 (2 1)
= _— = —_— =7.220 k
By J( a)“ \/\7378 7128) %000 0 kmys

B

398600
vy = L =7.35km/s
s\ 7378

Av =04y —0 g1 |+ [vp5 - VB, =0.1323 +0.1300 =0.2624 km/s

Problem 6.11

H
UAl :\/:

r(12
hz-\/i r) ~=1359

Va, =hT2 =1.359\/§
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_h U
UBZ —E —01132\/;

Alternatively, using the energy equation,

_r+12r _

[12 - 2 657’
D4y = E_L)p = 1846 =1350 £
rooap r r
2 1 H H
= || -—|u = 0012825 =0.1132, [ E
VB2 (12r ap )Il \/7r r
| u u
= |-E- =0.2887 [E
B3 "\ 127 r

A0 =05 =0 pq|*[0pg — B, :0.3587\@ +0.1754\/g :0.5342\@

Chapter 6

Problem 6.12

_ |u _[2m ﬁ
UAl = , UA2 . 1.414 ,

_|2u _ u [ u
UBB = E =0.4082 ? UB4 = E =0.2887 7

A0 =045 =0 pq |+ [0By —UBs| = 0.4142\@ +0.1196\/g :0.5338\/5

Problem 6.13 7, =r 13 =3r
- = K _ |H
ol [E

by =2p A = o

r(37) _
oo =1.225\ur

Ty trp - r
hy 12254
Vay = i = # =1.225 % (Alternatively, use the energy equation.)
1.225
o, =2 = LEOVHT 0.4082\/E
B 3r T

U [u [u
=v3 = |— =,-— =05774,]—
B3 =93 g 3r 05 r

Av =[v4, =0 |+ |oBs — VB, | = 0.2247\@ +0.1691\/g :0.3938\@ =0.39387,

Problem 6.14 r, =6678 km - =9378 km
(a)

Orbit 1:
398 600
Vg = H =7.726 km/s
ra V6678
Orbit 2:
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B —TA _
== =,
53] +1’A

B -6678
rg + 6678

667812402
Iy =\2u / WB =\2:398600, |~ =58830 km?/s

T 58 830

Y42 7T 6678
A

h, 58830

rg 12402

=0.3 = r3 =12402 km

=8.809 km/s

vp, = =4.743km/s

Orbit 3:

_ Bl _ 12402-9378 P
Iy =\2u | BC = 2398600 | " =65250 km
S s P 12402 +9378 fs

hy _ 65250
rg 12402
hy 65250

B o220 6957k
“C3 T T o378 m/s

v, = =5.261km/s

Orbit 4:

398600
e, = | = =6.519km/s
e\ 9378

Avjoga1 =[0ay =V ag| +|0Bs — VB, | +|vcy — V5| =1.083 +0.5177 +0.4379 =2.039 km/s

(b)
T, = 2T +rp) 2 2 (6678 +12402)3/2 0073
= — = - S
27w\ 2 ) 7 Bose00 2
o2 mre)? oa (12402 +9378)3/2 510
= — - s
’ @\ )~ J398600 2
ttotal = %(T1 + Tz) =10290 s =2.859 hr

Chapter 6

Problem 6.15 r, =7- =7 =15000 km  rg =22000 km  rp =6878 km

(a)
Orbit 1:

398 600
v4) = [ = =5.155km/s
L7\ ra 15000

Orbit 2:

VB =D _ 22000 - 6878
g +1p 22000 + 6878

1o 220006878 2
Iy =\2u / =\2:398600 |~ o< =64630 km? /s

At the maneuvering point A:

=0.5237
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S S
A U 1+eycosfy
646302 1
15000 = 6, =125.1°
398600 1+05237 cos, A
hy 64630
=2 2207 4309k
“a2), =5 = T5000 m/s
398600

.y . -
UA2)r =——epsinfy =

p 0.5237 sin125.1° =2.641 km/s
2

64630

Uy :\/UAZ)J_Z tuay)? =/4.3092 +2.6412 =5.054 km/s

| VAa), a1 2641
1), 4.309

Ay 4 =7ay —Ya =31.51°-0=3151°

YAp =tan” =0.5499 = y4, =31.51°

Avy :\/v AL+ VA, —204,04, COS Ay 4 :\/5.1552 +5.054% —25.1555.054 cos Ay 4 =2.773 km/sT

(b)

Try Hohmann transfer (orbit 3) from point E on orbit 1 to point B on orbit 2.

et 15000 -22 000
hy =21 [—EB— = [2-398600 | ————————— =84320 km?
3N ‘/7\j 15000 +22000 m?/s

"()El = vAl =5.155 km/s

By _ 84320
=B -0 51k
B3 T 15000 m/s
By _ 84320
=5 =T 3833k
B3 T 22000 m/s
hy _ 64630
=2 -2 ) 038k
B2 = T 22000 m/s

A0rotq) =[0E5 = VF, | *[0B, - V5| =0.4665 +0.985 =1.362 km/s

Try Hohmann transfer (orbit 4) from point C on orbit 1 to point D on orbit 2.

— 150006878 _ )
hy =20 | —CD_ = [2.398600 |-~ " =61310 k
SRR S P 15000 + 6878 m?/s

vcy =04, =5.155km/s

hy, 61310
=l 20 4088k
“Ca = T 15000 m/s
hy, 61310
=020 —89l4k
"D T " 6878 m/s
Iy 64630
=2 - =9397 k
“Ds T 6878 m/s

A0potal =[ocy —ve, |+ oD, ~vpy|=1.067 +0.4824 =1.55km/s

This is larger than the total computed above; thus for minimum Hohmann transfer

Av =1.362km/s
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Problem 6.16

Orbit 1:
Tperigee, = 6378 +1270 =7648 km

Uperigee; = 9km/s

_ _ _ 2
hl - rperigeel Uperigeel =7648-9 =68832 km / S

b1
rperigeel - 7 L+e
688322 1

7648 = = ¢ =0.5542

398600 1 +e;

At the maneuver point, 8 =100°.

_m® 1 68832° 1
U 1+egcos@ 398600 1+0.5542 cos100°
Iy _ 68832

=M 29997 ooy
Y117 T 13150 m/s

=13150 km

u o 398 600
v, =-—e;sinf =

0.5542 5in100° =3.16 km
Ty 68832 s /s

0 = \/vlf +ovp,% = V52342 +3.16% =6.114 km/s
Ulr

3.16
Y1 = tan! — =tan!

=31.13
v, 5.234

Orbit 2:
€n =04
k1
U 1+eycosO
hy? 1

398600 1+ 0.4 cos100°
hy 69840
r 13150

13150 = — I =69840km?/s

vy, =5.311km/s

U . 398 600
vy, = Eez sinf = 69840

0.4sin100° =2.248 km/s

vy = \/ vy 240y 2 = V53112 +2.2482 =5767 km/s

v
1 21, :tan_l 2248
vy, 5.767
Ay =y, -y =22.94° -31.13° = -8.181°

yo =tan” =22.94°

Chapter 6

Av = \/ 02 + 0,2 ~20,0 cos Ay =6.1142 +5.767% —2-6.114 -5.767 cos(-8.181) =0.9155km/s

Problem 6.17
ry =12756 km v, =6.5992 km  y 4 =20°

Orbit 1:
VA, =U4008Y 4 =6.5992c0s20° = 6.20122 km/s

oy =140, =12756-6.20122 =79102.8 km? /s
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V4, SU48INY 4 =6.5992 -5in 20° =2.25706 km/s

va, =£el sinf 4
Iy

398600 . .
2.25706 = 791008 1 S0 04 = egsinfy =0.447917

G S
U 1+epcosby

79102.8° 1
= ey cosf,y =0.230641
398600 1+e;cosy

A

12756 =

e (sin? 0,4 +cos? 0,4) =0.447 9172 +0.230 6412
e;2 =0.253825 = ¢; =0.50381

0.447 917

s.sin QA :m =0.889058 = HA =62.7552° or BA =117.235°

Since cosf, >0, 6,4 =62.7552°.

2 2
79102.8
15 = L L = L =27848.9 km
M 1+ejcosfp, 398600 1+0.50381cos150°
79102.8
vg, ), = by (1028 ) 84043 ks
1 g 278489
398 600

UBr)1 = %el sinfp, = -0.503 81 -sin150° =1.269 45 km/s

79102.8

Orbit 2:
Avg | =0.75820km/s

r.vp,), =0, ), +4vp, =2.84043+0.75820 =3.59863 km/s

hy =15op, ), =27 8489359863 =100218 km /s

AUBr =0
:.0p,), =vp,), +Avg, =1.26945+0=1.26945 km/s

H .
v =—eysinf

398600

1.26945= - ="y sinbly, = ¢, sinfy, =0.319146

Lot 1
B M 1+epcosp,

1002182 1

278489 = 05, = -0.0952166
398600 1+eycosly, 2 0 B2
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e, (sin? 65, +cos” 05, ) = 0.3191467 +(~0.095216 6

ey? =0.110921
ey =0.333048

0.319146
0.333 048
Since cosfp, <0, g, =106.612°.

~.sinfp, = =0.958261 = 6p, =73.3877° or 106.612°

A6 =150 -106.612° =43.3877°

That is, the apse line is rotated 43.387 7° ccw from that of orbit 1.

Chapter 6

Problem 6.18

n=n
S T 1
[ 1+ecos® p 1+ecos(n-0)

cosf = cos(n - 9)

LO0=n-0 = 20=n = 822

Problem 6.19
Orbit 1:
_
=TT
u l+e
Orbit 2:
B M 1+ecos90° u

2 2
W W 1 = Iy
u u l+e J1+e
Problem 6.20
At A:
12
r=—
u

Uy = %esin90° Z%e
Vyy = %esin(—90°) = —%e
h

V=05, =
s Avg =0

r

AV, =0y Uy = —Z%e
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a0 =|ao, | =2

Problem 6.21 For the circular orbit of the space station,

398 600
r=6728 km o, :\/E = | 27697 km/s T, =222 =2 (7832 25490 s~ 9154 m
r -V 6728 Ju /398600

(a) The time required for spacecraft A to reach the space station is the time it takes for the space
station to fly around to the original position of spacecraft A.

- 2716728 - 600
boq =T, 272000 _ 5495 27 =5414 5 =90.2 min
2 276728

The time required for spacecraft B to reach the space station is the time it takes for the space station to
fly around to the original position of spacecraft B.

2 + 2776728 +600
tpg =T, 22016000 _ 540,27 = 5570 s = 92.8 min
2 276728

(b)

The period of spacecraft A’s phasing orbit, is tg,4, which determines the semimajor axis of that orbit:

2

J398600 4

Spacecraft A is at the apogee of its phasing orbit. From the energy equation

2 1 [ 2 1)
= |y = -—| =.,[398600] ——— - ——1 =7.660km
A \/’”’ (r aA) \/ 600\ 6728 ~666a) =0 /s

32 5 4, =6664 km

The delta-v required to drop into the phasing orbit is
Av 4 =04 -0, =7.660 7.697 = -0.03694 km/s

Spacecraft A must therefore slow down in order to speed up (i.e., catch the space station). After one
circuit of its phasing orbit, this delta-v must be added in order to rejoin the circular orbit. Thus

AV 7y = 2|80 4| =0.07388 km/s

The period of spacecraft B’s phasing orbit, is tgg, which determines the semimajor axis of that
orbit:

27

1398600 ¢

Spacecraft B is at the perigee of its phasing orbit. From the energy equation

2 1 (2 1)
= 2 -1) = 398600 = -~ ) =7733Kk
“B \/“(r aB) \/9 %00\ 6728 ~ 6701/ m/s

32 = 4y =6791 km

The prograde delta-v required to enter the phasing orbit is
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Avg = v —v, =7.733 =7.697 = +0.03576 km/s

Spacecraft B must therefore speed up in order to slow down (i.e, allow the space station to catch up).
After one circuit of its phasing orbit, this delta-v must be subtracted in order to rejoin the circular
orbit. Thus

Avg, 1 =2|Avg|=0.07153 km/s

Problem 6.22

T

Tphasing = E

2w 32 _ 127 3p

N 2 Ju

32 = 173/2
2
2/3
a:/lr3/2\ = 1=0.63r

\2° )

Problem 6.23 r, =13000 km  rp =8000 km

Orbit 1:

+
a = A7 210500 km
2

ey = AP —(2381
ra +7’p

Iy = (1 +e)rp =/398600(1 +0.2381)-8000 =62830 km?2/s

21 3/2 2w 3/2
T =——a =—=10500 =10710 s
Y /398600
Time of flight from P to C:

1- [1-0.2381 °
Ec = tan_l( =4 tan H—C\ :tan_l( 1-0.2381 tan 30 ) =0.4144 rad
Wive, 2 1+02381 2

Mc = Ec —e; sin Ec =0.4144 —0.23815sin 0.4144 = 0.3185 rad
_ Mc . _03185

tc ——-10710 =542.8 s
2w 2w

Time of flight from P to D:

1- [1-0.2381 °
Ep = tan_l( -4 tanG—D\ = tan_l( 1-0.2381 tanﬂ) =1.330 rad
Wive, 2 1+02381 2

Mp =Ep —e;sinE; =1.330 -0.2381sin1.330 =1.099 rad

tp = %T =@'10710 =1873 s
27 27
Time of flight from C to D:

tcp =tp —tc =1873 -542.8 =1330 s

To determine the trajectory from P to D is Lambert’s problem. Note that
_hy? 1 628307 1

D=— = —=9905 km
U 1+eycosfp 398600 1+0.2381cos90
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so that in perifocal coordinates

rp =8000p km 1, =9905§ km

Note as well, that on orbit 1,

. % e st - 36928863000 [~ sin0p +(0.2381 + cos0)4]
=7.854§ (km/s)

Vp1 = % [_ sin Opp + (e +cos 91))6[] - % [-sin90°p + (02381 + cos 900)61]
= -6.344p +1.5104 (km/s)

The following MATLAB script calls upon Algorithm 5.2, implemented as the M-function lambert in
Appendix D.11, to solve Lamberts’ problem for the velocities on orbit 2 at P and D. The output to the
MATLAB Command Window is listed afterwards.

% Problem 6_23

0 ~~~~~~~~~~—~~

%

% Thi s program uses Algorithmb5.2 to solve Lanbert's problemfor the
% data of in Problem6.23.

% deg - factor for converting between degrees and radi ans
% pi - 3.1415926. ..

% mu - gravitational paraneter (kmt3/s”2)

%rl, r2 - initial and final radii (km

% dt - time between rl and r2 (s)

% dtheta - change in true anonmaly during dt (degrees)
% Rl, R2 - initial and final position vectors (km

% string = 'pro" if the orbit is prograde

% = 'retro if the orbit is retrograde

% V1, V2 - initial and final velocity vectors (kms)

% User M function required: |anbert
0/0 ___________________________________________________________

cl ear

gl obal mu

mu = 398600; %KM 3/ s"2

deg = pi/180;

ri = 8000; %&m

r2 = 9905; %&m

dt = 1330; Y%sec

dt heta = 90; %degr ees

RL =[r1 0 O0];

R2 = [r2*cos(dt heta*deg) r2*sin(dtheta*deg) 0];

% ..Algorithm5. 2:

string = "pro';

[V1 V2] = lanbert(Rl, R2, dt, string);

% ..Echo the input data and output results to the command w ndow:
fprintf( \nN------mmomm e ")
fprintf('\n Problem6.23: Lanbert''s Problemn')

fprintf('\n Input data:\n');
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fprintf('\n Gravitational parameter (km3/s”2) = %g\n', m)
fprintf('\n Radius 1 (km %', rl)
fprintf('\n Position vector R1 (km (%@ % %Y%]\n',...
(1), RL(2), RI(3))
%', r2)

(9@ % %Y%]\n',...
R2(1), R2(2), R2(3))
%', dt)

%', dtheta)

fprintf('\n Radi us 2 (km
fprintf('\n Position vector R2 (km

Inn E Inn

fprintf('\n El apsed tine (s)
fprintf('\n Change in true anonmaly (deg)

fprintf('\n\n Solution:\n")
fprintf('\n Velocity vector V1 (kmis) =[% % %]'.,...

VI(1), VI(2), VI(3)
fprintf('\n Velocity vector V2 (kmis) =[% % %]'.,...

V2(1), V2(2), V2(3))
TR G N 1 T T \n')

Probl em 6. 23: Lanbert's Probl em
I nput dat a:

Gravitational paraneter (kmt3/s”2) = 398600

Radius 1 (km = 8000
Position vector RL (km = [8000 0O O]
Radi us 2 (km 9905

Position vector R2 (km [-0 9905 O]

1330
90

El apsed time (s)
Change in true anonaly (deg)

Sol uti on:

Vel ocity vector V1 (km's) [-2.53168 9.57638 0]
Vel ocity vector V2 (knis) 7.73458 4.37347 0]

Vpy = -2.532p +9.5764 (km/s)
Vi = -7.734p +4.3734 (km/s)

AVp =Vpy ~Vpy =(-2.532p +9.5764) - 7.8544 = ~2.532p +1.7224 (km/s)

|avp] = (25327 +1722% =3.062 (km/s)

AV =V, -V =(-7.734p +4.3734) - (-6.344p +1.510q) = -1.391p + 2.8634 (km/s)

|avp| = J(C1391)% +2.8632 =3.183 (km/s)

Avtora = |Avp| +[Avp| =3.062 +3.183 =6.245km/s

Problem 6.24

= alt —e2) = /39860015000 (1 ~0.52) =66960 km?2/5
> 1 _ 669607 1

- = = =7851 k
Tascending node =~ "1 06(Ze)) ~ 398600 1+0.5c0s(~30°) m
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1> 1 _ 669607 1

. =T = =19840 k
"descending node =~ "7 6Ty +77) | 398600 1 +0.5c08(-30° +180°) m

Rotate the orbital plane 10 degrees around the node line. That means hold v, fixed and rotate v, 10
degrees. For minimum delta-v, do this maneuver at the furthest distance from the focus (at the
descending node, rather than the ascending node).

h _ 66960
rdescending node 19840

v, = =3.375km/s

o

Ai 10
Av =20, sin—-=2-3.375-sin > =0.5883 km/s

(Note: if the maneuver is done at the ascending node,

h 66960
UL = = =8.53km/s
rascending node 7851
A . 10°
v =20, sin—-=2-853-sin— - =1487 km/s

Over twice the delta-v requirement.)

Problem 6.25 For the circular orbit

398 600
o= E= =7.668 km/s
r \ 6778

Assume the maneuver is done at apogee of the ellipse (orbit 2).

ht 1
H 1-e
B: 1 )
6778 = —2 ———— = h, =36750km?/s
398600 1-0.5

Then
2 1 36750% 1

e =2 = =259 k
Tperigee =7 T, T 398600 1+0.5 m

which is inside the earth. So the maneuver cannot occur at apogee. Assume it occurs at perigee.

o1
H 1+ep
B 1 2
6778 = —2 — I, =63660km?/s
398600 1+0.5
63660
vy _hp 63600 _ g 4o /s
r 6778

Av = \/ 02 +0,% ~ 2010, 088 =V7.6682 +9.3922 ~27.668-9.392 cosd =3.414 km/s
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Problem 6.26
” o1 60000 1
=— = =12900 k
Tapogee =7 "1 e T 398600 1-0.3 m
60000
Vapogee = L =———=465km/s
Tapogee 12900
.0 0°
AV = 20,506ee SIN 5= =6.577 km/s
Problem 6.27
u
OB = .
1 ro
B2 1 h? 1 hy?
To = 2 2 = 2 :>h2=\//-17'0

u 1+ecosf 7, 1+0.25cos(-90°) U

v I’lz = Hro = ﬁ

Bz ™ To To To
vg,. = ﬂez sinf = £ -0.25-sin(-90°) = -0.25 £
2 h2 urg rD

2 2
vBrz vBr1 +vBLl +tup,, —ZUBllvBlzcosé

2 2
025 ﬁ-o +F +F -2FFcos(—90°)
O rO rO ro rO

Av =

00625 Hy “ +H g
rO
206252
7/'0
Av=1436 | &
rO

Problem 6.28 The initial and target orbits are “1” and “2”, respectively, and “3” is the transfer

orbit.

1 =6678 km

398600
v = B 2228 _7 76 km/s
n o\ 6678

rn =6978 km

398600
=7.558 km/s
6978
_n ;rz _6678;6978 6808 km

2 1 (2 1)
. = ——-—| =./398600 —— - —— =7.810km
Uperigeey \/ “( P ) \/ \6678 ~ 6828 /s

2 1 (2 1)
= |y = -2 = 398600 ——— ———) =7.474km
Vapogees \/“( a3) \/ \ 6978 ~ 6828/ /s

n
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(a)

. A
Av = (Uperigee3 - z71) + (UZ - vapogee3) +2-vy sin o

o

=(7.810 -7.726) + (7.558 —7.474) +2 -7.558 sin 23
= 0.0844 +0.08348 +2.625 =2.793 km/s

(b)
— 2 2 .
Av = (vperigee3 - Ul) + \/Uapogee3 touy” - 22Japogee302 cos Ai
=(7.810 -7.726) + \/7.4742 +7.5882 ~2-7.474 7558 c0s 20°
=0.0844 +2.612 =2.696 km/s
©)

— 2 2 .
Av = \/Uperigeeg) to” - 2Uperigeebg) vy cos A + (UZ - Uapogee3)

= \/7.812 +7.726% —2-7.81-7.726 c0s20° + (7.558 —7.474)
=2.699 +0.08348 =2.783 km/s

Chapter 6

Problem 6.29 Design problem.

Problem 6.30
p——
Cos ¢
116.57°
(@ A=sin! (%) = sin~1(-0.5088) =329.4°
COS 40.
(b) A=sin™' (%) =sin™(-0.5427) =327.1°
COS v4.
116.57°
© A=sin’! (%) =sin~1(-0.4493) =333.3°
COS v4.
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Problem 7.1

i=0l+J+0K

= (6378 +250)K = 6628K ( km)

1. [398600,
= [Hj=- = _7.754 92 (km
VB rBJ 6628 J (kms)

2 2
%5 g = - 775" R = 0,009 073 45K (km?/s)

BT T T 2
= (6378 +300)K = 6678] ( km)
K=- [228000¢ 7.72584K (km/s)
6678
< 7.755% 2
=_ YA §=_ = -0.008 938 08] (km
aa rAI o625 ) i)
_V4s_ 77265
Q= ZI g 1= 0.001156 911 (rad/s)
Qxyz = 0
I, =15 -1, = -6678) +6628K ( km)
01 0]( 0 6678
{ rel}xyz [Q]Xx{ VCI}XYZ =0 0 1],-6678 =, 6628
1 0 0f]6628 0
r,,; = -66781 +6628j( km)

VB = VA T, X1 TV,
~7.75492] = 7.72584K +(0.001 156 91) x (~6678] + 6628K) + v,,,
~7.75492] = 7.725 84K +(-7.667 99] - 7.725 84K ) + v .,
v, =-0.086 931 6] (km/s)

010 0 -0.086 931 6
{Vrel}xyz:[Q]xX{"rez}Xyz: 0 0 1/-0.0869316!= 0
1 00 0 0
v, = -0.0869316i (km/s)

ag=ay+ sllxyz XTpop + Qxyz x (Qxyz x rrel) + 29xyz X Vel +
~0.009 073 45K = ~0.008 983 08] +0 +(0.001 156 911) x [ (0.001 156 91) (66757 + 628K |
+2[(0.001 156 91)  (~0.086 931 6)] +
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~0.009 073 45K = -8.93808(107)§ + 0+ [1.15691(102)1] x (7.66799] - 7.725 84K
+2[-0.000100 572K ] +a,,,

~0.009 073 45K = -8.93808 (1073 )j +0+(0.008938.08] - 0.00887116K )
+2(-0.000100572K) +a,,,

-0.009 073 45K = -0.009 072 31K +a,,;

2,y = -1.14018 x 10K (km//s?)

010 0 0
{arel}xyz=[Q]XX{amz}XYZ= 001 0 =1-1.14018 x107°
1 0 0]{-1.14018x107® 0

2,y = -114018 x107} (km/s2)

Chapter 7

Problem 7.2

L. [398600- A
= [H5=_ — 7,058 68} (km
VAT, 8000 j (k)
. [398600% X
= [Hj=— P22 = 7546 05) (km
VBT, 7000 ) j(kam/s)

vy 7.05868 - :
=Ak= k = 0.000882335k (rad
Pz =7 8000 (racs)

s-lxyz =0

I, =Tp—T, = ~1000i (km)

VB = VA + ), XLy +V
7.546 05 = 7.058 68§ + (0.000 882335k ) x (~10001 ) + v,,,
7.546 05 = 7.058 68 — 0.882335] + v .
v, =1.36970j (km/s)

2 2
a, =24 3= TUBO8 & 4 006228 123 (km/s?)
A 8000
2 2
ap=-2B = 7280075 4008134 693 (km/s?)
s 7000

ag=ay+ Qxyz XL + Qxyz X (Qxyz X rrel) + 29xyz X Vi Ty

~0.008 134 693 = ~0.006 228 121 +0 +(0.000882 335k ) x [(0.000 852335k x (10001 ]
+2(0.000882335k) x (1.36970j) +a,
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~0.008 134 691 = ~0.006 228 12i +(0.000882 335k ) x (-0.882 335}
+2(-0.001 208 541) +a,,

0.008 134 69i = -0.006 228 12i +0.000778 516k
~0.002 417 07i +a,,,

-0.008 134 69i = -0.007 866 68i +a,,
a,,; = -0.000 268 012i (km/s2)

Problem 7.3 r=r, +6r
(a)
[(ro +6r r +¢Sr)]1/2

= (ro r, +2r,-0r +or- 61‘)1/2
(roz +2r,-Or +6r2) i

5 1/2
2r,-0r (6r
=7,|1+ +|—
0 72 7
o

0
Keep only terms of the first order in 6r:

21,6
r=r,[1+ rozr
rO

1/2

1/4

Al :\/5(1 + zr:éar)

0

By means of the binomial theorem,

12r -Or 1r -Or
I

0

11'0 -Or

~.Olér) = PRa
0

(b)
=3i+4j+5k Or=0.01i-0.01j+0.03k (& =0.0331662)

—(2+a2+52) " =707107

rU
Jr, =2.65915

¥ 3i+4j +5k)-(0.01i - 0.01j +0.03k .
o(sr) =L r:l( i+4j+5k)-(001i J ):10140000:0.00372281

0

r =3.01i +3.99j +5.03k

1/2
r=(3.012 +3.992 +5.032) " =7.09092
Jr =2.66288
r =Jr, =0.003729 58
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|(I ~ro) - O(c‘ir)| _|0.003 729 58 -0.003 722 81|
100 = .
| =g | | 0.003 729 58 |

Thus, O(r) is within 0.2% of 7 -1,

100 =0.181 565%

(© or=i-j+3k (or=331662, or/r, =469x10")

1 (3§+4}+51A<)-(§—§+31A<)
2,327 2 7.071073/2

0

-1 1 . 0.372 281
218.80300

_1x,-6r _

0(sr)

r=r, +0r =4§+3§+81A<
r=(a2 +32 +82)"% 29433 98
Jr =3.07148

Nr =Jr, =0.412331

(Vr-\r,)-0(n)|  oa12331-0372281)
I |-100 oA | 0=971 08%

In this case O(r) is a poor approximation, exceeding Vr - \/a by almost 10 percent.

Chapter 7

Problem 7.4 For e <<1:

_ a(l —ez)
" 1+ecosh
a(l —ez)(l —ecosh)

I

3

a(l —ecos6) —ae? +ae cosh

a(l —e cosB)

I

Problem 7.5 %+9x=10

X = Asin3t+Bcos3t+1?0
x =3Acos3t - 3Bsin 3t

At t =0, x=5:

1
5= Asin(0) + Bcos(0) + ?0

5:B+E
9

e
9

At t=0,x=-3:

35
-3=3Acos(0) -3 -?sin(O)

-3 =3A
A=-1
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Thus

x:—sirh°>t‘+§cos3t+1—O
9 9

x= —3cos3t—3?5$in3t

At t=1.2:

=_sin(3-1.2) +%5cos(3-1.2) +% =_-1.934

x=-3cos(3:1.2) - %sm(s-l.z) =7.853

Chapter 7

Problem 7.6

¥+10x+2y =0
y+3x=0

Initial conditions (at £+ =0):

.X'O =1
Xg =-3
Yo =2
Yo =4
From (2)
dg.
Z(y+3x)=0
71 0+3%)

Y +3x = const
y+3x =1y +3xy=4+3-1=7
y=7-3x

Substitute (7) into (1):

¥+10x+2(7-3x)=0
Xx+4x=-14

General solution:

x = Asin2t + Bcos2t —%
x =2Acos2t - 2Bsin 2t

Evaluating (8) at + =0 and using (3),

1 = Asin(0) + Bcos(0) - %

1=B-7
2

B=2
2

Evaluating (9) at t =0 and using (4),
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-3 =2Acos(0) -2Bsin(0)

a=-2
2

With (10) and (11), (8) becomes
X = —ésin2t +2cos2t —Z
2 2 2
Substituting (12) into (7) yields
. 7
y= 7—3(—§sin2t+2cos2t——)
2 2 2
. 27
v zgsinZt——C052t+§
2 2 2
Then
9 27 35
y= —Zcos2t —ZsinZt +7t +C

Evaluating (14) at + =0 and using (5), we get

2= —%cos(O) —%sin(O) +32—5(0) +C
2=——+_C

17
=y

Substituting this into (14) yields

9 27 . 35 17
y=-—cos2t ——sin2t +—t+—
4 4 2 4

At t =5, (12) and (14) yield, respectively,

x = —isin(Z -5) +2cos(2 -5) s —6.460
2 2 2 —

Chapter 7

(11)

(12)

(13)

(14)

(15)

(16)

9 27 35 17
y=—Zcos(2‘5)—Zsin(2'5)+7-5+z=97.31
Problem 7.7
27 -1
= =0.0011636
"90-60 s
t=15-60 =900 s
4-3cosnt 0 0 2.5 0 0
[@.(t)] =|6(sinnt-nt) 1 0 |=|-1.087 1 0
0 0 cosnt 0 0 05
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1 2

—sin nt —(1 —Cos nt) 0
n n

[q)rv (t)] =

%(cosnt—l) %(4sin nt —3nt) 0

Orbital Mechanics for Engineering Students

74429 85944 0
=(-859.44 1 0

1 0 0 05
0 0 —sin nt
n
1 0
{orp} =Jol (km)  {ovo} =J0.01! (kmy/s)
0 0
{or} =@ (1)|{oro} + [ @y (1)[{ovo}
{or} =@, (1) [{oro} +[@r (1)[{6vo}
25 0 0](1] [74429 85944 0]f 0
=|-1087 1 o0 [lol+|-85944 1 0 [Jo.01
0 0 05]|0 0 0 05[]0
25 8.5944
=-1.087+12.7718
0 0
11.094
= ]1.6847
0
lorl =11.222 km
Problem 7.8
\f 398600 =7.7714 km/s
\ 6600
v 77714
= =0.001177 5 s
T _2—” =5446.1 s
n
=L 217787 s
3
4-3cosnt 0 0 5.5 0 0
[@.(t)] =|6(sinnt-nt) 1 0 |=]-73702 1 0
0 0 cosnt 0 0 -05
lsin nt %(1 —cos nt) 0
n n 73549 25478 0
[@, ()] = %(cosnt—l) %(4sinnt—3nt) 0 |=|-25478 -23942 0
1 0 0 73549
0 0 —sin nt
n .
3nsinnt 0 0 0.0030592 0 0
[@..(f)] =|6n(cosnt-1) 0 0 |=|-0010597 0 0
0 0 -nsinnt 0 0 -0.0010197
[ cosnt  2sinut 0 05 17321 0
[@,,(t)] =|-2sinnt 4cosnt-3 0 |=|-17321 -5 0
0 0 cos nt 0 0 -0.5

122



Solutions Manual Orbital Mechanics for Engineering Students Chapter 7

{6rf rO +[<I>rv]
0 55 0 |(1) [73549 25478 0
ol=|-73702 1 0 |l1l+|-25478 23942 0 [{ovy*}
0 0 -05|[1 0 73549
73549 25478 0 55 0 0 |(1] [-55
5478 23942 0 {ovgtt=-|-73702 1 0 |11l =]es702
735.49 0o o0 -o5(1] | 05
73549 25478 0 | [ -55) ([-0.00064734
{ovg*} =|-2547.8 23042 0 | Jeszo2|=] -00019718 |(kmys)
0 73549 | 05 | |0.00067982
~0.00064734) [ 0 | [-0.00064734
{av;} ={ovo*} ~{ovo~} =1 00019718 L= 0 =1 -0.0019718 | (km/s)
000067982 | 0.005| | -0.0043202

Av; =||Avq||=0.0047928 km/s

{ov,7} =[@u (o} +[ vy J{ov'}

0.0030592 0 0 1 -05 17321 0 ]{-0.000647 34

{6vf'}: -0.010597 0 0 1l+[-17321 -5 0 |} -0.0019718
0 0 -0.0010197 ||1 0 0  -0.5]| 0.00067982

0.0030592 ~0.0030917
{esvf‘}: ~0.010597 L+] 0.01098

-0.0010197 |  |-0.00033991

~0.00003248
{6v f‘} =10.00038312 | (km/s)

-0.0013596

0
{6vf+} =10

0

0] (-0.00003248) [ 0.00003248

{AV2}2{5Vf+}—{5Vf_}: 01-10.00038312 | =1-0.00038312} (km/s)

0| |-0.0013596 0.0013596
Avy =||Av,[=0.001413 km/s

Vol = Avp + Avy =0.0047928 +0.001413 =0.0062058 km/s =6.206 m/s

Problem 7.9

-To
t=5
2n
nt = =
Ty
4-3cosnt 0 0 7 0 0
[@.(t)] =|6(sinnt-nt) 1 0 |=|-6x 1 0
0 0 cosnt 0O 0 -1
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lsinmf E(1—(:osnt) 0 0 4 0
2 ! 1 " 4 gn
[<I>rv(t)] = ;(cosnt—l) ;(4sinnt—3nt) 0 ol 0
0 0 lsinmf 0 0 0
n o L
3nsinnt 0 0 [0 00
[@..(f)] =|6n(cosnt-1) 0 0 [=]|-12n 0 0
0 0 -nsinnt i 0 0 0
cos nt 2sin nt o] [-1 0 o0
[@.,(t)] =|-2sinnt 4cosnt-3 0 |=|0 -7 0
0 0 cosnt | 0o 0 -1
(a)
{6rf} = [q)rr]{érO} * [(I)rV]{‘SVOJr}
o X 0
00 [7 0 0] . ! 0
0f=|-6z 1 0 [joyof+|-— _7”0 09
0 0 0 -1f|o0 0 o o0ll0
480,
0 76p 31160
0l=1-6r8p+dyy L +1- ”n 0
0 0 0
75p+%
n 0
‘-6n5p-3”5”0 +oyo [=10
0 0
75p+4&’0 =0 = (SUO:—Znép
n 4
3 7 3
Sy =670p +7”(-Znap) = aop
0
{6v0+}: —Zvép
0
(b)
{6Vf_} =[<I)vr]{6r0} +[¢VV]{6V0+}
0 00 359 -1 0 0] 0
{ov,}=[-12n 0 0 Swopr+ 0 7 0 |1-Zoop
0 0 0 0 0 0 -1 0
0 490 1 0 1 0(3
3 = i == = _Q
{6vf }— -12nép L + n ndp 4n5p 2Ty
0 0 0 0
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J
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Chapter 7

0
Problem 7.10
27
nt =2mw n=——-
T
4-3cosnt 0 0 1 00
[@.(t)] =|6(sinnt-nt) 1 0 |=|-127
0 0 cosnt 0 01
1 . 2 ]
) ;sm nt 1 ;(1 —CoS nt) 0 0 (6)
. T
[<I>rv(t)] = ;(cosnt—l) ;(4smnt—3nt) 0 =10 sy
0 0 lsinniﬁ 0 0
n o
3nsinnt 0 0 (0 0 0
[@..(t)] =|6n(cosnt-1) 0 0 [=]o 0 0
0 0 -msinnt _O 00
cos nt 2sin nt 0] [t oo
[@.,(t)] =|-2sinnt 4cosnt-3 0 |=[0 1 0
0 0 Cosnt_ 0 0 1
{5rf} = [q)rr]{érO} * [(I)rV]{‘SVOJr}
0 1 0 0]f0 0 0 0ffou,”
(¥4 +
0b=|-12x 1 0[Jdyo(+[0 === 0|10
0 0 0 1|0 0 0 0 0
0 0 6 %z; "
0l=Joyyl+{- ”no
0 0 0
0 0
600y "+ +_ ndyg
01 =1%o - n = %o = 61
0 0

Thus, assuming a Hohmann transfer, 6u0+ =0,

0
{(5V0+} = %

0
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0 0 0
(v} ={ovg} ~{ovy } = "2 Lo < 7000
0 0 0
a0y = vy | =220
fov 7} =@ ion) +[on fovo )
0 0 0]f0 0
{ovirh=[o 0 oflayot+|o ”gﬂ
00 0flo0 o
0
{ovi}= ”fj’;
0
0 0 0
{sz}:{évf }_{5Vf }: ol_ n(iyro - _ngz()
0 0 0

9o , "OYo _ 1Yo _ 28yg

Avtotal = Avl + AUZ =

n
6 6 3r 3T

Chapter 7

e —
Y0
Problem 7.11
27 -1
= =0.00087266
"= 23600 °
t =30-60 =1800 s
JT
nt=—
2
4-3cosnt 0 0 4 00
[@.(t)] =|6(sinnt-nt) 1 0 |=[-3425 1 0
0 0 cosnt 0 00
lsin nt E(1 —Cos nt) 0
S L 1146 2292
[@(t)] =|=(cosnt-1) —(4sinnt-3nt) 0 |=|-2292 -8163
n n
1 0 0
0 0 —sin nt
n R
3nsinnt 0 0 0.002618 0 0
[@..(f)] =|6n(cosnt-1) 0 0 | =|-0.005236 0 0
0 0 -nsinnt 0 0 -0.0008727

126
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cos nt 2sin nt 0 0 2 0
[@,(f)] =|-2sinnt 4cosnt-3 0 |=|-2 -3 0
0 0 cos nt 0 0 O
{6rf} = [q)rr]{érO} * [(I)rV]{‘SVOJr}

4 0 0|f0 1146 2292 0 0

{0/} =|-3425 1 Ol{6}+|-2292 8163 0 |!-0.003
0 0 0|0 0 0 1146 0

0] (-6.875] (-6.875
{(Srf}: 6l+12449 | =) 8.449 |(km)
0 0 0

||5rf|| =10.89 km

fov 1} =@ Joro} + [y, Jowo ")

0.002618 0 0 0 0 2 0]f o
{6vf}: -0.005236 0 0 6l+[-2 -3 0[/-0.003
0 0 -0.0008727 (0 0 0 0l| o

0] (-0.006) (0] [-0.006
{ovs} =101+10.009 t=10{+]0.009 t(km/s)
0 0 0 0

|ov | =0.01082 km/s

y (km) _
- 0
8 6 4 2
1 -2
1 4
- 6
t =30 min

Chapter 7

Problem 7.12 Use C-W frame attached to original location of satellite in GEO.

2
21+
= 365.26 _y 997 x1075 571
24 -3600

First determine the relative position and velocity after two hours.

t=2-3600 =7200 s
nt =0.1671x
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[@ ()] :[ 4-3cosnt 0]:[ 1404 0]

6(sinnt -nt) 1| [-0.1427 1
[ ( )] %sin nt %(1 —cos nt)
D (t)| =
Y _%(cosnt—l) %(4sinnt—3nt)_
[ 3nsinnt 0] _[1097x107° 0
[#u:()] - 6n(cosnt-1) 0 _[_5,893x10‘5 0

Orbital Mechanics for Engineering Students

[ 6874 3694
"~ |-3694 5895

cos nt 2sin nt 0.8653 1.002
[ 1] - =] |

-2sinnt 4cosnt -3
{6 [(I)rr] 6r0 [(I)rv] 5"0

1.002 0.4612

1404 0](0) [6874 3694 (o]
—0.1427 1[10[ " |-3694 5895[°V0

694 5895 10

0]
e susf) =}

6874 369417'((-10]\ _[-0.00177
{ovo} = [3694 5895} L{lo })"{0.000587}(km/s)

{5"2_} =[@y, {oro} + [®yy J{ovo}

{5v _} 10.97 x107° 0|0 , [0-8653
2 -5893x1075 0]]0[ [-1.002
{6V2_}

{—0.000 9434
Initiate rendezvous with the origin.

0.002 045 } (km/s)

t=6-3600 =21600 s
nt =0.5014n~

[<I>rr] 5r2 [d)rv]{5v2+}

[

13710 27540}{5 +} [4.013 OH
14 =

-27 540 -9947

13710 27 540 {6 +}_ 40.13
27540 —9947 [\72 1 714451

13710 27540

[—27 540 -9947

1-3451 1

1.002 ](-0.00177
0.4612110.000 587

}{5V2+}

-10
10

vy} = 13710 2754017 [40.13 ) _ [0.001329 .
[-27540 -9947} {—44.51}"{0.0007954} (km/s)
{6‘7 } <I)vr 51'0 [(I’VV]{@VZ }

-10 N -0.0043 2 0.001329
10 -2 -3.0171]0.0007954

0.0004394 0

5V _ [-0.002188]
6 171 0.004394

B [ 0.0002188 0

0.001585 ) _ (-0.
-0.005057 [

000602 5

~0.000 663 } (km/s)
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0.0007954
Avy =||Av,[=0.002593 km/s

{AV6} _ {6v6+} —{6v6_} _ {8} ~ {—0.000 602 5} _ {0.000 602 5} (km/s)

~0.000 663 ]0.000 663
Avg =] Avg[=0.0008958 km/s
Avyop = Avg + Avg =0.002593 +0.0008958 =0.003489 km/s =3.489 m/s

0.002 045 -0.001 25

{sz} _ {5v2+} —{5v2_} _ { 0.001329 }_ {—0.000 9434} _ { 0.002272 } (km/s)

x (km)

t=2hr

Chapter 7

Problem 7.13 Design problem.

Problem 7.14

398600
n=- 0000 _40011775¢°1
6600

&UZ—%néxZ—%-O.OOl 177 5-5=0.0088311 km/s =8.8311 m/s

Problem 7.15
7
nt :E
® 3 4-3cosnt 0] [ 4 0
[ rr(t)] B [6(sin nt —nt) 1] - [—3.425 1}
lsin nt %(1 —cos nt) - 1 2
[(I)rv(t)] =2 " 1 " = 772 09124
Z(cosnt-1) —(4sinnt-3nt)| |-= -=
n n n n
{ors} =@ [{org} +[@r J{ovo}
5 1 2 ] nwoér
4 0 r > o
_ 16
{&f} T 13425 1 {msr}+ _ng _O.;124 _Tndr
n 4

n o
4or -3.3046r 0.69636r
{ors} = + =
-0.28326r 0.8546r 0.857086r
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d= ||5r f|| =0.90045r

Chapter 7

Problem 7.16

nt=agnt=m

9001 = o) 1] |-1655 1

[ ()] %Sil‘l nt %(1 - cos nt) 0 %

P (t)| = —

Y g(cos nt —1) l(lein nt—3nt) —i —@
n n n n

{ors} =@ [{org} +[@r {ovo}
4

ox, 0 -
{ 00}+ 4 _92125 {ovo}

n n

4
0 ; S _ —7(33(0
4 9425 {ovo} = 18.850x,

4
0 —
{6V } n —7(33(0
007 4 9425 18.850x,
n n

{6 }_ -0.589n6x,
VoI =\ J1.75n06x,
or

v = ~0.589n8x0i - 1.75n6x] (km/s)

Problem 7.17
JT
nt =—
4

[q) ()]_ 4-3cosnt 0] [ 1.879 0]
wlt _[6(sinnt—nt) 1}_[—0.4697 1
0.7071  0.5858

lsin nt %(1 -cos nt)
n n

[q) (t)] _ — n n
v %(cos nt —1) %(4 sinnt -3nt)| |- 05858 04722

{ors} =[x oo} +[ @y J{ovo}

07071  0.5858
0 [ 1879 0](-d - 1[0
0}" 04697 1 {ayo}+ 05858 04722 {5@0}

n n
0.585850,

0] [ -1879d -
0} B {0.4697,1 +6y0} *10.472260y
n
0.585860,

228589 _1 g794 0
n =
04722000 | 46974 + oy, {0}
n
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0 0.5858
n o _
0.4722 |60, B

n

0.5858

o) _|0
dvg 1 0.4722

n

o) _[-0.8062 1
svg [ | 1.707n 0

o =-1.984d

Orbital Mechanics for Engineering Students

1.879d
-0.4697d
-1
1.879d
-0.4697d

1.8794 | _(-1.984d
-0.4697d [ 13.207nd

Chapter 7
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Problem 8.1

fhoun =132.7 x10° km?/s?
Hoarth =398600 km®/s2

Rearihy, =147.4%x10° km
Toarth =6378 km

a= %(Rearth + Ry) :%(147.4 x10® +120 x10°) =138.7 x10° km

Heliocentric spacecraft velocity at earth’s sphere of influence:

v = #sun( 2__1) :\/132,7x109( 2 o ! 6) =28.43 km/s
Rearth 4@ 147.4x10° 138.7 x10

Heliocentric velocity of earth:

9
Voo = | P~ /132‘7x106 =30.06 km/s
Rearth  V149.6 x10

0 = Viarn V() =30.06 ~28.43 =1.579 km/s

Geocentric spacecraft velocity of spacecraft at perigee of departure hyperbola:

T 6378 +200

2398600
v, :\/vm2 + ZHearth :\/1.5792 + " =11.12 km/s
P

Geocentric spacecraft velocity in its circular parking orbit:

398600
v, = \/ Hearth — \/ =7.784 km/s
r V6378 +200

. Av =v, -0, =11.12 -7.784 =3.337 km/s

Problem 8.2
fhoun =132.7 x10° km?/s?
Hearth =398600 km® /s
Hfercury =22930 km®/s?

Rearth, =149.6 x10° km
Ryfercury =57.91x10° km

Toarth = 6378 km
rMercury =2440 km

9
Vi, = |Houn = 132'7x106 =29.78 km/s
Rearth  1149.6x10
9
Vitereury = | Hom = [1327X00° 04
ercury RMercury 57.91 x 106
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Semimajor axis of Hohmann transfer ellipse:
1 1
@ =5 (Rearth * Ratercury) = E(149.6 x10 +57.91x10°) =103.8 x10° km

Departure from earth:
Spacecraft heliocentric velocity:

AR usun(i—l) :\/132.7><109( 2 o 1 6) =22.25 km/s
Rearth 4@ 149.6 x10° 103.8x10

0 = Viarn V() 22078 222.25 27.532 km/s

Spacecraft geocentric velocity in circular parking orbit:

398 600
v, = \/ Hearth :\/ =7.814 km/s

1 6378 +150

Spacecraft geocentric velocity at perigee of departure hyperbola:

2398600
v, = \/vmz + Zhearth :\/7.5322 + - =1337 km/s

1y 6378 +150

s Avp =v, -v, =13.37 -7.814=9.611 km/s

p
Arrival at Mercury:
Spacecraft heliocentric velocity:

2 1
v = fhoun | ——— = :\/132,7x1o9( 2 o - L 6) =57.48 km/s
Ryercury @ 57.91x10° 103.8x10

00 =V Vygereury =57.48 -47.87=9.611 km/s

Spacecraft velocity relative to Mercury at periapse of approach hyperbola:

r 2440 +150

24 2-22930
v, :\/vw"- y T Mereuy. :\/9.6112 + =227 21049 km/s
P

Spacecraft parking orbit speed relative to Mercury:

uMerC‘“y = =290 s 975 kmys
2440 +150

- Aoy =0, —vc =10.49 ~2.975=7.516 km/s
AV = Avl + Avy, =9.611 +7.516 =15.03 km/s

Problem 8.3

m
so1 :R( £ )

m sun

Mgy =1.989 x10%° kg

Mercury:
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R=57.91x10° km
m, =3.302x107 kg

3.302 x10%3

foryy =57.91 % 106(
SOl 1.989 x10%

) =1.124 x10° km

Venus:
R=108.2x10° km

m, =4.869 x10** kg

4.869 x10%*
rso =108.2 x 106(W) =6.162x10° km
. X -
Mars:
R=227.9x10° km
m, =6419x10% kg
6.419 x10%
rsop =227.9 x10° (W) =5771x10° km
. X -
Jupiter:

R=778.6x10° km
m, =1.899 x10% kg

1.899 x10%

tory =778.6 X 106(
SoI 1.989 x10%

) =4.882x10” km

Chapter 8

Problem 8.4

_R My
Tsor = "

sun

Mgy =1.989 x10%° kg

Saturn:
R=1433x10° km

m, =5.685x10% kg

5.685x 10%°

Foryy =1433 X 106(
SO 1.989 x10%

) =5.479 x10”7 km

Uranus:
R=2872x10° km

m, =8.683x10% kg

8.683 x10%°

Ty =2872 X 106(
SO 1.989 x10%

) =5.178 x10” km

Neptune:
R=4495x10° km

m, =1.024x10%° kg

1.024 x10%°

toy =1.024 x 1026(
SO 1.989 x10%

) =8.658 x10” km
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Pluto:
R=5870x10° km
m, =1.25x10% kg
1.25x10%

rsop = 5870 x 106( ) =3.076 x10° km

1.989 x 1030

Problem 8.5
fhoun =132.7 x10° km?/s?
Hjupiter =126.7 x10° km®/s?
Reapih, =149.6 x10° km
Ryupiter =778.6 x10° km
Mupiter =71490 km

Semimajor axis of Hohmann transfer ellipse:
_1 ( 6 6)= 6
(Rearth R]uplter =—\149.6 x10° +778.6 x10°) =464.1 x10° km

/132 7 x10°
Viupiter = ¢ =13.06 km/s
R]uplter 778.6 x10

Use the energy equation to obtain the spacecraft’s velocity upon arrival at Jupiter’s sphere of
influence:

Vl(v) = tun 2 1 :\/132,7 x109( 2 - - ! 6) =7.412 km/s
Ryupiter  ®1 778.6 x10°  464.1x10

Vo0 = Vijpiter Vi) =13.06 =7.412 =5.643 km/s

. Sun
us 6
778.6(10°) km

l
Viupiter = 13.06 km /s i =7.412 km/s 149.6(106) km

A

uy

Eccentricity of hyperbolic swing by trajectory:

2

"0 271490 -5.643 2
e=1+ =1+ — =1.068
H]upiter 126.7 x10

Turn angle:

P VR A DECORR V R S o
d =2sin \2) =2s \T063) 138.8

Angle between Vyite; and v at inbound crossing: ¢; =180°. At the outbound crossing,
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¢, =180°+9 =318.8°

At the outbound crossing

Vév) = V]upiter tVeo P
= V]upiterﬁv + (voo CoS Pyl + v, SIN ¢2)ﬁ5 i
=13.066, +(5.643-c0s 318.8°f, +5.643sin 318.8°) fig
=17.300, - 3716115 (km/s ) 318.8°
Av(v) - ng) _ Vl(v) V”’Z/
= (17.304y - 3.716d) - 741241, |
=9.8901, - 3.7166g (km/s )
2 av® =[av)] 21057 km/s
. (0) . 0 . 138.8°
Alternatively, AV =20, smE =2-5.643 -sin =10.57 km/s.

Angular momentum of the new orbit after flyby:

hy = RjypiterV?) =778.6 X106 17.30 =13.47 x10° km?/s

Obtain the semimajor axis 4, from the energy equation:

2
viY) _ Hsn _ Houn

2 R]upiter 2‘12
17.70> 1327 x10° _ 132.7 x10°

2 7786x10° 2,

= 1, =4.791x10° km

Observe that a, /a; =10.32. The new orbit dwarfs the original one in size and, therefore, energy.

Use Equation 3.61 to find the eccentricity:

k1
ay =—=——+
Hsun 1 %)
1347 10 1
4.791 %107 == = e, =0.8453

132.7 x107 1-e,2

Use the orbit equation to find the true anomaly in the new orbit:

R hy? 1
Jupiter = ) 1+e, cos 6,
2
13.47 x10° 1
778.6x106 = 1 0 = 6, =26.5°

132.7 x10° 1+0.8453 cos 6,

The new and original heliocentric orbits are illustrated below.
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Periapse of,
orbit 2

Jupiter

 Sun ‘ Earth at launch

Problem 8.6

Algorithm 8.1, which makes use of the data in Table 8.1, is implemented in MATAB as the M-function
pl anet _el ement s_and_sv in Appendix D.17. The MATLAB script Exanpl e_8_07, which also
appears in Appendix D.17, calls upon pl anet _el ement s_and_sv to calculate the orbital elements
of earth on the date specified in Example 8.7. The output to the Command Window is also listed in
Appendix D.17 for comparison with the results presented in Example 8.7. By changing pl anet _i d to
4, the following Command Window output is obtained for Mars.

Problem 8.6
I nput dat a:
Pl anet: WMars

Year : 2003
Month @ August

Day L 27
Hour : 12
M nute: O
Second: 0

Julian day: 2452879.000
Orbital el enents:

Angul ar nomentum (knt2/s) 5. 47595e+09

Eccentricity = 0. 0934167
Ri ght ascension of the ascendi ng node (deg) = 49.5682
Inclination to the ecliptic (deg) = 1. 85035
Argunent of perihelion (deg) = 286. 488
True anonmaly (deg) = 358.131

Sem maj or axis (km 2.27936e+08

Longi tude of perihelion (deg) = 336. 057
Mean | ongi tude (deg) = 334.513
Mean anomaly (deg) = 358. 457
Eccentric anomaly (deg) = 358. 298
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State vector:

Position vector (km
Magni t ude

[1.85954e+08 -8.99155e+07 -6.45661e+06]
2.06653e+08

Vel ocity (km's)
Magni t ude

[11.4744 23.8842 0.218255]
26. 4984

Problem 8.7 The following MATLAB script calls upon Algorithm 8.1, implemented as the
MATLAB M-function pl anet _el enent s_and_sv in Appendix D.17, to compute the distance of the
earth from the sun on the first day of each month of the year 2005, at 12:00:00 UT. The output to the
MATLAB command window is listed afterwards.

% ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
% Probl em 8 07a

% ~~~~~~~~~~~~~

%

% This programuses Algorithm8.1 to conpute the orbital elenents

% and state vector of Mars at the date and tinme specified

% in Exanple 8.7.

%

% mu - gravitational paraneter of the sun (kmt3/s”2)

%

% coe - vector of heliocentric orbital elenents

% [h e RA incl w TA a what L M FE,

% wher e

% h = angul ar normentum (km2/s)
% e = eccentricity

% RA = right ascension (deg)
% incl = inclination (deg)
% w = argunent of perihelion (deg)
% TA = true anomaly (deg)
% a = sem nmgj or axis (km
% w_hat = longitude of perihelion ( = RA + w) (deg)
% L = mean longitude ( = what + M (deg)
% M = mean anomaly (deg)
% E = eccentric anomaly (deg)
%

% r - heliocentric position vector (km

% v - heliocentric velocity vector (knis)

%
% planet _id - planet identifier:

% 1 = Mercury
% 2 = Venus

% 3 = Earth

% 4 = Mars

% 5 = Jupiter
% 6 = Saturn
% 7 = Uranus
% 8 = Neptune
% 9 = Pluto

%

% year - range: 1901 - 2099
% nont h - range: 1 - 12
% day - range: 1 - 31
% hour - range: 0 - 23
% m nut e - range: 0 - 60
% second - range: 0 - 60

%
% User M- functions required: planet_elenents_and_sv,
% nont h_pl anet _nanes
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% ____________________________________________________________________
gl obal mu

mu = 1.327124el1;

deg = pi/ 180;

% ..Data declaration for Problem 8.6 :

pl anet _id = 3;

year = 2005;

day = 1;

hour = 12;

nm nut e = 0;

second = 0;

% ..

A L Y ¢ e e \n")

fprintf(' Problem 8.7a: Determine the nonth\n')
fprintf('\n Year = % Tinme = 12:00: 00 UT\n', year)

for month = 1:12
% ..A gorithm 8. 1:
[coe, r, v, jd] = planet_elenents_and_sv ...
(planet _id, year, nonth, day, hour, mnute, second);
% ..Convert the month nunmbers into nanes for output:
[ mont h_nanme, planet_nane] = nonth_pl anet _nanmes(nonth, planet_id);
fprintf('\n %0s 1st: Di stance = %41.5e (km', nonth_nane,
norn(r))
end
Fprintf (" \N---c o m oo e e \n')

Probl em 8. 7a: Determ ne the nonth

Year = 2005 Tine = 12:00:00 UT

January 1st: Di stance = 1.47100e+08 (km
February 1st: Di stance = 1.47417e+08 (km
Mar ch 1st: Di stance = 1.48243e+08 (km
Apri | 1st: Di stance = 1.49505e+08 (km
May 1st: Di stance = 1.50745e+08 (km
June 1st: Di stance = 1.51707e+08 (km
July 1st: Di stance = 1.52093e+08 (km
August 1st: Di stance = 1.51830e+08 (km
Sept enber 1st: Di stance = 1.50963e+08 (km
Cct ober 1st: Di stance = 1.49758e+08 (km
Novenber 1st: Di stance = 1.48464e+08 (km
Decenber 1st: Di stance = 1.47505e+08 (km

This list reveals that the greatest distance occurs in the month of July. We can modify the above
MATLAB script to loop through the days of July:

) e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e el et et et ettt
% Probl em 8 07b

% ~~~~~~~~~~~~~

%

% This programuses Algorithm8.1 to deternine the distance of the

% earth fromthe sun, according to Problem 8.7

%

% User M functions required: planet_el enents_and_sv,

% nont h_pl anet _namnes

0/0 ____________________________________________________________________
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gl obal

mu =

% .. Data declaration for

pl anet _id = 3;
year = 2005;
nont h =7;
hour = 12;

m nut e = 0;
second = 0;

% ..

fprintf('\n
fprintf ('

fprintf('\n Year

mu

1.327124e11,

Orbital Mechanics for Engineering Students

%y Tinme

Problem 8.7

Probl em 8. 7b: Determ ne the day\n')
12: 00: 00 UT\ n',

year)

Chapter 8

% ..Convert the planet_id and nmonth nunbers into nanes for output:
[ mont h_nane, planet nane]

for day = 1:31
% ..A gorithm 8. 1:
[coe, 1, v,

(planet_id, year,

= planet _elenents_and_sv ...

nont h, day,

hour,

nont h_pl anet _names(nonth, planet_id);

second);

% ..Convert the planet_id and nonth nunbers into nanes for output:
[ mont h_nane, planet nane]
fprintf('\n %s %lg:

end

fprintf('\n
The output to the MATLAB command window is:

Probl em 8. 7b: Determ ne the day

Year

July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July

= 2005 Tine

woNOURWNE

= 12: 00: 00 UT

Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance
Di st ance

PRPRRPRRRRRRERRRRRERRRRRERRRRER

. 5209314e+08

5209524e+08
5209664e+08
5209732e+08
5209728e+08
5209653e+08
5209506e+08
5209287e+08
5208998e+08
5208637e+08
5208204e+08
5207701e+08
5207126e+08
5206481e+08
5205765e+08
5204978e+08
5204122e+08
5203195e+08
5202198e+08
5201132e+08
5199996e+08
5198792e+08
5197519e+08
5196178e+08
5194769e+08

. 5193292e+08
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July 27: Di stance = 1.5191748e+08 (km
July 28: Di stance = 1.5190138e+08 (km
July 29: Di stance = 1.5188461e+08 (km
July 30: Di stance = 1.5186718e+08 (km
July 31: Di stance = 1.5184910e+08 (km

The furthest distance occurs on July 4.

Problem 8.8 For the data given in this problem, the following MATLAB script invokes Algorithm
8.2, which is implemented as the MATLAB M-function i nt er pl anet ary in Appendix D.18.

i nter pl anet ary uses Algorithms 8.1 and 5.2 to compute v, at the home and target planets. The
output to the MATLAB Command Window is listed afterwards.

% ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
% Probl em 8 08

% ~~~~~~~~~~~~

%

% This program uses Algorithm8.2 to obtain v-infinities

% in Problem 8. 8.

%

% mu - gravitational paraneter of the sun (kmt3/s”2)
% deg - conversion factor between degrees and radians
% pi - 3.1415926. ..

%

% pl anet _i d - planet identifier:

% 1 = Mercury

% 2 = Venus

% 3 = Earth

% 4 = Mars

% 5 = Jupiter

% 6 = Saturn

% 7 = Uranus

% 8 = Neptune

% 9 = Pluto

%

% year - range: 1901 - 2099

% nont h - range: 1 - 12

% day - range: 1 - 31

% hour - range: 0 - 23

% m nut e - range: 0 - 60

% second - range: 0 - 60

%

% depart - [planet_id, year, nonth, day, hour, mnute, second]
% at departure

% arrive - [planet_id, year, nonth, day, hour, mnute, second]
% at arrival

%

% pl anet 1 - [Rpl, Vpl, jdi]

% pl anet 2 - [Rp2, Vp2, jd2]

% trajectory - [v1, V2]

%

% coe - orbital elenents [h e RAincl w TA]

% wher e

% h = angul ar momentum (knt2/s)

% e = eccentricity

% RA = right ascension of the ascending

% node (rad)

% incl = inclination of the orbit (rad)

% w = argunent of perigee (rad)

% TA = true anonaly (rad)
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% a = sem ngj or axis (km

%

% jdl, jd2 - Julian day nunbers at departure and arriva

% t of - time of flight fromplanet 1 to planet 2 (days)
%

% Rpl, Vpl - state vector of planet 1 at departure (km knis)
% Rp2, Vp2 - state vector of planet 2 at arrival (km kms)
% R1, V1 - heliocentric state vector of spacecraft at

% departure (km km's)

% R2, V2 - heliocentric state vector of spacecraft at

% arrival (km knis)

%

% vinfl, vinf2 - hyperbolic excess velocities at departure

% and arrival (knis)

%

% User M functions required: interplanetary, coe_fromsv,

% nmont h_pl anet _nanes

% ____________________________________________________________________
cl ear

gl obal nmnu

mu = 1.327124ell

deg = pi/180;

% ..Data declaration for Problem 8. 8:

% .. Departure

planet _id = 3;
year = 2005;
nont h = 12;
day = 1;
hour = 0;
m nut e = 0;
second = 0;

depart = [planet _id year nonth day hour mnute second];

% .. Arrival
pl anet _id
year

nont h

day

hour

m nut e
second
arrive = [

lanet _id year nonth day hour mnute second];

oo

% ..

% .. Al gorithm 8. 2:
[planet 1, planet2, trajectory] = interplanetary(depart, arrive);

R1 pl anet 1(1, 1: 3);

Vpl = planet1(1,4:6);
jdl = planeti1(1,7);

R2 = planet2(1,1:3);
Vp2 = planet2(1,4:6);
jd2 = planet2(1,7);

V1 = trajectory(1l,1:3);
V2 = trajectory(l,4:6);
tof = jd2 - jdi;
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% ..Use Algorithm5.1 to find the orbital elenments of the
% spacecraft trajectory based on [Rpl, Vi]...

coe = coe_fromsv(Rl, V1);

% ... and [R2, V2]

coe2 = coe_fromsv(R2, V2);

% .. Equations 8.102 and 8.103:
vinfl = V1 - Vpl;
vinf2 = V2 - Vp2;

% ..Echo the input data and output the solution to

% the command wi ndow

fprintf (- - o mmm ")
fprintf('\n Problem8.8: Earth to Venus')

fprintf('\n\n Departure:\n');

fprintf('\n Planet: %', planet_name(depart(1)))

fprintf('\n Year : %@, depart(2))

fprintf('\n Month : %', nonth_nane(depart(3)))

fprintf('\n Day %9, depart(4))

fprintf('\n Hour : %', depart(5))

fprintf('\n M nute: %', depart(6))
fprintf('\n Second: %', depart (7))
fprintf('\n\n Julian day: %1.3f\n', jdl)
fprintf('\n Pl anet position vector (km

(%9 %9 %], ...
R1(1),R1(2), RL(3)

fprintf('\n Magni t ude %9\n', norm R1))

fprintf('\n Pl anet velocity (knis) =% % %',
Vp1(1), Vpl(2), Vpl(3))

fprintf('\n Magni t ude = %\n', norm(Vpl))

fprintf('\n Spacecraft velocity (kms) (%9 %9 %],

V1i(1), V1(2), Viié))

fprintf('\n Magni t ude

%\ n', norm(V1))

fprintf('\n v-infinity at departure (kms) =[% % %', ...
vinf1(1), vinfl1(2), vinfl1l(3))

fprintf('\n Magni t ude = %\n', norm(vinfl))

fprintf("\n\n Time of flight = % days\n', tof)

fprintf('\n Pl anet: %', planet_name(arrive(l)))

fprintf('\n\n Arrival:\n");

fprintf('\n Year : %@, arrive(2))
fprintf('\n Month : %', nonth_nane(arrive(3)))
fprintf('\n Day %9, arrive(4))
fprintf('\n Hour : %', arrive(5))
fprintf('\n Mnute: %', arrive(6))
fprintf('\n Second: %', arrive(7))

fprintf('\n\n Julian day: %1.3f\n', jd2)
fprintf('\n Pl anet position vector (km

(%9 %9 %], ...
R2(1), R2(2), R2(3))

fprintf('\n Magni t ude %g\n', norn(R1))

fprintf('\n Pl anet velocity (knis) =% % %',
Vp2(1), Vp2(2), Vp2(3))
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fprintf('\n Magni t ude %9\ n', norm(Vp2))

[ %9 %], ...
V2(1), V2(2), V2(3))

fprintf('\n Spacecraft Velocity (knis)

fprintf('\n Magni t ude %9\ n', norm(V2))

fprintf('\n v-infinity at arrival (km's) =[% % %]', ...
vinf2(1), vinf2(2), vinf2(3))

fprintf('\n Magni t ude = %', norm(vinf2))

fprintf('"\nin\n Obital elements of flight trajectory:\n")

fprintf('\n Angular nonmentum (kmt2/s) =%, ..
coe(1))

fprintf('\n Eccentricity =%, ...
coe(2))

fprintf('\n Right ascension of the ascending node (deg) = %', ..
coe(3)/deg)

fprintf('\n Inclination to the ecliptic (deg) = %', ...
coe(4)/deg)

fprintf('\n Argunent of perihelion (deg) =%, ..
coe(5)/ deg)

fprintf('\n True anomaly at departure (deg) =%, ..
coe(6)/deg)
fprintf('\n True anonmaly at arrival (deg) = %\n', ..
coe2(6)/deg)

fprintf('\n Semnmgjor axis (km =%, ..
coe(7))

% I1f the orbit is an ellipse, output the period
if coe(2) <1
fprintf('\n Period (days) =%, ...
2*pi/sqrt(mu)*coe(7) 1.5/ 24/ 3600)
end
fprintf( \nN------mm e \n")

Problem 8.8: Earth to Venus
Departure:

Pl anet: Earth
Year : 2005
Mont h : Decenber
Day o1

Hour : O

M nute: O
Second: 0

Julian day: 2453705. 500

Pl anet position vector (km
Magni t ude

[5.33243e+07 1.37541e+08 -1830. 84]
1.47517e+08

Pl anet velocity (kms)
Magni t ude

[-28.2595 10.6564 -6.01367e-05]
30. 202

Spacecraft velocity (kms)
Magni t ude

[-27.0436 6.58196 2.7931]
27.9729

[1.2159 -4.07444 2.79316]

v-infinity at departure (knis)
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Magni t ude = 5.08735
Time of flight = 121 days

Arrival:

Pl anet: Venus
Year : 2006
Month : April
Day o1
Hour : O
Mnute: O
Second: O

Julian day: 2453826.500

Pl anet position vector (km
Magni t ude

[-5.74135e+07 -9.1938e+07 2.05581e+06]
1.47517e+08

Pl anet velocity (kms)
Magni t ude

[29.4613 -18.7099 -1.95644]
34. 955

Spacecraft Velocity (kms)
Magni t ude

[30.3918 -22.2324 -3.68154]
37.8351

v-infinity at arrival (knis)
Magni t ude

[0.930541 -3.52248 -1.7251]
4. 0311

Obital elements of flight trajectory:

Angul ar nmonentum (knt2/s) = 4.0914e+09
Eccentricity = 0.183291
Ri ght ascension of the ascendi ng node (deg) = 68.8159
Inclination to the ecliptic (deg) = 5.77973
Argunent of perihelion (deg) = 142. 255
True anonaly at departure (deg) = 217.738
True anonmaly at arrival (deg) = 26.8913

Sem maj or axis (km 1. 30519e+08
Peri od (days) 297. 66

The output shows that at departure from earth, v,, =5.087 km/s. Hence, the spacecraft velocity at
perigee of the departure hyperbola is

2 2398600
quva2+—i5§m-=J50872+-—————————=1214knys

", (6378 +180)°

The spacecraft velocity in its circular 180 km parking orbit is

398,600
UC:J%H% :J =7.796 km/s

r 6378 +180

Hence, the delta-v requirement at earth is

Avy =v, -0, =12.14 -7.796 =4.346 km/s

146



Solutions Manual

Orbital Mechanics for Engineering Students Chapter 8

At Venus ( yenus = 324900 km?® / s, MWenus = 6052 km) the above output shows that
Vo =4.031 km/s. The speed at the 300 km altitude periapse on the arrival hyperbola is therefore

r (6052 +300)>

- 2, 2Wenus _ 2 2-324900
Uphyperbo]a _\/Uoo + 2 _\/4031 + =10.89 km/s

p

The semimajor axis of the elliptical capture orbit is

a=L [(rVenus +300) + (Wenus + 9000)] =10702

2

Therefore the velocity at periapse on the ellipse is, using the energy equation,

2 1 2 1
Opeipse = \/u\,enus(r——;) = \/324900( =8.482 km/s

) 6052 +300 10702

It follows that the delta-v requirement at Venus is

AUZ

=0 -0
Phyperbola ~ ~Pellipse

=10.89 -8.482 =2.406 km/s

The total delta-v requirement is

Avyppar = Avy + Avy =4.346 +2.406 =6.753 km/s

Problem 8.9 For the data given in this problem, the following MATLAB script invokes Algorithm
8.2, which is implemented as the MATLAB M-function i nt er pl anet ary in Appendix D.18.

i nt er pl anet ary uses Algorithms 8.1 and 5.2 to compute v, at the home and target planets. The
output to the MATLAB Command Window is listed afterwards.

0/0 ~~~~~~~~~
% Probl em 8 09
0/0 ~~~~~~~~~~~~
%

% Thi s program
% in Problem 8.
%

% mu

% deg

% pi

%

% pl anet _id

%

%

%

%

%

%

%

%

%

%

% year

% nont h

% day

% hour

% m nut e

% second

uses Algorithm8.2 to obtain v-infinities
9.

- gravitational paraneter of the sun (knm3/s"2)
- conversion factor between degrees and radi ans
- 3.1415926. ..

- planet identifier:
Mer cury
Venus

Earth

Mar s

Jupi ter

Sat urn

Ur anus

Nept une

Pl ut o

OCO~NOUIAWNE
1 T 1 T 1 O A { I 1|

- range: 1901 - 2099
- range: 1 - 12

- range: 1 - 31
- range: 0 - 23
- range: 0 - 60
- range: 0 - 60
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% depart - [planet_id, year, nonth, day, hour, mnute, second]
% at departure

Y% arrive - [planet_id, year, nonth, day, hour, mnute, second]
% at arrival

%

% pl anet 1 - [Rpl, Vp1, jdi]

% pl anet 2 - [Rp2, Vp2, jd2]

%trajectory - [V1, V2]

%

% coe - orbital elements [h e RAincl w TA]

% wher e

% h = angul ar normentum (knt2/s)

% e = eccentricity

% RA = right ascension of the ascending

% node (rad)

% incl = inclination of the orbit (rad)

% w = argunent of perigee (rad)

% TA = true anonaly (rad)

% a = sem mgj or axis (km

%

% jdil, jd2 - Julian day nunbers at departure and arrival

% t of - time of flight fromplanet 1 to planet 2 (days)
%

% Rpl, Vpl - state vector of planet 1 at departure (km km's)
% Rp2, Vp2 - state vector of planet 2 at arrival (km knis)
% R1, V1 - heliocentric state vector of spacecraft at

% departure (km knis)

% R2, V2 - heliocentric state vector of spacecraft at

% arrival (km kns)

%

% vinfl, vinf2 - hyperbolic excess velocities at departure

% and arrival (kn's)

%

% User Mfunctions required: interplanetary, coe_fromsv,

% nmont h_pl anet _namnes

0/0 ____________________________________________________________________
cl ear

gl obal nmnu

mu = 1.327124e1l1;

deg = pi/180;

% .. Data declaration for Problem 8.9:

% .. Departure

planet _id = 3;

year = 2005;

nmont h = §;

day = 15;

hour = 0;

m nut e = 0;

second = 0;

depart = [planet_id year nonth day hour mnminute second];
% ..Arrival

planet _id = 4;

year = 2006;

nont h = 3

day = 15;

hour = 0;

m nut e = 0;

second = 0;
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arrive = [planet_id year nonth day hour nminute second];
% ..

% ..Algorithm 8. 2:
[planet 1, planet2, trajectory] = interplanetary(depart, arrive);

R1 pl anet 1(1, 1: 3);

Vpl = planet1(1,4:6);
jdl = planetl(1,7);

R2 = planet2(1,1:3);
Vp2 = planet2(1,4:6);
jd2 = planet2(1,7);

V1 = trajectory(l,1:3);
V2 = trajectory(1l,4:6);
tof = jd2 - jdi;

% ..Use Algorithm5.1 to find the orbital elenments of the
% spacecraft trajectory based on [Rpl, Vi]...

coe = coe_fromsv(Rl, V1);

% ... and [R2, V2]

coe2 = coe_fromsv(R2, V2);

% .. Equations 8.102 and 8. 103:
vinf1l V1 - Vpl,
vi nf 2 V2 - Vpz;

% .. Echo the input data and output the solution to

% the command w ndow.

A L G e ")
fprintf('\n Problem8.9: Earth to Mars')

fprintf('\n\n Departure:\n');

fprintf('\n Planet: %', planet_name(depart(1)))

fprintf('\n Year : %@, depart(2))
fprintf('\n Month @ %', nonth_nane(depart(3)))
fprintf('\n Day %9, depart(4))
fprintf('\n Hour : %', depart(5))
fprintf('\n M nute: %', depart(6))
fprintf('\n Second: %', depart (7))
fprintf('\n\n Julian day: %1.3f\n', jdl)
fprintf('\n Pl anet position vector (km (%9 %9 %], ...
R1(1),R1(2), R1(3))

fprintf('\n Magni t ude %9\n', norm R1))

fprintf('\n Pl anet velocity (knis) =% % %',
Vp1(1), Vpl(2), Vpl(3))

fprintf('\n Magni t ude %9\ n', norn(Vpl))

fprintf('\n Spacecraft velocity (kn's) =[%9 %9 %', ...
Vi(1), Vi(2), VI(3))

fprintf('\n Magni t ude %9\n', norm( V1))

fprintf('\n v-infinity at departure (kms) =[% %9 %', ...
vinf1(1), vinfl1(2), vinfl(3))

fprintf('\n Magni t ude = %\n', norm(vinfl))
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fprintf('\n\n Tine of flight = % days\n', tof)

fprintf('\n Pl anet: %', planet_name(arrive(l)))

fprintf('\nn Arrival:\n");

fprintf('\n Year : %', arrive(2))
fprintf('\n Month : %', nonth_nane(arrive(3)))
fprintf('\n Day %', arrive(4))
fprintf('\n Hour : %', arrive(5))
fprintf('\n Mnute: %', arrive(6))
fprintf('\n Second: %', arrive(7))

fprintf('\n\n Julian day: %1.3f\n', jd2)
fprintf('\n Pl anet position vector (km

[ %9 %], ...
R2(1), R2(2), R2(3))

fprintf('\n Magni t ude

%9\ n', norm(Rl))

fprintf('\n Pl anet velocity (knls) =% % %',
Vp2(1), Vp2(2), Vp2(3))

fprintf('\n Magni t ude

%g\n', norm(Vp2))

(%9 %9 %], ...
V2(1), V2(2), V2(3))

fprintf('\n Spacecraft Velocity (kn's)

fprintf('\n Magni t ude

%g\n', norm(V2))

fprintf('\n v-infinity at arrival (kmls) =[% % %', ...
vinf2(1), vinf2(2), vinf2(3))

fprintf('\n Magni t ude = %', norn(vinf2))

fprintf(*\n\n\n Obital elenents of flight trajectory:\n")

fprintf('\n Angular nonmentum (kmt2/s) =%, ..
coe(1l))

fprintf('\n Eccentricity =%, ...
coe(2))

fprintf('\n Right ascension of the ascending node (deg) = %', ..
coe(3)/deg)

fprintf('\n Inclination to the ecliptic (deg) =%, ...
coe(4)/ deg)

fprintf('\n Argunent of perihelion (deg) =%, ..
coe(5)/ deg)

fprintf('\n True anomaly at departure (deg) =%, ..
coe(6)/deg)
fprintf('\n True anonmaly at arrival (deg) = %\n, ..
coe2(6)/deg)

fprintf('\n Semnmgjor axis (km =%, ..
coe(7))

% I1f the orbit is an ellipse, output the period:
if coe(2) <1
fprintf('\n Period (days) =%, ...
2*pi/sqrt(mu)*coe(7) 1.5/ 24/ 3600)
end
fprintf( \nN------mmmm e \n")

Problem 8.9: Earth to Mars
Departure:

Pl anet: Earth
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Year : 2005
Month : August
Day : 15
Hour : O
Mnute: O
Second: O

Julian day: 2453597.500

Pl anet position vector (km
Magni t ude

[1.19728e+08 -9.28572e+07 798.533]
1. 51517e+08

Pl anet velocity (knis)
Magni t ude

[17.7711 23.4274 -0.000315884]
29. 405

Spacecraft velocity (knms)
Magni t ude

[20. 6107 25.7677 1.75181]
33. 0431

v-infinity at departure (knis)
Magni t ude

[2.83967 2.34021 1.75212]
4. 07557

Time of flight = 212 days

Arrival:

Pl anet: Mars
Year : 2006
Month : March
Day : 15
Hour : O
Mnute: O
Second: 0

Julian day: 2453809. 500

Pl anet position vector (km
Magni t ude

[-8.33472e+07 2.26736e+08 6.79991e+06]
1.51517e+08

Pl anet velocity (kms)
Magni t ude

[-21.8221 -6.30169 O0.40447]
22.7173

Spacecraft Velocity (kms)
Magni t ude

[-20.4825 -4.25753 -0.845206]
20. 9374

v-infinity at arrival (knls)
Magni t ude

[1.33959 2.04416 -1.24968]
2.74496

Obital elements of flight trajectory:

Angul ar nomentum (knt2/s) 5. 00602e+09

Eccentricity = 0. 246978
Ri ght ascension of the ascendi ng node (deg) = 322.198
Inclination to the ecliptic (deg) = 3.03935
Argunent of perihelion (deg) = 355.671
True anonaly at departure (deg) = 4.33479
True anonmaly at arrival (deg) = 152. 278

Sem maj or axis (km 2.01098e+08
Period (days) 569. 273
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The output shows that at departure from earth, v,, =4.076 km/s. Hence, the spacecraft velocity at
perigee of the departure hyperbola is

r (6378 +190)?

2 2398600
v, =\/voo2 + SHearth, =\/4.0762 + " =11.75km/s
P

The spacecraft velocity in its circular 190 km parking orbit is

398,600
v, = \/ Hearth :\/ =7.790 km/s

r 6378 +190

Hence, the delta-v requirement at earth is

Av; =v, -v, =11.75-7.790 =3.957 km/s

p

At Mars ( Upars =42 830 km3 / 2, 'Mars = 3396 km ) the above output shows that v,, =2.745 km/s.
The speed at the 300 km altitude periapse on the arrival hyperbola is therefore

— 2 2HMars — 2 2-42830 _
Uphyperbola _\/UOO + 2 _\/2745 + ( =5.542 km/s

: 3396 +300)

The semimajor axis of the capture ellipse is found from the required 35 hour period.

T= 2]‘[ a3/2
uMars
353600 =—2% 32— 7=25830 km

/42830 !

Therefore the velocity at periapse on the ellipse is, using the energy equation,

2 1 2 1
_ 2 1) 2 s _ =4.639 k
“Pellipse \/ H M"“S( r, u) \/ (3396 +300 25 830) m/s

It follows that the delta-v requirement at Mars is

Avy =5.542 -4.639 =0.9030 km/s

=v -0
Phyperbola ~ ~Pellipse
The total delta-v requirement is

Avyppar = Avp + Avy =3.957 +0.9030 =4.860 km/s

Problem 8.10
Rearth =149.6x10® km  Rgppyen =1433 x10° km

Semimajor axis of Hohmann transfer ellipse:
1
a= %(Rearth + Regrumm) = E(149.6 x10° +1433x10°) =791.3 x10° km

Period of Hohmann transfer ellipse:
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27 3/2 _ 27

a - “*
Hsun Vv132.7 x10?

Therefore, the time of flight to Saturn’s orbit is T/2 =6.083 y. Cassini departed on 15 October 1997

(Julian day 2 450 736.5) and arrived on 1 July 2004 (Julian day 2 453 187.5). The number of years for
Cassinni’s flight was

(r91.3x10°)°"

T= =383.9x10° s =12.17 y

2453 187.5-2 450 736.5
365.25

=671y

Cassini, with its several flyby maneuvers, required a flight time only about 10 percent longer than the
Hohmann transfer.

The velocity of the spacecraft at the outbound crossing of the earth’s sphere of influence is

y) = \/p( 2 -1):J132.7x109( - | =4008 ks

Rearth 4@ 149.6 x10°  791.3 x10°

The velocity of earth in its (assumed) circular orbit is
132.7 x10°
Vearth = | 2un = (D230 5 76 1
Rearth ~ 1149.6 x10

v, =V V4 =40.08 -29.78 =10.3 km/s

Thus

The spacecraft velocity at the 180 km altitude perigee of the departure hyperbola is

2398600
0, = 0,2 + 2Hearth :\/10.32 + o =15.09 km/s
P rp 6378 +180

The velocity in the circular parking orbit is

398600
v, = \/ Hearth :\/ =7.796 km/s

r 6378 +180

Hence,
Av = vy — V¢ =15.09 -7.796 =7.289 km/s

From Equation 6.1

A 7.2
Am =m,|1 -exp| - ‘ =m, 1—exp(—¢3) =0.916m,
sp8o 300-9.81x10~

But Am equals the mass m,, of propellant expended, and the initial mass m, equals m,, plus the mass
of the spacecraft (2000 kg). Thus,

m, =0.916(2000 +m,) = m, =21810 kg
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Problem 9.1
Method 1: Use (i, j,K) as the basis.

i = sin Osin ¢l - sin 6 cos 9] + cosOK (1)
j = cos gl +sin ¢] @)
Kk = - cos@sin ¢i +cos6 cos¢j +sin 6K (3)
o=2K+3j+4i (4)

a=o=3j+4i

i = (2f<) X i = (ZR) X (cosq)i + sinq)j) = —2sin¢i + 2cos¢j

= (3cosHsin¢+25in9cos¢)i+(25inﬁsin¢—3cost9cos¢)j—3sint9f(

a= 3(—2sin¢i +2cos¢j)+4 [(3C0$65in¢+25in6cos¢)i +(251n05in¢— 3cosecos¢)j— 3sin01A(]
= (—6sin¢+12c0s05in¢+SSianoszp)i+(6cos¢—12c039cos¢+851n6sin¢)j—12s"mt9f(

o =a-a

= \/(—6sin¢+12cosﬁsin¢+8$inf)cos¢)2 +(6cos¢—12C0$0C05¢+8sin08in¢)2 +144in° 0

= \/(sin2 o+ cos? (1)) (36 +144 cos? 6 - 144 cos 6 + 64 sin” 0) +144sin% 0

= \/36 +144(cos? 0 +sin? 0) — 144 cos 0 + 64 sin2 0

= \J36+144 — 144 cos + 64sin2

a =180 —144 cos 0 + 64 sin2 0

Method 2: Use (;, i,lAc) as the basis. Multiply (1) through by cos6 and (2) by sin 6 to obtain

sin 6 cos 6 sin ¢i —sin 6 cos O cos ¢j +cos? 0K = cosbi

—sin@cos@singbi+sint9cos@cosg1)j+sin2 6K = sin 0k

Adding these two equations yields

A

K= cosHi+sin(-)lA<

Then (4) can be written

o = 2(cos6i +sin 0k) + 3] + 41 = (4 + 2c0s0)i + 3] + 2sin Ok ©)
a :d_m) +QXm

dt rel
dw

—) = _20sin Qi +26cos 012 = -6sin Hi +6cos 61A<
dt rel
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Q = 2K + 3} = 2(cos 6 + sin 0k ) + 3}

i ik
Qxw=| 2cosf 3 2sinf|=8sinfhj-12k
4+2cosf 3 sinf

- a = (-65in6i + 6cosok) + 8sin 6] - 12k = ~65in 6} + 8sin 6} + (6.cos 6 - 12)k

o = oo =\365in2 0 + 645in2 0 + (36 cos? 0 — 144 cos 0 +144)

= \/36(sin2 6+ cos? ) + 64sin® 6 — 144 cos§ +144

=36+ 645in2 6 — 144 cos 0 + 144

a =180 +645in2 0 —144 cos 0

Chapter 9

Problem 9.2
(a)

piae = [ 4]+ van} W

m= sin¢i+cos¢f( p =m X i = —cosqf)i +sin¢IA<

n= cosvi +sinvp = —cos¢sinvi + cosvi +sin ¢ sin vk
Substituting m and f into (1) yields the result,

Oplate = (Vsin(p—l[} cosd)sinv)i + (¢ + cosv)} + (9 +vcosd + sin¢sinv)lA< (2)
(b)

e - d(l);iate _ dm;;ate )n,l +QXOje 3)
where Q is the angular velocity of the xyz frame, which is 6k Thatis,

Q =6k 4)
From (2)

d0pae  [d . . . Nl [dy. . s [dy. . .

T » = {E(vsmqf) -y cosgbsmv) i+ [E(qf) +y cosv)} jt {E(H +vcosg+y smq)smv)]k

Taking the derivatives, bearing in mind that 6, ¢ and 1 are all constant, we get

dmplate \

dt rel

~

= [qB(Vcosq)H/; sinq)sinv)—l/)\'/cosdmosv]l
—yvsinvi+ [¢3(—Vsin¢+1/; cosq)sinv)ﬂp\'/cosvsinqb]f(

From (2) and (4),
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QX Wy = bk x [(Vsingb -y cos¢sinv)i
+(gb+1,[} cosv)i+(6" +vcosg + sind)sinv)lz]
= —9(11) cosv+¢)i +9(\'/sin¢—1,[} cos¢sirw)§

Substituting (5) and (6) into (3) and collecting terms yields the result,
Aplate = [V(q}cosd} - cosq)cosv) +ypgsingsinv — 0 cosv — ¢0] i
+ [V(ésinq) - sinv) —¢9cos¢sinv] i

+ [¢Vcosvsin¢+¢d)cos¢smv—q'bx'/sinq)]f(

(0)
ac =ap +apc X1¢/p *Wpc X (‘DBC % rC/B)
1cB = Im = lsin(pi+cosyf<
opc =0k +¢j
a _ d(DBC _ d(DBC

BC ™ at dt

) +Qx o = 0+ 0k x (60 +j) = ~64i
rel
ag =ap tapp XIp/o T®AR X (‘”AB x rB/o)

= 0+0x (1250} + 6k x (6 x 12503 = ~1.256%]

Substituting (9), (10), (11) and (12) into (8) yields

ac = (—1.256'215) + (—Hq);) X (lsin ¢§ + cosylA<) + (BIA( + ¢i) X [(912 + ¢j) X (l sin¢i + cos ylz)]

Upon expanding and collecting terms, we get the result

A
.

ac = —l(d')2 + 92) sind)i + (21(]59 cos¢ — 1.25192)] - l(i)z cos¢1A<

Chapter 9

(6)

)

®)

)
(10)

(11)

(12)

Problem 9.3
aG = d_V) +mXvVv
At / el
= (i + )+ (262) x (P + 45)
= 3% + (-8¢%1 + 26%)

= -5t + 26%

At t =2s

ag = -20 + 64} (m?/s)

Problem 9.4
a= d_m) +Q X
dt rel

~

_d A 2 " 2 2 2 "
o= d_t(wxl to,j +wzk)+(wx1 +wy]) X(a)xl +o,j +a)zk)
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i j ok
a=0+w, o, O
0, 0, O

Chapter 9

Problem 9.5
About the origin O:
it +z Xy —XiZj
[L]=mi| -xyi  x*+z" -y
—XiZj vz XYL
20 -10 -10 120 <10 -10
[]=|-10 20 -10|(kg-m?)  [1,]=[-10 20 -10|(kg-m?)
10 -10 20 10 =10 20
256 128 -128] f64 32 -32
[13]=] 128 256 128 | (kg-m2) [15]=|32 64 32 |(kg-m?)
128 128 256 2 32 64
216 108 108 ] 216 108 108
[15]=]108 216 -108| (kg-m2) [1s]=[108 216 -108| (kg-m?)
108 -108 216 108 -108 216
792 356 36
[10]= S [1]=[356 792 76| (kg-m?)
=1 36 76 792

6
E mx; iy
xXG = ’zlm =5 =02667 m
S
mlyl
& 16
i=1 _ _
= =2 =_0.2667
YG - 60 m
6
2" 16
zg =& =2 202667 m
m
vt +zg  xcy¥e  —XGZG 8533 4267
[Imp] =m| -XGgYg xc2 + ZG2 -ygzg |=| 4267 8.533
—xgza  -Yozc  xGE+yct| |-4.267 4267

792 356 36 [8533 4267 -4.267
[1c]=[1p]-[tmp]={356 792 -76|-|4.267 8533 4.267
36 -76 792| |-4.267 4267 8533
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7835 3517 4027
[1c]=(3517 7835 -8027] (kg-m?)
4027 -80.27 7835

Chapter 9

Problem 9.6

From the previous problem
792 356 36

[10]=|356 792 76| (kg-m?)
36 76 792

i+2j+2k
V12 +22 + 22

|i'] =10.3333 0.6667 0.6667 |

=0.3333i +0.6667 + 0.6667k

792 356 36
1. =|i"]|356 792 -76|li']
36 76 792
792 356 36 1(0.3333
=10.3333 0.6667 0.6667]|356 792 -76()0.6667
36 -76 792|(0.6667

535.3
=10.3333 0.6667 0.6667 |1 596
489.3
I, =898.7 kg-m?
Problem 9.7
b +c? —ab —ac
[IG] L B R .
12 2 0
—ac -bc a“+b
a=Icos6
b=1Isin0O
c=0
(Isin 6)2 + (O)2 —~(1cos0)(Isin 6) —(1cos6)(0)
[IG] = % ~(1cos0)(Isin®) (1cos6)* +(0)* ~(1sin 6)(0)
—(1cos6)(0) —(1sin 6)(0) (Icos 8)2 +(Isin 6)2
in2g 520
_ ml? | sin26 )
[G]—12— > cos“0 0
0 0 1
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Problem 9.8
(@)
P+d 0 0
c]=35| 0 @+ o0
0 0 a?+0b°
22+12 0 0
:% 0 3*+1> 0
0 0 3%+27

467 0 0
=l 0 833 0 |(kg-m?)
0 0 1083

2.2
Ye" *zg-  —XgYg —XG2G
- 2, 2
[Two]=m| -xcye xc*+zc Yo
—XGZG “Yezc  X¢" tYc
xXg :%:1.5m yG :§=1m ZG :§:O.Sm
1250 -1500 -750
“[two]=|-1500 2500 -500| (kg m?)
-750 -500 3250
416.7 0 0 1250 -1500 -750

[1o]=[1c] +[tmp|=| O 8333 0 |+|-1500 2500 -500
0 0 1083| |-750 -500 3250

1667 -1500 -750]
[1o] =|-1500 3333 50| (kg-m?)
-750  -500 4333

(b)
1667 -4 -1500  -750

1500 3333-4  —500 |=0
750 500 4333 -4
2 -933322 +24.16(10)2 ~10.91(10°) =0
A =5689 kg-m? A, =4209 kg-m> Ay =4556 kg -m?>

Principal direction 1:

1667 -5689  -1500 750 1[+W) (0
1500 3333-5689  -500 |loll=Jo
-750 -500 4333-568.9||,0| |0

11098 -1500 -7507( 1 0
~1500 2764 500 )00 | =Jo
=750 =500 3764 ||,W)| |0

2764 -5001(oM] (1500
-500 3764 ||, [ ] 750

<
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o] 12764 -50017" [1500) _ (05929
oW [ |-500 3764| |750 [ |0278

NOs i+0.5829j +0.278k

= 0.8366i +0.496] +0.2326k
V12 +0.58292 +0.2782
Principal direction 2:
1667 —4209  -1500 750 1[+® (0
1500 3333-4209  -500 [lol?l=lo
-750 -500 4333-4209||,)| |0

[-2542 -1500 -750]( 1 0
(

~1500 -875.5 500|101 =]o

-750 =500 124.5||,@) | |0
L z
o] _ 1500
@[ ] 750
o)) _[-8755 50017 [1500) _ [ -1.565
0@ | -500 1245] |750 [ |-0.2601
(2) - i-1565j-02601k
12 +(<1.565) +(-0.2601)2

[-875.5 =500
-500 124.5

v = 0.5333i - 0.8345] - 0.1387k

Principal direction 3:

1667 4556 ~1500 750 1[o®

0
1500 3333-4556  -500 [lol=lo
-750 -500 4333 -4556||,(3)| |0

[-2889 1500 -750 ( 1 0
~1500 -1222 500 |Jol) | =Jo
=750 =500 -2223||,8)| |0

1222 -500 |[o$)] _ (1500

-500 -222.3],8)( ]750

L V4

o)) _[-1222 500 17" [1500) _ (1.916

oB)[ | -500 -2223] 750 | |-7.685

) i+1.916j - 7.685k
J12 +1.9162 +(_7.685)°

= 0.1253i +0.2401] - 0.9626k

Chapter 9

The following MATLAB script uses the built-in function ei g to obtain these results, as shown in the

Command Window output which follows.

fprintf( \n-----nnmmm e
Matrix = [ 1666.7  -1500 -750
-1500 3333.3 - 500
-750 -500 4333. 3]

[eigvector, eigvalue] = eig(l);

fprintf('\n Ei genval ue

Ei genvector')
for i =1:3
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fprintf('\n 9% [ % Yg]', eigvalue(i,i), eigvector(1,i),
ei gvector(2,i), eigvector(3,i))
end
LA L N e T \n')
Matrix =
1666. 7 - 1500 -750
- 1500 3333. 3 -500
-750 -500 4333. 3
Ei genval ue Ei genvect or
4208. 83 [-0.533304 0.834478 0.138683]
4555. 59 [0.125278 0.240046 -0.962644]
568. 881 [0.836596 0.496008 0.232559]
(c)
P =32 K ) go18i+05345] + 02673k
¢32 +22 +12
li'] =]0.8018 0.5345 0.2673 |
. 1667 -1500 -750] (0.8018
L= |[I,][i'] =|08018 05345 0.2673]|-1500 3333 -500|10.5345
-750 -500 4333]0.2673
334.1
I, =[0.8018 0.5345 0.2673 ||445.4
239.5
I, =583.3 kg -m?
Problem 9.9
lml2w
2 1 0 0 20l [@ . 12
{Hc} =[Ic]{m} :n11_2 0 sir.120 —% 0 = —ﬁmlzgsinZH
—M cos® @ %mlecos2 0

1 » 1 2, 1 -

H. = — mlPwi - — ml*Qsin 260j +—ml®>Q cos? Ok
12 24 12

Hp :HC +rc/p Xmvc

rc/p :di VC :lexd,i\:Qd}

Hp = He +di x mQdj = Hc +mQd*k

Hp = (imIZwi L ml>Qsin 20} + lmlecos2 HIA() +mQd*k
12 24 12

Hp = Lmlza)i - Lmlesin 20} + (lml2 cos? 6+ md2) Qk
12 24 12
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Problem 9.10
1000 0 -3007(w, w,
0 1000 500 Wy =1000 Wy
~300 500 1000 ||w, o,
10000, — 300w, 10000,
1000wy + 500w, = 1000a)y
~3000,, + 5000, +1000w, | {10000,
~300w, 0
5000, =Jo
~300e, +500@, | |0
w, =0

3
-300w, +500w, =0 = w, :ga)

wx
L= é(U
. S 0x
0
lol =1.166w, =20 = o, =17.15

17.15
f0=110290 or ©=17.15]+1029] (s7)
0

Chapter 9

Problem 9.11
o = 2% +4j + 3tk
_ dw)

roxep=22)
dt}rel

Xm=
dt ) 4

a

=3:
o =18i +4j+9k
a=12i+3k

{m} =15 {a} +{o} x[1;[{w}
10 0 07(12) (18] [10 0 07(18
M=o 20 ollol+lalx|o 20 o0ll4
0 0 30||3 9( [0 o 30]{|9
120) (18] (180
{M}=)o l+Jalx]so
90 9| 270

~ ~ A

i j K
M= (1208 +90k) +[18 4 9 |=(120i+90k) + (360i - 3240] + 720K)
180 80 270

M = 480i - 3240j + 810k

M =Ml = \/4802 +(-3240)% +810% =3374 N'm
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Problem 9.12

{M¢} =[15){a} +{w} x[I;{w}
{w} =0

Chapter 9

Mg =1 xF = [(0-0.075)1+(0-0.2536)] +(0-0.05714) K] x 1001 = 34.29j + 25.36k (N -m)

0 0.1522  -0.03975 0.0120 |(ax
34291 =1-0.03975 0.07177 0.04057 |{ay

25.36 0.0120 0.04057 0.1569 ||az

(ax 01522  -0.03975 0.0120 17 [ 0

ay L =1-0.03975 0.07177 0.04057 34.29
ay 0.0120  0.04057  0.1569 25.36

Problem 9.13
(a)
E F. = mag,

2
mgsin @ = m(v—cose)
R

2

tan6 S
gR
(b)
i j ok
M=woxH=| w, wy, w, :(C—B)a)ywzi+(A—C)wxwzi+(B—A)wxwylA(
Aw, Bwy Co,
Wy :—%Sinﬂ w, =0 o, =2 coso

~

M :(A—C)(—%Sinﬁ) (%COSH) j

Z}Z
2 R?

2
My :(C—A)U—ZSiHHCOSHZ(C—A) sin260
R

Problem 9.14

= (C - B)a)ywzi + (A - C)wxwzi + (B - A)wxw IA(

i j  k
COZ y

Bw, Co,

W, = wy =wzsina  w, =wzcosa

M
1
MXZE(C—B)wzzsinZa M,=0 M, =0

Problem 9.15 G (<[1 + cos8]/12, Isiné/ 12, 0)

S S DO
XGy \2 "3 cos 6 cos y
’ 9,

=—sinf

26, =0 sy (D) N FNC
o
A(-21/3,0,0)

v
73

(0,0,0) ﬂ_{ /3,0,0)

(i/m
N/

164 ~<~—2[/3——><—1/3



Solutions Manual Orbital Mechanics for Engineering Students

1
G2 6
Y6y =26, =0
mX, + mx,
xG:M:l/_icosg_i\ =-—(1+cos0)
2m 2\ 6 6 2
m +m 1/1
Y = yGlzm Y6o E(ESIHO) :isme
ZGg =0

Y
A 0
o / ,C ‘E‘B;‘h X
f N
A 7 Ny
Y
A, z B, g
21/ 3———>t=<—1/
pr =2mag,: 0=0
_ _ mw?l
EFy —Zmacy: Ay +B, =- sin @

M F, =2mag,: A, +B, =0

Moments of inertia about G; (inferred from results of Exercise 9.7):

sin? 6 %sinZé) 0

2|1
’Ig)]:m— —sin20 cos’6 0
1 12 |2

0
From Equation 9.60:
2 2
Y61 tzg; —XG1YG1 —XG1%G1
— 2 2
[I(r})c] =ml =XGg1Yc; XG *zg; ~YG1261
2 2
—XG1%G1 ~“YG1%61 X" YYe
2
(ésin&) —(—écos@)ésin@ 0
2
=m —/—lcose\ isir1t9 /—icose\ 0
"6 )6 \"6 )
2 2
0 0 (——cosé)) +(ésin9)

165
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lsin2 0 %SinZB 0

12 % 1
[I(l) ]:m_ —sin 20 —c0520 0
12 |6 3

mC
1
0 0 —
3
sin? 6 %SinZE) 0 %Sinzﬁ %sinZO 0
2 2
] [I ﬂl51r1249 cos2 0 +% %sinZB %coszﬁ 0
0 0 1 1
0 0 —
3
ésian) Esir126' 0
12 g Z
[I(Cl) Wllz gsinZH 5(:0520 0
4
0 0 —
3
2'0 0 0
’ﬂ”]zﬂo 10
G| 12
0 0 1
2 2
Y6y~ tZG, —XGoYGy —XGpZGp ( ?\2 0
2 2 —
[Imc] m| =XGoYGo XGy~ tzg, ~YG22Gy =m|0 \—g/ 0
2 2
—XG22Gy —YGr2Gy XGy" tYGy (1 \2
0 0 -——
\ 6/
0 0 O
[Imc] ml 0 % 0
1
0 0 —
3
0 0 O
2 0 2 1
]’I (2)m010+"11050
12 1
0 0 —
3
0 0 O
2 4
[(@]=20 3 0
12 0 0 é
3
%Sinzé) %sinZB 0 00 0
4
2
_[@) (2)_ml 2 4 5 ml“|10 — O
[IC]—[IC]+[IC ]— B 351n26 gcos 6 0 +H 3 A
0 0 4 00 3
3
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[ mi? 12
stinZ 0 ”11—8sin20 0
12 12
[1c]=|gsin20 Z-(1+cos?0) 0
2
0 0 2ml
9 m
2 2 2
%sin2 0 %sin 26 0 mi”ew sin? 6

2 2 w 2

{HC} :[IC]{‘”} = %sinZO %(1 +cos’ 0) 0 0l= mllgw sin26
0 0 2ml? 0 0
9
i i k
: ml?w? A
MC:(DXHC: w O 0: 18 11’1261(
2 2
Msir126 ml—wsin26 0
18
Mc, =0 ©)
Mc, =0 4)
2 2

Mc, = mllg’ sin26 5)

Mcx = (6)
2 1
Mc, =3 A0 =3Bl 7)
2 1
Mc, =-3 A1+ =Byl ®)

From (4) and (7)
2Az - Bz =0 (9)
From (5) and (8)

2 2
Zpgelpomio
3 T3 T g

sin26 (10)

From (1) we have

2
B, :—m‘g lsinH—Ay a1

Substituting this into (10):

2 1 ’l Po? Po’
-—Al+= _mo sinf - A l:m sin28 = A =_mao sin6(1 +2 cosh) (12)
3°Y 3 6 Y 18 Y 18
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Therefore, from (11),

2 2 2 2
i l
sinf — |- sin9(1+2cost9) = e

By = o sin 8(1 - cos 6) (13)

From (2) we have

Substituting this into (9)
24, -(-A.)=0 =4, =0
Therefore, B, =0.

The only reactions at each bearing are in the plane of the rod and shaft, normal to the shaft, as given
by Equations (12) and (13).

H = mol2sin/9

Y
A 9/ B
i ey
e * I X
21/ 3——i=<—1/3 -
mw?Isind(1 + 2cosb) /18 mol*sinf(1 - cos6)/9

Problem 9.16
Mg =Hg) +oxH
R T
Mg =Aa')xi+Ba')yj+Ca')zk+ w, ©, o,
Aw, Bwy Cw,

i k
600i + Mg, j + Mg,k =56,i+5(0)j+10(0)k+| 0 05 100
5(0) 5-05 10-100

600i + Mg, j+ Mg,k = (50, +250)i
50, +250 = 600=> ), =70 rad/s’

Problem 9.17
i i k
MO = onwxi +onwyj +IOZd)Zk + C()x C()y COZ
IOxwx Iway IOzwz
2 2
1 2 ( L\ mL
I, =1, =—ml" +m —; =—— In. =0
Ox =70z =M= T g) =g Oy
wy =y, =0, =0

0wy =0  w,=-wcos w,=wsinf
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~ ~ ~

i j k

1 A

My =|0 -wcos  wsind :—§mw2Lzsin9cosei
2
0 0 ™ osing
9
L 209 .
~ Mo, = —§mw L[ sinBcosO
Moment of the weight vector about O:
L
Mo = —mggsine
L 3
—gmszz sin @ cosf = —mggsine = 0= Lsfn(—)
Problem 9.18

Mg =Hg) +QxH

i j k
MG :chaxi+IGyayj+IGZaZk+ QX Q]/ QZ

Iwax IGywy Iszz
i j k

10-9.81-0.251 =0+|0 w, 630

0 001406, 0.02812-630
24.52i =17.720,i = w,, =1.384 rad/s

Or, using Equation 9.96,

o, = mgd _10-9.81-0.25 _
P Lws 0.02812-630

w, =1.384 rad/s

Problem 9.19

o150
wwheel = ? = T =120.4 rad/s
Lpheet = 25-0.2% =1kg-m?

M=w, xH, =0.8) x[1:120.4k] = 963 (N -m)
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Problem 9.20

Lyior = 4+0.07% =0.0196 kg - m?

rotor
2 2 & 3
M=o, xH, =2ix (0.0196.10000%1() =41.05j(N -m)

By=F Ay=—F

0.04F = 41.05
F=1026 N
Problem 9.21 1
;’k 0.07222 rad/s
i
1570.8 rad /s V/.\ K
S S Ye > — —
C=125kg-m? forward
/ Mc
j
Losr =200-0.25% =12.5 kg m?

w, = 15000-2—n =1571rad/s
s 60

650000
w, =2 =-3000_ —007220rad/s
P T 2500

M =w, x H, =0.07222 x [12.5(-1571k)] = 14181 (N - m)

The moment reaction on the airframe is clockwise, pitching the nose down.

Problem 9.22
Mg = o), X H,
o, = 20i (rad/s)
H, :%-10-0.05:Z 200k =25k (kg-m/s?)
M, =20i x 2.5k =-50j(N-m)

0.6Rj = -50j
Rp =-83.33 N Ry =-Ry =8333 N

Problem 9.23

I, = cosy cos ¢ —sin ¢ siny cosH
= c0s70°cos 50° - sin 50°sin 70° cos 25°
=0.6428-0.3420 - 0.7660 -0.9397 -0.9063
=-0.4326

ey = cos H(-0.4326) =115.6°
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Problem 9.24

20 -10 0110
{d1} =[1{w} =|-10 30 o0 |l20l=
0 0 40}|30

10

0
500
1500

(J-s)

T:%Hwn: |_O 500 1500J 201 =23000 J

1
2
30

Chapter 9
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Problem 10.1
® C_ o __ 1200 6 _ _s517 rad/s

P~ A—Ccosf 2600-1200 cos6°
H = Aw,, = 2600-5.171 =13 450 kg-m?/s

Chapter 10

Problem 10.2
w,=—C@s o 0 6 _ 4506 raqss
P A-Ccos6 300-500 cos10°
27 2m
=—=——=04173
o, 1506 0
Problem 10.3
2
o = C  wg _ mr D5 _ 5 s
PP A-Ccos® 1 > 5 cosf cos 6
—mr- —-mr
2
cosf =1- 0—
2
-1
1 2 2
:( _0_) :1+0— (9 <<0)
cosf 2
2
Wy = —Zws(l + —)
Problem 10.4
H = Aw, =1000-2 =2000 kg-m? /s
Problem 10.5
H;)  +oxHg=0
[IG]{a} +wxHg =0
[385.4 0 0 ] 0.01 385.4 0 0 0.01 0
0 416.7 0 {a} +J-003tx| 0 416.7 0 -0.03t =10
0 0 52.08 0.02 0 0 52.08 1] 0.02 0
[385.4 0 0 ] 0.01 3.854 0
0 416.7 0 {a} +1-0.03{x1-1250L=]0
0 0 52.08 0.02 1.042 0
[385.4 0 0 ] 0.2188 0
0 4167 0 [{a}+J 00666 L=]0
0 0 52.08 -0.009 39 0
[385.4 0 0 ] 0.2188 0
0 4167 0 [{a}+J 00666 L=J0
0 0 52.08 -0.009 39 0
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3854 0 0 17 0.2188 -0.000 567 6
{a}=-| 0 4167 0 00666 =) -0.00016 | (m/s?)

0 0 52.08 -0.00939 0.0001803

leell =0.0006167 m/s?

Chapter 10

Problem 10.6
C o, 072 30
= = =-62.12 d
P T C_Acos®  0.72-036 cosl5® rad/s
w, =0

Or,

Wy :wpsinesimp +w, cosy =-62.12sin15°siny +0-cosy =-16.08 siny

W, =0y, sin 6 cosy - w,, cosy =-62.12sin15°cosy —0-cosy =-16.08 cosy

¥
w, =ws+w,cos =30 +(-62.12) cos15° = -30

1
Tg = E(waz +Bw

= %[0.36(—16.08 siny ) +0.36(-16.08 cosy )* +0.72(-30)*

2 2
y tCo, )

= %[93.05(sin2 w +cos? ) +648)]

1
= 5(93.05 +648)
=370.5 ]

H =Aw, =036(-62.12) = -22.36 kg -m? /s

1H?*(, C-A )
TR ==—1+ 0
R=pc\ "7 MY
2
_1(-2236)"( 072-036 . 5. )
2 072 \ 0.36 )
1
=—-694.5-(1 +0.066 99
> ( )
=3705 ]
Problem 10.7
L ) 2 5 5
—m|l° +(21 =l
12 m[ (1) ] 0 0 12m 0
1 1o 2 5
Ig| = —m|I° + (3l = 2
[16] 0 ulP+G] 0 0 2
1
0 0 Em[(zl)2 +(31?] 0 0 mi
S o 0 )
12 5 1.50, 0.625ml%w,)
{Ho} =[1clw}=| 0 Zm? 0 [l0swg | ={06667ml0,
0.6w 0.65ml%w
0 0 gml2 0 0

Hy =1.121mlPw,
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0.625mlw,
T, =%m ‘H, =%|_1.5w0 0.8wg  0.6w [{0.6667mlI*w { =0.9305ml*wy’
0.65mlza)0
“ 1 113
— 2 _ 2 2 _ 2 2
T=T,

0.5417ml*w? =0.9305ml%w,>
o =v1.718wy =1.311w,

(b)
H=Cw =%mlzw
H= HO
1w =1.121mlPw,
12
o =1.035m,

Problem 10.8

H jpitial =1000-6 =6000 kg-m? /s
1
Tinitial =~ *1000 62 =18000 kg-m?/s?
H a1 = 50000 fiy
Hﬁnal = Hinitial
5000 ;.7 = 6000
@ final =12 rad/s

1 1
T final = 5000 - fnl” = -5000 122 =3600 kg m?/s?
AT =T a1 = Tipitiar =3600 ~18000 = 14400 |

Problem 10.9

01522 003975 0012 ](10] [ 1522
{Hg,} =|-0.03975 007177 004057 |] 0 | =]-0.3975! (kg-m?/s)
0012 004057 01569 ||0| |0.1200
— — 2
Hgo =|Hg,| =1.5776 kg-m?*/s
) 1 10
Ty =3 Hgy 0 =5 |1522 -03975 0.1200} 0 [ =7.610]
0

I max =0.1747 kg - m? (from Example 10.11)

He ;= Iinan® f =017470 ¢
HGf = HG()

0.1747wf =1.578
wf=9.03 rad/s
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_1 2 _1 2 _
Tf _E'Imaxwf —5-0.1747-9.03 =7.123 ]

AT = Tf -Ty =7.123 -7.610 = -0.4867 ]

Chapter 10

Problem 10.10

Crwér) +Cp (wgr) + wgfl)z) = Crwl(y) +Cp (wl(r) + w£fl)1)

(r) _ (r) )

(r) _ () + Cp(wrell ~ Ol

C,+C,

ol =3+ 500(1 - 0.5)
500 +1000

=3.167 rad/s

Problem 10.11

_C e, _ 1000 01
P A-Ccos6 5000 -1000 cos20°

i 118.1 s

w =0.0266 rad/s

0, 00266

Problem 10.12

A
cosy =
\/Az +C? tanzg

500

1

A:%(SrZ +12) :3(3-0.52 +22)=1979kg-m?>  C = mr? :%500-0.52 =62.5 kg -m>

(197.9\

\eoe5?) -197.9
¢=2tan"! n7t|y 28 5 =30.97°
62.5
Problem 10.13
di = 1(6()2 —(,01)
Npd
w2 =01 +==
wy =0.01-27 + % =0.4003 rad/s =0.0637 rev/s
Problem 10.14

HGO = A(l)oxi + B(oni + CCL)OZI/&
=2000-0.1i + 4000 -0.3j + 6000 - 0.5k
= 200i +1200j + 3000k

HG = HGO + AHG
= 2001 +1200] + 3000k + (50i - 100 + 300k)
= 250 +1100j + 3300k
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Aw,i+Bo,j+Co,k = 2501 +1100j + 3300k

250 250
=22 =22 ~0125 rad
“x =74 T 2000 rad/s
1100 _ 1100
=20 =20 0275 rad
Oy = =00 - 270 rad/s
w, =200 3300 _ 55 ad/s
C 6000

w =\/wx2 to,? +0,” =0.6275 rad/s

Chapter 10

Problem 10.15

A=t e Loz 21300152 + L300 152 =225 kg -m?
4 12 4 12

C =%m1’2 =%300~1.52 =337.5 kg -m?
Hg, =Cok = 337.5-(1 E—gk) = 3534k (kg-m?)

HGZ :Hcl +7M

Hg, =35.34k+ (~20:5)

Hg, :J35.342 + 90 :\/1249 + 90

I‘IG2 =A60p

1249 +9,,% =225-(0.1-27) =141.4

7,2 =18740
7,1 =1369 N-m s

Problem 10.16

= 1+ 300 =23.22

omR2  2.3-157

wn —w _
I;=R K20 7% 15003222 =L —5902 m
g +a)f 5+1
wn —w -
. 1<2 0-wf _ /23.2225 | 07869 <
g w0+wf 5 5+1

wo ¢ 5-
l;=R|K——7L =152322-2"2 =7.208 m
wo +o g 5+0

K @g-wf [23225-0
b= | L= 12 =0.9636 s
wy” Wo twy 5 5+0

K=1+
(a)

(b)

o
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Problem 10.17

_1 2 2\, 1 21, - 1 2
TO_EA((UX +wy )+5sz —EA.Q +ECCUO

C o, _ 60 2
P A-Ccosf® 30-60 cosl5®

30
wy = gwp cosf = 5(—4.141) cos15° =-2 rad/s
Q=w,sinf =-4.141sin15° = -1.072 rad/s

w =-4.141 rad/s

~ T :%-30(—1.072)2 +%'60(—2)2 =137.2]

(a)

Hy =|Aw,|=304.141=1242 kg-m? /s
Hf = HO
60w ; =1242 = w; =2.071 rad/s

P|:

(b)
_1 2 _1 2 _
Tf —Ewa —5-60-2.071 =128.6]
AT = Tf -T, =128.6 -137.2 =-8.616 ]

(c)

lf:R\/1+ C2 :1~\/1+ 602 =2.299 m
2mR 2:7-1

Chapter 10

Problem 10.18
A 0 0][0 0
{He} =[1cf{o} =0 A 0|} n l=] nA
0 0 C||-w, -w,C
i j ok
MG :QXHG = 0 n 0 :—Cwsni
0 nA -o,C
2n
ws=1-%=0.1047 rad /s
ot 21
n=—=396526 7597 %1075 rad /s
24 -3600
C =550 kg - m?

- Mg, =-550-0.1047 -7.292 x 107 =-0.0042 N ‘m

Problem 10.19 o, and o ; are the initial and final angular velocities of the spacecraft. w is the

angular velocity of the flywheel relative to the vehicle.

[ + 1), =[1 +H(w)]f

(A(I)Oxi + A(on,]: + CCOOZI,;) + (Ix(l)oxi + Iywa,]: + Iszzf()
Sk

= (wai +Awyi +Cw )+ [Ix (wx +w)i+1ywyi +IZleA<]
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(A+Ix)wx +1.w :(A+Ix)w0x = w :(

_(, . 1000\ _
s =1+——(0.1-0.003) =4.947
o=1+— /( ) =4.947 rad/s

1+I£)(600x —(l)x)

X

Problem 10.20

Chapter 10

Given: 13 >12 >Il'

Figure 10.29, Stable region I: 1oy > Iy, > L it
I; axis in pitch direction (normal to orbital plane)
I, axis in yaw direction (radial)
I axis in roll direction (local horizon)

Figure 10.29, Stable region II (preferred): I pitch > Loy >1 yaw'
I; axis in yaw direction (radial)
I axis in roll direction (local horizon)

I3 axis in pitch direction (normal to orbital plane)
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Problem 11.1
m
— — Pout _E
mp _mpout +mpz'n _mpout * 4 B 4 mpout
Outbound leg:

M, +mp+mPL \

(
Av =1 1
(9 spgo n(me +mp “m

Pout FmpL
( 5 \
m, + 2 Pout +3500 J
Pout +3500

+ 3500\

4220 =430-9.81-1n

m, m

+=m -
4 Pout

(

M+ my,
=430-9.81In 4 Tou

m

ety Myt 3500J

5
m, + 1 Pout +3500

1 =2.719
m, + 2 Pout +3500

0.5702mp -1.719m, =6018
out

Return from GEO tp LEO:

1
M+, +3500\
Av =14,g,In 4 out
sp&o m,

[ .1 \

n, +—mp ;
4220 =430-9.81 -h{MJ
me

1
m,+—m
€ 4 Pout
me

Pout — 6.876m,

=2.719

m
Substitute (2) into(1):

0.5702(6.876m,) ~1.719m, =6018
m, =2733 kg

Chapter 11

Problem 11.2

First stage:
¢ =Igg8, =235-9.81 =2943 m/s

Mo —m . 5-170.1)-9.
vbozcln(@)_( £)80  soun [ 2495) _ (2495-170.1) 981

my ", \170.1) 10.61
2
_c mg 1(mg-mg
e R R e
2

294 170.1 1(249.5-170.1
22988 1 (700N 4061 40495 21701 | - L[ 2892217010 g )
10.61 | 2495/ 2\ 1061 )
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=3947 -274.4
=3673 m

After 3 second staging delay:
v = vy, — gAt; =1054 -9.81-3 =1024 m/s

1 1
h = hpo + VoAt —EgAtsz =3673 +1054-3 - 2-9.81 -3% =3673 +3117 =6790 m

Second stage:

vy =1024 m/s
hy =6790 m

¢ =18, =235-9.81=2305 m/s

(mo =m )8

™,

Vpo = 0p +cln(ﬂ) -

m g
(113.4) (113.4 -58.97)-9.81
\58.97/) 4.0573
=1024 +1508 —131.7

=2400 m/s

=1024 +23051n

+ i mf +
n o mf mo—Mf

e

my —H’Zf I
™,

1(mg-m 2
0-
_E(—f) 8o

h po=hg +Uo(

e

113.4 -58.97\>
4.063

(
\ 9.81

(1134-5997) 2305 [1 (59.97) 1
2

=6790 +1024 n
\' 4053 ) 4.053| \113.4)
= 6790 +13760 +9028 — 884.7
=28690 m

-58.97 +113.4 - 58.97} -

Coast to apogee:

vy =2400 m/s
hy =28690 m

vy _ 2400
0=vy - gt t =—=——=2447
00 —&'max = 'max q 981 S

1 1
Hinax =Ho + 00tmax = S max’ =28690 +2400 -244.7 - 5981 -244.7% =322300 m

Problem 11.3
00 = ® et Resth €05 ¢ =7.202(107) 6378 - cos28° =0.4107 km/s

398 600
Av = +2-0.4107 =9.315 km/s
6678

Upo = Av =9.315 km/s

Vho = Vpor ¥ Vbop

Upo = Isplgo lnkz_il) + Isngo ln(%)
1 2
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2' 2 + + +
9315:290_9.81,1% 525000 +30000 + 600 000 + 11p; )

2-(525000 - 450000) + 3000 + 600000 + 112p;
30000 + 600000 + mpy )
30000 + mpy
1680 000 + mpy
753 000 + 1mipy

+450-9.81- ln(

9315 =2845- In(

+
) +4414 - ln(—630 000 + 1 L)

30 000 + mpy,

To find the value of mp; satisfying this equation, graph the function

Chapter 11

1680 000 + 630 000 +
£ =9315-2845-In| ————PL) _ 4414 In[ " PL
753 000 + mpr, 30 000 + mpy,
f
500 |-
0
500 |-
| ;
100 000 120 000 mpy, (kg)
110 800
f =0 when mp; =110800 kg
Problem 11.4
mp, 10000
=TPL = =2 2 .06667
PL = e 150000
1/3
2= Lm =0.682
1 - J'L'pL
2
g=—E 0000 _ 1409

g —mp, 150000 —10000
(a)

n:1+A: 1+0.682 ~2.039
e+A 01429 +0.682 ~—

A0 =18, Inn’ =310-0.00981-1n2.039° =6.5 km/s

(b)
(1 - 7pr3)(1 - &) L _l1-006667")1 -0.1429)

m

" TpL 0.06667
(1 - anl/3)(1 ~e)  (1-0.0666713)1 -0.1429)

m Mmpr, =
P2 pr 2 0.066672/3

_ (1 -7 2)1 - ) (1 -0.06667"/3)(1 - 0.1429)

L 0.066671/3
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(c)

1o 1/3 _o. 13)..
me, = (-0 )e mpy = b0 0653266 7) 01929 10000 =12740 kg
Tpl, . —
(t-ap ) (1-0.066671/)-0.1429 )
ey gy = 10000 =5166 kg
/3 1/3
(1 - 7p ) (1 -0.06667/3)-0.1429
Mg, = iy, = 10000 =2095 k
BT s 0.066671/3 =

(d)
Moy = Mgy +m,,, +mpy =2095+12570 +10000 =24660 kg

Moy = Mgy + 1y, + gy = 5166 +30990 +24 660 =60820 kg
Moy = Mgy + 1y + g, =12740 +76 440 + 60820 =150000 kg

Chapter 11

Problem 11.5
c1 =I5y, 8o =300-0.00981 =2.943 km /s

Cy = Isngo =235-0.00981 =2.305 km /s

£1= 0.2
& =0.3

Vpo =6.2 km/s

2
n-1 -1 -1

Vpo = E C; ln( £l ) =q ln( an ) +0y ln( £l )
iz CigM c1émn CaéxM

2.943n -1 2.3051 -1

2.943-0.2n 2.305 -0.317)

2.943n -1 2.3051 -1
0.58867 0.6915n )

6.2 =2.943 ln( ) +2.305 ln(

6.2 =2.943 ln( ) +2.305 In(

To find 7, graph the function

2.943n -1

=2.9431
f n( 0.58867

) +2.305 h{M) -6.2

0.69157
As shown below, f =0 when 1 =1.726.

_on-1_ 29431726 -1 _
T ocpem 2.943-02-1.726
_com-1_ 2305-1.726 -1
" oen 2.305:0.3-1.726

4.016

n

=2.496

1y

oomp=l o 2496-1
2 1 —emy TET1-0.3-2.49
-1 4016 -1

(m2 +mPL) = m(59.53 +10) =1065 kg

10 =59.53 kg

1 _1—817’11

M =my +my =1065+59.53 =1124 kg
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1.5 2 25 N

1.726

Chapter 11

Problem 11.6
z=x% + yz +2xy

g:x2 —2x+y2

h:z+)ug=x2 +y2 +2xy+)t(x2 —2x+y2)

oh
a—:2x+2y+k(2x—2)=0 = (A+Dx+y=4
X

h
%y

1 A+1
x —
y

x? —2x+y2 =0

.[A+1 1

A+1 1

2
(A +1) A+l

}

__ 1 A+l -1 A: A+2
1 A+1 Ar+2)| -1 a+1]]0 1

— =2y +2x+A(2y)=0 = x+(A+1)y=0

!

(A+2)? A2 (42

=0

Multiply through by (A + 2)? (this is okay since A +2 =0 clearly does not correspond to a local

extremum). Then

(A +1)? —2(A +1)(A +2) +1 =0

or

A2 +40+2=0

The two roots are -0.5858 and -3.414.

A =-0.5858:

_A+1_ 05858 +1

YT 42 T Z05858+2

1

y:

TA+2 058542

=0.2929

=-0.7071
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2z =22 + % +2xy =0.2929% +(=0.7071)* +2-0.2929(-0.7071) =0.1716

A =-3414:

A+l -3414+1

TA+2 341442

1 1
=_ =_ =0.7071
V=32 " 3atas2 070

zp =x% +y? +2xy =1.7072 +0.7071% +2-1.707 -0.7071 = 5.828

=1.707

Note that

2 2
e (‘9 2422 f) +2( U j § dxdy+(a— a—f)dyz
ot o iy oy

A2 =2+ 4-2)dx® +2(2 + A -0)dxdy + (2 + A -2)dy>
i =2(n +1)(dx® +dy?) +adxdy

For A =-0.5858,

1 =2(n +1)(dx® +dy?) + adxdy =2(-0.5858 +1)(dx® +dy?) + adxdy
=0.8284(dx? + dy?) + 4ddy

Since d?h >0, 21 = Zmin -
For A =-3.414,

i =200 +1)(dx® +dy?) + adxdy =2(-3.414 +1)(dx? + dy?) + 4dxdy
= ~4.828(dx® + dy?) +ddxdy

Since d?h <0, 2y = Zmax -

Chapter 11
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