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APPENDIX A

DATA BASELINE DEFINITION, 15 JULY 1977

DATA ITEM

SOURCE

DATE

w

Mass Properties

Jet Control System

Wheel Control System

Earth Sensor

Yaw Sun Sensor

a. Thermal Variation--

+ 0.6 percent

Thruster locations

Thruster Characteristics

a. 0.11

b. 5.01b

Computer Listing PR #19

Rockwell Block Diagram MC476-
0146, Rev. F, Seq. 4

Rockwell Block Diagram MC476-
0146, Rev. F, Seq. 4

Performance Analysis of Static
Earth Sensor, Barnes Engineering

Company

Yaw Sun Sensor QOutput Character-
istics, Rev. B and Rev. C,

MCR GO0569

(See Solar Array Drive)

Scaled from Rockwell Drawing

V505-900003, Rev. C

GPS 0.1 Ibl" REA, Qualification
Test Report CDRL, Item A005,
Contract 1°04701-74-C-0527

GPS 5.0 1bF REA, Qualification
Test Report CDRL, Ttem A005,
Contract F040701-74-C-0527

27 January 1977

Received
29 March 1977

Received
29 March 1977

5 August 1975

11 February 1977

27 January 1975

31 March 1976

31 March 1976




DATA ITEM

SOURCE

DATE

¢. RCS Tank Blowdown
Profile, 5.0 1b and 0.1

b Thruster Performance

Wheel Dynamics

Solar Array Drive

a. Pulse Width Normal

50 _15 milliseconds

b. Pulse Width Extended
85 + 8.5 milliseconds
c¢. Slew Command

64 pulses

d. Expected Slew Normal

11.85° + 6°

e. Expected Slew Extended

38.4° +18°

b Max Pulse Rate
1to1.85

g. Deadband, 1 to 1.7°

h. Driving Torque

145 oz-in min

s Coulomb Friction

65 oz=in max

j. Solar Array Drive

Torques

k. Minimum Pulse Rate

GPS Propellant Budget

Motor Torque Speed, Curve
Plot No. 5, Design Review Data,
Item R-005 Bendix to Rockwell

Solar Array Drive and Power
Transfer System, Rockwell
Document No. MC476-0143,
Rev. B and C, Seq. 05 and 05

and

Global Positioning System
Operations Handbook, Volume 1
Section 2,3: EPS Description,
CDRL Item A00G, Contract No.
F04701-74-C-0527

Ball Brothers Memo

Phil Talley Memo

Received from
SAMSO,
June 1977

14 January 1975

6 June 1976

5 February 1976

22 October 1975




DATA ITEM

SOURCE

DATE

10.

11.

13.

Nutation Damper

a.'

Radius of Curvature

158.25" + 10" to 18"
Length of tube 15,75"
Mass of Ball .018 slugs

Dissipation Coefficient
= o,
°h 0.017 + 307

Pitch Sun Sensor

Ball Brothers Memo

Alignment Specs

de

b.

C.

d.

CES

SSS

YSS

Reaction Wheel

Thrusters

Precession Procedure

I'iring Pulse Width
93.6 msec

Expected Precession
Angle/Pulse, 0,12°
Thrusters Uscd

17 and 18

Firing Delay, 0 to

5.24 sec (increments of
10.25 msec)

Minimum Number of

Pulses, 4

Blue Print Damper Assembly
Nutation GPS Rockwell Drawing
No. V505-520016

Rockwell Viewgraph

Honeywell Memo

Ball Brothers Test Data

Global Positioning System Orbital
Operations Handbook, Volume 1,
Section 2, 4: Control System,
Description CDRI., Item A00G,
Contract ¥04701-74-C~0527,
P2.4.138

See Item 12

15 January 1976

CDR

29 September 1975

Received

15 July 1977




DATA ITEM

SOURCE

DATE

13.

14,

15.

16.

f. Procedure: 9 segments
of 4 minutes duration;
reference sss pipper

pulse each revolution

Despin

a. Thrusters Used--

11 and 13

b. Sequence

95 to 85 rpm

Calibrate
85 to 75 rpm

Recalibrate

75 to 20 rpm
20 to 10 rpm
10 to 6 rpm

6 to 1 rpm

c. Firing Time in

Increments of 5,27 sec

Earth Acquisition Procedure

at 1 rpm
a. Enable roll axis control
b. Wait 5.0 minutes

c. Enable pitch axis control

-y Panel Deployment
Procedure with roll and pitch
jet control, deploy -y panel,
slew 90 deg

Modified from Item 12

See Item 12

See Item 12

SAMSO Review
15 July 1977




DATA ITEM

SOURCE

DATE

17.

18.

19.

Sun Acquisition

At 0.75 rpm and -y panel
deployed and sun line parallel
to panel normal, enable yaw

jet control.

+y Panel Deployment with
three-axis jet control,
deploy +y panel, slew

90 deg

Momentum Dump

Procedure

a. Automatic dump of pitch
and roll axis when
momentum is greater

than 0. 25 ft-lb-sec

b. Pitch axis firing times

0.1, 0.3, 0.5, or 0.7

sec (0.3 nominal)

c. Roll axis firing times
0.8, 2.4, 4.0, or 5.6

sec (2.4 nominal)

See Item 12

See Item 12

See Item 12
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APPENDIX B

ONE-BODY MODEL EQUATIONS

This appendix presents the derivation of equations of motion used in the

one body simulation. For Definition of Symbols, see Figure B-1.

Vector torque equations are given by

e o gtE
[ rxdF = rx ) dm
dt
d - ,dr
=L £L -1
e R (dt) dm (B~1)
= _di
T %

where H is defined as

g
H-frx(dt)dm

[J0 + moM(ro,ro) + i I, + i miM(ri,ri)] w, + i J vy

3 I R Iimi (B-2)

oy L
it

where, in body 0 coordinates,

Miap) S S st =ab

1 -1 -1
A x Xy Xz
J = -1 I -1
Xy y Xy
-1 -1 I
Xz Xy z

S (Toi is transformation from wheel i to body o)




—t

Body CM's

Total CM

Masses

Inertia Tensors

Figure B-1.

Notation

Body 1
(Symmetric Morentum heels)

CM_ CHi
cH
L

s 3} (Jo, J; are inertia
tensors in reference body
coordinates of inertias about

CMO and CMi respectively)




1
oy = TPy

Ix =7 (y2 + zz)dm =I + 1, etc.

yy = zz

Ixy = [ xy dm, etc.

The rotational equations of motion are then given by

=L
]

Wheel Torques may be described by

f M, SeEel
: f %.xdF = ; x.x — x.dm
1 i 1= 2
‘ gy i
U B dm
Ty = &

Wheel momentum is given by

=fxix [(g—-§.+-w x;ci] dm

10

(B-3)

PR S NFITPRNIAEIY WUV P S




I xix[wi X x; + @ X xi] dm

=Jyu, + Jw (B~4)
Differentiating
= B . (3_5)
Ti Jini + Jimo + wo 3 Jiwi + w, X Jiwo

Torques about the wheel axis are given by

Ti = Jiwi + Jimo (B-6)

o Ji&i | (B-7)

where Ti is the sum of motor, bearing and windage torques on wheel 1i.

Equations B-7 and B~3 are combined to compute the body rate derivatives.

b = IOU‘O + ; Ti + (.no X H (B_s)
Kinematics

The inertial coordinate system and the Euler sequence are consistent with the
Rockwell convention presented in the AVCS splinter meeting notes at the
preliminary design review. Specifically, Rockwell specified a yaw pitch

roll Euler sequence with the equations:

De
L}

w cos v+ qcos ¢ - r sin $
7 = (wsin | sin 6 + q sin ¢ + r cos ¢) (1/cos 8)

Pt @ sin 6 + w sin ¥ cos 6

S
i

11




where

w orbit rate

Ps4,r = body rates
¢50,v

¢,0,

Euler angles

Euler rates

These equations are consistent with:

1 A local vertical system with z axis pointing toward the earth and x

axis in the orbit plane and positive on the direction of motion.

2% Euler angles specifying body orientation relative to the local vertical

frame.

The inertial coordinate system is the Geocentric Equatorial Frame (e.g., z
axis positive North and x axis positive in the direction of the Vernal
Equinox) . The local vertical system is consistent with Rockwell's (e.g.,

Zz axis positive toward the earth and x axis in the orbit plane).

Two sets of Euler angles, both having a yaw pitch roll sequence, are used.

The first set PSI, THETAl, PHI1 define the inertial to body transformation E.

The second set, PSILV, THETA, PHI specify the orientation of the body
relative to the local vertical frame and should be consistent with Rockwell's
Euler angles. The inertial Euler angles are integrated in the simulation

via quaternions.

Linear Motion

The simulation uses two subroutines( POSITN and RADVEC) to compute the
ephemerides for the satellite and the sun. The ephemerides for the satellite

and the sun are calculated using the six Kepler elements: semi major axis (a),

12




eccentricity (e), inclination (i), right ascension of the ascending node (),
argument of perigee (w), and mean anomaly (M). The update is a simple rate

term on the latter three. Table B~1 presents the six elements, their units

and values for the vernal equinox condition. The rate terms are derived

in the program from the fixed parameters and are given by
\‘ . 3 o
M =\’ p/a3 - EL—J;LQE——E l—e2 @15 sin2 i-1)
[a(1-e%) ]

& = l(_k_/_éi— cos i
[a(1-e2) T2

k V -v/a3

e R (S sin2 i~2)

[a(1-e2) 12

where
62630.3949

it

u=Gm

-19255.96124

k = RE2 J2 (first term of perturbing force

due to Earth's oblateness)

The rate terms for the sun are fixed and are included in Table B-1. The

simulation updates M, (, w by

M(t) = M(e ) + M " (-t ) ~7 <M<
ale) = a(t)) + o ° (e=t ) ~n<Q<m
w(t) = m(to) + (t‘to) b T

A seventh term, the Greenwich Hour Angle (GHA), which relates the earth-
fixed coordinate system to the inertial system, given the six elements is

updated via:

GHA(t)

GHA(to) + wg (t—to)

earth rotation rate

13
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TABLE B-1. GPS AND SOLAR EPHEMERIDES
STANDARD VALUE
SYMBOL NAME UNITS GPS SUN
a Semi Major Axis Miles 14342, 1%
e Eccentricity == 0. .0167
i Inclination Degrees 63. 23.443
M Mean Anomaly Degrees 0. 88.068
Q Right ascension Degrees 0. 0.
of ascending
node
w Argument of Degrees 0. 270.
perigee
M Degrees/sec - 1.1.4074}(10-5
o Degrees/sec - .544773x107°
@ Degrees /sec - 0.0
GHA Greenwich Hour Degrees 0.0
Angle
*

Astronomical unit
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APPENDIX C

THREE-BODY DYNAMIC MODEL

This appendix contains the equations of motion for the GPS three-body model.

ROTATIONAL DYNAMICS

.: Let 50 = g angular velocity of reference body in reference body coordinates
r
3 Notation: x = vector or tensor

x = components of X in reference body coordinates

x = components of X in body i coordinates

" g—f = derivative of X with respect to inertial frame

%tg = derivative of x with respect to reference body frame

X = componentwise differentation of x. Note that (5%/5t)° = x.

(See Figure C-1.)

MOMENT OF NEWTON'S LAW ABOUT CM

- = _on-_dr _dp-_|dF
j‘rxdF‘~frx——2-dm-dt rx(-d—t—)d
dt
= dH
T =%

EVALUATION OF H

(C-1)




@, + m‘
/—’/ o
= N
—— — —— —— ——-—,r/
7/ -~ // NG dm \
/ / \
i [ \
[ \ \
| \
' \
: | M /
| /7
[ l P
| l - -
| | Lo
| o =
|
| ; 2 SOLAR PANELS
|
l |
| 4 SYMMETRIC
| MOMENTUM WHEELS
|
i
|
|
|
|
\ SATELLITE
N
AN

2 NUTATION DAMPERS

SOLAR PANEL PIVOT POINTS Pj
BODY CM’s: CM,, CMi, CMy; CM-TOTAL CM
MASSES: m;, m, My, m; m = TOTAL MASS

INERTIA TENSORS (ABOUT CMs) Jg, Ji. Jj: i Jn

Iigure C-1. Nota tion

17




5T
+};j’(ro+f‘.+%+§j)x —’)Tg +E'uox(r0+§°j*oj+§j)+<-njx(5j+§j) dm

(5
R 8(F +5, +X )
+3 + 5 +X L TR R r 47 +p +%
] (ro r +o, xn)x T wox(ro rn+pn+xn) dm
nn
Noting that
r + (r +T)+ (P +r.+p.)+ r +4r +p)=0 -3
M5 0 fml(ro lpi) J‘_Zm (ro ¥ p]) Emn(ro "n pn) (C-3)

Equation (C-2) becomes

b3 (C-4)

n

A=Tw +2lw +3Lo +
oo il jJJ

5 ™

where

1 =J +32J. +2J.+2J -mM(r ,r ) +tmM(r,r.)
o o i i o o oo EE i

+ +p.,r. +p.)+ + 0, +
);ij(rj 2 rJ 03) ZmnM(rn o0 Th pn)

. J n
1 =J
3 1
I.=J.+mM(r +r.+p.0.)
y =y TR, T ey

i - mn(ro e pn) x (&on/r,t) + ‘L (ro #F_ g F xn) x (5xn/5t) dm

v | and

1

M, b) 3BT af - ba
COMPUTATION OF Ti

The vectors ;i’ I-‘j, ;n’ Bj are given. The vector f'o can be computed from Equation

(C-3).

Wheel Momenta

Tl oi i i

Panel Momenta

L J
Lo =T, H o +mMr +r, +p,p) o,
joy = Tog T o + myMir, &1+ ppp)) 0

——

18




where 0
W, = e 0 3 w‘].
) o)) PJ o] )
0
Nutation Dampers
Assume: Jn = 0 (point mass)

aan
= T + r = —_—
- Hn mn(ro “n % pn) 2 5t

ROTATIONAL DIFFERENTIAL EQUATION IN SATELLITE COORDINATES

jas]|

6

+o xH
5t Yo ¥

o

T:

l

alo
st
=

T=Im +1o +:lLe +TLd, +=lo +TH
[olNe) [elNe) ill i ] nn

EVALUATION OF THE DERIVATIVES

Inertia Tensors

o > 5 p . AL
I =vJ. -m[M(r ,r )+M (¢ ,r )] +cm[M(r. +qp, )+M (r.+p., ¢
& 2% [M(r_,r ) &, o) j J[ (J B 5 (J 2 %)]

Z 4 ¢
+ + + + 0.,
imn[M(rrl Py’ pn) M (r-n o pn)]

I =J +mM{r +r,+p.,p) +mME_+6.,0.)
ik B e D U i g B L

where
5. = w, X p.
s [ Sk
4 1 . s
r =s==lTm.p. +zm g
o ml|. 7 n"n
i n
WHEEL TORQUES
- = d2
,ri'{.xdF=fx.x——— X,
A ! v i 2 i
i i dt

= Ti = Jiwo + Jiwi to x [Ji(wo + u)i)]




The magnitude of the wheel torques about the axis is given by

where h_is a unit vector along the spin axis., For example,
i

h: =P .
i oi

1
0
0
PANEL TORQUES

G

el e e e AT (R
(p. +x.) x dF = .+x.)x(~—(.+X.+r.)dm
Fle e, o, o R

(lt2
2
difre
T mp x —2L -d—Ii
2 dt
dt
where
H . =[J. +m. M 0.0 0] (@, + @
i~ i, (o oM @y + )
d rE’l . T
T, =mip x —5= + {J. +m_ [M(p, 5.) + M (g, 6.)]] (w, + o )
§ AT L T gl Gy £
+{J. + m. M(p., p.)] (0. + @& ) + x H,
[ j j (QJ DJ ] (wJ (no mo i
Too=ho 0
Ja J J
where
hj = unit vector along panel hinge
0
=TO. 1
To
and
dzrpj 521'0 6r0 .
— Dj x acm + pj X —— + wy X e + [M(pj,ro) +M(pj,ro)] o
dt 5t
+ + » + +
M(pj.ro rj) 0 wox M(pj, r rj) 0
g
s BosuiDm. oprem o]
612 m f JiJb 4, nn

20




o= ® X p.tw, XD
S e N el

Nutation Damper Forces

2
o= —_— + +
Zl mn 2 (rcm r‘o rn X pn)
dt
2 2
6T, 5pP,
R e T Pn)
5t 5t

+w x(f +9
wO (ro pn)

8r

o n
+ X == === xiln +r
Yo ot ot ® (o n pn)

where
= 2 h
 %'n

and

h = unit vector alon s
n g Ph

21
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APPENDIX D

NUTATION DAMPER MODEL

This appendix summarizes the nutation damper model implemented for the

digital simulation evaluation of GPS stability and control analysis.

The nutation damper is used for passive GPS spin axis stabilization during
the initial mission phases by dissipating the spacecraft precession energy.
The nutation damper adopted for GPS application is of the type of ball in
gas filled tube. The tube is made of aluminum and the ball of tungsten
carbide. The gas is a 9 : 1 ratio mixture of nitrogen and helium at 1 atm.

pressure. Physical parameters of this damper is shown in Figure D-1.

A similar damper of this type was used in the Telstar satellite, Reference
D-1. Discussions on the design and analysis of ball-in-tube type nutation

dampers can be found in Reference D-2.

Derivation of the torque equations presented here follows the same procedure
of Reference D-2 which contains numerous typographical errors. The results,
in the torque form, are compatible for integration into the three body model

described in Appendix C.

DAMPER MODEL DERIVATION

To facilitate the model derivation, we shall define a vehicle fixed B-frame

whose origin is at the vehicle's center of mass (excluding damper ball) with
the (53 - XB — EB) axes aligned with its principal axes. Also in the fol-

lowing consideration of vehicle rotational motions, it is assumed that the

translational motion of vehicle's center of mass resulted from reactional

24
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forces of the damper ball can be neglected. By reference to the geometrical
description of damper location in B~frame, the position of center of ball,

Eb can be written as, Figure D-2,

0
= -a+ Yy cos «a (D-1)
b+ Yy sin a

where
v = 159 din. = 13.25 ft.
(a,b) = coordinates of tube center of curvature

Equation (1) implies that Yo - 24 plane contains the damper tube.

Let the vehicle moment of inertia be such that

il = IY = A
XX Y
(D-2)
IZZ =C
The rotational energy of the vehicle becomes,
- L 2 2 i 2 v
Ty = % A(W,™ + W) + J5CW, (p-3)

The velocity of damper ball can be written through dif ferentiation of (1) as,

. ol a1
M) = T y) = Ty & )

with (E_Ib) TBIT (Esb) , we have
2. . Bosh T B
By =Tgy By *Ty Ey)

= -1y s W1 @) + 1y




NOTE:

o F
7]

Ip = SPIN AXIS

cMv = VEHICLE CENTER
OF MASS

DAMPER CONTAINED IN
PLANE (YB - ZB)

Figure D-2.

CM

Nutation Damper in Vehicle
Body Fixed Frame




or
(Y = -5 06 By+ &P =
(B =5 1@l @)+ @ (0-4)
In component forms, (4) becomes,
VX 0 —Wz WY 0
= - > + .
VY wz 0 Wx X a+y cos a
= ¥ .
VZ WY WX 0 b+ vy sin o
0
+ | - sin g a (D-5)
Yy €OS a o
Hence the translational kinetic energy of the damper ball is
2 2 2
= L
Tb =% M (VX e VY + VZ )
) s 2
=% M([-(-a+y cos q) W, + (b +y sin a) WY]
+ [-(b +y sin o) W -y sin o 41°
+ [{-a+ y cos q) We ¥y cos a & }2 (D-6)
where M = mass of the ball

4 3
3 B
= density of tungsten carbide (WC) = 15.7 gm/cm3

o = 263 gm = 0.018 slug

Assuming the ball is rolling without slipping in the tube, the magnitude of
the angular velocity of the ball is related to the translational velocity
of the center of the ball as

_ 1 AR (T 2B N
wb-Yb [(_Iib) (Eb)]

2 2 R
= L [Yz Sin2 a A + Y cos o (‘12]’5
b
= X where y, = radius of the ball = 0.625 in. (D-7)
Yb

28




g —

Hence, the rotational energy of the ball is

= I 2_1 _g_ 2 ;y_&_Z
T 4Ibwb =4 (S-M yb) (Yb)

-iny? 42 (D-8)

The drag on the ball is viscous, Reference D-3, since the tube is gas filled,
the clearance between ball and tube is small and the ball moves much slower
than the speed of sound. Hence, the viscous drag on the ball can be
represented by Rayleigh's dissipation function as

=1

- &HT &

', b) b

l/ch \',2 &2 (D-9)

where CD is a constant to be described later.

The total energy of the system then becomes

T

+ T, +
TV Tb ’I‘Y

2

=WX {1/2A+144(Y2+b2

+ a2 + 2b y sin « -2a y cos a)}

+WY2 {BA + M (b2 + 2b y sin o + y2 sin2 a)}

+w22'{%c + LM (a2 - 2ay cos g + YZ cos2 a)}
+waZ {-M (-ab - ay sin a + b y cos o + Y2 sin o cos a)}

i G M G- ay cos a + by sin o))

+32 {—Z—a M‘YZ} (D-10)

With the total vehicle energy given in ("~10) and the damper dissipation func-
tion given in (D-9), the equation of motion of the vehicle and the damper

system can be obtained as
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& o, Mt
4 %%; : wx~§%; + W, %%; =0
%F %g ot %g ' %% =0 (p-11)

The rotational equation of motion of the vehicle can be written in the form

of Euler's rigid body equation as

AWx + (C - A) waY = TX
AW& - (C - A) Wsz = TY
AWZ =y (D-12)
where the torques TX’ TY’ and TZ are,
TX = -M [ﬁx (yz + b2 + a2 + 2b y sin a - 2a y cos a)
+4 (2wx + 4) (by cos at ay sin )
.. 2
+q (y*“ - ay cos a+ b y sin q)
+waZ (a2 - b2 - 2ay cos o = 2b y sin « - yz sin2 a + yz cos2 a)
2 2 : &
+ (wY = W, ) (ab+ aysin o - by cos a - y° sin « cos a)] (D-13)
C 2 ; 25 w2
TY = =M [WY (b" + 2b y sin a + yv* sin” o)

+ (ﬁz - W,W,) (ab+ aysing=-b y cos o - Y2 sin a cos a)

X'y
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+ WXWZ (y2 + b2 + 2b y sin a - Y2 cos2 a)

+ 20 & (b y cos o + yz sin a cos a)

+ 2w, & (b y sin a + y2 sin2 )] (D-14)

By~ =M [ﬁz (a2 ~ 2ay cos a+ yz cos2 a)

+ (ﬁ& + WXWY) (ab+aysinaoa -b y cos a- y2 sin o cos a)
+ waY (--a2 + 2a y cos a - y2 cos2 o)

+ ZWZ & (ay sin o ~ Y2 sin o cos o)

- ZWY & (b y sin a + yz sin2 @) ] (D-15)

With ball's equation of motion in tube given as,

U~

ya + QX (y - acos a + b sin a)

- WXZ (b cos a + a sin a) - WYZ (b sin o + y sin o cos a)

= sz (a sin o - y sin o cos a)

waZ (a cos o+ b sin a - v cos2 a+ v sin2 a)

+ wX & (asin o + b cos o - a sin a = b cos a)

Cpy

+ () a=0 (p-16)

The drag force on the ball consists of two components: the pressure drag

and the viscous drag. For the case where the gap between tube and ball is
small, as in the GPS nutation damper, and the speed of the ball in the tube is
small compared with the speed of sound, it has been determined in Ref. D-3

that the drag force is primarily due to pressure drag. The drag force D,
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can be written as

3
L
D'ama( 72 )S‘(ﬁs

1>

where
p = viscosity of gas in tube
=G = =
g (v YpiY = 8ap parameter
Y ™ inside radius of tube
S = speed of ball relative to gas
CD = dissipation coefficient

i 3
‘ i35 "% Yy
4x64 g5/2

For GPS nutation damper,

178.1 x 10°°

e
]

x 2.089 x 1073 1b, sec/Er

 (0.633 - 0.625) / 0.625

,
os)
]

0.633 in.

=)
]

Hence, value of dissipation coefficient,

CD = .0171 lbf/(tt/sec)

To handle the discontinuity at either end of the damper tube,
4 = -ed at o = + o max

where

a max * (8/159) rad = 2.9 deg.

€ =

0 for inelastic collision

1 for elastic collision.

let




The GPS requirement on half cone angle of nutation is to be less than
2 deg. The discontinuity situation is not expected to be encountered often

if the 2 deg. requirement is met. The value of € = 1 would give a

conservative result in that less precession energy is dissipated at bottoming.

Hence, use of ¢ = 1 is recommended for this reason.

NUTATION DAMPING TIME CONSTANT VERIFICATION

Nominal Solution Undamped Rigid Body Motion

Consider a rigid body with symmetric moment of inertia about the traverse

axes, i.e., IXX = Iy in a torque free situation. The Euler's equation

is reduced to:

Wy = -A W,
ﬁ* = A W,
ﬁz =0 (D-17)
whe re
i Iz_zl_lg) iﬂ_l)g(n_l)
XX XX

The solution of the above equation can be written as:

Wx = =B sin it
= 0
WY B cos Ot
wZ = wZ(O) (D~18)

[

with Q A wZ(O) (D-19)
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The angular momentum vector is written as:

= + -
H=TI W Xp+ Iy W Yo+ 1, W, 2 (D-20)
Since there is no extermal torque, the angular momentum is constant. The
nominal motion of the rigid body can be visualized as a constant precession
about the angular momentum vector with a precession rate { and a nutation

angle 6 which is defined as:
Y ATCTICIOE SR

B 7
tan8=—H—I—= XXIXW L =IYYw (D-21)
S 2z ZZ7
Therefore:
I
YA
= —_— ] =

B ( I X tan © Wz (D-22)

For small value of ¢, (6) becomes

I WZ (D-23)

I
- (-—Z—ze
YY

A relationship between the rigid body's angular momentum and rotational energy

useful for later development of the energy sink approximation is:

2 2 2 th Hs2
T=5%_ (W °+ W, ) + 5%, W =+ (D-24)
XX X Y ZZ Z ZIXX ZIZZ
H2 = H + H €
t s
ke 2
Hence th = ( I XX_Zi 2T - %——-) (D-25)
Z7 XX ZZ
From (5)
2 {
S SRS, "xxlzz ) ( o R, ) 5
. g D-2
H2 IZZ 1XX Hz IZZ (
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Nutation Damping Time Constant

The GPS nutation damper consists of a tube aligned with respect to the

vehicle spin axis. A ball inside the tube is dissipating the nutation

energy via viscous drag force retarding the ball's motion. An approximation
procedure known as the energy sink concept assumes that the dissipation of
nutation energy does not change the system's angular momentum (which is
dominantly spin angular momentum). Hence equation (D-25) can be differentiated

with terms H neglected in this approximation, i.e.,

21, T
2 sin © cos © 68 = — (D-27)

(n=-1) 2

For small value of ©,

25 —F
£ Z
8 0 ——2—2 (D-28) _
(n-1)F a
A further approximation involves
- 2 _ 282
M e g (p-29)
Hence
T e el B
9 (D-30)
- 0
(n l)IZZWZ J-

The energy dissipation T can be expressed as the product of the drag force

the ball experienced and the velocity of the ball, i.e.,

f = =fvy

35




with drag force,
f = CDV
and the ball velocity,

V= ya

Hence the energy dissipation rate,

; L2 02 5
T = —CD Y o (D-32)
where &« is the position of ball in tube defined as in Figure D-2,
Yy = is radius of damper tube,
CD = is dissipation coefficient
From analysis of nutation damper, the motion of the ball in tube was
obtained as
T . z 2 :
5 Yo + WX(Y - acos o+ b sina) - Wy (b cos o« + vy sin a cos a)
2 ; 2 ;
—WX (b cos o + a sin a) - W, (a sin o - y sin o cos «)
; 2 D
-waz(a cos o + b sin a = y cos” o + y sin” @)
I + &)l Y =0 -
M X 5T (D-33)

With the geometry of mounting such that b = 0 and introducing the small f,

angle approximations sin o = a, cos a * 1 and neglecting terms WXZ and WYZ |
as they are small for small nutation angle ¢, equation (17) becomes !v
7 “p’ 2 |
(gl)ﬁ i (—ﬁ*)& +W, (y - a)a = WYWZ(a -y) - Wx(y - a) (D-34)
Using the expression of WY as given in equations (2) and (7)
Wy = n W, cos 0t (D-35)

|
5
|
9
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Similarly,

2l = =5 Q Q
WX n WZ cos it

Equation (18) can be reduced to the following form:

o 5C 5(y - a)W 4
salelad e
) ™ F Ty
8¢y = @) (In ~ n2)W22
* sl b (D-36)

7 v

The solution of the standard second order linear differential equatioﬁ of

the form

o .
g F 2B ik 32 x = c 6 cos Qt “D=37)

has been obtained in standard textbooks as:

ci A
a = cos (Ot + ¢) = Ba_ cos (Qt + ¢) (D-38)
V(éz )24 422 o2 0

Compare (20) and (21),

2 = 5 Cy/(MM)

a” = 5( - a)wzzl(m

c ==5(yv - a) (2n - nz)wzz/(7Y) (D-39)
From (22),

a=-8 ay @ sin (At + ) (D-40)

Substitute (24) into (16)

T = —ﬂz CD 12 102 QZ sinz(Qt +4) (D-41)
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The average value over a full period, i.e.,

‘e = 2T | is
P
t=oyc v o202 ¢ (D-42)
:
since t_l .g P sin2 Rt + ¢)dt = &
{ P

Substitution of (26) into (14) gives

1 . 2 2 2 2:]
=1 o Q% 6
l:(n—l)I W 26] r g

é

2272
or
C yz a . 92
5 D o o
2 x (D"A3)
2(n-~1)I,ZZWz

The time constant of nutation damping can now be written as:

; 2
S 2‘“'1)Izzwz
E c i . 2 2 ’)2 (D"LCL)
3 p Y o Q
1 where
Fa e :
o V(EZ o ,22)2 % 422 92
2b =5 CD/(7M)
4 a = 5(y - a)wzz/(7v)
c =-(2n - nz)_a_2
~~Q = (n - 1)wz
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E
The predicted nutation damping time constant for the two cases of WZ =
100 RPM and WZ = 10 RPM are computed as follows:
Case 1:
r = 13.25 fE.
a = 10.25 ft.
| m = 0.018 slug
CD = 0.0171 lbf/(ft/sec)
IXX = IYY = 77 Slug,—ft2
IZZ = 94 slug—ft2 |
' Wz = 100 RPM = 10.47 rad/sec.
n = 1.22 j
& =5 Q
2b = 0.6789 J
1 & = 17.728 |
] 32 = -16.84 H
ozo = -1.348
Tc = 155.755 sec.
Case 2:
W, = 10 RPM = 1.047 rad/sec. .
n = 1,22
Q2 =0.231
2b = 0.6786

0.17728

[\
]




c = -0.1684
o = -0.84275
o
TC = 398.497 sec.

The nutation half cone angle history corresponding to Case 1 and Case 2
considered above are plotted in Figures D-3 and D-4 respectively. These
results are obtained using the nutation damping simulation program where the
detailed dynamics of the damper ball and rigid body dynamics are

considered.
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100 RPM
IXX = 76.3
[ = 78.3
w 7
= 94.1
9
¢
(deg)
4
3=
4 2r_.
"Time constant" = 150 sec.
(155.75 sec. was predicted)
Tl
Bottoming
0 1 { { ’
0 100 200 300

Figure D-3. Simulation Data
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“C
(dea)
2.0

1.5

1.0

10 RPM

Ixx = 76.3
Iyy ¥ #8.3
IZZ = 94.1

“"Time Constant" = 365 sec.
( 398.5 sec. was predicted)

1 1 |

100

1
200 300 400 500

Figure D-4. Simulation Data
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MODEL FOR GPS DIGITAL SPIN SUN SENSOR (SSS)
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APPENDIX E

MODEL FOR GPS DIGITAL SPIN SUN SENSOR (SSS)

This appendix documents the GPS spin sun sensor (SSS) model. It has been programmed
on a digital computer, and the simulation performs satisfactorily. Figure E-1 shows

a flowchart of the math model which is based on the data of the references and the
assumptions listed in this appendix. The main simulation program will provide the
model with the sun vector in the spin reference frame and the spin rate at each sample
instant. The model will provide a flag indicating whether or not a pipper command
pulse will occur during the next sample interval, the time to the pipper pulse from

the current sample instant, and the solar aspect angle at the pipper pulse occurrence.
DISCUSSION OF THE MODEL

A flowchart of the preliminary math model for the SSS is shown in Figure E~1. It
accepts from the main program the spin rate and the sun vector in the spin reference
frame at the sampling instant. To simulate the asynchronous pipper pulse within a
synchronous simulation, both a flag and the predicted pipper pulse time from the
current sampling instant is output when the pipper pulse is predicted to occur within
the next sample period, Tsamp' The measured solar aspect angle, nominally the
angle between the Z axis and the sun vector and specifically the angle between the sun
vector and the sensor Z axis, will be computed ° the time of the pipper pulse,
quantized, and output to the main program along with the flag and pipper pulse time.
To perform these computations, the model must be initialized with the angular align-

ment of the sensor and the orientation of the spin vector with respect to the vehicle.

The SSS model described in Figure E-1 is based on the 1/8/75 spin sun sensor procure-
ment specification and the assumptions listed in Table E-1, Table E-1 lists the initiali-
zation data required by the model. Table E-2 lists the input data to the model from

the main program, and Table E-3 lists the outputs computed by the model. The inter-

mediate variables internal to the model are described in Table E-4,

The notation [8]j denotes a rotational transformation by the angle 8 about the j axis.
Transformations used in the model and those suggested to be used in the main program
to obtain SW, the sun vector in the spin frame at the sampling instant t, are defined

in Figures E-2 through E-7.
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INITIALIZE

INPUT SENSOR
T0 VEHICLE
ALIGNMENT ANGLES

COMPUTE VEHICLE
TO SENSOR
TRANSFORMATION

{

INPUT ALIGNMENT
ANGLE OF THE
SPIN VECTOR IN
VEHICLE FRAME

COMPUTE VEHICLE
TO SPIN
TRANSFORMATION

ENTER

INPUT SUN VECTOR IN SPIN
FRAME & SPIN RATE FROM
MAIN PROGRAM

SUN ON
SENSOR FACE

TRANSFORM SUN VECTOR TO
SENSOR FRAME

TRANSFORM
BORESIGHT B TO
SPIN FRAME

DEFINE SENSOR
PLANE UNIT NORMAL
IN SENSOR FRAME

COMPUTE (3, COMPLEMENT OF
SUN ANGLE

COMPUTE PW, UNIT NORMAL TO
PIPPER COMMAND PLANE IN SPIN
REFERENCE FRAME

COMPUTE TIME OF PIPPER
PULSE, TPIP

TPIP
WITHIN CURRENT
SAMPLE
PERIDD?

COMPUTE SUN
VECTOR IN
SENSOR FRAME
AT TIME OF
PIPPER PULSE

RESET
PIPPER FLAG
SOR TPIP
OUTSIDE OF O
TOLERANCE?
NO. OF
ITERATIONS
ADD RANDOM
ERROR TO TPIP

l COMPUTE SUN ANGLE ]

| serewperriac ]

OUTPUT FLAG,
TPIP, SUN ANGLE

RETURN

Figure E-1. GPS SSS Model Top Level Flowchart

47




TABLE E-1. INITIALIZATION DATA

L Bw

Degrees

Variable Units Description
g Degrees Figure E-6
8 S Degrees Figure E-6
Vg Degrees Figure E-6
O Degrees Figure E-7

Figure E-7

TABLE E-2,

INPUT DATA FROM MAIN PROGRAM

Variable Units Description
TSAA\H’ Seconds SSS Sample Period
W, Radians/ Spin Rate
S .
Second
S (t) Sun Vector in Spin Reference Frame at
% Sample Irstant
TABLE E-3. SSS OUTPUT TO MAIN PROGRAM
Variable Units Description
i Seconds Time from beginning of current sample
pipper 2 : :
interval to time of pipper pulse.
SUN Degrees Angle between Z sensor axis and sun vector
ANG
(solar aspect angle).
I ioer Flag set to 1 if proper pulse occurs during
pipp current interval, Set = 0 otherwise.
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TABLE E-4. INTERNAL VARIABLES

Variable Units Description !
[T Sensor to vehicle transformation.
v/s Transpose of [’I‘S/v]. (See Figure E-6.)
PR ] Vehicle to spin transformation. (See
W/V ; »
Figure E-T.)
[TW/S] Sensor to spin transform:xtmr'xT
ki = [T T
(Tw/sl = (Tyyy ! (Tsyy]
B Boresight vector in spin frame. (See
W :
Figure E-5.)
E\_‘S Normal to sensor plane in sensor frame.
(See Figure E-5.)
8 Radians Sensor measured value of complement of
the sun angle.
$W Sensor plane normal vector in spin frame.
§g Sun vector in sensor frame,
ITER Iteration counter.
~
Eq Unit vector along sensor Z axis.
TP Seconds Value of Tpippor from previous iteration.
8' Radians<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>