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SUMMARY

An interactive computer program has been developed which computes the
sizing requirements for nongimbled reaction wheels, control moment gyros (CMG),
and dual momentum control devices (DMCD) used in Earth-orbiting spacecraft.
The program accepts as inputs the spacecraft's environmental disturbance
torques, rotational inertias, maneuver rates, and orbital data. From these
inputs, wheel weights are calculated for a range of radii and rotational speeds.

i The shape of the momentum whee! may be chosen to be either a hoop, solid
cylinder, or annular cylinder. The program provides graphic output illustrat-
ing the trade-off potential between the weight, radius, and wheel speed. A
number of the intermediate calculations such as the X-, Y-, and Z-axis total
momentum, the momentlmmabsorption requirements for reaction wheels, CMG's,
DMCD's, and basic orbit analysis information are also provided as program
output.

INTRODUCTION

Earth-orbiting spacecraft utilize nongimbled reaction wheels, control
moment gyros (CMG), and dual momentum control devices (DMCD) for momentum stor-
age and control, and the development of accurate momentum wheel sizing require-
ments is essential for effective spacecraft design. As part Of the Langley
Research Center's Computer-Aided Spacecraft Design effort, an interactive com-
puter program has been developed to size momentum wheels. The program accepts
as input the spacecraft's environmental disturbance torques, rotational iner-
tias, maneuver rates, vehicular orientation, and orbital data. Momentum wheel
weights are calculated for a range of wheel radii and rotational speeds, and
are provided as graphica! output to illustrate the trade-off potential between
the weight, radius, and wheel speed. Intermediate calculations such as the
X-, Y-, and Z-axis total momentum, the momentum absorption requirements for
reaction wheels, CMG's, DMCD's, and basic orbit analysis information are also
provided as output.

The momentum wheel sizing computer program listing is given in the
appendix.

PROGRAM DESCRIPTION

The momentum wheel sizing computer program provides an interactive graphics
technique for determining the wheel size and weight for various momentum storage



and control devices on Earth-orbiting spacecraft. The program is written in
ANSI standard FORTRAN on a Control Data Corporation (CDC) CYBER 173 computer.
The graphics output is generated using Tektronix Plot i0 software routines in
conjunction with a Tektronix 4014/15 graphic terminal. The program should be
easily adapted to and can be executed on any host computer with this graphics
package and remote terminal.

A simplified flow diagram of the momentum wheel sizing program is shown in
figure i.

Inputs and Assumptions

The user provides the following inputs: spacecraft environmental distur-
bance torques, rotational inertias, maneuver rates, orbit altitudes and incli-
nation, vehicle orientation, and celestial orientation. These inputs are
provided as outputs from two other Langley Research Center Computer-Aided
Spacecraft Design programs, (i) the Spacecraft Design and Cost Model (SDCM),
reference i, and (2) the Large Area Space System (LASS), reference 2. The
orbital equations of motion were obtained from reference 3. The relationship
between the orbital reference frames and the vehicle reference frames is shown

in figure 2. The input parameters are:

INOSE - Vehicle Pointing Orientation

i. Sideways

2. Nose Down

3. Nose Forward

ISATOR - Celestial Orientation

i. Earth

2. Solar

3. Inertial

XNNN - Number of Gimbled Configurations for CMG

A - Apoapsis Altitude

P - Periapsis Altitude

ORBINC - Orbit Inclination

TL - Number of Orbits Between Wheel Unloading

TACCEL - Maneuver Acceleration Time



PDOTR - X-, Y-, Z-Axis Spacecraft Maneuver Rate

UPSILN - Angular Pivoting for DMCD

TA - X-, Y-, Z-Axis Atmospheric Disturbance Torque

TG - X-, Y-, Z-Axis Gravity Gradient Disturbance Torque

X
TS Y - X-, Y-, Z-Axis Solar Disturbance Torque

Z

li_ J - X-, Y-, Z-Axis Spacecraft Rotational Inertia

A major assumption of the program is that the X-axis is the spin axis
while the Y- and Z-axes are transverse. Also, the spacecraft's orbit may be
either circular or elliptical. Although all the momentum control wheels are

normally the same size, the X-, Y-, and Z-axes momentum absorption requirements
are not identical, therefore, it is necessary to determine the wheel weight for
the axis with the largest momentum absorption requirement.

Orbit Analysis

The first step of the orbit analysis portion of the program is to analyze
the ellipse representing the orbit, as shown in figure 3.

From the figure, the semimajor axis, a, is calculated by

(2R + A + P)a =
2

The radius at periapsis, RP, is calculated by

RP = R+ P

the focus of the ellipse, c, is calculated by

C = a - RP
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and the eccentricity, e, is calculated by

c
e _

a

where R is the radius of the Earth.

In the case of a circular orbit, the semimajor axis becomes the circle's
radius which is also the radius at periapsis.

a=RP

This forces both the focus and eccentricity to zero

c= 0

e = 0

The orbital period, T, is then calculated using Kepler's 3/2 Law

2a3/2

where u is Earth's gravitationa! constant.

The mean orbital motion, N, is calculated using

and the eccentric anomaly, E, by

1 e2
E : N + e sin (N) + _ sin (2N)

In the case of a circular orbit, the last two terms of the preceding equation
are forced to zero and the eccentric anomaly becomes

E = N



Using the above calculations, the maximum orbital angular rate of change, @,
which is at perigee, is determined from

e 2

= Nv-

E1 - e cos (E)3 2

For a circular orbit, the maximum rate of change is the mean orbital motion
such that

@ =N

Total Momentum

• To calculate the total momentum in each of the three spacecraft's body
axes, three different momentums are taken into account: (i) maneuver momentum,
(2) environmental disturbance torque momentum, and (3) orientation tracking
momentum.

The maneuver momentums, HXMAN, HYMAN, and HZMAN, in all three axes are
calculated using the following equations:

XJ (PDOTRX)HXMAN =
57.3

YJ (PDOTRY)HYMAN =
57.3

ZJ (PDOTRZ)
HZMAN = 57.3

To compute the disturbance torque momentum, the total disturbance torques,
XDT, YDT, and ZDT, are first calculated by summing the atmospheric, solar,
and gravity gradient torques by

XDT = TAX + TSX + TGX

YDT = TAY + TSY + TGY

ZDT = TAZ + TSZ + TGZ



Using these totals, the disturbance torques, HTX, HTY, and HTZ, are then
computed using

HTX = XDT (TL)(T)

HTY = YDT (TL)(T)

HTZ = ZDT (TL)(T)

To compute the orientation tracking momentums, HTRAKX, HTRAKY, and
HTRAKZ, the program first determines whether the spacecraft is solar oriented,
inertialloriented, or Earth oriented. If the spacecraft is either solar or
inertially oriented, there is no orientation tracking momentum and the
following assignments are made:

HTRAKX = 0.0

HTRAKY = 0.0

HTRAKZ = 0.0

If the spacecraft is Earth oriented, the program will determine whether its
body axis is sideways, nose down, or nose forward with respect to the orbital
velocity vector (fig. 2). The following assignments are made if its body axis
is

(i) Sideways : HTRAKX = XJ (6)
HTRAKY = 0.0
HTRAKZ = 0.0

(2) Nose down: HTRAKX = 0.0
HTRAKY = YJ(6)
HTRAKZ = 0.0

(3) Nose forward: HTRAKZ = 0.0
HTRAKY = YJ(6)

HTRAKZ = 0.0

The total momentum in each axis is computed by summingthe maneuver,
disturbance torque, and orientation tracking momentums

6



HX = HXMAN + HTX + HTRAKX

HY = HYMAN + HTY + HTRAKY

HZ = HZMAN + HTZ + HTRAKZ

Control Device's Momentum Absorption Requirements

The momentum absorption requirements for the reaction wheel, CMG, and
DMCD are calculated to determine the wheel weight. The maximum momentum in
any axis, HMAX, is used for the calculation of nongimbled reaction wheel
weight. Using an intrinsic FORTRAN function, HMAX is determined by

HMAX = AMAXI (HX, HY, HZ)

Here HMAX will be assigned the largest value between HX, HY, and HZ. To
compute the CMG momentum for computing wheel weight, the minimum momentum in
any axis, HMIN, is first calculated using another intrinsic FORTRAN function

HMIN = AMINI (HX, HY, HZ)

Here HMIN will be assigned the smallest value between HX, HY, and HZ.
From this, the CMG slew angle, GAMMA, is calculated from

(xN )k

Then using the preceding HMIN and GAMMA calculations, the CMG wheel
momentum, HCMG, is calculated using

HMIN
HCMG =

(XNNN) sin (GAMMA)

The peak gimble rate, DELDOT, is computed by

HCMG
DELDOT =

57.3 (TACCEL)
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and the peak torquer torque, TCMG, by

(HCMG) AMAXI (PDOTRX, PDOTRY, PDOTRZ)TCMG =
57.3

To compute the DMCD momentum for computing wheel weight, the spin and
transverse axis momentum absorption requirements must be calculated. The DMCD
configuration for both the spin and transverse axes is shown in figure 4.

The spin axis absorption momentum, DELTHU, is calculated by

HX
DELTHU =

2

and the transverse axis absorption momentum by

AMAXl (HY, HZ)HU =

From these calculations, the total DMCD wheel momentum, HTDMCD, is computed
by summing the spin and transverse axes absorption momentums

HTDMCD = DELTHU + HU

Wheel Weight

The final step of the program is to calculate the wheel weight. The
wheel mass is calculated from the relationship between the rotational inertia
of the wheel and its radius,

I = MR 2

Since the angular momentum, L, is equal to the rotational inertia of the
wheel, I, multiplied by its angular velocity (wheel speed),

L = I_



Then

L = MR2W

and

L
M -

R2_

For a solid cylinder:

MR2
I = --

2

and

MR2
L =--_

2

and

2L
M =

R2_

Finally, for an annular cylinder

R12 + R22)
I=M

2

and

RI2 + R22)W
L = M 2

and

- 2L
M =

_<RI2 + R22 )



where R1 is the wheel's inner radius and R2 is the outer radius. The
acceleration of gravity, ACC, at the spacecraft's altitude is then calculated
by

u
ACC =-

Rp2

The wheel masses are next multiplied by the acceleration of gravity to deter-
mine the wheel weight at the spacecraft's altitude. Thus, the equations used
in computing wheel weight are

L (ACC)
(i) For a hoop W =

R2_

2L (ACC)
(2) For a solid cylinder W =

R2W

2L (ACC)
(3) For an annular cylinder W =

_(RI2 + R22)

Trade-Off and Output

Calculated wheel weight curves are shown in figures 5 through 7 for wheel
radii varying from 1 inch (2.54 cm) to i0 inches (25.4 cm) and wheel speeds of
500 to 5000 rpm's in increments of 500 rpm's to illustrate the trade-off
potential between weight, radius, and wheel speed. Weights of hoop, solid
cylinder, and annular cylinder momentum wheels are presented for the nongimbled,
CMG and DMCD systems. Calculations were made in U.S. Customary Units. Con-
version factors for values used in this report are given in table i. The
program's input default values, which were used to generate the weight curves
(figs. 5 to 7), are given in figure 8.

In addition to the weight curves, values of 22 calculated parameters _re
outputted, including the maximum torque in any axis which is calculated by

AMAXl (HXMAN, HYMAN, HZMAN)TMAX =
TACCEL + AMAXl (XDT, YDT, ZDT)

i0



These other calculated parameters are

RP - Radius at periapsis

- Maximum orbital rate of change

T - Orbital period

H MAN - X-, Y-, Z-axis maneuver momentum

(x)HT Y - X-, Y-, Z-axis disturbance torque momentum
Z

HTRAK - X-, Y-, Z-axis orientation tracking momentum

(x)H Y - X-, Y-, Z-axis total momentum
Z

HMAX - Maximum momentum, any axis

HCMG - CMG wheel momentum

HTDMCD - DMCD wheel momentum

DELDOT - Peak gimble rate

TCMG - Peak torquer torque

TMAX - Maximum torque in any axis

Calculated values of the output parameters are given in figure 9 for the
weight curves illustrated.

ii



CONCLUDING REMARKS

An interactive computer program has been developed at the Langley
Research Center to size momentum wheels for various momentum storage and
control devices for orbiting spacecraft. The program considers hoop, solid
cylinder, and annular cylinder wheels.

Wheel weights are calculated and are shown for a series of wheel radii
and wheel rotational speeds. Intermediate calculated parameters are also
presented.
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APPENDIX

MOMENTUM WHEEL SIZING PROGRAM

The momentum wheel sizing program listing is given in this
appendix.

PROGRAMI,_JItEEL( I I|PUT,OUTPUT,TAPEI,TAPE2,TAPE3)
REALN
COIIIIOI| I NPUT,LOC,REAL,EXP
COMMON/WEIR/ WEIGH1,WEiGII2,_JEIGII3,_JEIGH4,WEIGII5,

*WEI GH6,WEI GH7,WEIGII8,IJEI GII9,_JEI GliO,R
COMMON/URPI/U,RP,PI
DIMENSIONR(122) ,tJEIGlll (I 22) ,_JEIGH2(122)
DIMEIISIONWEIGII3(122),IJEIGH4(122) ,WEIGH5(122)
DIMENSIONWEIGH6(122),£JEIGH7(I 22) ,_IEIGI{8(122)
DIMENSIOI__JEIGII9(122),UEIGIIO(122)
DIMENSIONLOC(5),REAL(9) ,EXP(I 2) ,INPUT(277)

C RADIUSOF EARTII
DATARE/3441.66/

C EARTH'SGRAVITATIONALCONSTANT
DATAU/1.407850464EI 6/
DATAPI/3.141592654/
DATAWEIGIII(1) ,WEIGH2(1) ,WEIGH3(I) ,_IEIGH4(I ) ,IJEIGII5(I ),

*_JEIGH6(I) ,WEIGII7(I) ,WEIGII8(I ) ,WEIGH9(I) ,WEIGIIO(I),
*R(1)III*IOI.I
CALL ITIITT(120)
CALL FEET(RE)

20 PRINT *,"ENTER 1 FORDEFAULTVALUES"
PRITJT*,"ENTER 2 FORVALUESFROMLAST RUff"
PRINT *,"EIITER 3 FORPERIIAIIE[|TLYSAVEDVALUES"
PRINT *,"ENTER 4 TO STOP"
READ*, IVALUE
PRINT 5025
IF (IVALUE.EQ.I) GOTO40
IF (IVALUE.EQ.2) GOTO60
IF (IVALUE.EQ.3) GOTO70
IF (IVALUE.EQ.4) GOTO999
GOTO20

40 READ(I,5000) (LOC(J),J=I,3)
READ(I,5005) (REAL(J),J=I,9)
READ(1,5010) (EXP(J),J=l,12)
READ(1,5015) (II_PUT(J),J=I,277)
REWIND 1
CALL REPLACE
GOTO80

60 READ(2,5000) (LOC(J),J=I,3)
READ(2,5005) (REAL(J),J=I,9)
READ(2,5010) (EXP(J),J:I,12)
READ(2,5015) (IIIPUT(J),J=I,277)
REWIND2
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CALL REPLACE
GOTO 80

70 READ (3,5000)(LOC(J),J=I,3)
READ (3,5005)(REAL(J),J:I,9)
READ (3,5010)(EXP(J),J=l,12)
READ (3,5015)(IIIPUT(J),J=l,277)
REWIND 3
CALL REPLACE

80 INOSE= LOC(1)
ISATOR=LOC(2)
X[I[|Ii=LOC(3)
APOA= REAL(I)
PER= REAL(2)
ORBINC=REAL(3)
TL= REAL(4)
TACCEL=REAL(5)
PDOTRX=REAL(G)
PDOTRY=REAL(7)
PUOTRZ=REAL(8)
UPSILN=REAL(9)
TAX= EXP(1)
TGX= EXP(2)
TSX= EXP(3)
TAY= EXP(4)
TGY= EXP(5)
TSY= EXP(6)
TAZ= EXP(7)
TGZ= EXP(8)
TSZ: EXP(9)

YJ= EXP
ZJ: EXP_I2)
WRITE (2,5000) LOC(J),J=I,3)
WRITE (2,5005) IREAL(J),J=I,9)
WRITE (2,5010) (EXP(J),J=I,12)
WRITE (2,5015) (IIIPUT(J),J=I,277)
REWIND2
PRINT *,"DO YOU%JAIJTTO SAVENE_!VALUESPERI_IJENTLY?"
PRIIIT *,"ENTER 1 FORYES"
PRI[IT *,"EIITER 2 FORIIO"
READ*,JOE
PRIEST5O4O
IF (JOE.EQ.I) 90,95

90 %JRITE(3,5000) (LOC(J),J=I,3)
WRITE (3,5005) (REAL(J),J=I,9)
WRITE (3,5010) (EXP(J),J=I,12)
WRITE (3,5015) (II_PUT(J),J=I,277)
REWI[_D3

95 CALL FEET(APOA)
CALL FEET(PER) ..........
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C COIIPUTESErIIIIAJORAXIS OF ELIPSE
A= (2.*RE+APOA+PER)*O.5

C COHPUTEORBITAL PERIOD
T= 2.*PI*A**(I. 5)/SQRT(U)

C COI_PUTERADIUSOF PERIAPSlS
RP= RE+PER

C COMPUTEFOCUSOF ELIPSE
C: A-RP

C COrIPUTEECCENTRICITY
ECC= C/A

C COrIPUTEIIEANORBITALHOTION
N= SQRT(U/A**3)

C COHPUTEECCENTRICArIO_'IALLY
E= II+ECC*SIrI(I1)+O. 5*ECC**2*SlII(2*rl)

C COIIPUTEflAX ORBITALAIIGULARRATE
• THETAD= (I_*SQRT(I.-ECC**2 ) )/( (I.-ECC*COS(E) )**2)

C COtIPUTEHOMENTUr_IREQUIREHEiITSFOR SIZIIIGIION-GIMBALLED
C MOI'IONTUIIIIIIEELS
C rIAIIEUVERI.IOMEI_TUII

Hxr_II=XJ*PDOTRX/57.3
llYr_II=YJ*PDOTRY/57.3
HZMAN= ZJ*PDOTRZ/57.3

C COMPUTEDISTURBAIICETORQUES
XDT= TAX+TGX+TSX
YDT-"TAY+TGY+TSY
ZDT= TAZ+TGZ+TSZ

C COIIPUTEDISTURBAIICETORQUE rIOI'IEI|TUII
IITX=XDT*TL*T
IITY=YDT*TL*T
IITZ= ZDT*TL*T

C COHPUTEORIENTATIOMTRACKIIIGIIOrlENTUMREQUIRErIEIITS
GOTO (120,100,100)ISATOR

C INERTIALAND SOLAR ORIENTATION
lO0 HTRAKX= O.0

IITRAKY= 0.0
HTRAKZ=0.0
GOTO 200

C EARTH ORIENATION
120 GOTO (140,160,180)IIIOSE
C SIDEWAYS
140 HTRAKX= XJ*TIIETAD

HTRAKY= 0.0
FITRAKZ=0.0
GOTO 200

C NOSE DOIJII
160 HTRAKX=0.0

HTRAKY=YJ*TIIETAD
HTRAKZ=0.0
GOTO 200

C NOSE FORWARD
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180 HTRAKX:O.0
HTRAKY:YJ*TIIETAD
HTRAKZ=0.0

C COMPUTETOTALIIOIIE_ITUHPER ORBIT
200 HX= (HXMA{I+HTX+IITRAKX)

IIY=(HYtIArI+HTY+HTRAKY)
HZ= (HZI.IAII+IITZ+HTRAKZ)

C COMPUTErIAXMOFIErlTUIIAIIYAXIS
IIMAX=AtIAXl(IIX,HY,HZ)

C COMPUTEMAX TORQUEAIIYAXIS
TMAX=AMAXI(HXHAII,HYIIAII,IIZMAII)/TACCEL+Ar4AXI(XDT,YDT,ZDT)

C COMPUTEHIIIItlUllMOIIErlTUFI
HFIIIi=AMIIII(HX,IIY,IIZ)

C COMPUTESKEI.JAIIGLE
GAMMA=ATAII((XIirlI|-2.)*llrllrl/(Xrll_rI*|ItIAX))

C COr,IPUTECrIGI.IHEELHOI-IEI;TUII
HCg,IG= HgllIf/(XIIIIIi*SIIf(GAMHA))

C COMPUTEPEAKGIIIBLERATE
DELDOT= HCrlG/TACCEL*57.3

C COMPUTEPEAKTORQUERTORQUE
TCMG= HCI,IG*AI.tAXI(PDOTRX,PDOTRY,PDOTRZ)/57.3

C COI.IPUTESPIllAXISABSORPTIOI|REQUIREIIEIIT
DELTHU= fIX/2.

C COI.IPUTETRAIISVERSEAXISABSORPTIOI_REQUIREIIEI|T
IIU=AFIAXI(HY,IIZ)/(2.*UPSILII/57.3)

C COMPUTETOTALDIICDWHEELIIOHEIITUH
HTDHCD= DELTIIU+IIU
PRII|T5030,(IIiPUT(J),J=163,167),APOA
PRII]T5030,(If|PUT(J),J=168,172),RP
PRIriT5030,(IIIPUT(J),J=173,177),TIIETAD
PRII|T5030,(IIIPUT(J),J=178,182),T
PRIIIT5025
PRIr_T5035,(IIJPUT(J),J=273,277)
PRIIIT5025
PRI_IT5030,(Ir]PUT(J),J=183,187),llXtIArl
PRII_T5030,(INPUT(J),J=188,192),HYIIArl
PRII_T5030,(IIIPUT(J),J=193,197),IIZHAII
PRII_T5025
PRII,]T5030,(IIIPUT(J),J=198,202),HTX
PRII_T5030,(IIIPUT(J),J=203,207),HTY
PRII_T5030,(IIIPUT(J),J=208,2__]2),HTZ
PRII]T5025
PRII_T5030,(IrlPUT(J),J=213,217),IITP,AKX
PRINT5030,(II_PUT(J),J=218,222),IITRAI'Y
PRII_T5030,(IIIPUT(J),J=223,227),IITRAKZ
PRIr4T5025
PRINT5030,(IIIPUT(J),J=228,232),llX
PRII|T5030,(IIIPUT(J),J=233,237),IIY
PRII|T5030,(IIIPUT(J),J=238,242),llZ
PRII|T5025
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PRINT5030,(INPUT(J),J=243,247),ilrIAX
PRINT5030,(INPUT(J),J=248,252),TrIAX
PRINT5030,(II_PUT(J),J:253,257),HCMG
PRINT5025
PRIIIT5030,(INPUT(J),J=258,262),DELDOT
PRINT5030,(INPUT(J),J=263,267),TCrIG
PRINT5030,(I[IPUT(J),J=268,272),IITDIiCD
PRINT5040
REWIND3

220 PRII|T*,"DOYOU ;.;ANT_.JIIEELSPEED,SIZEAID I,IEIGHTPLOT?"
PRINT*,"ENTERl FOR r]or,I-GIMBLEDPLOT"
PRINT*,"ENTER2 FOR CIIGPLOT"
PRIIIT*,"ENTER3 FOR DI.ICDPLOT"
PRINT*,"E[ITER4 FOR i_OPLOT"
READ* IPLOT
IF (IPLOT.LT.I.OR.IPLOT.GT.4)GOTO220
GOTO (240,260,280,20)IPLOT

240 CALLSTUFF(III.IAX,I)
GOTO220

260 CALLSTUFF(HCHG,2)
GOTO220

280 CALLSTUFF(IITDI.ICD,3)
GOTO 220

999 CALL FIIIITT(0,700)
5000 FORHAT(515)
5005 FORINT(5FI0.3)
5010 FORr.'IAT(5EI0.4)
5015 FORr'IAT(9(4AlO,A5/),9(5AlO/),12(6AlO/),23(SAlO/))
5020 FORI-IAT(5F5.2)
5025 FORMAT(IX)
5030 FORMAT(5AlO,El4.7)
5035 FORMAT(6AlO)
5040 FORICa,T (///)

STOP
END

C
C SUBROUTINEUSEDTO CIIAIIGEPLOTAXESVALUES
C

SUBROUTINEClIAIIGE(XVALUE,YVALUE,XIIIN,XIIAX,YrIIrI,YI'IAX,JJ)
Ii'ITEGERXVALUE,YVALUE

5 PRINT* "DOYOU I.,IAIIT[IEI,,IGRAPII?"
PRINT *,"IF YES EIITERl"
PRINT*,"IFIIOENTER2"
READ*,JJ
IF (JJ.EQ.I)20,I0

lO IF (jJ.EQ.2)120,5
20 PRINT*,"DOYOU IJAFITTO CIIAIIGEAXISI.'IAXAI'ID.rII[.IVALUES"

PRINT* "IFYES EHTERl"
PRII|T* "IFI|OENTER2"
READ* II
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IF (II.EQ.I)40,80
40 PRIi|T*,"EIJER X-AXISIt|;|AiD IIAXVALUE"

READ*,XMII|,XMAX
IF (XMIN.EQ.O.O.OR.XI.IIII.GE.XIIAX)GOTO40
IF (XMIN.NE.I.O.OR.XrIAX.NE.IO.O)JJ=l

60 PRINT*,"ENTERY-AXIS||If|A{D flAXVALUE"
READ*,YMIII,Yr;AX
IF (YMII|.GE.YHAX)GOTO 60

80 PRII|T*,"DOYOU_,IANTTO CIIArlGE# OF II|TERVALS"
PRINT*,"IFYES ENTERl"
PRINT*,"IFIlOENTER2"
READ*,KK
IF (KK.EQ.I)lO0,120

lO0 PRINT*,"EIITER# OF X-AXISIrlTERVALS"
READ*,XVALUE
PRINT*,"EIITER# OF Y-AXISINTERVALS"
READ*,YVALUE

120 RETURN
EIID

C
C SUDROUTIIIEUSEDTO PLOTCURVES
C

SUBROUTINESTUFF(AIIGtIOM,JJJ)
INTEGERRPH,XVALUE,YVALUE

DIMENSIONWEIGIII(I22),WEIGII2(I22),UEIGII3(122),UEIGH4(122)
DII,IE{ISIOI|WEIGII6(122),WEIGII7(I22),_$EIGII8(l2,,),UEIGI19(122)
DIMENSION_IEIGIIO(122),R(122),I|EIGI15(122),Rl(122)
DIHENSIONIARRAY(lO)
COMMON /_IEIR/WEIGIII,_IEIGII2,1IEIGII3,IJEIGII4,_JEIGII5,WEIGfI6,
*WEIGH7,VIEIG118,_|EIG119,_|EIGII0,R
COI.IMOII/URPI/U,RP,PI
XMIN=1.0
XHAX:I0.0
YMII|=0.0
YHAX=5.O
XVALUE= 9
YVALUE=5

20 PRINT*,"DO YOUIIANTWHEELPLOTFOR:"
PRINT*," I- |lOOP"
PRINT*," 2- SOLIDCYLINDER"
PRINT*," 3- AIIIIULARCYLIIIDER"
READ*,rl
IF (M.LT.I.OR.rI.GT.3)20,40

40 IF (M.EQ.3)60,80
60 PRINT*,"ENTERTIIICKrlESSOF AIIIIULARCYLIIIDERIN II.ICIIES"

READ*,TIIICK
80 I=l

ZIIUI.I=(Xr_AX-XMIII)/100.
RADIUS= XMIN
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IF (M.EQ.3)100,140
100 DO120 J:2,102

R(J): RADIUS
R1(J): RADIUS+THICK
RADIUS: RADIUS+ZNUM

120 CONTINUE
GOTO180

140 DO 160 J=2,102
R(J)= RADIUS
R1(a)= 0.0
RADIUS: RADIUS+ZNUII

160 CONTINUE
180 ACC: U/RP**2

IF (M.EQ.I) 200,220
200 HUMACC:ANGIIOM*ACC

GOTO240
220 |IUrCACC:2.*ANGMOM*ACC
240 DO480 RPH: 500,5000,500

OMEGA:RPII/60.*2.*PI
DO460 J:2,102
GOTO(260,280,300,320,340,360,380,400,420,440) I

260 _IEIGHI(a): HUIIACC/(OI'IEGA*(R(J)**2+RI (J)**2))
GOTO460

280 WEIGH2(J): HUMACC/(OMEGA*(R(J)**2+RI (J)**2))
GOTO460

300 WEIGH3(J)= IIUI.VICC/(OMEGA*(R(J)**2+RI (J)**2))
GOTO460

320 WEIGH4(J)= HUMACC/(O_IEGA*(R(J)**2+RI (J)**2))
GOTO460

340 WEIGHS(J)= HUMACC/(OMEGA*(R(J)**2+RI (J)**2))
GOTO46O

360 WEIGH6(J):IIUI._CC/(OIIEGA*(R(J)**2+RI(J)**2))
GOTO 460

380 WEIGH7(J)=HUr_CC/(OIIEGA*(R(J)**Z+RI(J)**2))
GOTO 460

400 WEIGII8(J)=IIUHACC/(OMEGA*(R(J)**2+RI(J)**2))
GOTO 460

420 _|EIGHg(j)=HUMACC/(OMEGA*(R(J)**2+RI(J)**2))
GOTO 460

440 WEIGHO(J)=HUHACC/(OMEGA*(R(J)**2+RI(J)**2))
460 COIITINUE

I= I+l
480 CONTINUE
490 CALL BINITT

CALL SLIIIY(155,730)
CALL SLIMX(170,920)
CALL XTICS (XVALUE)
CALL YTICS (YVALUE)
CALL XrlEAT(0)
CALL YNEAT(0) .....

19



APPENDIX

CALLNEWPAG
CALLNOTX (5,500,5,5H_JHEEL)
CALLNOTX(O,485,6,61111EIGIIT)
CALLNOTX(B,470,4,411(LB))
CALL NOTX (440,60,17,1711_,$11EELRADIUS(IN))
CALLNOTX (370,O,36,3611RPt.I'SVARYFROI.I500TO 5000STEP 500)
GOTO (500,520,540)JJJ

500 CALLIIOTX(445,30,16,161111011-GII-IBLEDPLOT)
GOTO 560

520 CALLNOTX (480,30,8,811CriGPLOT)
GOTO 560

540 CALL NOTX (470,30,9,911DHCDPLOT)
560 GOTO (580,600,620)I1
580 CALLIIOTX(490,15,4,4111100P)

GOTO640
600 CALLIIOTX(450,15,14,1411SOLIDCYLINDER)

GOTO640
620 CALLNOTX (350,15,28,2811NI_IULARCYLINDER:TIIICKIIESS-)

CALLflOTX(650,15,6,611IIICHES)
CALL FFORtl(THICK,5,2,1ARRAY,32)
CALL NOTAT(600,15,5,1ARRAY)

640 CALLDLIt.IX(XflIII,XFIAX)
CALLDLIHY(YIIII|,YrIAX)
CALLCHECK(R,UEIGIII)
CALLDSPLAY(R,%IEIGIII)
CALLCPLOT(R,%.JEIGII2)
CALLCPLOT(R,UEIGH3)
CALLCPLOT(R,UEIGH4)
CALLCPLOT(R,%IEIGII5)
CALL CPLOT(R,tJEIGII6)
CALLCPLOT(R,tIEIGH7)
CALLCPLOT(R,1IEIGII8)
CALLCPLOT(R,_.JEIGIIg)
CALLCPLOT(R,%JEIGIIO)
CALLHO;tE
CALL EPAUSE
CALLCIIN.IGE(XVALUE,YVALUE,XIIIII,XHAX,Y[._ItI,YIIAX,JJ)
IF (JJ.EQ.2)RETURII
IF (jJ.EQ.3)GOTO490
GOTO80
END

C
C SUBROUTIIIEUSEDTO CIINIGErlAUTICALMILESTO FEET
C

SUBROUTINEFEET (CIINIGE)
CHANGE= CHAIIGE*6076.103
RETURfl
EI'.ID

C

20
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C SUBROUTI_IEUSEDTO DISPLAYIrIPUTS
C

SUBROUTII_EREPLACE
coMr.IONItlPUT,LOC,REAL,EXP
DIFIENSIOrlLOC(5),REAL(9),EXP(12),I_IPUT(277)

20 PRINT5000,111PUT(I),ItJPUT(2),Ir_PUT(3),
*I_IPUT(4),IrIPUT(5),LOC(l)
DO 40 J=6,20,5
PRII_T5015,II_PUT(J),IIIPUT(J+I),IIIPUT(J+2),
*If|PUT(J+3),IIIPUT(J+4)

40 CO._TIIIUE
PRIr_T5005,11;PUT(21),If;PUT(22),INPUT(23),
*IrlPUT(24),IIJPUT(25),LOC(2)
DO 60 J=26,40,5
PRIrlT5015,Ir_PUT(J),IIIPUT(J+I),II_PUT(J+2),
*If_PUT(J+3),IIIPUT(J+4)

60 COI_TI{_UE
PRIr|T5010,If|PUT(41),I{IPUT(42),IIIPUT(43),
*II,aPUT(44),II_PUT(45),LOC(3)

80 PRI_|T5020
READ*,CHECK
PRII_T5035
IF (CHECK.EQ.I)GOTO120
IF (CIIECK.EQ.2)lO0,[;O

lO0 CALLOrIE
PRI_IT5035
GOTO20

120 II= 46
DO 140 J=l,9
PRII_T5025,J,II_PUT(II),I_IPUT(II+l),IIIPUT(II+2),
*I{_PUT(II+3),IIIPUT(II+4),REAL(J)
II= II+5

140 COr|TII_UE
160 PRII_T5020

READ*,CHECK
PRI_|T5035
IF (C}IECK.EQ.I)GOTO200
IF (CHECK.EQ.2)180,160

180 CALLT{._O
PRIr_T5035
GOTO 120

200 II= 91
DO 220 J=l,12
PRIrIT5030,J,II_PUT(II),II_PUT(II+I),II_PUT(II+2),
*I_PUT(II+3),IHPUT(II+4),IIIPUT(II+5),EXP(J)
II= II+6

220 CO_TINUE
240 PRI_T5020

READ*,CHECK
PRI_IT5035
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IF (CHECK.EQ.I)GOTO280
IF (CHECK.EQ.2)260,240

260 CALLTHREE
PRINT5035
GOTO200

280 RETURN
5000 FORMAT(IX,"l",IX,4AlO,A5,I3)
5005 FORFtAT(IX,"2",IX,4AIO,A5,13)
5010 FORMAT(IX,"3",IX,4AIO,AS,13)
5015 FORINT(3X,4AIO,A5)
5020 FORMAT(///,IX,"IF IIIPUTSOKENTERI",/,IX,"IF WANTTOCHANGE",

*" ENTER2")
5025 FORr.IAT(12,1X,5AIO,FIO.3)
5030 FORMAT(12,1X,6AIO,EIO.4)
5035 FORIIAT(//)

END
C
C SUBROUTI[IEUSEDTO CHANGEINTEGERINPUTS
C

SUBROUTINEONE
COMMONINPUT,LOC,REAL,EXP
DI{IENSIONLOC(5),REAL(9),EXP(I2),IIIPUT(277)

20 PRINT*,"ENTERNUMBER,IIE_JVALUE(INTEGER)"
PRINT* "ENTER0,0 TO STOP"

40 READ* [IUI.I,IVALUE
IF (NUM.EQ.O)RETURN
IF ((NUM.EQ.I.OR.NUH.EQ.2).AND.(IVALUE.LT.I.OR.IVALUE.GT.3))
*GOTO20
IF (I_UM.LT.I.OR.I|UM.GT.3)GOTO 20
LOC(NUM)=IVALUE
GOTO40
RETURN
END

C
C SUBROUTINEUSEDTO CHANGEREAL INPUTS
C

SUBROUTINETWO
COMMOI',IIIIPUT,LOC,REAL,EXP
DIHEIISIOI'|LOC(5) ,REAL(9),EXP(I2) ,I[IPUT(277)

20 PRINT*,"EIITER I,IUMBER,[.IEVIVALUE(REAL)"
PRII|T * "ENTER0,0. TOSTOP"

40 READ*,I|UM,VALUE
IF (NUII.EQ.O)RETURII
IF (NUM.LT.I.OR.NUM.GT.9)GOTO20
REAL(NUH)=VALUE
GOTO40
RETURN
END

C
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C SUBROUTIIIEUSEDTO CHArIGEEXP..INPUTS ,
C

SUBROUTINETHREE .•
COFII401_II|PUT,LOC,REAL,EXP ...

DIMENSIOI|LOC(5),REAL(9),EXP(I2),ItlPUTI277)
20 PRINT*,"EIITERtIUMBER,I_EWVALUE(EXP)

PRINT*,"ENTER0,0.TO STOP"
40 READ*,NUr,I,VALUE

IF (NUI.tEQ.O)RETURN
IF (I_UII.LT.I.OR.I_UH.GT.12)GOTO20
EXP(NUM)=VALUE
GOTO40
RETURN
Er|D

/
i

f
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TABLE I. CONVERSION FACTORS FROM U.S. CUSTOmaRY TO S.I. UNITS

1 inch = 2.54 centimeters

1 foot = 0.305 meters

1 mile = d.61 kilometers

1 pound (wt) = 4.95 newtons = 0.454 kilograms

1 foot-pound = 1.38 newton-meters

" 1 slug-foot2 = 1.36 kilogram-meters2

1 slug-foot 2 = 1.36 kilogram-meters 2
seconds seconds
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Inputs

i. Environmental Disturbance Torques

2. Spacecraft Rotational Inertia

3. Data Specifying Spacecraft's Orbit

Analyze Orbit to Determine Maximum

Orbital Rate of Change

' 1
CalculateMomentumDue to:

i. Environmental Disturbance Torques

2. Maneuvers

3. Orientation Tracking

Calculate Reaction Wheel, GMC, and

DMCDSizing Requirements

Calculate Weight of Wheel:. I

Plot Wheel Radius versus Nheel

Weight for Various Wheel Speeds

Figure 1. Flow diagram.
/
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Figure 2. Relationship between the orbital reference frame and the
three vehicle reference frames.
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A

R

Earth

LEGEND:
a = _emimajor axis of orbit ellipse

A = Apoapsis altitude C
C = Focus of orbit ellipse a
P = Periapsis altitude
R = Radius of Earth
RP = Radius of periapsis

Figure 3. Orbit definition.
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Figure 4. DMCD configuration.
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Figure 6. Weight curve for CMG.
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Figure 7. Weight curves for DMCD.
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1 INOSE- VEHICLEPOII|TIrIGORIEIITATIO_J 3
I= SIDE,JAYS
2=NOSEDO,J!!
3= NOSEFORIIARD

2 ISATOR- CELESTIALORIEI|TATIOr_ l
l= EARTH
2= SUrf
3= IrIERTIAL

3 XNNrl- IIUFIBEROF GI_IBALEDCOrIFIGURATIOI_S4

IF INPUTSOK ENTERl
IF V;A_TTO CHANGEENTER2

l APOA- LEIIGTHOF APOAPSIS(I_L) 175.000
2 PER- LENGTHOF PERIAPSIS(!]L) lO0.O00
3 ORBIt!C-ORBITINCLII|ATIOrl(DEG) 57.300
4 TL- TitleBETL,JEEI|_JHEELUrILOADII_G(ORBITS) l.O00
5 TACCEL- IIAI4EUVERACCELERATIOIITIHE (SEC) 20.000
6 PDOTRX- X-AXISrlAI|EUVERRATE (DEG/SEC) l.O00
7 PDOTRY- Y-AXISHAI|EUVERRATE (DEG/SEC) l.O00
8 PDOTRZ- Z-AXISItAI|EUVERRATE (DEG/SEC) l.O00
9 UPSILN- AIIGULARPIVOTII_GFOR DHCD (DEG) 20.000

IF INPUTSOK Er_TERl
IFIJANTTO CHA[IGEEIITER2

l TAX- X-AXISAT_IOSPHERICDIST.TORQUE(FT-LBS) O.
2 TGX- X-AXISGRAVITYGRAD.DIST.TORQUE(FT-LBS) .2859E-I0
3 TSX- X-AXISSOLARDIST.TORQUE(FT-LBS) O.
4 TAY- Y-AXISATrlOSPHERICDIST.TORQUE(FT-LBS) .8541E-06
5 TGY- Y-AXISGRAVITYGRAD.DIST.TORQUE(FT-LBS) .3791E-I0
6 TSY- Y-AXISSOLARDIST.TORQUE(FT-LBS) O.
7 TAZ- Z-AXISAT!IOSPHERICDIST.TORQUE(FT-LBS) .8477E-07
8 TGZ- Z-AXISGRAVITYGRAD.DIST.TORQUE(FT-LBS) O.
9 TSZ- Z-AXISSOLARDIST.TORQUE(FT-LDS) O.
lO XJ- X-AXISSPACECRAFTROTATIOIIALINERTIA(SLUG-FT**2) .1595E+04
II YJ- Y-AXISSPACECRAFTROTATIOI_ALIr_ERTIA(SLUG-FT**2) .1380E+04
12 ZJ- Z-AXISSPACECRAFTROTATIOIIALINERTIA(SLUG-FT**2) .8034E_'03

IF I_PUTSOK EIITERl
IF WANTTO CHAIIGEEIITER2

Figure 8. Input defaultvalues.
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APOA- APOAPSISALTITUDE(FT) .I063318E+07
RP- RADIUSAT PERIAPSIS(FT) .2151949E+08
TIIETAD-MAXIrIUr_ORDITALAIIGULARRATE (RAD/SEC) .I194795E-02
T- ORBITALPERIOD(SEC) .5370454E+04

ALL _40MEr|TUr.II_ (SLUG-FT**2)/SEC

HXFIAN- X-AXISt.IAr|EUVER1401-1EI4TUI_ .2783595E+02
llYr_i'_-Y-AXIS{,IA_EUVERrIOrIEI|TUFI .2408377E+02
HZ_,_AN-Z-AXISt_A_IEUVERMO_IEIITU_4 .1402094E+02

HTX- X-AXISDISTURBAflCETORQUEr1OrIEIITUrl .1535413E-06
HTY- Y-AXISDISTURDAI_CETORQUEFIO_IEI_TUM .4587108E-02
HTZ- Z-AXISDISTURBAIICETORQUEIIOrIErITUM .4552533E-03

Q

HTRAKX- X-AXISORIEIITATIO_ITRACKIrIGIIO_IEr_TUM Oo
IITRAKY-Y-AXISORIE_ITATIOI_TRACKIIIGHOI-IEIITUr.I.1648818E+01
HTRAKZ- Z-AXISORIEf_TATIOI(TRACKIIIG_.IOI_IEIITU_IO.

HX- TOTALX-AXISrIO_IEIITUFI .2783595E+02
IIY- TOTALY-AXIStIO_:EI_TU_I .2573717E+02
HZ- TOTALZ-AXISrIOMEI_TUM ,140214(IE+02

HI,IAX- FIAXIr4UI4MOIIEI_TUrlA_IYAXIS .2783595E+02
Tr4AX- HAXIHUI,ITORQUEAI.IYAXIS (FT-LBS) .1391798E+01
IICr_G- C_4G_HEELFIOFIENTUI! .1435261E+02

DELDOT- PEAKGIrIBALRATE (RAD/SEC) .4112024E+02
TCMG- PEAKTORQUERTORQUE(FT-LBS) .2504819E+00
HTDI,ICD-DMCD_IHEELMOI,IEI_TUI.IREQUIR. .5078648E+02

Figure9. Calculatedoutputvalues.
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