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ABSTRACT

A group of control moment gyros can be used to control the attitude of a

space vehicle by exchanging momentum with the rest of the spacecraft. However,

externally caused disturbance torques acting on the vehicle would saturate the

DDmentum capability of the gyros if no auxiliary torquing methods were provided

to unload the stored momentum. This function can be performed by' a set of

three current-carrying coils which interact wi.th the earth I s magnetic field in

a process of continually resetting the control moment gyro gimbal angles to

"zero" positions.

The perf'ormance and weight of a magnetic system to momentum desaturate

control moment gyros have been determined as functions of' spacecraft size,

a1titude, and orbit inclination over the ranges of interest for a large, earth

orbiting manned space vehicle. In a digital computer simulation of the com

bined control moment gyro and magnetic systems, the torques exerted by' the

latter had a negligible effect on the pointing accuracy of' the former. Designs

have been coDll?leted for the elements of' the magnetic system, and the interf'ace

with the control gyros has been def:j.ned.

and each transmittal

to fo

val 0 the AF Flight Dynamics Laboratory (FOCL), Wright-Patterson AFB, Ohio.

iii/iv





TABLE OF CONTENTS

4. I Magnetic Desaturation System Performance

4.2 Magnetic Torquer Specification and Weights

4,3 Eff(;,ct on CMG Systexn Stabilization .

4.4 The Mechanization of the Magnetic Torquer System

V. GENERAL FEASIBILITY STUDY

VII. MAGNETIC SYSTEM MECHANIZATION.

6.4 Variation of AltitUde and Inclination.

Page

1

1

5

7

13

13

19

22

23

25

25

26

28

73

75

77

77

78

82

88

91

91

..

'.

.'

. '.

. . . . . . . . . . . . ...I. I Introduction..

II. CONCLUSIONS

I. INTRODUCTION AND SUMMARY.

5.4. Digital Coxnputer Program.

5.5 CAIN 48-Coefficient Field Subroutine.

6. I Specific Orbits ....

6. 2 CMG Systexn Design

6. 3 Complete Systern. Simulation _ .

7.1 Coil Size, Weight, and Power Requirexnents

VI. DETAILED STUDY OF A SPECIAL CASE

5. I Analytical Approach .....

5. 2 Analog Computer Program.

5. 3 Hand Solution .

·III. SCOPE OF THE STUDY PROGRAM .

IV. SUMMARY OF RESULTS .•..0' •.••

7.2 Weight Comparison of Magnetic Torquing System with Gas
Jet Systexns ..... '. . . . . . . . . . . . . . .

7.3 Interface of CMG and Magnetic Torquers .•..........

105

107

v



7.3. 1 Circuit Mechanization .

7. 3. 2 Consideration of Tim.e -Sharing .

7. 3. 3 Mechanical Design of the Magnetic Torquers

7. 3.4 Electronics Packaging Plan.

7. 4 Magnetometer". . . .

7. 5 Reliability Estimate

". .

Page

109

118

118

120

123

126

Appendix 1. Momentum Unloading Simulation Digital Program. . 131

Appendix 2. Complete System Simulation Digital Program. . 141

Appendix 4. Electromagnetic Actuator Design ...

Appendix 3. CMG System Design ~ .

Appendix 5. References.

LIST OF ILLUSTRATIONS

155

181

203

Figure

1

2

3

4

5

6

7/

8

9

10

11

12

13

Magnetic System Torque vs. Loop Gain .. .

Diagram of Gyroscope Configuration in Vehicle Coordinates.

Normalized Y -Axis Unloading Torque vs. Normalized Loop
Gain- -Analytical Method .

Lowest Feasible Altitude to Limit Stored Moxnentuxn to 10
Percent of CMG Rating. . . . . . . . . . . . . . . . . ....

Normalized Decay Time vs. Orbit Inclination.

Sample of Magnetic Torquer Ratings.

Sample of Magnetic Torquer Ratings ..

Simplified Block Diagram .

Dipole Model of the Earth's Field.
't

Orbit Coordinates .

Dipole Coordinates . . . . . . . . . . . . . . . . .

Transformation Angles .

Block Diagr.am of Analog Computer Simulation.

vj.

Page

8

11

14

17

18

20
-21

23

27

28

30

31

33



Figure

14 Field Components.

IS

16

17

18

19

20

21

22

. 23

24

25

26

27

28

29

30

31

"32

33

34

35

36

37

38

Y -Axis Disturbance Response at a. =o. 50, ~ =30 0

Y -Axis Disturbance Response at a. = 1. 20, ~ =30 0

Y -Axis Disturbance Response at a. =3.00, ~ = 30 0

X-Axis Disturbance Response at a. =0.7, ~ = 30 0

Y -Axis Disturbance Response at a. =0.7, ~ =30 0
•

Z -Axis Disturbance Response at a. =O. 7, tb =30 0
•

Unloading Response at a. =O. 50, ~ =30 0
•

Unloading Response at a. = 1. 20, ~ = 30 0
•

Unloading Response at a. = 3.00, ~ = 30 0
•

Unloading Response at a. = 0.60 and g =0, ~ =30 0

Unloading Response at a. =0.60 and S = 170, ~ = 30 0
•

Peak Unloading Cross-Coupling Factor VB. Orbit Inclination
Relative to Magnetic Equator .

Vehicle Axis Nomenclature .

Two-D. O. F. Gyro Gimbal Torquer Control.

Step Response.of CMG Control System for a Small Angle
Error. . . . . . . . . . . . . . . . . . . . . . . . . ..

CMG Initial Response to A Large Pitch Error .

Large Pitch Error Response Prior to Torque Reversal.

Spacecraft Mounting of Iron-Core and Air -Core Windings

Weight of Air -Core Roll Axis Coil (Including Power Supply) .

Weight of Air -Core Pitch or Yaw Coils (Including Power
Supply) .

11M Ratio vs. T/Bt for Various Length Coils

Z2 vs. T/Bt for Various Coil Lengths'

lJI vs. F <lJI) ••••••••••••••••••

lJI vs. T IBt for Various Coil Lengths

vii

Page

34

37

38

39

40

41

42

43

44

45

46

47

74

79

82

84

85

87

92

93

95

99

100

101

102



Figure

Vehicle ·Attitude and Rate Maneuver Profile (Pitch Axis) .

Iron-Core Torquer System Weight as Function of
Required Torque/Field Ratio for Coil Lengths
of 10 - 15 ft.••..•••

System. Block Diagram.

Operational Am.plifier.

Coil Driver Stage ....

Multiplier Block Diagram.

Straight Line Approxim.ations

Approxim.ation Errors ...•..

Mechanical Design of Torquer Bars.

103

108

110

112

114

116

117

119

121

124

132

133

134

135

136

137

143

144

144

162

. ..

,.

. . . . .

Variable Definitions, Seventh VieVI(' .

Variable Definitions, Eighth View ..

Magnetic Electronics Assembly

Details of Spacer Block ....•.

Variable Definitions, First View.

Variable Definitions, Second View.

Variable Definitions, Third View .

Variable Definitions, Fourth View.

Variable Definitions, Fifth View ..

Variable Definitions, Sixth View.

Mom.entum. Unloading of Control Moment Gyros,
Digital Flow . . . . . . . . . . . • . • . . . • .

56

57

58

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

59 Disturbance Torque History During Maneuver
(Pitch Axis) e- •••••••• 163

60

61

62

Acquisition and Tracking Torque Requirements
(Pitch Axis)...••.•..••••••..•.••.,

Gyro Orientation Relative to Vehicle Axes

General Control Loop Block Diagram ...

. .
165

168

169

viii



Figure

63

64

65

66

67

68

69

70

Bode Plot of System Crossover Region .•..•..•.•...

Bode Plot of System Operating Region (Tracking Mode) .•

Pitch Axis Block Diagram . . . . . . . . . • . . . . . . . ...

-Uncompensated One -D.O. F. Control System Block Diagram .

Bode Plots of Roll Axis IDOF System.

DimensiQns of Core-Coil Combination

Cross-Section of Winding ••.

lfJ Versus f (lfJ) •••••••••

Page

173

174

175

177

179

187

190

194

71 Flux Distribution in Bar as a Function of Distance
from End ...•...•••........•........ . .. . . . . . 195

72

73

Table

1

2

3

4

5

6

7

8

9

10

Average Flux Density tn Bar Versus Core Length
Diameter Ratio .:. . . . . . . . . • . . . . .

Demagnetizing Factor as a Function of i. /m ....

LIST OF TABLES

Stored y-Axis Momentum = ~o .
Required Values of T /w M

yO
) .•

. av 0

Values of Minimum (li that Counteract Momentum
Buildup of Assumed Disturbances .•.•.•....

Table of Dimensionless Decay Time (a w t = T ) ..
o 0

Peak Values of Ft-Lb/Gauss, ~sing Minimum Q

Vehicle Al (Currents in 10- Ft-Lb/Gauss)
X-Axis Current ....•..

Digital Check of Decay Time

Digital Data Used to Che ck Minimum Loop Gain •.

Control Moment Gyro Actuator Physical Characteristics

Pointing Errors for the Two Isolated Cases, Vehicle A2 .

Effect of Altitude and Inclination Variation for the
Particular Vehicle (Vehicle A2) .........•.....

ix

196

200

54

55

56

60

64

73

75

83

86

89



Table

11

12

13

14

LIST OF TABLES (Continued)

Summary of Core and Coil Characteristics ••••

Summary of System Weights and Operations

Reliability Tabulation .•••••.•••....••

Peak Torque Generated by Movement of Various
Body Appendage s ..•.• ~ ••••••.•..•••

x

Page

104

106

130

160



SECTION I

INTRODUCTION AND SUMMARY

1. I INTRODUCTION

Where a system of control moment gyros (CMG' s) is used to stabilize and

control the attitude of a space vehicle. an auxiliary control torquing system

must also be included. The control moment gyros function by exchanging

momentum with the remainder of the spacec:raft. with the total momentum

of the CMG-spacecraft system remaining constant. When the CMG's.,
stabilize the spacecraft in the presence of externally caused disturbance

torques. they act as momentu~ storage units. They are subject to momen

tum saturation unless a control torque outside of the momentum conservative

CMG-spacecraft system is applied to counter the stored momentum.

The auxiliary-control torque could conceivably be generated by mass

ejecting thrusters. by employing the gravity gradient through the use of

movable booms which determine moments of inertia. by shifting the center

of mass or the center of pressure to use the sun's radiation pressure. or by

interaction between a set of current-carrying coils and the earth's magnetic

field. This last item. the magnetic torquer method. has important advan

tages with regard to convenience. reliability and weight. and has· been the

subject of this investigation.

Magnetic torquers. a set of three or more coils, can be used to produce

a momentum unloading control torque by generating a field vector I accord

ing to the control law:

I = M x B

where M is the stored momentum and B is a vector representing the earth's

magnetic field. The control torque t~us produced is

T = I x B

1



The currents in three orthogonal coils are continuously controlled to produce

a field vector I perpendicular to both the instantaneous direction of the

earth's field and the vector representation of the momentum stored in the

CMG' 5, with the result that a torque is produced which opposes the CMG

stored momentum. The CMG system stored momentum is the difference

between the actual momentum and the momentum the system has when all of

the gyro gimbals are at the nominal" zero" positions.

When the directions of the stored momentum and the earth's field momen

tarily coincide, the magnetic torquers can produce no useful control torque.

However, B is continuously changing relative to Mfor a vehicle orbiting the

earth. The magnetic torquers are not required to perform the highly accur

ate and responsive stabilization functions of the CMG's, but only to perform

a relatively slow momentum desaturation function. A momentary inability

to produce a useful torque is not important.

B is determined by three mutually perpendicular magnetometer probes,

and M is defined by the positions of the CMG gimbals. Thus the elements of

the magnetic torquer momentum desaturation systeIn are three coils, a

three-axis magnetometer, and a signal processing unit which cOInputes M

from gimbal position transducer inputs and Inechanizes the equation

I = M x B

This report describes an investigation of the use of Inagnetic torquers to

momentum de saturate CMG systems in large Inanned earth orbiting vehicles.

Data have been generated on the weight and size of the magnetiC torquer

system as a function of the required InomentUIn reset response, the space

craft size and the altitude and orbit inclination over wide ranges of these

independent variables. The power for the Inagnetic torquers is taken into

account by including the power supply weight (at one pound per watt) in the

total magnetic torque'r weight. To facilitate this study, certain reasonable

assumptions are made regarding the dependence of disturbance torques

(solar pressure, gravity gradient and aerodynamic effects) on vehicle size.

2.



The effect of the magnetic torquer system on the attitude control perform

ance of the CMG' s is also important, and these data were also determined.

The method used for all these task~ was to develop and run a digital com

puter program which simulated the attitude controlled orbiting vehicle, the

disturbances, the earth's magnetic field, and all the elements of both the

CMG and magnetic torquer control systems.

In addition, outline drawings and packaging plans for the magnetic torquers

and signal processor are given in this report, as well as a reliability analy

sis.

• References 1, 2, and 3 were helpful in preparing the computer program

and in the optimum magnetic torquer design.

3/4





SECTION IT

CONCLUSIONS

It has been determined that a magnetic torquing system is feasible for the

task of momentum de saturating a control moment gyro (CMG) attitude control

system in a large space vehicle. Implementing the magnetic system requires

no new hardware developments.

The magnetic torquing method is a better choice than a system of

thrusters, which is the only other approach to momentum desaturation that

can be seriously considered at this time. This choice rests largely on the

higher reliability of the magnetic system, which includes only simple static

devices (a magnetometer, a signal processor and three coils). Thruster

systems typically include a number of solenoid valves, nozzles, high pres

sure tanks and lines and pressure reducers, or fuel heaters and pressure

transducers. In addition, the magnetic system does not depend on a fixed

fuel supply or a convenient fuel re supply rate and is more adaptable to the

e'nvironment of disturbance torques which store momentum and to the

mission life or resupply schedule. The magnetic approach is much less

heavy than the simplest thruster systems with low specific impulse and

weighs approximately the same as more sophisticated techniques with higher

specific impulses. A power supply weighing one pound per watt has been

included in the magnetic torquer weight.

Thrusters for desaturating momentum would have to be rated at a few

millipounds thrust in order to avoid significant disturbances to the CMG

system. Therefore, it is not likely that a reaction jet system which mayor

may not be on board for coarse attitude maneuvers could be used satis

factorily as a CMG momentum de saturating device.

5



The effect of the magnetic torquers on the stability and pointing accuracy

of the CMG systemis completely negligible. Also. the application of mag

netic torquers does not affect any of the required specifications for the

CMG's. Finally. the magnetic system requires only CMG gimbal resolver

signals which the CMG's already have available.

For the space vehicle size considered in this program (diameters of 10 to

15 feet and lengths in the range 12 to 60 feet). the weights for iron-core and

air-core magnetic torquer·s are approximately equal. However. iron-core

torquers are slim cylinders that can be made as short as three· feet with

only a minor increase in weight; the three torquers can be separated and

:mounted in any· convenient location. For reasonable weight efficiency. the

air-core torquers would be thin coils wrapped around the outside of the

spacecraft.

As ail example. the weight of a magnetic system. for a 40. 000 pound

vehicle (12 feet in dia:meter and 36 feet long) in a 200 nm.i circular orbit

inclined at 30 degrees to the equator is 200 pounds. including a one pound

per watt power supply. This figure results fro:m a pessiniistic assu:mption

regarding the size of t;he aerodynanric disturbance torque. which would other

wise saturate the CMG system and which is the dom.inant influence on the

magnetic system at low altitudes. At 300 nmi the magnetic system weight

is down bya factor of four.
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SECTION m
SCOPE OF THE STUDY PROGRAM

The three basic aims of this study of the application of magnetic torquers

for momentum de saturation of control moment gyros (CMG's) were: (1) to

generate parametric performance and weight information, (2) to arrive at a

.design plan which includes the interface with the CMG's, and (3) to find the

effects of the magnetic torquers on the CMG system performance. The

increments specified for the parametric part of the study led to many permu

tations, and it was especially necessary to have a carefully designed

approach to solving that part of the problem. As a consequence, some new

and useful analytical tools for designing magnetic torquer momentum desatu

ration systems have been developed.

Since an understanding of the whole approach for the study program adds

insight for examining the results, the steps used are sum.m.arized below:

1. An analysis of the external disturbance torques which would lead to

momentum saturation of the CMG's was made, including some necessary

assumptions about the characteristics of the spacecraft. The important

effects are the aerodynamic and solar radiation torques and the gravity

gradient. The results of this analysis included zero frequency disturbance

torque components about the spacecraft y-axis (nominally normal to the

orbit plane), which is a "worst-case" condition because of the shape of the

earth's field. This is true because the y-axis is the only one which is

nearly in continuous alignment with the earth's field for some orbit

inclinations.

2. The normalized y-axis unloading (momentum de saturation) torque was

derived as a function of the normalized magnetic torquing loop gain and the

7



angle fJ between the orbit plane and the magnetic equator • It was observed

that thi~, torque reaches a maximum when 'plotted versus loop gain for a

given value of fJ. The general shape of the curves is shown in figure 1-

3. An analog computer simulation .of the magnetic torquing system indi

cated the approach for the derivation of step 2 and also verified the results.

In both steps 2 and 3, a dipole model of the earth's field was used.

4. Steps 2 and 3 were further checked by a digital computer simulation

of the magnetic torquing system which incorporated the Cain 48-coefficie-nt

spherical harmonic earth's field representation.

5•. From the curves produced in step 2 and the distUrbance torque infor

mation, a determination was made of the combinations of low altitude and

low inclination which will not allow the magnetic momentum. unloading system

to keep the momentum down to an arbitrary low level of 10 percent of the

CMG capacities. For a given fJ and normalized average disturbance torque

NORMALIZED LOOP -GAIN 6422A-VA-1

Figure 1. Magnetic System Torque vs. Loop Gain
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(which is equated to the normalized y-axis momentum desaturation torque),

the curves also show the n:or:malized loop gain needed in order to just balance

the disturbance torque. This same loop gam was arbitrarily applied to the

x axis and z axis, as well as the y axis. The next step was to solve for

each of the three magnetic torquer ratings in peak foot-pounds per gauss of

the normal component of the earth's field, which ratings were needed to pro

duce the required y-axis momentum de saturation torque at the needed nor

malized loop gain.

6. Expressions for the momentum components as functions of time, ini

tial Inomentumand loop gain were derived. The decay time of the momentum

stored in the CMG's was shown as a function of orbit inclination for each

vehicle size. The decay time was normalized with respect to altitude and

loop gain.

7. Using the design procedures developed in a previous study of I?-agnetic

torquers
l

, the torquer weight, including power supply, was computed as a

function of the rating in peak foot-pounds per gauss of the normal earth's

field component and for the various vehicle sizes. The magnetic torquer

system weight was compared to the weights of several types of thruster sys

tems for momentum desaturation~

8. A digital computer program was developed to simulate the complete

CMG attitude control-magnetic torquer desaturation system for a particular

vehicle and orbit case. This program was used to determine the effect on

the CMG system pointing accuracy of applying the maximum magnetic desatu

ration torque. The particular case was a 40, OOO-pound, l2-foot-diameter!

35.-4-foot long vehicle in a 200-nrni circular orbit inclined at 30 degrees to

the equator.

9. A block diagram of the magnetic torquer system. was prepared, show

ing the interface with the CMG system.

10. Schematics for the magnetic torquer signal processor were designed

in order to estimate the magnetic torquer system reliability and to develop a

packaging plan for the electronics as well as the magnetic torquers.

9



The param.etric perform.ance and weight study covered ranges of 100 to

1000 nmi for altitude, 0 degree to 90 degrees for orbit inclination to the

equator and spacecraft characteristics as follows:

Weight Diam.eter Length
J

Roll J /. C. M. OffsetPitch Yaw
(lb) (£t) (ft) slug-ft2 ) (slug-ft2 ) (ft)

10000 10 12.7 3890 6110 1.3

40000 12 35.4 22400 141500 3.5

70000 14 45.4 53300 392000 4.5

70000 12 61. 9 39200 497000 6.2

100000 14 64.8 76200 1127000 6.5

·100000 15 56.6 87400 875000 5.7

For the purposes of determining disturbance torques and $im.ulating the

CMG system., it was assum.ed that the vehicle was oriented with its longitudi

nal axis generally vertical and another axis norm.al to the orbit plane. How

ever, operation of the m.agnetic m.om.entum. de saturation system. is not limited

to this orientation.

The center of m.ass· offsets tabulated above are along the longitudinal axis

of the cylindrical vehicle and were assum.ed to develop aerodynamic and

solar radiation torques. It was furtherassum.ed that the longitudinal or

z axis was actually oriented one degree from. the vertical, producing a steady

gravity gradient torque in addition to the constant aerodynamic torque.

It was assum.ed that the CMG system. m.ust be accurate within 10 arc

seconds while the vehicle is tracking a ground station offset from. the. orbit

plane. The configuration of CMG 1 s is shown in figure 2. The rotor m.om.enta

are 1000 foot-pound-seconds for each of the two double-gim.balled gyros and

500 foot-pound-seconds for each of the two single gim.balled units for the

particular case of the 40,000 pound spacecraft. For other spacecraft sizes

in the param.etric study, the CMG rotor m.om.enta were assum.ed to be scaled

up or down from. this base level in proportion to the vehicle m.om.ents of

10



inertia. This assumption is essentially valid because the CMG rotor momenta

are mainly dictated by the anticipated vehicle slewing maneuvers.

z
( YAW)

•

y

( PITCH) ORBrTAL1
RATE

TO EARTH CENTER

(NOMINAL ORBITAL ALIGN MENT)

-x
(ROLL)

NOTE: THE FOLLOWING CONSTRAINTS BETWEEN THE GYROS ARE TO BE ENFORCED

0 1=-02 • _ a 1- = - S2 • rI = - y2

S3= -/l4 I 13 = - i 4
6422A-VA-IO

Figure 2. Diagram of Gyroscope Configuration in Vehicle Coordinates
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SECTION IV

SUMMARY OF RESULTS

4. I MAGNETIC DESATURATION SYSTEM PERFORMANCE

The most basic and important relationships for defining a magnetic sys

tem to desaturate momentum has proven to be those which exist among the

average desaturation torque, the loop gain G' and the angle fJ between the

orbit plane and the magnetic equator. The typical relationships among the

normalized versions of these parameters are shown in figure 3.

The de saturation capability of the system is a function of sin
2

fJ. This

can be explained as follows. First,

T = (M x B) x B

and
2ITI G' B

Considering the y-axis torque, the earth's field components of interest are

B and B , those along the vehicle x and z axes.
x z 2

of sin fJ. Hence IT I is proportional to sin p.

The relationships typified by figure 3:

Band B are functions
x z

• Show the normalized loop gain which maximizes the average normal

ized y-axis de saturation torque for a given orbit.

• Show the maximum average normalized disturbance torque (due to

aerodynamic and gravity gradient effects) which can be tolerated

for a given orbit. This is seen by merely equating the average

normalized disturbance torque to the average normalized desatura

tion torque.

13
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• Show the loop gain necessary to provide a given average normalized

de saturation torque. Use of a higher loop gain would entail larger

magnetic torquers.

The family of torque-loop gain - fJ relationships is shown in figure 3,

where

T
AV

w
o

My
o

k
o

=

=

=

=

=

=

average y-axis de saturation torque

orbital rate

initial y-axis stored momentum

torque gain from T = k (I x B)
o

current gain from I = K
I

(M x B)

magnitude of the earth's field at the equator for the
altitude being considered.

The rms valu~ of fJ can be used in applying the curves. fJ is a function of

time, and it can be shown that

2 2 2 [ I _ 3 Sin
2

2 A]
[ sin P] A V = sin A + sin f/J

where

A II. 1 0
, the angle between the magnetic and spin axe s of the earth,

f/J = inclination of the orbit to the geographic equator

Also,

Prms = arcsin [
.I 2 ]

(sin P)AV

A final summary statement that can be :m.ade regarding figure 3 is that

for normalized loop gains a below I. 0

T
AV

w My
o 0

=
. 2

2.25 a sin fJ
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In most cases the chosen O! is below 1. O.

The most stringent requirements for the magnetic torquing system are

found in the low altitude, low orbit inclination cases. The term "orbit incli

nation" is used synonymously with the fJ defined above. The effect of low

inclination has already been explained. Low altitude s are more stringent

because the constant disturbance torque effects (aerodynamic torque aild the

gravity gradient) both increase rapidly with a decrease in altitude. Figure 4

shows the altitude -inclination combinations which produce peaks in the

momentum stored in theCMG' s which are 10 percent of the total momentum

which the CMG's are capable of storing. The six vehicles Al through A6

are those listed in the table of Section III. For any altitude inclination above

the curve, the CMG stored momentum never reaches 10 percent of rating.

If a stored mom.entum of more than 10 percent of CMG rating is allowed,

the curves move downward and to the left. A 25-percent stored momentum

curve is drawn for vehicle A2 (the 40, OOO-pound case) as a dashed line.

Ordinarily, the lowest of the six "lOpercent" curve s would be that for

vehicle Al (the smallest). This order is inverted, however, as a result of

the previously stated assumption that the CMG rotor momenta are propor

tional to the vehicle moments of inertia.

A magnetic torquing system to momentum-desaturate or reset a CMG

system might be specified by stating a required reset response. The curves

of figure 5 provide the basic information for such a specification and show

the time required to reduce a stored momentum to 10% of its initial value.

The se curve s further illustrate that the system is least capable of unloading

a y-axis momentum (normal to the orbit plane) and that the assu.mption of

constant y-axis disturbance torques was a conservative basis for the study.

They also further illustrate the effect of orbit inclination.
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4.2 MAGNETIC TORQUER SPECIFICATION AND WEIGHTS

Ratings of the x, y, and z magnetic torquers have been computed as func- .

tions of altitude, orbit inclination and spacecraft size. The magnetic

torquers may be long cylindrical nickel-iron cores wound with many turns of

wire, in which case the x, y, and z torquers are arranged with longitudinal

axes along the vehicle x, y and z axes, respectively. Or they may be large

diameter air-core torquers designated in a functionally similar manner.

The ratings are expressed in foot-pounds per gauss of the normal earth's

field component.

Because of the assumption of constant y-axis disturbance torques, the

necessary ratings for x and z torquers is larger than that for the y torquer

in every case. The ratings can be sum.m.arized, however, by stating only

the sum of x, ,y and z torquer ratings. This is meaningful because the ratio

of torquer weight to torquer rating is essentially constant for a large range

of ratings.

Figure 6 shows how the total rating depends on altitude for the 40,000:

pound vehicle with an orbit inclination of 30 degrees. Below 300 nm.i, the

aerodynamic torque is a very important influence. Above 300nmi, two

effects oppose each other and produce a rating nearly invariant with altitude.

One is the diminishing earth's field, leading to higher torquer ratings. The

other is the diminishing gravity gradient disturbance.

Figure 7 shows the expected variation of total torquer rating with orbit

inclination.

It should be remembered that the data below 300 nmi are based largely 9n

a pessimistic assumption that the center of mass and center of pressure are

constantly separated by one-tenth of the spacecraft length.

A family of torquer designs has been calculated, optimizing the total

weight of the torquer and its part of a power supply which is assumed to

weigh one pound per watt. Each of the nickel-iron core torquers were

assigned lengths equal to the diameter of the spacecraft (six spacecraft sizes

19



0.3

0.e5

'"G
~

~
II:

II:....
~ 0.2
II:

~

fI)
fI)
;:)
C
G

:0.4
CL

...
..J
I

....
II.

VEHICLE A2

-(4O,OOOLB CASE)

ORBIT INCLINATION =30°

,.

-
-0.1

N

.0
z
c
~

A

)(

II.
o
2
;:)..

o
o 200 400 800

ALTITUDE (NMI)

800 1000

6422A-VA-24 .

Figure 6. Sam.ple of Magnetic Torquer Ratings

20



9080706050402010

~

VEHICLE A2
(40,000 LB CASE)

ALTITUDE =200 NMI

\

~
\

1\
'\

~
~ /"

~

1 --

0.4

0.6

0.1

o
o

N O.2
ozc
>-

....

en..
~ 0.5
•
It
III
CL

•..J
I

~

I&.

ORBIT INCLINATION(DE8REES) 6422A-VA-25

_Figure 7. Sam.ple of Magnetic Torquer Ratings

21



were considered). Using the 40, OOO-pound vehicle as an example, the total

iron-cored torquer-power supply weight to rating ratio is 430 pounds per

foot-pound per gauss.

For the same vehicle case, the air core torquers are slightly less heavy,

having ratios of 390 for the z unit (a circle with diameter equal to that of the

vehicle) and Z60 for the x and y units (rectangles having sides equal to the

length and diart'teter of the vehicle). While the orientation of the torquers is

specified, reasonable mounting arrangements allow some latitude in the choice

of locations for either type of torquer. There is much more freedom in lo

cating the iron-core torquers on the spacecraft, however, because they can

be made much shorter with only a slight increase in weight-to-rating ratio. If

the full-size iron-core torquers were used, two could form an X across one

end of the spacecraft and one would lie somewhere along the side.

Typically, magnetic torquers have a large weight advantage over thruster

systems to momentum desaturate CMG or reaction wheel systems .. Part of

this advantage is lost, however, for very long spacecraft. In a system of lZ

nozzles the 4 or 8 which perform most of the momentum desaturation function

will benefit by having moment arms equal to half the length of the vehicle.

For the 35-foot-Iong, 40, OOO-pound case in a ZOO nm.i circular orbit inclined

at 30 degrees, the magnetic torquer system is one-third to one-fourth as

heavy as a cold gas thruster system but somewhat heavier than a resistojet

or monopropellant hydrazine system with higher specific impulse. However,

the magnetic torquer system, which has no moving parts, has a very obvious

reliability advantage over the thruster systems with their valves, pressure

reducers, high pressure tanks and lines, nozzles and heaters.

4.3 EFFECT ON CMG SYSTEM STABILIZATION

The momentum desaturation system acts like any other external disturb

ance in causing CMG system attitude errors. The errors caused by the

occasional maximum torques exerted by the magnetic system were found in

a computer simulation which included the 40, OOO-pound satellite at an altitude

ZZ



of 200 nmi and the CMG system grossly specified at the end of Section II.

The worst pointing errors were less than 2 arc seconds.

4.4 THE MECHANIZATION OF THE MAGNETIC TORQUER SYSTEM

The combined CMG-magnetic torquer system is shown in figure 8. The

magnetic torquer system consists of a three -axis magnetom.eter, the three

torquer units and the torquer current com.puter and is enclosed by the dashed

line. The inputs to the m.agnetic torquer system. are ti-igonom.etric functions

of a l' PI' and /33 (see figure 2) from the CMG system and Bx ' By and Hz

as m.easured by the magnetom.eter. The coil current com.puter consists of

signal amplifiers, m.ultipliers, and power am.plifiers. The function of these

circuits is to m.echanize I ::: K (M X "B)
1

and to derive the m.om.entum.

components

Mx = - H sin P3

M = 2B: sin PI
y

M z = - 2H sin a 1 cos PI

ATTITUDE
IPITCH
ROLL
YAW)

6422A-VA-26

A
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where H is the rotor m.om.entum. of a double-gim.balled gyro, and the rotor

momentum. of'a single gim.balled gyro is ~ H.

Circuit and packaging plans are also given in this report.

The probability of success of the m.agnetic m.om.entum. desaturation system.,

including torquers, m.agnetom.eter and signal processor, is calculated to be

0.915.
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SECTION V

GENERAL FEASIBILITY STUDY

5. I ANALYTICAL APPROACH

As has been explained, the spacecraft was assum.ed to be oriented verti-'

cally. This orientation resulted in the vehicle experiencing constant pitch

axis disturbance torques due to aerodynam.ic and gravity gradient effects.

Using the analog com.puter to sim.ulate the orbiting craft and its disttlrb-

. ances, it was found that the average y-axis m.agnetic m.om.entum. unloading

torque had a peak value that varied with orbit inclination, orbit altitude and

average stored y-axis m.om.entum.. The analog program. and results obtained

are explained further in paragraph 5.2.

From. the analog com.puter results it was possible to obtain analytical

expressions that were expanded to get m.ore general results than those

obtained from. the analog computer. From. these results it was possible to

define certain less desirable orbits, and the m.inim.um. gains that could be

used in the other cases, without m.om.entum. buildup. The orbits which are

"less desirable" from. the standpoint of the m.agnetic torquer system. are

those which led to CMG-stored m.om.entum. buildups of greater than an

arbitrarily chosen 10 percent of the CMG m.om.entum. rating.

The digitalcom.puter was used to verify the results of the hand solution,

and to determ.ine. the am.ount of error that was introduced into the solution

when a dipole field m.odel was used.

It becam.e necessary to find a m.easure of system. perform.ance that could

be used to com.pare various gains. For this purpose the variable hereafter

referred to as decay tim.e was developed. Decay tim.e is the num.ber of

orbits required for the system.. to reduce a m.om.entum. vector to 10 percent
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of its initial value. The decay time was derived approximately analytically

and verified with selected digital computer runs.

The size of the magnetic systems depends on the peak torque per unit

field (foot-pounds/gauss) that is required from the coils in counteracting the

momentum buildup that occurs as a result of the zero frequency pitch torques

and on the torque required to re set an initial momentum vector in a pre

determined amount of time. The torque per unit field is found. for each of

the three axes. for all six vehicles at all except the less desirable altitude

and inclination cases.

5.2 ANALOG COMPUTER PROGRAM

An analog computer simulation was made to demonstrate the capability of

the magnetic momentum unloading system to operate in the presence of

steady disturbance torques and to desaturate the CMG system after a large

angular impulse. This analysis used the dipole model of the earth's field.

The dipole model is illustrated in figure 9 where B represents the verti-
v

cal component of the field and Bt represents the tangential component. The

relationship of the two components to the orbit altitude h and the angle 'Y

(magnetic latitude) is given by the equations:

B
v

3
2 B r

o e
= (r + h)3

e

3

sin 'Y = 2 K sin 'Yo

the field strength in gauss for a point on the earth's surface

at the magnetic equator.

earth radius (mean)

the field strength at the orbit altitude along the magnetic

B
B

0
=t

(r
e

where B =
0

r =e
K =

0

r
e

3+ h)
cos 'Y = K cos 'Y

o

equator.

26



u
t=
III
Z •CD

_.
C )(

2 C

.", - - "."" ,
",

/
/

/
I

I
I

PLANE OF:, , MAGNETIC
EQUATOR

\ I\
\ I
\ I, /, , /

" ,/
'- ,/
~ -'.--. - -

6422A-VA-S

Figure 9. Dipole Model of the Earthfs Field

27



Although the field represented by this model is free from the anomalies

actually present in the earth's field, the lower harmonics will be well

represented and it has been favorably compared with the Jensen-Whitaker

program and Cain data. The Cain data are explained further in References

4, 5, 6, and 7. It is therefore felt to be a good basis for preliminary

analysis.

The major portion of the analog computer mechanization was taken up

with the dipole model. The equations listed below were mechanized to pro

duce the components of the earth's field in orbit coordinates: (See figure 10.)
\

Q
11 = cos (J cos", cos ~ cos A - cos (J sin", sin A - sin (J sin ~ cos A

Q
12 = cos (J cos", cos ~ sin A + cos (J sin'" cos A - sin (J sin E sin A

Q
13 = - cos (J cos ", sin ~ - sin (J cos ~

y --------~~

~
VELOCITY
VECTOR

z

VE RTiCAL 6422A-VA-6

Figure 10. Orbit Coordinates
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sin f/J cos ~ cos A - cos f/J sin A

sin f/J cos ~ sin A + cos f/J cos A

Q
23 = sin f/J sin ~

Q
31 = sin (J cos f/J cos ~ cos A - sin (J sin f/J sin A + cos (J sin ~ cos A

Q
32 = sin () cos f/J cos ~ sin A + sin () sin f/J cos A + cos () sin ~ sin A

Q
33 = - sin () cos f/J sin .~ + .cos ()cos ~

B - 2 Q
32

K
ov

BA = -3 Q
31

Q
32

K
o

BB = -3°32 Q33 Ko

[
2

Be = I - 3 Q32] Ko'

B
X = QIl BA + Q I2 BB + Q 13 Be

By = - Q 21 BA - Q22 BB - Q23 Be

~z = Bv

where Q
I1

- - - Q
33

= matrix elements relating the dipole coordinate frame

to the orbit reference frame. (See figure II. )

BA' . BB' Be = field components in dipole coordinates

B
X

' By' B
Z

= field components in orbit coordinates

~ = angle between longitude of the intersection of the geographic and

magnetic equators and the longitude of the ascending node.

A = ·longitude (+. measured east) of the ascending node
o

w = earth rotation rate
e
t = elapsed time

() = orbit angle

w = orbit rate
o
f/J = orbit inclination
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Figure 11. Dipole Coordinates

A = tilt angle between the earth's magnetic and geographic axes =
II. P

K and B were defined previously
o v

Figures 11 and 12 demonstrate the dipole coordinates and the angles

which were defined above.

In addition to the dipole model equations, the following equations were

programmed on the analog computer:

I = k
1

(M B - M B)
x Y z z Y

I = k
l

(M B .,. M B)
Y z x x z

I = k
l

(M B - M B )
z x y y x

•
T = (I B .. - I B) = M TDx+W Mx y z z y x o z
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Figure 12. Transformation Angles

T = (I B-1 B) = M TDy
Y z x x z y

T = (I B-1 B) = M T
Dz

- W
o

M
xz x y y x z

where: k
l

= Loop gain

M
x.y.z

I
x.y.z

T
x.y.z

= momentum about the x. y. z axis

ft-Th.. .
= current ( ) about the x. y.z axlS

gauss

= magnetic system torque about the x. y. z axis

T = Disturbance torque about the x. y. z axis
Dx.Dy.Dz

B = magnetic field along the x. y. z axis
x.y.z

M

W
o

d
= dt M

= orbital rate in radians/second
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Figure 13 illustrates the simplified block diagram of the analog computer

simulation* (The mechanization of the dipole model equations is shown as a

single block). The scaling was left unspecified so that both large and small

amplitude effects could be studied without the problem of scale changes.

Altitude changes would be reflected only in the velocity input to the () velocity

servo. The time scaling was limited to 360/1 by velocity limitations of the

multiplying servos. The basic control loop was concerned only with the

momentum in orbit coordinates. It was not necessary to simulate the CMG

loops in this first approximation, since the CMG system is conservative and

merely serves to transfer the total vehicle momentum vector to achieve

vehicle motion. Consequently, CMG system performance will have no effect

on the total momentum vector.

Figure 14 shows a computer run of the earth's field components as a

function of time for approximately one full day. In the simulation, the compo

nents were generated as a percent of Ko in order to simplify the re suiting.
comparison with the derived equations, but () was set equivalent to a 200-

mile orbit altitude, so that K o is approximately 0.30 gauss.

From the problem definition in paragraph 5.1 it can be seen that the net

unloading torque will be proportional to the function (l-cos<t) where <~

is the angle between the earth's magnetic field vector and the vehiCle momen

tum vector. This means that the system will be least effective during orbits

when the field tends to be pointed in the same direction and stored momen

tum exists along the time centroid of the field. Figure 14 illustrates that as

the angle ~ approaches 1800
, the field vector will tend to form a more

narrow cone in rotating about the Y (orbit plane normal) axis. This occurs

because the orbit plane most nearby approaches the Itlagnetic equator when

~ = 1800
, and, consequently, the variations in Band B are minimal while

x z
B is at a maximum. The system design was thus based on optimizing the

y

* (The complete simulation diagrams have been sent under item 5 of the con
tract. )
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Figure 14. Field COIllponents
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unloading capability of the system during the period when ~ :: 180 degrees

and a large momentum buildup is present about the Y a:xis. This could

correspond to optimizing the unloading of an angular impulse generated by

an orbit-correction linear impulse directed off the center of mass.

Analog runs were made for various orbit altitudes, inclinations, and

various values of magnetic system gain. From these runs the curves simi

lar to those of figure 3 for normalized y-axis torque as a function of syste-in

gain were derived. The normalized torque and the loop gain are both

dimensionle s s quantitie s that are functions of altitude. The use of the s~

quantities makes the curves of figure 3 applicable to all altitudes.

For every orbit inclination there is a value of f3 rms' the rms value of the

angle between the orbit plane and the magnetic equator plane as the earth

rotates under the orbiting vehicle. Hereafter any reference to f3 will be a

reference to f3 rms .

Since the orbit inclinationwith respect to the magnetic equator is a func

tion of time, and the desaturation capability of the system is a function of

the square of the sine of the magnetic inclination angle (f3), the average

effective (or rms) angle f3 was computed from the equation for the magnetic

inc lination angle:

f3 :;:: arc cos [ - sin f/J cos ~ sin A + cos f/J cos A]

which yields, for the average sin2 f3:

[ sin
2 f3] == sin

2
A + sin

2 f/J [ 1 _ 3 s~2 A ]
ave

where: A :;:: angle between the magnetic and geographic axes of the earth

f/J :;:: orbit inclination to the earth's equator.

~ :;:: angle of ascending node measured with respect to the line of

nodes made by the magnetic and geographic equators

== 160.1 0
- w t

e
w :;:: earth's rotation rate.e
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The rms value of (3 then becomes:

(3 = arc sin [ "( sin 2 (3 ) ]rms - ave

From these analog rUns (figures 15, 16, and 17) it is seen that for one orbit

the momentum can be expressed as shown below. The x and z axis have no

zero frequency components and the y-axis can be approximated by a zero fre

quency component and a second harmonic of orbital frequency component.

M
x

= - M
X1

sin ( (J + IJ. ) -

M = M + M 2 sin [ 2 ( (J + ~)]
y yo Y

M
z

= M
z1

cos ( () + l/J )

where: M = Momentum

() = orbit angle

IJ., ~, l/J = phase angles

In figures 15, 16, and 17 a peak value of M occurs at ~ =180°, and this is
y

the region where system design was optimized.

In figures 18 through 20 the system momentum unloading capability is

shown for x, y and z axis zero frequency disturbance torques. It is evident

from these figures that the momentum buildup is maximum for y-axis

disturbances, and that concentrating on the system y-axis performance at

~ = 180 degrees is justified.

The n?rmalized y-axis unloading torque (figure 3) is found to have a peak

value for various orbit inclinations. Setting the loop gain higher than the value

that yields the peak torque serves no useful purpose. At these higher gains (a)

the system performance is degraded, and higher coil currents are required.

The recordings of figures 21, 22, and 23 illustrate that the system perform

ance is optimum for that gain that produces the peak unloading torque (a =1. 2

for the case illustrated). Figures 24 and 25 verify that the momentum un

loading is slowest at ~ = 180 degrees.
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Figure 17.
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When a lower-than-optimum unloading rate is acceptable, the use of a

lower-than-optimurn gain results inlower peak and average currents. This

results in a lower system weight.

5.3 HAND SOLUTION

An analytical approach was used to verify the analog computer results and

to find mathematical expressions for normalized torque. From the analog

program the momentum equations for the three vehicle axes were found, at

~ = 180 degrees, to be:

momentum

[2(9+ t;)]

sin (9 + p.)

+ M
y2

sin

cos(9+ lfJ)

=M
x

-M
xl

My = MyO
M = M

z zl
In these equations 9 is the orbit angle and the magnitudes of the

components and their relative phase angles are functions of the system gain

and of orbit inclination. The orbit angle is the angle between the right

ascending node and the satellite position vector. It is possible to solve for

the magnitudes and relative phase angles of the above equations by expressing

the magnetic field as a function of the orbit angle and the orbit inclination, in

serting these values into the torque expressions, and solving the vehicle

equations of motion about the x and z axis.

The magnetic field can be repre sented by the equations

B
x

= K
O

sin {3 cos 9

By = -KO cos {3

B
z

= 2K
O

sin {3 sin 9

where {1 is the o.rbit inclination to the magnetic equator. (This, of course,

presumes an orbit angular rate much greater than the earth's rotation rate).

The magnetic control system torques can be found from T = k
O

(1 x B), where
- --
I = k

l
(M x B). When these torques are combined with the cross coupling

torques about the vehicle axis, the torque expression about the x and z axis
2

are found to be those given below, where a = k
O

k
l

K
O

/ W 0:
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a M 0 sin P cos P cos (J =Y , M [cos (J cos IL ~ sin (J sin IL
xl Z ,Z

+a (cos P cos IL sin (J + cos P sin ,Il

cos(J + 4 sinZ P cos IL sin
3

(J

+ 4 sin
Z

p sin Il cos (J sin
Z

(;I)]

[
Z

-a M Z Z sin p cos p cos Z t cos (J sin (;I
y 3
+ sin P cos P sin Z ~ (cos (;I

- cos (;I sinZ (;I)]

+ M I [cos l/J cos (;I - sin l/J sin (;I
z ZZ

+Z Q sin P(cos l/J cos (;I sin (;I

- sin l/J cos (;I sinZ (;I n
Z O! M

yO
sin P cos P sin (;I = M

xl
[cos IL sin (J + sinlL cos (J

Z .Z ( ll.2 11
- Q sl.np cos IL cos uSl.n u

+ sin IL cos
Z

(;I sin (J)]

- Za M 2 sin p cos p [ cos 2t cos (;I sinZ (;I

Y . Z ( 2 (J'. II • 3 ll)]+ Sl.n t cos Sl.nu - Sl.n u

+MzI [cos l/J sin,(;I + sin l/J cos ()
- Z
-Q (cos P cos l/J cos (;I

2
- cos P sin l/J sin ()

+ sin
Z

p cos l/J cos
3

(;I

• Z . ,"~ 2 II • ll)]Sln p Sl.n ." cos v Sl.n u

The above expressions are valid for all value-sof (J, therefore substituting

() equal to 0, 45, and 90 degrees gives us six equations which can be used to

solve for the six unknowns. The six simultaneous equations are given below.

Zl NIl NIl N1.3 N
l4 N 15- N

l6 Xl

Zz N
ZI

N
ZZ

N
23

N
Z4 N Z5 N

Z6
X z

Z3 =
N

3l
N

3Z N
33

N
34

N
35

N
36

X 3

Z4 N41 N
4Z

N
43

N
44 N

45
N

46
X

4

Z5 N 51 N S2 N S3
N

S4
N

SS
N

S6
Xs

Z6 N
61

N 6Z
N

63 N
64

N
6S

N
66

X
6
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Where the unknowns are,

Xl == M sinljJ/Yl
zl

Xz :::: M cos ljJ/Yl
zl

X
3 == M

X1
sin Il/Y1

X
4

::: M
X1

cos Il/Y1

X s ::: M
y2

siD. Z r,/Y1

X
6

::: M
y2

cosZ r,/Y1

and Y ::: M
yO

sin fJ cos fJ1

and the knowns are,

N
U

::: 0

N
1Z

= 1

2
N

13 = O! cos fJ

N
14

::: 1

N
1S

= -O! sin fJ cos fJ

N
16

= 0

N
Z1

::: -1

N ZZ = 0

N
Z3 = -1

N
Z4 = a (cos

Z
fJ + 4 sin

Z
fJ)

N
ZS

= 0

N
Z6

::: 0

N
31

= 1

N
3Z

::: -O!
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N
33 = 1

N
34 = 0

N
35 = 0

N
36 = 0

N41 = N
13

N
42 = 1

N
43 = 0

N
44 = 1

N
45 = -2 N

15

N
46 = 0

N
51

-(1 + . 2
= O! 8m. (3)

N
52 = -N

51

N
53

-1 + 2 O!
.22= 8m. (:J + a cos (:J

N
54 = N

53
+·2

N
55 = 0

N
56 - N

15
2 .2(:JN61 = 1 + Q' cos (:J + O. 5 Q' SIn

N
62 = 2 -N

61

N
63 = 2 + N

51

N
64 = N

63

N
65 = 0

N
66 = 2N

15
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Zl = a

Z2 = 0

Z3 = 0

Z4 = 2a

Z5 = a

Z6 = 2a

When these equations have been solved for the XI s, then it is possible to

.find the phase angle s from

=

2 t

=

=

- 2 M sin {3 cos {3 [cos l{J cos
zl

Using the momentum and the magnetic field expressions, it is possible to

obtain the y-axis torque due to the magnetic control system.

T
y

= woo; [M'd sin P cos P [ cos ~ cos 6 sin 6+ sin ~ cos
2

6]

'-M
yO

sin
2

{3 [cos
2

8 + 4 sin
2

8]

-M
y2

sin
2

{3lsin 2 t (cos
4

8+ 3 cos
2

8 sin
2

8 -4 sin
4

8)

+ cos 2 t (2 cos
3

8 sin 9 + 8 cos 9 sin
3

8) ]

. • ", • 2. ]J8 sm 8 - sm 'f' sIn 8
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The average torque is of interest and is found to be,

T av = W 0" l~ MX1 sin I' sin P cos p

_2. M sin
2 f3

2 yO

3 . 2 . 2 a+:i My2 sm 1; sm f'.

+M
z1

sin ~ sin ~ cos p]
Using the XIS found in the solution of the six simultaneous equations, it is

possible to get the normalized torque about the y-axis for a disturbance

torque having an average value about the y-axis.

Normalized Torqu.e =
w

o

-Tav
2

M
yO

sin f3

2= Q! [ 2. 5 - Xl cos f3
2

- 0.5 X
3

cos· f3

- 0.75 X 5 sin f3 cos f3]

The variation of y-axis unloading .torque as a function of the normalized

loop gain Q and the orbit-to-magnetic equator angle f3 is shown in figure 3.

The results of this hand solution check favorably with the analog data,

giving added justification to the results .

.When a vehicle is vertically aligned, the principal zero frequency torque

sources (particularly at lower altitudes) will be due to aerodynamic pressure

and gravity gradient effects due to inexact vertical alignment~* Since these

torques will produce a momentum vector buildup along the Y(normal to the

orbit plane) axis, the capability of the CMG system to maneuver the vehicle

will be compromised unless the magnetic desaturating system continuously

transfers this momentum to the earth's field. A design goal of an average of

10 percent of CMG capacity as the steady state y-axis momentum was

chosen. ** This steady state momentum is necessary to generate the coil

* See Section ill for assumed disturbances.
** See table 1.
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currents used to produce the desaturating torques. *** This would leave the

vehicle with an average of 90 percent of its maneuvering capability while

permitting operation under circumstances which would quickly saturate the·

CMG system if the magnetic de saturating system was not operating. The

minimum inclination is based ·on the peak normalized y-axis torque as a

function of loop gain as defined by the family of curves given on figure 3.

Table 1

STORED y-AXIS MOMENTUM =~O

Vehicle Al A2 A3 A4 A5 A6

MyO 6.14 141.4 403. 716. 1131. 872.

The required value of T av/(W 0 MyO) is computed for each altitude from

the equation:

T
av

Wo~o

where

1
=

Wo~o
sin Z (A~

W
o = orbit rate

h =

n =

J a =

average Y axis momentum

aerodynamic torque constant proportional to surface area and

c. m. -c. p. offset

altitude in nautical mile s

constant = -7. 02

difference between polar moments of inertia taken about the

transverse and longitudinal axes

*** The alternative use of a bias momentum signal to generate the coil cur
rents was rejected because this would require complex computation
circuits and an exact knowledge of the vehicle parameters.
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I:!.. () = average vertical offset about the pitch axis.

Letting I:!.. () = 1 0 as a maxim.um. figure, the required value of T avl (w 0 MyO)

was com.puted as a function of altitude for each vehicle configuration and is

given in table 2. Since the peak achievable value of Tavl{w oMyO) rises with

increasing inclination, a m.inim.um. feasible altitude will exist for som.e

vehicle-altitude com.binations. This is dem.onstrated in figure 4.

Table 2

REQUIRED VALUES OF T ·/(W MyO)
. av 0

Vehicle

Altitude Al A2 A3 A4 AS A6

100 11.31 4.62 3.13 2.82 2.29 2.42

200 0.438 0.218 0.164 0.158 0.137 0.140

300 0.0544 0.0615 0.0584· 0.0621 0.0598 0.0582

400 0.0244 0.0477 0.0484 0.0587 0.0518 0.0500

500 0.0199 0.0446 0.0457 0.0500 0.0493 0.0474

600 0.0188 0.0430 0.0441 0.0483 0.0477 0.0459

700 0.0179 0.0413 0.0425 0.0465 0.0459 0.0441

800 0.0172 0.0396 0.0408 0.0446 0.0440 0.0423

900 0.0166 0.0384 0.0395 0.0432 0.0427 0.0411

1000 0.0161 0.0371 0.0382 0.0418 0.0412 0,0396

NOTE: The average disturbance torque can be found by m.u1tiplying the

above values by the appropriate w0 and ~O (table 1)

e. g. for A2 at 200 nmi
. -3
average disturbance torque = (0.218) (1.14 x 10 ) (141.4)

=0.0352 foot-pounds

For those cases where the CMG-stored m.om.entum. does not exceed the

arbitrary 10 percent of rating level, it is possible to find the minimum. value

of loop gain that will provide a:n un1oa:ding torque sufficient to counteract the
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zero frequency disturbance torque. The values of minim.um loop gain Cl! are

given in table 3.

Table 3

VALUES OF MINIMUM Cl! THAT COUNTERACT MOMENTUM
BUILDUP OF ASSUMED DISTURBANCES

Vehicle Al

~A1t 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- -- -- -- 7.25

200 -- -- -- 0.9 0.5 0.34 0.3 0.25 0.25 0.25

300 0.72 0.4 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1

400 0.3 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

500 0.26 0.14 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

600 0.25 0.13 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

700 0.22 0.12 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

800 0.21 O.ll 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
"

900 0.205 0.105 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

1000 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Vehicle A2

~Alt 0 10 20 30 40 50 60 70 80 90

10'0 -- -- -- -- -- -- -- 4.45 2.43 2.2

200 -- 0.77 0.43 O.U 0.15 0.13 0.1 0.1 0.1--
300 0.9 0.45 0.24 0.1 0.1 0.1 0.1 0.1 0.1 0.1

400 0.6 0.36 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1

500 0.54 0.32 0.17 0.1 0.1 0.1 0.1 0.1 0.1 0.1

600 0.52 0.33 0.16 0.1 0.1 0.1 0.1 0.1 0.1 0.1

700 0.50 0.32 0.15 0.1 -0.1 0.1 0.1 0.1 0.1 0.1

800 0.47 0.3 0.14 0.1 0.1 0.1 0.1 0.1 0.1 0.1

900 0.45 0.3 0.14 0.1 0.1 0.1 0.1 0.1 0.1 0.1

1000 0.44 0.27 0.12 0.1 0.1 0.1 0.1 0.1 0.1 0.1
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Table 3 (Continued)

Vehicle A3

~Alt 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- -- 1.9 1. 57 1. 46

200 -- -- 0.57 0.3 0.2 0.1 0.1 0.1 0.1 0.1-
300 0.8 0.42 0.23 0.1 0.1 0.1 0.1 O. 1 0.1 0.1

400 0.61 . 0~38 0.2 0~1 O. 1 0.1 0.1 0.1 o. 1 0.1

500 0.57 0.34 0.17 0.1 O. 1 0.1 0.1 o.i 0.1 0.1

600 0.53 . 0.33 0.16 0.1 0.1 O. 1 0.1 0.1 O. 1 O. 1

700 0.51 0.31 0.15 0.1 O. 1 O. 1 0.1 0.1 O. 1 O. 1

800 0.49 0.30 0.15 0.1 0.1 0.1 0.1 0.1 O. 1 O. 1

900 0.47 0.3 0.14 .0.1 O. 1 0.1 -0.1 O. 1 0.1 O. 1

1000 0.35 0.22 0.1 0.1 0.1 0.1 O. 1 0.1 0.1 0.1

Vehicle A4

~Alt 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- 2.9 1.7 1.4 1.3

200 -- -- 0.53 0.3 0.2 0.1 0.1 0.1 O. 1 O. 1

300 0.9 0.45 0.25 0.1 0.1 0.1 O. 1 0.1 0.1 O. 1

400 0.68 0.4 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1

500 0.65 0.38 0.2 0.1 0.1 O. 1 0.1 0.1 0.1 0.1

600 0.62 0.37 0.2 0.1 O. 1 0.1 0.1 O. 1 0.1 O. 1

700 0.59 0.37 0.18 0.1 0.1 0.1 0.1 Q.l 0.1 0.1

800 0.57 0.34 0.15 0.1 0.1 0.1 0.1 0.1 O. 1 O. 1

900 0.52 0.33 0.15 0.1 0.1 0.1 0.1 0.1 0.1 0.1

1000 0.5 0.32 0.14 0.1 0.1 O. 1 O. 1 O. 1 0.1 0.1
.
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Table 3 (Continued)

Vehicle AS

I~ 0 10 20 30 40 50 60 70 80 90
Alt

100 -- -- -- -- -- -- 1.7 1.3 1.1 1. 08

200 - - 1.4 0.47 0.27 0.16 0.1 0.1 O. 1 0.1 0.1
,

300 0.83 0.44 0.23 0.1 0.1 0.1 O. 1 0.1 O. 1 O. 1

400 0.67 0.4 0.2 0.1 0.1 O. 1 O. 1 0.1 0.1 0.1

500 0.63 0.37 . 0 •. 2 0.1 0.1 0.1 0.1 O. 1 0.1 0.1

600 0.6 0.35 0.19 0.1 0.1 0.1 0.1 0.1 0.1 O. 1

700 0.57 0.34 0.18 O. 1 0.1 0.1 0.1 0.1 0.1 O. 1

800 0.55 0.33 .0.17 O. 1 0.1 0.1 0.1 O. 1 0.1 O. 1

900 0.52 0.32 0.16 0.1 -0. 1 o. 1 O. 1 O. 1 0.1 O. 1

1000 0.5 0.3 0.15 O. 1 0.1 0.1 0.1 O. 1 0.1 0.1

Vehicle A6

~ 0 10 20 30 40 50 60 70 80 90
Alt

100 - - -- -- -- -- -- 1. 87 1. 43 1.2 1. 15

200 -- loS 0.5 0.27 0.15 0.1 0.1 0.1 O. 1 O. 1

300 0.8 0.43 0.23 O. 1 O. 1 O. 1 O. 1 O. 1 O. 1 0.1

400 0.65 0.38 0.2 0.1 0.1 0.1 0.1 O. 1 0.1 O. 1

500 0.6 0.35 0.19 O. 1 0.1 0.1 O. 1 0.1 O. 1 O. 1

600 0.58 0.33 0.18 0.1 O. 1 0.1 O. 1 O. 1 0.1 O. 1

700 0.53 0.33 0.16 O. 1 0.1 0.1 0.1 O. 1 0.1 0.1

800 0.52 0.32 0.15 0.1 O. 1 0.1 0.1 0.1 O. 1 O. 1

900 0.5 0.3 0.15 O. 1 0.1 0.1 0.1 0.1 0.1 0.1

1000 0.47 0.3 0.14 O. 1 O. 1 0.1 O. 1 0.1 O. 1 0.1
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In addition to the continuous removal of momentum caused by aerodynamic

and gravity gradient disturbances, the dumping of an initial momentum vec

tor is of importance. The time required to dump 90 percent of the momen

tum is called the decay time.

It can be shown that for an initial momentum vector M , having two·
o

components, M yo along the vehicle y (pitch) axis and M po perpendicular to

the y-axis, the equations for desaturating the momentum vector in the

absence of disturbance torques are:

M + AIM
P P

- A M
2 Y

= o

o=

=

-A M + M + A
4

M
3 P Y Y

(1 + 0.125 sin2 (3) O! W owhere

A
2

= A 3 = 0.5 O! Wo sin {3 cos {3

A
4

= 2.5 a Wo sin2 {3

M = momentum vector lying in the orbit plane
p

M = momentum vector lying normal to the orbit plane
y

M , M = time derivatives of M and M
p Y P Y

a = dimensionless loop gain

W o = orbit angular rate

{3 orbit magnetic inclination

The solution to this pair of equations in terms of initial values of momen

tum yields these approximate solutions:
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-2.5 0' wot
= M e -Yo

0.5 Mpo sin fJ cos fJ -0' wot -2. 5a w t sin2 fJ------'=-..,;;;.----- (e -e 0 )

[2. 5 sin2 fJ - I ]

where Mp(t), ~(t) = instantaneous value of momentum vector components
at time t

The effect of the cross coupling is to lengthen the time for the de saturation.

process since momentum buildup occurs out of plane/axis --and this momen

tum must in turn be decreased. The dimensionless time (0' Wot) required

to reduce the total momentum vector* to 10 percent of its original value is

shown on figure 4

give s the value s of

for the cases where My = 0 and M p = O. Table 4
o . 0

(0' wot) for various combinations of M and M p .yo 0

Table 4

T ABLE OF DIMENSIONLESS DECAY TIME (O! wot = T D)

Orbit M = M Myo = 0.972 M Myo =0.895M Myo = 0.80 M Myo = 0.707 M Myo = 0
Yo 0 0 0 0 0

Inclination
M

Fo
o. 0 M po

= 0.243 M M po = 0.447 M
o

M po = 0.60 M M po = 0.707 M M = M
Degrees 0 0 0 Po 0

0 24.5 24.5 23.9 22.9 21. 9 2.72

10 14.93 14.97 14.6 14.13 13.54 2.90

20 6.33 6.42 6.37 6.22 6.03 2.93

30 3.52 3.66 3.70 3.67 3.63 2.60

40 2.31 2.53 2.65 2.71 2.73 2.42

50 1.67 1. 96 2.17 2.295 2.36 2.35

60 1.305 1.64 1. 92 2.09 2.195 2.32

70 1.08 1.42 1. 76 1. 97 2.09 2.30

80 .99 1. 27 1.66 1.89 2.04 2.30

90 .95 1. 21 1. 61 1.86 2.01 2.30

*Total m.omentum is ~~(t) + M: (t)
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The dimensionless decay time can be used to find the actual decay time in

orbits when the minimum. a (table 3), the maximum. a (figure 3) or some

intermediate a is used. It is also possible to solve for a when the decay

time is predetermined.

or

a = T rf (211"N)

where

N = Decay time in orbits

T D = (O! w ot) from table 4

a = dimensionless loop gain

The determining factor in choosing the magnetic momentum unloading

system gain is often the weight. To determine the weight of the system it is

necessary to size the coil in peak to.rque per unit magnetic field (ft-lb/gauss).

The current (I) used to find the magnetic system torque has the correct units,

and the coils can be sized by finding the peak values of the axial current

components.

For that case where the magnetic system counters the momentum buildup

caused by zero frequency disturbances the axial currents are found by

1 = K
l

(M x B).

1 = K
l

K [ 2 M sin fJ sin 0 + 2 M 2 sin fJ sin 0 sin {2 (0 + ~ )}
x 0 yo y

+ M
z1

cos fJ cos (0 + l\J)"]

I
y

= K
l

K
o

[2M
xl

sin fJ sin 0 sin (0 +Il) +M
zl

sin fJ cos (J cos «(J + ljJ)]

1 = K1K [M 1 cos fJ sin (0 + Il) - M sin fJ cos (Jz 0 x . yo

-M
y2

sin fJ cos 0 sin {2 (0 + ~ )} ]
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The above equations are derived from the M and B components given

earlier, where' 6 is orbit angle and fJ is orbit inclination to the magnetic

equator. When the high frequency cOInponents are dropped frOIn the above

equations and they are expressed in terIns of the unknowns solved

earlier, we find the following to be true:

klK Mo yo

I
Y

klK Mo yo

I
z

klK Mo yo

= [2 sin fJ sin 6 + (X
6

+ X
2

) sin
l

fJ cos fJ cos. 0

-(Xs sin fJ + Xl cos fJ) sin fJ cos fJ sin 6]

. 2 l= sm fJ cos fJ [ (2X
3

- Xl) sin 6 cos 6 + 2X
4

sin 6

2+ Xl cos (J]

= [-sin fJ cos 6 + (X
3

cos fJ - 0.5 X s sin fJ) sin fJ cos fJ cos 6

+ (X
4

cos fJ - 0.5 X
6

sin fJ) sin (J]

When the equations defining the XIS have been solved and the values of the

XIS inserted into the above equations, the peak values of the three cOInponent
,

currents can be found, for the minimum a. Using values of M equal to
yo

10 percent of the y-axis momentum storage capacity, in the expression below,

the peak currents of table S can be found.

I
any
axis

where K = Dipole field magnitude = .31l r 3/(r +h) 3
o e e

r = radius of the earth = 3440 mni.
e

h = orbit altitude in nmi.
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w
o

ex,

= orbit rate in radians/second

M are from tables land 3
yo

I----- = values from above equations
k1K Mo yo

For cases where the system's main function is unloading of specific initial

momenta, the torquer size may be larger than indicated above. These situa

tions can be examined by using the current expressions associated with the

momentum decay equations given earlier.

w
I = 0' (-2.) [- (M + K M ) cos P sin 6
x K o po cc yo

+ 2 (M + K M ) sin (3 cos 0]
yo cc po

w
I = a(~) [-l.S(M +K M ·)sin{3sin20]
y K o po cc yo

w. 0
I = 0' (-K ) [ - (M + K M ) cos {3 cosO]

z 0 po. cc yo

-(M + K M ) sin{3cos 6]
yo cc po
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Table 5

PEAK VALUES OF FT-LB/GAUSS, USING MINIMUM a
VEHICLE Al (CURRENTS IN 10-2 FT-LB/GAUSS)

X -AXIS CURRENT

~ 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- -- -- -- 36.3

200 -- -- -- I. 66 1. 39 1. 04 1.13 1. 02 1. 08 1. 12

300 0.501 0.278 0.320 0.231 0.300 0.354 0.395 0.425 0.450 0.470

400 0.250 0.160 0.171 0.240 0.313 0.368 0.411 0.443 0.469 0.489

500 0.219 0.114 0.177 0.249 0.324 0.380 0.426 0.459 0.486 0.507

600 0.217 0.113 0.183 0.257 0.335 0.394 0.440 0.474 0.502 0.524

700 0.200 0.106 0.190 0.267 0.348 0.410 0.457 0.492 0.521 0.544

800 0.198 0.100 0.198 0.278 0.361 0.425 0.475 0.513 0.542 0.565

900 0.197 0.097 0.204 0.287 0.373 0.438 0.491 0.530 0.560 0.585

1000 0.200 0.100 0.212 0.297 0.386 0.452 0.508 ·0.548 0.580 0.605

Y -AXIS CURRENT

K 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- -- -- -- 6.3

20.0 -- -- -- I. 03 0.360 0.174 0.110 0.102 0.182 0.254

300 0.306 0.228 0.131 0.064 0.064 0.053 0.028 0.033 0.072 0.111

400 0.087 0.087 0.058 0.067 0.067 0.055 0.029 0.035 0.075 0.116

500 0.090 0.060 0.060 0.069 0.069 0.057 0.030 0.036 0.078 0.120

600 0.062 0.056 0.062 0.071 0.071 0.059 0.030 0.037 0.081 0.124

700 0.064 0.052 0.064 0.074 0.074 0.061 0.032 0.039 0.084 0.129

800 0.067 0.050 0.067 0.077 0.077 0.06410.035 0.040 0.087 0.134

900 0.069 0.048 0.069 0.080 0.080 0.066 0.035 0.042 0.090 0.138

1000 0.072 0.047 0.072 0.082 0.082 0.068 0.036 0.043 0.093 0.146
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Table 5 (Continued)

Z -AXIS CURRENT

~
0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- -- -- 16.9

200 -- -- -- 1.47 1.09 . 0.848 0.830 0.735 0.765 0.768

300 0.500 0.373 0.284 0.192 0.231 0.264 0.289 0.308 0.320 0.320

400 0.235 0.200 0.148 0.200 0.240 0.275 0.302 0.322 0.333 0.333

500 0.201 0.142 0.148 0.200 0.240 0.276 0.405 0.322 0.334 0.334

600 0.201 0.135 0.153 0.204 0.249 0.285 0 .. 312 0.333 0.345 0.345

700 0.183 0.130 0.158 0.214 0.258 0.295 0 •. 322 0.344 0.3-56 0.356

800 0.184 0.125 0.164 0.Z22 0.267 0.306 0.335 0.357 0.370 0.370

900 0.190 0.128 0.176 0.238 0.287 0.328 0.359 0.384 0.397 0.397

000 0.193 0.125 0.182 0.247 0.297 0.340 0.372 0.397 0.411 0.411

VEHICLE A2 (CURRENTS IN 10-2 FT-LB/GAUSS)

X-AXIS CURRENT

:x 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- -- 349 229 229

200 -- -- 24.1 20.9 16.8 52.2 II. 3 9.41 9.96 10.4

300 12.7 7.96 8.60 5.32 6.93 8.15 9.11 9.82 10.4 10.8

400 9.20 6.60 7.67 5.53 7.20 8.47 9.47 10.2 10.8 11.3

500 8.65 6.08 6.92 5.74 7.47 8.78 9.82 10.6 11. 2 11. 7

600 8.58 6.51 6.51 5.93 7.72 9.08 10.2 10.9 11. 6 12. 1

700 8.52 6.52 5.04 6.15 8.00 9.41 10.5 11. 3 12.0 12.5

800 8.50 6.34 4.87 6.41 8.34 9.82 10.9 11.8 12.5 13. 1

900 8.46 6.54 4.71 6.62 8.62 10.1 11. 3 12.2 12.9 13.5

1000 8.52 6.12 4.88 6.86 8.93 10.5 II. 7 12.6 13.4 13.9
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Table 5 (Continued)

Y -AXIS CURRENT

~ 0 10 20 30 4Q 50 60 70 80 90

100 -- -- ._- -- -- -- -- 100 55.8 45.2

200 -- -- 17.8 8.73 3.93 1. 78 0.861 0.738 1. 59 2.46

300 8.98 6.54 3.85 1.48 1.48 1. 22 0.642 0.770 1. 67 2.56

400 6.00 4.53 3.13 1. 53 1. 53 1. 27 0.667 0.800 1. 73 2.67

500 5.53 3.87 2~70 1. 59 1. 59 1. 31 0.692 0.830 1. 80 2;77

600 5.01 3.86 2.57 1. 64 1.64 1. 35 0.715 0.858 1.86 2.86

700 5.19 4.15 2.37 1. 70 1. 70 1. 41 0.741 0.889 1. 93 2.96

800 4.64 3.94 2.32 1. 78 1. 78 1.47 0.773 0.927 2.01 3.10

900 3.99 4.70 2.39 1. 83 1.. 83 1. 51 0.798 0.957 2.07 3.19

1000 4.13 3.72 2.07 1. 90 1. 90 1. 57 0.827 0.992 2.15 3.31

Z -AXIS CURRENT

x 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- -- 147 144 143

200 -- -- 22.7 17.7 13.1 8.67 8.30 6.83 7.07 7.07
,.

300 13.3 9.69 7.70 4.43 5.32 6.09 6.68 7.12 7.38 7.38

400 9.80 8. 14 6.80 4.60 5.54 6.34 6.94 7.40 7.67 7.67

500 ·9.27 7.54 5.88 4.77 5.74 6.57 7.20 7.68 7.96 7.96

600 9.22 8.01 5.72 4.93 5.93 6.79 7.44 7.94 8.22 8.22

700 9.19 8.08 5.63 5.11 6.15 7.04 7.71 8.23 8.52 8.52

800 9.04 7.88 5.48 5.33 ;6.42 7.34 8.04 8.58 8.89 8.89

900 8.86 8.14 5.67 5.51 6.62 7.58 8.30 8.86 9.17 9.17

1000 9.01 7.61 5."04 5.70 6.86 7.86 8.60 9.18 9.51 9.51
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Table 5 (Continued)

VEillCLE A3 (CURRENTS IN 10-1 FT-LB/GAUSS)

X-AXIS CURRENT

~ 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- -- 44.6 41.7 ~9.7

200 -- -- 5.28 4.20 3.78 2.22 2.49 2.68 2.84 2.96

300 3.47 2.03 2.45 1. 52 1. 98 2.32 2.60 2.80 2.96 3.09

400 2.62 1. 88 2.19 1. 58 2.05 2.41 2.70 2.91 3.08 3.21

500 2.58 1. 83 1. 97 1. 64 2.13 2.50 2.80 3.01 3.19 3.33

600 2.55 1. 86 1. 86 1.69 2.20 2.59 2.90 3.12 3.30 3.45

700 2.47 1. 79 1.43 1. 75 2.28 2.68 3.00 3.23 3.42 3.57

800 2.51 1. 80 1. 50 1. 83 2.38 2.79 3.12 3.37 3.56 3.72

·900 2.50 1. 86 1.43 1. 88 2.45 2.88 3.22 3.47 3.68 .3.83

1000 2.07 1.43 1. 39 1. 95 2.54 2.98 3.34 3.60 3.81 3.97

Y-AXIS CURRENT

~ 0 10 .20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- -- 10.6 7.61 6.46

200 -- -- 3.78 1.49 0.840 0.333 0.175 0.210 0.455 0.700

300 2.29 1. 68 1.10 0.421 0.421 0.348 0.183 0.220 0.476 0.732

400 1. 71 1.43 0.893 0.437 0.437 0.361 0.190 0.228 0.494 0.760

500 1. 67 1.22 0.768 0.453 0.453 0.374 0.197 0.236 0.512 0.788

600 1. 63 1. 10 0.734 0.469 0.469 0.388 0.204 0.245 0.530 0.816

700 1.48 1.12 0.675 0.485 0.485 0.4,01 0.211 0.253 0.549 0.844

800 1.47 1. 12 0.660 0.506 0.506 0.418 0.220 0.264 0.572 0.880

900 1. 36 1.16 0.681 0.522 0.522 0~431 0.227 0.272 0.590 0.908

1000 0.940 0.846 0.470 0.541 0.541 0.447 0.235 0.282 0.611 0.940
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Table 5 (Continued)

Z-AXIS CURRENT

~ 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- -- 29.4 28.0 27.4

200 -- -- 4.83 3.53 2.87 1. 66 1. 82 1. 94 2.01 2.01

300 3.53 2.60 2.20 1. 26 1. 52 1. 74 1.90 2.03 2.10 2.10

400 2.79 2.43 1.94 1.31 1.58 1.81 1.98 2.11 2.19 2.19

500 2.76 2.27 1. 67 1.36 1. 64 1. 87 2.05 2.19 2.27 2.27

600 2.73 2.28 1. 63 1. 41 1. 69 1.94 2.12 2.26 2.35 2.35

700 2.66 2.24 1. 60 1.45 1. 75 2.00 2.19 2.34 2.43 2.43

800 2.68 2.24 1.67 1. 52 1. 83 2.10 2.29 2.44 2.53 2.53

900 2.66 2.32 1. 61 1. 57 1.88 2.16 2.36 2.52 2.61 2.61

1000 2.09 1. 76 1. 20 1.62 1. 95 2.23 2.44 2.61 2.70 2.70

VEHICLE A4 (CURRENTS IN 10- 1 FT-LB/GAUSS)

X-AXIS CURRENT

I~ 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- 96.3 72.4 67.3 64.4

200 -- -- 8.77 7.49 6.74 3.96 4.43 4.77 5.05 5.27

300 6.41 4.02 4.73 2.69 3.50 4. II" 4.60 4~96 5.25 5.48

400 5.27 3.38 3.89 2.81 3.65 4.29 4.80 5.17 5.48 5.71

500 5.25 3.• 47 4.03 2.91 3.78 4.45 4.97 5.36 5.67 5.92

600 5.18 3.48 4.16 3.00 3.91 4.60 5.14 5.54 5.86 6.12

700 5.10 3.60 3.53 3.11 4.05 4.76 5.33 5.74 6.07 6.34

800 5.12 3.68 2.66 3.25 4.22 4.97 5.55 5.98 6.33 6.61

900 4.86 3.69 2.75 3.36 4.37 5.14 5.75 6.20 6.56 6.84

1000 4.81 3.68 2.63 3.47 4.51 5.31 5.94 6.40 6.77 7.06
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Table 5 (Contiilued)

Y-AXIS CURRENT

~ 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- 32.7 16.2 11.1 9.48

200 -- -- 6.27 2.65 1.49 0.592 0.312 0.374 0.811 1.25

300 4.53 3-.30 2.10 0.745 0.745 0.616 0.324 0.389 0.842 1.30 .

400 3.45 2.77 1. 59 0.777 0.777 0.642 0.338 0.406 0.879 1. 35

500 3.40 2.63 1. 65 0.805 0.805 0.665 0.350 0.420 0.910 1.40

600 3.37 2.64 1. 70 0.832 0.832 0.688 0.362 0.434 0.941 1.45

700 3~34 2.74 1. 39 0.862 0.862 0.713 0.375 0.450 0.975 1. 50

800 3.32 2.15 1. 25 0.899 0.899 0.743 0.391 0.469 1. 01 1. 56

900 2.84 2.19 1. 30 0.932 0.932 0.770 0.405 0.486 1. 05 1. 62

1000 2.93 2.34 1. 25 0.961 0.961 0.794 0.418 0.502 1. 09 1. 67

Z -AXIS CURRENT

~ 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- 55.1 49.2 46.2 43.9

200 -- -- 8.02 6.30 5.12 2.96 3.24 3.46 3.59 3.59

300 6.71 4.89 4.21 2.24 2.69 3.08 . 3.37 3.60 3.73 3.73

400 5.64 4.53 3.45 2.33 2.81 3.21 3.52 ' 3.75 3.89 3.89

500 5.57 4.48 3.57 2.42 2.91 3.33 3~64 3.89 4.03 4.03

600 5.50 4.53 3.69 2.50 3.00 3.44 3.76 4.02 4.16 4.16

700 5.44 4.69 3.08 2.59 3.11 3.56 3.90 4.16 4.31 4.31

800 5.47 4.50 2.97 2.70 3.25 3.71 4.07 4.34 4.50 4.50

900 5.22 4.54 3.08 2.77 3.36 3.85 4.21 4.50 4.66 4.66

1000 5.18 4.56 2.97 2.88 3.47 3.97 4.35 4.64 4.81 4.81
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Table 5 (Continued)

VEHICLE A5 (CURRENTS IN 10-
1

FT-LB/GAUSS)

X-AXIS CURRENT

K :

0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- 102.0 88.8 82.7 83.7

200 --. 16.9 12.3 10.6 8.51 6.25 6.99 7.53 7.97 8~ 31

300 10.1 6.15 6.87 4.26 5.54 6.52 7.28 7.85 8.31 8.67

400 8.21 5.33 6.13 4.42 5.76 6.77 7.57 8.15 8.63 9.01

500 8.02 5.31 6.36 .4.59 5.97 7.02 7.85 8.46 8.96 9.35

600 7.89 5.61 5.95 4.75 6.18 7.26 8.12 8.75 9.27 9.67

700 7.77 5.87 5.57 4.92 6.40 7.53 8.42 9.07 9.61 10.0

800 7.79 5.62 6.18 5.13 6.67 7.85 8.78 9.46 10.0 10.4

900 7.66 5.61 5.81 5.30 6.89 8.10 9.06 9.76 10.3 10.8

1000 7.60 5.42 4.49 5.49 7.14 8.39 9.39 10.1 10.7 11. 2

Y-AXIS CURRENT

~ 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- 26.8 16.2 11.4 10.9

200 -- 22.0 7.38 3.74 1. 87 0.935 0.492 0.590 1. 28 1. 97

300 6.67 5.03 3.08 1. 18 1.18 0.974 0.513 0.616 1. 33 2.05

400 5.33 4.37 2.50 1. 23 1. 23 1. 01 0.533 0.639 1. 39 2.13

500 5.20 4.04 2.60 1. 27 1. 27 1. 05 0.553 0.664 1.44 2.21

600 5.15 4.23 2.40 1. 32 1. 32 1. 09 0.572 0.686 1.49 2:29

700 5.04 4.45 2.19 1. 36 1. 36 1. 13 0.593 0.712 1. 54 2.37

800 4.76 3.34 2.41 1.42 1.42 1. 17 0.618 0.742 1. 61 2.47

900 4.66 3.57 2.30 1. 47 1. 47 1. 21 0.638 0.766 1. 66 2.55

1000 4.63 3.37 2.1c 1. 52 1. 52 1. 26 0.661 0.793 1. 72 2.64
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Table 5 (Continued)

Z -AXIS CURRENT

~ 0 10 20 30 40 50 60 70 80 90

100 . -- -- -- -- -- -- 68.2 62.5 57.8 .58.3

200 -- 18.9 11.3 9.40 6.45 4.67 5.12 5.46 5.66 5.66

300 10.3 7.59 6.16 3.54 4.26 4.87 5.34 5.69 5.90 5.90

400 8.74 7.14 5.44 3.68 4.42 5.06 5.54 5.92 6.13 6.13

500 8.51 6.91 5.64 3.81 4.59 5.25 5.75 6.14 6.36 6.36

600 8.41 7.26 5.26 3.95 4.75 5.43 5.95 6.35 6.58. 6.58

700 8.30 7.59 4.86 4.09 4.92 5.63 6.17 6.58 6.82 6.82

800 8.40 6.92 5.25 4.26 5.13 5.87 6.43 6.86 7.11 7.11

900 8.23 6.95 5.10 4.40 5.30 6.06 6.64 7.08 7.34 7.34

1000 8.20 6.74 5.02 4.56 5.49 6.28 6.87 7.34 7.60 7.60

VEHICLE A6 (CURRENTS IN 10-
1

FT-LB/GAUSS)

X-AXIS CURRENT

~ 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- 84.3 75.3 69.5 ~8.8

200 -- 13.3 10.0 8.19 6.14 4.81 5.38 5.80 6.14 6.41

300 7.51 4.58 5.29 3.28 4.27 5.02 5.61 6.04 6.40 6.68
-

400 6.17 4.07 4.73 3.41 4.44 5.22 5.84 6.29 6.66 6.95

500 5.88 4.17 4.43 3.54 4.60 5.41 6.05 6.52 6.90 7.20

600 5.85 4.00 4.14 3.65 4.75 5.59 6.25 6.73 7.13 7.44

700 5.71 4.16 4.16 3.79 4.94 5180 6.49 6.99 7.40 7.72

800 5.71 4.19 3.24 3.95 5.14 6.05 6.76 7.28 7.71 8.04

900 5.65 4.03 3.34 4.08 5.30 6.24 6.97 7.51 7.95 8.30

1000 5.60 4.17 3.21 4.22 5.50 6.46 7.23 7.79 8.25 8.60
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Table 5 (Continued)

Y -AXIS CURRENT

~ 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- 24.7 14.8 10.2 9.63

200 -- 18.8 6.06 2.88 1. 36 0.720 0.379 0.455 0.985 1.52

300 4.94 3.75 2.37 0.908 0.908 0.751 0.395 0.474 1. 03 1. 58

400 3.99 3.08 1. 93 0.945 0.945 0.781 0.411 0.493 1. 07 1. 64

500 3.83 3.15 1. 79 0.980 0.980 0.809 0.426 0.511 1.11 1. 70

600 3.78 2.38 1. 63 1. 01 1. 01 0.836 0.440 0.528 1.14 1. 76

700 3.66 2.47 1. 65 1. 05 1. 05 0.868 0.457 0.548 1.19 1. 83

800 3.47 2.67 1. 52 1. 09 1. 09 0.904 0.476 0.571 1. 24 1.90

900 3.44 2.50 1. 57 1.13 1.13 0.933 0.491 0.589 1. 28 1. 96

1000 3.05 2.60 1. 53 1.17 1. 17 0.967 0.509 0.611 1. 32 2.04

Z -AXIS CURRENT

K 0 10 20 30 40 50 60 70 80 90

100 -- -- -- -- -- -- 55.4 52.1 48.5 47.8

200 -- 15.1 9.29 7.24 4.66 3.60 3.94 4.21 4.36 4.36

300 7.62 5.73 4.74 2.73 3.28 3.75 4.11 4.38 4.54 4.54

400 6.53 5.26 4.19 2.84 3.41 3.90 4.27 4.56 4.73 4.73

500 6.26 5.41 3.92 2.94 3.54 4.05 4.43 4.73 4.90 4.90

600 6.25 4.93 3.61 3.04 3.65 4.18 4.58 4.88 5.06 5.06

700 6.12 5.12 3.66 3.15 3.79 4.34 4.75 5.07 5.26 5.26

800 6.14 5.19 3.62 3.28 3.95 4.52 4.95 5.28 5.47 5.47

900 6.09 5.01 3.73 3.39 4.08 4.66 5.11 5.45 5.65 5.65

1000 5.96 5.19 3.61 3.51 4.22 4.84 5.29 5.65 5.85 5.85

NOTE: In the above I = inclination

H = altitude
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The values of peak currents can be found by substituting in Mpo'~o' B,

fJ, o!, K9' and Kcc and finding the peak values with respect to angle (}. The

values of Kcc are given in figure 26 as a function of the anglefJ. This

variable represents the peak momentum cross-couplin.g that can occur during

the unloading operation.

5.4 DIGITAL COMPUTER PROGRAM

The results of paragraphs 5.2 and 5.3 were verified with the aid of a

digital computer. The simulation of momentum decay was accomplished by

prograrnrning the current and torque equations, and integrating the torques to

find momentum. * This program used magnetic field value s obtained from the

Cain 48 Coefficient Field Subroutine. -**

A comparison of digital and analytical results is presented in table 6. It

is s.eenhere that the digital simulation results verify the analytical decay

times, the analytical values being conservative except for long decay times.

Table 6

DIGITAL CHECK OF DECAY TIME

Loop Gain
T D Orbits

Inel Alt O! Actual*** Predicted****

0 400 0.975 4.74 4

30 600 0.561 0.78 1

60 200 0.208 0.84 1

90 800 0.07565 2.14 2

*** From Digital Computer Run

**** From information of table 4

* Complete equations given in Appendix 1.

**Detailed explanation in paragraph 5.5.
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By adding disturbance torques to this program* and setting the initial

momenta to zero it was possible to check the minimum a's of table 3 for a

few selected cases. The results of this simulation appear in table 7. F~om

the average y-axis momentum values in this table it appears that a 10 per

cent of peak value of y-axis momentum (141 ft-lb-sec) can be maintained

with a loop gain of approximately 0.41. This is within 1 percent of the·

value in table 3.

Table 7

DIGITAL DATA USED TO CHECK MINIMUM
LOOP GAIN

Vehicle A2 at 200 nrni and 30° inclination

Loop Gain Average y-axis
a Momentum

.30 181 foot-pound-seconds

.35 158

.40 143

.45 129

.50 112

5. 5 CAIN 48-COEFFICIENT FIELD SUBROUTINE

The digital simulation (paragraph 5.4) used the Cain 48-Coefficient

spherical harmonic field subroutine 4, 5, 6, 7 to produce the earth's mag

netic field components. The output of this program is in gammas (10
5

gauss)

and has components that are north, east and down. The inputs to the program

are longitude, latitude, and altitude. To use the program the inputs have to

be computed and tlle outputs converted to orbit coordinates.

* See paragraph 5.3 for disturbance equations.
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The Cain 48 field subroutine was used in comparison runs to check the

effects of using the dipole field equations to generate field cornponents.

These runs made with both the dipole and the Cain program representations

indicated that the average percent deviation of y-axis rnornenturn for a

constant y-axis torque input was approxirnately 10 percent.

When the magnetic systern is used to counter the average disturbance

torque the y-axis momenturn will have an average value of 10 percent of peak,

based on the design goal. A ten percent error in this 10 percent rneans the

average y-axis rnomentum will be either 9 percent or 11 percent instead of

the designed 10 percent.
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SECTION VI

DETAILED STUDY OF A SPECIAL CASE

6. 1 SPECIFIC ORBITS

It was desirable to make a detailed study of the particular vehicle in the

specific orbit described below:

• Vehicle Configuration

Homogeneous right circular .cylinder with a mass of 40,000 pounds,

length of 35.4 ft., and diameter of 12 ft. The center of mass was offset

from the geometric center by 3. 5 ft. along the longitudinal axis of the

vehicle. The surface was assumed to be diffuse with a coefficient of

reflection of o. 5.

• Orbit Configuration

The orbit inclination was 30 degrees and the altitude 200 nautic'al

miles (circular). The vehicle was assumed to have its longitudinal axis

aligned with the local vertical for determining momentum buildup due to

disturbances. The nominal orientation is with the z axis down, the x

axis along the velocity vector and the y axis normal to the orbit plane.

• Disturbance Inputs

a. Magnetic - zero, since the presence of a magnetic torquing sys

tem will permit balancing the magnetic moment generated by on-board

equipment.

b. Solar pressure, gravity gradient and aerodynamic torques - per

reference 8.

c. Movement of personnel - the accuracy requirement of the para

graph below will apply in the presence of any of the disturbances listed

in table 17 of reference 8. The movement of the 160-pound man listed

in the report will not apply to the accuracy requirement.
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• Accuracy Requirement

The vehicle will maintain a vertical pointing and roll stabilization

(rotation about vertical) accuracy of 1o arc seconds when subjected to

the disturbance torques of items band c above •

• Maneuver Requirement

A review of the disturbances detailed above indicated that they were

adequate insofar as describing long-period and/or low-amplitude dis...

turbance functions. It was found, however, that the disturbances did

not provide an adequate criteria for the design of the control moment

gyro system. Theref<;>re the following maneuver requirements were

derived:

a. The system must be capable of slewing 23 degrees and settling

down to within the required pointing accuracy with 150 seconds of time.

b. ,The required pointing accuracy must be maintained while track

ing along a line moving with respect to inertial space at an angular rate

defined by w =wA sin (211' tiT) where W A = 0.5 degl sec and T = 800

seconds. This approximates pointing the longitudinal axis of the vehicle

at a ground station offset from the orbit plane during a pass over the

ground station.

6.2 CMG SYSTEM DESIGN

The system analysis and synthesis was performed to provide a preliminary

control system description which would enable the performance of the

described tasks. Particular attention was devoted to disturbance and maneu-

vering momentum requirements to provide a base on which to establish

de saturation requirements.

Although system nonlinearities were considered in selecting the system

command and control configuration, detailed analyses of nonlinear effects

are not included as part"pf the study.

The vehicle axis nomenclature is shown in figure 27. The inertias about
2

the vehicle pitch and yaw axis are I = I = 141,000 slug-ft
Y z
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X:"ROlL

Y-PITCH

Z-YAW
6422A-VA-29

Figure 27. Vehicle Axis Nomenclature

and the inertia about the roll axis is
2

I =22, 360 slug-ft .
x

Using the disturbance and maneuver requirements given earlier, and the

gyro configuration of figure 2, the control system was designed. (See

Appendix. 3~ The gyros chosen consist of two lOOO foot-pound- second two

degree-of-freedom gyros and two 500 foot-pound-second one D. O. F. gyros

with direct driv~ gimbal torquers. The two D. O. F. gyros control the vehicle

pitch (y) and yaw (z) axis and the one D. O. F. gyros control the roll axis.

The inner gimbal and outer gimbal of each two D. O. F. gyro are slaved to .

the respective gimbal of the other gyro to minimize cross coupling between

axes. The wheel rotation (spin vector) and gimbal torquing direction are

controlled to obtain equal torq,ues frqm each gyro and to null the cross-axis

torquers. The one D. O. F. gyros are set up similarly.

79



For the outer gimbal of the two D. O. F. gyro the open loop gains can be

found from the required pointing accuracy and maneuver requirements.

Having chosen the open loop gain, the uncompensated transfer function is

found to be:

A(5) = _~I8.;:..;0:;..-..._...".

5(1 + Z7~5)
. The control is unstable for the above A(5); therefore to obtain a stable sys

tem with the desired accuracy capability, the following compensation was

added:

. 5 )
+3'0

This gave a new open loop transfer function as shown below:

For the inner gimbal (yaw control loop) of the two D. O. F. gyros, the

compensated open loop transfer function was found to be as given below:

180 (1 + 5~5)(I + ;0)
A (5) =

Y 5 (1 + ~3) (1 + Z7.5~os a) (1
For the single degree of freedom gyro the control loops were also com

pensated. For these no rate feedback was needed, and the required transfer

function between angular pointing error and control torque to the gyro girn:ba1

was found.

T
!i.() (5) =

5000 cos a (1 +~)Z

(1 + :of
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Using this transfer function to determine gimbal torque, the response of the

roll axis to a zero frequency disturbance torque was found using the final

value theorem.

(} = 1.34 (10-
6

)

T d cos2 a.

whe re O! is the gimbal angle.

When the gimbal is restricted to ±60°, the maximum allowable disturbance

torque without exceeding an attitude error of ±10 arc seconds is 9 foot

pounds.

For the two D. o. F. gyros the transfer function between angle. error and

gimbal torque is equal to:

T
~(} (S)

The two D. O. F. gyros also have rate feedback (using rate gyros) havinga

transfer function equivalent to that given below:

.:- (S) = -1. 94 (106 ) foo~-pounds
(}radlan/second

The compensations given above for the two D. O. F. gyros were found

inadequate for large angular errors. To overcome this difficulty an addi

tional compensating loop was used. This loop caused the angle error signal

to go to zero when the gimbal torquer saturated. The transfer function used

is shown in figure 28. This technique works to stabilize the system, but

reduces the system speed of response for large angular errors.

It was found that the system large angle response could be stabilized with

out the use of the deadband compensation of figure 28, by reducing the limits

on the angular error limiter to ±0.6 arc seconds. This low level of satura

tion caused the maximum. rate in res.ponse to an angle error to be reduced

and also resulted in somewhat slow large angle response.
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8
ACTUAL

ANGLE

ANGULAR
RATE 6422A-VA-41 .

Figure 28. Two-D. O. F. Gyro Gimbal Torquer Control

The following estimates of hardware characteristics are based on a 500

foot-pound-second gyro that is currently undergoing test and a 1000-foot-pound

second gyro which has progressed through preliminary design states. Both

of these units are single degree of freedom. gyros. An estimate of the weight

involved in the second gim.bal structure is included in the data reported here.

It should be noted that the wheel designs described here are optim.ized for

gyro weight, stress, wheel rigidity and gim.balbendingconsiderations.

Table 8 contains the estiInated gyro characteristics.

6.3 COMPLETE SYSTEM SIMULATION

To check theoperatio:n of the control m.om.ent gyro system. under the

influence of disturbance and magnetic desaturation system. torques, the com.

plete system. equations were programmed on the Univac 1108 digital com.puter. *
*See Appendix 2 for digital com.puter equations.
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TABLE 8

CONTROL MOMENT GYRO ACTUATOR
PHYSICAL CHARAC TERISTICS

Item. 2 - 2DOF 2 - lDOF Total

Weight (Lbs.) 342 300 642

Power (Watts)

Spin 60 52 112

Torquer (Max. )* 500 --- 500

(Ave. ) 100 --- 100

3
6.65Volum.e (Ft. ) 8.84 15.4 .

*Peak torquer power occurs for an extrem.ely short period at the start of the
acquisition and tracking m.aneuvers com.bined.

In the sim.ulation there were three degrees of freedo:rn for the vehicle. two

D. O. F. for each of the two D. O. F. gyros. and one D. O.F. for each of the

single D. o. F. gyros. This gave the simulation a total of nine degrees of

freedo:rn.

With the control equations (the transfer functions between angle error and

control torque) inserted in the progra:rn. a few runs were made to determine

syste:rn performance and to check the control equations and the simulation

equations. For a sm.all initial angle error (approximately 0.7 arc. seconds)

the CMG syste:rn can reduce the error to zero in less than one second. (See

figure 29). When a large initial pitch error is applied to the syste:rn. the

CMG's behave as shown in figure 30. Initially all the gimbals on the two

D. O. F. gyros accelerate while the torque is building up. The lags in the

torque controller cause delays in the initial torque buildup. Eventually the

torque reaches saturation and the gyro gi:rnbals achieve a steady-state mode

of operation. The outer gi:rnbal rate (Q) goes to zero. and the inner gimbal

rate ({3) maintains a constant value (a constant precession). As long as the

error signal indicates that the' sign of the torque applied to the vehicle should
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not reverse, the gyro gimbal rates do not change, and the vehicle tends to

accelerate as shown in figure 31. Gimbal transients like those of figure 30

will occur when the maximum rate is reached, when the error approaches

zero, and when the error finally gets to zero.

After the simulation was completely proven, the program was used to find

the pointing errors that the CMG system would have when the vehicle was

subjected to the maximum torques that it would encounter. The maxirnunr

torques were found by using the mornentum unloading simulation with solar,

-aerodynanuc, and gravity gradient disturbances to find the peak vehicle

torque, including magnetic system unloading torques, that existed during a

24-hour interval. . Runs were made for 100, 200, and 300 nmi.altitudes at

inclinations ranging from 0 to 60 degrees on the momentum unloading pro

gram. From these runs (table 10 in paragraph 6.4) two cases were isolated:

the case having the smalle st peak torque s and the case having the large st

peak torques. These two cases were then simulated on the complete system

simulation program to determine pointing errors for each case.

TABLE 9

POINTING ERRORS FOR THE TWO ISOLATED CASES, VEHICLE A2

Altitude Inclination
Peak Torque, Lb-Ft Maximum Error, arc seconds

nmi. degrees T T T ao ao ao
x y z x y z

300 60 0.012 0.012 0.012 0.003 1. 26 0.006

200 0 0.10 0.047 o. 161 0.060 1. 34 0.008

The nurnbers of table"9 show that the CMG control system is not adversely

effected by the magnetic momentum unloading system torques. The above

nurnbers apply to the peak values of torque, which exist for only a short
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TABLE 10

EFFECT OF ALTITUDE AND INCLINATION VARIATION FOR
THE PARTICULAR VElllCLE (VEHICLE A2)

Average y-axis Peak torques
Altitude Inclination Loop stored momentum as foot-pounds
nmi. Degrees Gain a percentage of T

X
T y T

Z
full CMG capability

300 0 • 9 93 015 009 .030

30 · 1 112 037 .018 .038

60 · 1 43 012 012 .012

200 0 2.1 260 10 047 . 161

30 .43 115 057 044 .069

60 .·13 121 038 046 .036

100 0 2.1 * * * *."

30· 2.2 oJ.

* * *....

60 3.4 1146 3~0 3.8 5.8

NOTE: For 100 nrni the stored momentum was over the CMG capacity in the
* cases, and exceeded reasonable limits in all cases. The 100 nrni
cases were omitted from the pointing error study for this reason.
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SECTION VII

MAGNETIC SYSTEM MECHANIZATION

1.1 COIL SIZE, WEIGHT, AND POWER REQUIREMENTS

In this section, factors deterlnin.i.n.g coil size, weight, and power require

m.ents are considered. Curves showing coil weight as a function of peak

torque requirements are gener:ated, thus allowing coil weight to be determ.ined

for e-ach of the -cases considered in the param.etric analysis (paragraph 5. 3).

In addition, _coil design is carried out for the particular configuration de

scribed in Section VI.

Two types of coils are considered, air-core and iron-core. Possible

arrangements on the spacecraft for the two types are illustrated in figure 32.

However, the weight of the iron-core torquer is not a strong function of

length for lengths above those to five feet. The torquer lengths could easily

be reduced, in which case the choice of mounting locations would be quite

flexible.

The iron-core coil has the advantage of having its field strengthened by

the iron, while the air-core coil has the advantage of a larger possible size.

However, a com.parison of the weight required for each m.ethod reveals little

advantage for either configurati.on for the nominal case considered.

In Appendix 4, it is shown that the m.ass of a circular Cl:ir-core coil, in

cluding power supply, is given by_ the equation:

M = (iJ( S~Gw)
where:

T = torque

B
t

= effective earth m.agnetic field

D = coil diameter
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k = power supply mass/power ratio

p = coil winding re sistivity

gw = coil winding density

The mass of a rectangular coil, inclu.ding power and supply, -is given by:

M (7-2)

where the rectangle dimensions are D by rD, (r > 1).

The configuration illustrated in figure 32 consists of 2 rectangular coils

(about the x and y axes) and a circular coil about the z axis. Equatio~s 7-1

and 7-2 were solved for various configurations of interest and the resllits
. ") .

are plotted in figures 33 and 34. In figure 33, the z axis torquer weight is

plotted as a function of T /B
t

for the 10-, 12-, 14- and IS-ft. vehicle

diameters. In figure 34, the weight of a rectangular x or y axis coil is

plotted for the 6 vehicles considered in this study.

A. IRON - CORE TORQUERS

8. AI R - CORE TORQUERS

6422A VA-38

Figure 32•. Spacecraft Mounting of Iron-Core and
Air-Core Windings
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(7-3)

For the no~l case of a 40,000 pound vehicle (12 ft dia and 36 ft long) in

a 200 nIDi orbit inclined at 30 degrees, the required values of T/B
t

(from

Section 5) are given by:

(T/B
t
) x = .209 ft-Ibs./gauss

(T/Bt)y = .0875 ft-lbs. /gauss

(T/B~ z = •177 ft-lbs. / gauss

The total weight (including coil and power supply) required to produce the

above fields is calculat.ed by solving eq. 7-1 for the z axis and eq. 7-2 for

the x and y axes. For an aluminum winding of wire size #24 AWG, the

density and resistivity are: g = 2.67 (10
3

) kg/m
3

, p = 2.83 (1'0-
8

)
w

ohuuneters. For a power supply ratio of 1 pound/watt, k = .453 kg/watt.

For the nominal case, D = 3.66 mete:r:s (12 feet) and r = 2.95. Then the

coil masses are calculated as

M
x

M
Y

M
z

(13,860) (.209) (8)v12. 67) (103) (2.83) (10 -8) (.454)= - =37.1 kg
3.66

= 82 lbs.

= (13,860) (.0875) (4) (3.95)"<2.67)(10
3

) (2.83) (10-8
) (.454)

(2.95) (3.66)

= 10.4 kg

= 23 lbs.

= (13,860) (.177) (4) (3.95) "(2. 67) (10
3

) (2.83) (10 ...
8

) (.454)
(2.95) (3.66)

= 21.2 kg

= 46.71bs.

(7-4)

Then, the total mass of the torquing system, using air-core coils and in

cluding power supply is given by:

M
t

= 82 + 23 + 46.7 = 151. 7 Ibs.
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A comparison of this weight with the weight of an equivalent iron-core

system (200.6 lbs) reveals a weight saving of 48.9 lbs. However, it is felt

that this weight saving is insufficient to justify use of an air-core syste~,

due to the requirement for wrapping the air-core coils around the entire

spacecraft. This latter arrangement could conceivably cause problems such

as constraints on mounting other external equipment on the spacecraft and

interference in the magnetometers due to passing a large magnetic field

through the spacecraft. Thus, only iron-core coils are considered in the

remainder of this section.

In Appendix 4, it is shown that the mass of an iron core torquer, including

the iron, the wire and the power supply is given by:

where:

+
3.464 kpl

2
JL So

2
B

m (1 +~)2
lfi

(7-6)

T /B
t

= torque/field required of coil

IJ. 0 = permittivity of free space

a = constant depending on llrn ratio of coil

B = saturation flux of core materiC!-!
m

g. = density of core material
1

gw = density of wire

S = space area factor of winding

d
1

= diameter of bare wire

d = diameter of insulated wire

k = mass/power ratio of coil power supply

p = resistivity of wire material

I = length of coil
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Z = demagnetizing factor depending on l/m ratio of coil

l/J = factor depending on l/m ratio of coil

Equation 7-6 may be solved in terms of coil length and torque/field re

quired by assuming particular types of material for the core and winding.

For a co:re material of 50 percent nickel, 50 percent iron, and aluminum

wire material (No. 24 A WG), the following constants are established:

-8
p = 2.83 (10 ) ohmmeters

-4
d = 5.56 (10 ) m

d
1

-4
= 5.11 (10 ) m

S = 0.845
3 3

g. = 8.2 (10 ) kg/m
1

B = 1 tesla (10,000 gauss)
m

10
4

Il r =
3 3

gw = 2.67 (10 ) kg/m

Substituting the se value sand k = .454 kg/watt and a = .8 into equation 7-6

there results:

(7 -7)

(. T ) 39,400 Z2 (1 +~)2 nMt = \B
t

( .01288 + .00272 l/J) + l/J - x.

l/J and Z are both functions of T /B
t

and R. and are solved for by the following

procedure derived in Appendix 4. The coil dimensions I, rn, and n are

illustrated in Appendix 4; m is determined by solving the following equation•

(7 -9)

(7 -8)
.'1 p. 0 ~ (_ T ~(. 1 )

2 \ 1f a Brn) (B;)(T

.001412 i:Jf ~ )=

=rn

rn
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Curves of l/m vs. T/B
t

for various coil lengths were generated froIn eq.

7-9 and are shown in figure 35. These curves. together with the demag

netization factor curve given in Appendix 4. were used to generate the curves

of Z2 vs T /B
t

given in figure 36.

In order to find l/J, the function f (l/J) is determined by evaluating:

.. 3 2

f(l/J) = _.08321r:og~S {:~(.B.Tt_~(+)
Olkp B Z \ }

In

(7-10)

f(l/J} = (7-11)

(7-12)=f (l/J)

l/J is related to f (l/J) by the following equation:

(l+vl+l/J)2
2 .

l/J "'r + l/J

Equation 7-12 cannot be solved explicitly for l/J. but the curve of f(l/J) vs l/J
2

in figure 37 and Z vs T /B
t

in figure 36 can be used in conjunction with

equation 7-12 to derive the plot of l/J vs T/B
t

for various coil lengths shown in

figure 38.

The use of figures 38 and 36 to deternrlne l/J and Z2. allows the solution of

equation 7 -7 • Equation 7 -7 was evaluated for mas s as a function ofi for

coil lengths of 10, 12 and 15 feet. The results are plotted in figure 39. It

can be seen in figure 39 that the coil mass is relatively insensitiye to length

variations in the range of 10-15 feet.

For the nominal case. the required torque/field inputs•

(T/Bt)x = . 209 ft-lbs/gauss

(T /Bt)y = .0875 ft-lbs/gauss (7-13)

(T /Bt) z = .177 ft-lbs/gauss
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From figure 7-6, the mass of each coil, including power supply, is given

by

M = 88.3
x

M = 37.3
Y

M =.75.0z (7-14)

Thus, the total mass required for the iron-core torquer system, including

power supply, is given by:

= 88.3 + 37.3 + 75.0 = 200.61bs. (7-15)

The coil mass required for other parametric cases from Section 5 can be

determined by use of figure 39, ie., for any given 1. (which can be no greater

than the diameter of the spacecraft considered) the required mass is read

directly as a function of the required torque/field ratio'.

A summary of the core and coil characteristics is presented below. The

equations used to determine winding resistance, peak current and voltage

are derived and listed in Appendix 4.

Table 11

SUMMARY OF CORE AND COIL CHARACTERISTICS

x Axis y Axis z Axis

Required Torque/ 0.209 ft 1bs 0.0875 ft lbs 0.177 ft 1bs

Field
gauss gauss gauss

Torquer System 88.31bs 37.31bs 75 lbs
Weight, including
power supply

Length 12 ft 12 ft 12 ft

Core Diameter 1.56 inches 1.01 inches 1.44 inches

Winding Resistance 65.7 ohms 28.0ohm.s 56.5 ohms

Peak Winding
Current 0.105 amps 0.098 am.ps 0.106 am.ps

Peak Winding 6.9 volts 2.74 volts 6.0 volts
Voltage
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7. 2 WEIGHT COMPARISON OF MAGNETIC TORQUING SYSTEM WITH
GAS-JET SYSTEMS

This section, consists of a brief comparison of the magnetic torquing sys

tem and gas-jet systems. It was previously shown that the total weight (in

cluding power supply) of an iron-core torquer system for the nominal case

came to 200.6 pounds while the air-core system weighed 151.7 pounds. By

comparison, the following analysis shows that use of a cold gas jet system

results in a weight of 1790 pounds for one year of operation.

Inputs to the analysis of weight requirements for a gas jet system on the

nominal vehicle are:
.;

• vehicle diameter = 12 feet

• vehicle length = 35.4 feet

• I (effective) = 35 sees
sp

• Average disturbance torque = .0352 ft-lbs

The average disturbance torque about the pitch axis (for the nominal case)

was obtained from table 2, where

T = kM W = (.218) (141.4) (1.14) (10-
3

) = .0352ftlbs.
avg yo 0

(7-16)

The change in mass, ~M. required to counteract the above momentum is

given by:

It should also be noted that an effective I = 35 sees is being used. Although
sp

the I of the gas itself is about 65 sees, the lower figure is used to account
sp

for the heavy tanks needed to maintain the gas at very high pressure.

For the average torque of .0352 ft-lbs., the total momentum buildup in 1

year is given by:

(7 -1 7)
5

.'0352 ft-lb-years = 11.1 (10 ) ft-lb-secs.

~M
2;~m

= g Il.
o sp

(7 -18)

•
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where g = sea level gravity and l = the distance between the gas jet ando .

the vehjcle CG. Thus, for the pitch axis jets,l = 35.4/2 = 17.7 ft. and the

required mass of fuel is given by:

AM = 32.2 (35) (17.7)
= 55. 7 slugs = 1790 1bs. (7-19)

The number of times the jets must -operate for either propellant during a

year depends upon the percent of CMG saturation allowed as well as the

average torque. Assuming that the allowable pitch axis saturation is 15 per

cent of its maximum, then the allowable momentum buildup is

Am = .15 (1414) = 212 ft-lb-secs. (7-20)

where 1414 ft-lb-secs is the system capacity about the pitch axis. Then the

average number of operations ~ one year is given by:

n = = 5240 operations (7-21)

A system employing monopropellant hydrazine instead of cold gas would

require less mass, due to its greater I • For an effective I = 200 sees,
sp sp-

the mass required is:

Table 12

SUMMARY OF SYSTEM WEIGHTS AND OPERATIONS

(7-22)

5240/year

5240/year

continuous

continuous

Number of Operations

200lbs

150lbs

1790lbs

313 lbs

System Weig~

= 9.75 slugs = 314 lbs.32.2 (200) (17.7)AM =

Monopropellant Gas Jets

Iron-Core Magnetic Torquer

Air Core Magnetic Torquer

Cold-Gas Jets

A sununary -of system weights and number of operations for the nominal

case is given below.
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7.3 INTERFACE OF CMG AND MAGNETIC TORQUERS

This section describes the electronic circuitry required to provide the

correct current to the :m.agnetic torquer coils. The function of this circuitry

is illustrated in the diagra:m. in figUre 8.

According to the :m.agnetic torquer control law the coil current co:m.ponents

are determined by solution of the following equations:

I = K
l

(M B M B)
x Y z z Y

I = K l (M B - M B)
(7-23)Y z x x z

I = K
l

(M B M B)
z x Y Y x

where I , I , I are the required currents along the roll, pitch and yaw axes,
x y z

B , B , Bare theco:m.ponents of the Earth's :m.agnetic field along these
x y z

axes, K
l

is a gain constant and M. ' M , M are the components of angular
x y z

mo:m.entum. B, B , Bare deter:m.ined from the :m.agnetometers, K
l

is a
x y z

constant and M , M·, M are determined directly from the CMG resolver
x y z

outputs as follows:

M =x

M =
Y

-H sin P
3

2H sin PI (7-24)

M
z = -2H sin a

1
cos PI

where H is the spin momentu:m. of the single degree-of-freedom gyros, P
3

is

the angular displacement of the single degree-of-freedom gyros, and a 1 and

PI are the outer and inner gimbal angles on the two degree-of-freedom gyros.

Figure 40 is a block diagram. of the circuit to generate the coil currents

I , I , I , using the relationships in Equations 7 -23 and 7 -24.. The tri-
x y z

angular blocks represent sununing, power and buffer amplifiers and tlle

letters within the block represent different types. Buffer amplifiers are

used on the outputs of both the :m.agnetometer and the tachometer to provide

the necessary load impedance and fail-safe isolation.
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7.3.1 Circuit Mechanization

The mechanization of the block diagram (figure 40) was de signed around

the use of MIC's (micro-electronic integrated circuits). This method of

mechanization was chosen primarily for two reasons:

a. The use of MIC' s permits a substantial weight reduction over that

which can be achieved with conventional semi-conductor techniques.

b. The reliability of a circuit is substantially improved by incor

porating it in a single "flat pack" since failure-inducing fabrication of

separate components is avoided. This makes it possible to meet reliability

requirements without weight and power-consuming redundancy.

A typical operational amplifier circuit is shown on figure 41. With the

exception of the input resistors, it represents the circuit of the WS 161 oper

ational amplifier, which is in production at the present time. The quiescent

power dissipation of each amplifier was reduced to meet the power supply

limitations, since a total of forty-five amplifiers are required. In the block

diagram of figure 40 and in subsequent paragraphs, letters are used to dif

ferentiate between ·various types of amplifiers. With the exception of the "B"

or power amplifier, all of the letters refer to the basic amplifier with varia

tions in the output stages but with cornmon first and intermediary stages.

Type "A" - This amplifier is the same as that shown in figure 41. It is

used in the buffer amplifier stages between the sensors and the multipliers,

and in the summing amplifier associated with each multiplier. The use of

passive input impedance sources permits a high degree of electrical isolation

that is fail-safe.. The input is normally connected to one of the (+) inputs and

the feedback connected to one of the (-) inputs. The good tracking of the dif

ferential first stage over the temperature range (approximately 1 nanoamp

per °C) insures low drift over the 100°C range of operation for which one

must design. Variations in required gains are taken care of by building sub

groups which vary only in their input impedances. When used as a coil

current monitor, the amplifier has both a (+) and (-) input as well as a (-)

109



~
~a

~z
-=
~..., A

'\

J.I
CI)

-ri....
-ri
.-I

~«
.-Ias
s::
0

-ri..as
J.I
CI)

Pi
0

!!! .-I

+ !! .qt

I CI)
J.I
~
bll

-ri

rxt

.. , , , ,
at '"'

...
~ ~Ii! ..
~ !:
+ I

110



feedback connection. The aDlplifier then converts the voltage· across the

current Dlonitoring resistance into a differential voltage.

Type "B" - This is the coil driver stage and is shown scheDlatically on

figure 4Z. The differential outputs of the "C" (sununing) aDlplifiers are used

to drive the connected bases of back-to-back NPN-PNP transistors through

an eDlitter follower. Both the NPN and PNP stages on each side are biased

(7 -Z5)v
s=P

:m

.-
to cutoff for a balanced input. When the differential input exceeds the SUDl

of the V
be

drops, the current flows through the higher-base-voltage NPN

transistor through the ·coil and then through the opposite PNP transistor- to

ground. The bases are norDlally biased at about +13 volts, and perrit a

coil driving differential swing of ±16 volts. Since the deadzone introduced

by the base-cutoff characteristic of balanced operation would have a

deleterious effect on accuracy, the cODlplete current co:nunand loop will be

closed around the "c" aInplifier by feeding back the output voltage to the dif

ferential input stage of the "G" amplifier. The effect on loop stability will

be cODlpensated by using larger roll-off capacitors in the "c" aDlplifier.

The circuit eleDlents involved in the coil driver will be Inade up of separate

cmnponents to enhance therxnal dissipation. To provide fail safe operation,

<:urrent liDliting resistors are put into each current path to limit total power

drawn during a single-failure :mode. The peak power drawn during nor:mal

operation is calculated fro:m the equation:

VIZ Z Z
PM + IYM + IRM + P Q

where

p =
Dl :rnaxiDlUDl power drawn froIn the unregulated supply by co:m

bined coil drivers

v s = unregulated supply voltage

= +Z8 volts

I pM' ly-M' IRM =. peak coil currents in the pitch, yaw and roll axis

torquing bars
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=

=
.416 amps, .389 amps and 0.418 amps

quiescent power drawn by the emitter followers

= 170 mw

The peak total power drawn during normal operation is thus computed as

20 watts.

Type "C" - This amplifier differs from the basic amplifier of figure 41 by

having an emitter follower on both sides of the differential output. Since the

emitter followers are not required to generate negative outputs (the coil

driver bases are nominally biased at +13 volts and swing from +5 volts to

+21 volts), the constant current source between the emitter and -15 volts

may be replaced by a fixed resistor drawing negligible current. To balance

the power drain between supplies, the output emitter followers would work

with +28 volts supplied from that regulated supply.

Type "D" - This amplifier is used as the network driver in the multiplier

circuit, which will be de scribed in the next paragraph. This amplifier, like

the "c" amplifier, only requires positive outputs and uses the +28 volt regu

lated supply for its output emitter follower stage. Since only a single-ended

output is required, however, the output stage will consist of only a single

emitter follower.

The block/schematic diagram of the multiplier is shown on figure 43.

Using a diode-resistor network to form the nonlinear function, the circuit is

a me chanization of the equation:

AB =
(A + B)2 (A

4
(7 -26)

where A and B are functions to be multiplied.

In figure 43 the two amplifiers in the upper left of the diagram form the

sum IA + B I, one amplifier functioning for an algebraically positive sum and

the other functioning for an algebraically negative sum. The network forms

a non-linear input resistor to the positive node of the summing amplifier,

and generate s a one polarity signal as a measure of (A + B)
2

. In like manner,
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the lower network and two "D" a~plifi.ers generate (A - B)
2

• which is con

nected to the negative node of the summing amplifier along with the su.nuning

amplifier feedback.

The diode-resistor network is the cOnlInon break-point type in which in

creased signal causes the diodes to become sequentially forward biased. and

thus incrE;ases the signal input to the summing amplifier node as a non-linear

function of input signal. Since the network is essentially approximating a

continuous function (y = x
2

) by means of a series of straight lines. as shown

on figure 44, it becomes necessary to determine the number of break points

and their value in terms of full scale input. To demonstrate this. the dia

-gram and svmbolshown on figure 45 will be used. The closest fit between

the de sired function and any straight line segment will be found by defining

the parameters of the straight line such that the peak deviation will occur at

each breakpoint and at one inte rmediary point. By using the equation
2

U = A + B - x and then defining A and B in terms of the peak error U
x m

and the upper break point Xl'. it becomes possible to define the lower

break point X o:

= (7-27)

When U is a fixed percentage of the maximum input over the entire range,
m

the break point spacing is equal for all segme~ts. For this system, a

multiplication accuracy of 5 percent appears to be sufficient. Since the per

centage error in the nmltiplication is the sum of the errors in each squaring
, -

function, it would be desirable to approximate the parabola to within I per

cent of full scale which would leave approximately 3 percent to be taken up

by bias and gain variations. For U = 0.01 (corresponding to I percent
m

error), the maximum spread between break points (Xl - X
O

) is found to be

28.3 percent of full scale. This would dictate four segments. or three diode

generated break points (the break point near the origin is handled by a re

sistor) .
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The gain and :multiplying tolerances, it is felt, can be achieved without

the use_of trinuning potentionleters since the gain tolerance of each a:m.plifier

will be deter:mi.ned by the ratio of feedback to input resistances. On the

nornlal MIC this ratio can be held to 2 percent. The only exception to this

is the trinl pots used to adjust for tolerance variations on the forward volt

age drop of the diodes in the nonlinear networks of the nlultiplier.

7.3.2 Consideration of Time-Sharing

Using the sanle cOnlputer for both the CMG systenl and the nlagnetic

unloading systenl would have no effect on the nlagnetic systenl's performance.

The nlagnetic torques have a maxinmm. frequency on the order of one cycle

every few hundred seconds and a torque that is low cOnlpared to the CMG

control torques; therefore, changing thenlagnetic systenl torquer a few

seconds after the change was desired would have no noticeable effect on

perfornlaD.ce. This would allow the CMG systenl to have priority on the COnl

puter and to relinquish it only for a few milliseconds every ten or fifteen

seconds, which would be allowable for the stated CMG systenl performance

requirenlents.

Although the use of a tinle-sharing systenl is possible, its need is doubtful

due to the sinlplicity of the magnetic systenl controlle-r circuitry.

7.3.3 Mechanical Design of the Magnetic Torquers

Figure 46 shows the physical design typical of all three torquers. The

torquer cores end in a short threaded stud at each end. These allowassenlbly

to two end brackets. Several pillow block supports along the 12-foot length

prevent excursion and overstressing under shock and vibration.

One end bracket nlounts the external connector. The windings terminate

on two standoffs and heavier wire connects the standoffs to the external con

nector. Two wires are used for each lead to inlprove reliability. The

housing for those ternlinations is encapsulated in R TV silastic rubber as pro

tection fronl shock and vibration.
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The coils are machine-wound with end plates in place to retain the

windings. A solvent is wiped onto the cement-coated wire during the winding

process and the wire sets in place as the solvent evaporates. Subsequent

baking outgasses the cement.

The coil is coated with epoxy for handling protection, and this coat is

also baked out.

If a reflective coating is required for thermal control, it may now be

applied by vapor deposition or by winding the coil with an aluminized Mylar

tape.

The coil is now assembled to the end brackets and the leads are connected.

The box-like bracket is encapsulated and the assembly is given final baking.

Intermediate supports are assembled at about I-foot intervals. These

pillow block supports have relatively soft facings to prevent damage to the

windings.

7.3.4 Electronics Packaging Plan

Figure 47 illustrates a preliminary layout of the electronics assembly.

The unit contains a mixture of modules and discrete components, as dictated

by component sizes and heat dissipations. Some of the details of the manu

facturing techniques required are discussed in succeeding paragraphs.

By referring to the system schematic or block diagram, it can be seen

that the components are laid out in a pattern for point-to-point welded intra

connection. The higher power transistors, which do not lend therrtselves to

modular packaging, are laid out with fairly generous spacing to aid in heat

distribution on the radiating cold plate. Coupling of the components to the

cold plate is accomplished primarily via metal spring finger devices

fastened permanently to the cold plate and pressing on the module surfaces

or clipping around the transistor bodies. A secondary thermal route is

through the printed circuit board and thence to the frame and cold plate.

The two connectors, one for both signal and power connections and the

other serving AGE functions, occupy about 1-1/4 inch at one end of the
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package. These are mounted on the side opposite the cold plate for ease of

connection.

After assembly and appropriate testing, the entire package is foamed in a

mold with a polyurethane foam having a density of 4 pounds per cubic foot.

After foaming, the unit is outgassed in an oven and re-tested. The trim pot
- . . .

adjusting screws are kept free of foam for final adjusting as are any test

points which may be required.

Overall dimenl3ions of the assembly are 3 inches by 10-1/2 inches by

1-1/8 inches, excluding the flanges necessary to fasten the unit to the space

craft structure.

Both the cold plate and the opposite cover plate are removable for making

repairs. It is possible to cut away the rigid foam, remove a component, and

weld in a new one without undue difficulty.

Total weight for the unit is estimated at 1.20 pounds, giving a packaging

density of about 60 pounds per cubic foot.

7.3.4.1 Sub-Module Construction

The components which make up the signal level amplifiers, the multipliers

(less the trim pots), and the telemetry circuits are packaged into stacked

array sub-modules. Basically this sub-module consists of the designated

number of integrated circuit flat-packs and filter capacitors stacked on edge

within a molded plastic frame. The components are separated from each

other by thin spacer blocks which fit into shallow slots in the base plate. The

spacer 13 have molded into them three leads going from side to side to act as

convenient cross-overs, one lead from each side terminating as an output

pin on the bottom, and one other lead that can 1:>e used as either a cross-over

or an output pin; this is illustrated in figure 48. Holes in the bottom of each

.slot in the base accept the output pins. Interconnecting welds are made on

the side of the assembly, between component leads and spacer block leads,

with small rectangular ribbon and using the point-to-point method of wiring.
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The inputs and outputs are welded to the pins that exit from the base. After

successful completion of all electrical tests, the units are embedded in a

filled resin to furnish environmental protection and improve heat transfer.

Sub-modules made in this manner are 0.50 inches wide, 0.50 inch high, and

approximately 0.100 inch long for each flat-pack or filter capacitor included.

The resistors for the power level amplifiers are formed into a molded

sub-module to conserve space and to promote heat transfer to the cold sur

face. This is similar in concept to a standard cordwood unit, but the

resistors are double stacked in a horizontal plane. Interconnections are

made by welded ribbon and outputs will terminate in pins exiting from the

base of the unit. Filled epoxy is used for encapsulation.

7.3.4.2 Intraconnections

For intraconnections between the various sub-modules output pins and the

individual component leads, welded wire connections are used, utilizing

rectangular ribbons in the poj.nt-to-point method. If the required intra

connections are too numerous to be made in one layer, two layers are used.

This is accomplished by inserting any leadwhich crosses over another lead

into a section of thfu wall Teflon sleeving before welding it in place. In addi

tion, all leads whichtermmate at the output connector are sleeved.

Two output connectors are required; these are 44-pin Deutsch STK type.

Since these have crimped terminal pins, some experimentation is required

to dete rmine the be st way to attach the o. 01 inch x O. 03 inch rectangular

ribbons to them. If possible, the terminals will be crimped directly around

the ribbons. If this is not reliable, an adaptor will be utilized which will be

crimped into the terminal and to which the ribbons will be welded. The

objective is the strongest most reliable joint; this is felt to present no

serious problem.

7.4 MAGNETOMETER

An example of a magnetometer which is sufficient for the magnetic

torquing system is a modification (to i~lcorporate redundancy) of the Dalmo-
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Victor 103-3 design. The electronics package and the probes will be designed

as a single assembly which will occupy 36 cubic inches.

The magnetometer operates on the flux-gate principle. A 2400 cycles/sec

sine wave is applied to a coil which is wound on a ferromagnetic rod. Under

a zero field condition, the flux density variations in the rod will be symmetri

cal about zero, producing only a fundamental output in a secondary winding.

Under conditions where a component of the external field exists along the

axis of the rod. the flux density in the rod will no longer operate around

zero and the ferromagnetic non-linearities will cause second harmonic volt-

age components to be developed in the secondary winding. The secondary

signal is then passed through a tuned amplifier and then into a phase sensi

tive demodulator which is switched at 4800 cycles/sec. The demodulator

and its as sociated filter reject all but the zero frequency component of the

signal and provides a direct current signal proportional to the amount of

flux-density unbalance. The direct current signal is then passed through a

buffer amplifier which provides the driving current for the feedback winding

on the probe. The current in this feedback winding is phased to cancel the

field intensity induced by the external field. Thus the relationship between

the feedback coil current and field intensity can be expressed as:

.!..§ ~
H(S)

where I (S) = feedback coil current expressed in Laplace transform

H(S) = field intensity expressed in Laplace transform

K
f = feedback coil gain in equivalent oersted per amp

K = loop gain

T
f = demodulator filter time constant

The coil current is thus relatively independent of loop parameters except

for the feedback coil gain, which is a stable parameter. The feasibility of

permitting loop gain variation makes it relatively easy to add redundancy,
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since the use of parallel amplifier elements connected by r~sistors (for

example) provides a redundancy technique which does introduce gain and

balance problems on an open loop basis. The redundancy to be added will

be in portions of the signal amplifier and the demodulator.

To provide the required 2/1 relationship between the probe excitation and

the demodulator reference, the 4800-Hz demodulator reference is used to

drive a flip-flop to establish the 2400-Hz probe reference.

Some of the parameters of the magnetometer design are:

Electronics weight: 18.5 oz

Probe (3) weight: 11. 5 oz

Power drain: Less than 380 rnW from +15V

Less than 380 mW from -15V

Le s s than 100 m W from 4800 Hz

Linearity: Better than 0.5%

Output scale: 40 volts/oersted

Signal ripple: Less than 0.05 volt

Output load impedance: Better than 50K if possible

Output zero offset: Less than 1% of full scale

Reliability (with redundancy): P = 0.956 for" 1 year
s

Mounting tolerance: Within 1 0

7. 5 RELIABILITY ESTIMATE

A preliminary reliability estimate based on the preliminary design has

been prepared. This estimate is shown in table 13.

The reliability estimate is based on a parts count of the proposed system

and the reliability model shown in the sketch below. As is shown in the

sketch, the system is essentially a series system composed of 3 components.

It has been assumed for the purposes of this estimate that the component

parts of the electronics and torque coil assemblies exhibit an exponential

failure distribution and therefore have a constant failure rate with time.

The magnetometer has some redundant elements and therefore does not
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exhibit an exponential failure distribution. The failure data for the mag

netometer, which was furnished by the manufacturer, is a reliability

(probability) figure. In order to obtain a total system failure rate, all

failure rates were converted to a reliability figure and the product rule

applied. For reliability calculations for this system, a mission time of

8800 hours is used.

Magnetometer Electronics Torque Coils
R = 0.956 Re = 0.957 R

tc
= 0.9998

m

R = R x R x R = 0.915
system m e tc

The reliability figure for the electronics and torque coil assemblies was

derived as follows:

With the basic assumption of an exponential failure distribution and con

stant failure rate, the reliability of a part of units whose failure rate is '

constant may be expressed by:

where

R = e-At

R = Reliability

A = Failure rate

t = Mission or operating time

(7 -28)

A group of n parts or units in series have a reliability given by the prod

uct rule as:

where

(7 -29)

R
s

= Reliability of the group

R
1

, R 2, R
n

= Reliability of the elements of the group.
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Substituting equation (7-Z8) into equation (7-Z9) yields the following

expression in terms of the failur.e rates:

Then:

R =s

-A t
1

e e
-A t

n
(7 -30)

and

where

R =s

R =s

-(AI + AZ + A3 •••• + An)t
e

n·
_( ~ A.)t

i = 1 1
e

(7-31)

(7-3Z)

AI' A
Z

' A3 , An = failure rates of the e1em.ents of the series group.

Consider any unit of the proposed system.. The reliability of tl,1.e unit

from. equation 7 -3Z is as follows:

where

R =
u

e
-A t

u
(7-33)

R = Reliability of the unit
u

A = Sum. of the failure rates of the com.ponent parts in that unit
u

t = Mission or operating tim.e.

from. equations 7-29, 7-31, and 7-32 the reliability of the system. is

expressed as:

-A t
T

e (7 -34)

where

R
T

= The reliability of the system.
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AT = Sum. of the failure rates of the units composing the system

t = Mission or operating time.

From this discussion, it may be easily seen that the failure rate of each

unit is equal to the sum of the failure rates of its parts and it follows from

the sketch that the failure rate of the system is equal to the sum of the

failure rate s of the various units.

Table 13 shows the reliability estimate for the Magnetic System. Surface

temperatures in the order of 65° - 70° C have been used in the failure rate

calculations. This appears to be the maximUIn anticipated operating tempera

ture based on preliminary data. The failure rates given are based on manu

facturer's data which has been adjusted to reflect reliability improvement

through special controls and testing. These controls would include:

1) Power and Temperature Burn-In

2) Temperature Cycling

3) Leak Tests

4) Noise Tests

5) 100% inspection of all electrical parameters

6) Variables data before and after burn-in

7) Hermetic Seal Tests

8) X-ray inspection

In order to achieve the required reliability, controls of this type will be

necessary.

Included in t~ble 13 are the failure rate calculations for the Electronics

and Torque Coil sections, the reliability for all 3 sections, and the system

reliability. The reliability calculations are based ona mission time of 8800

hours.
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Table 13

RELIABILITY TABULATION

Electronics

No. Based Failure Total Source
Part Used Rate Failure Rate Failure

%/1000 Hrs. %/1000 Hrs. Rate

MIC Flat Pack
(Amplifier) 36 0.0100 0.3600 Mig Data

MIC Flat Pack
(Resistor-Diode Net-
work) 12 0.0050 0.0600 Mfg Data

Capacitors, Mica 66 0.0001 0.0066 Mig Data

Capacitors, Paper 3 0.0001 0.0003 Mig Data

Resistor, Wirewound 12 0.0012 0.0144 Mig Data

Resistor, Trimpots 12 0.0030 0.0360 Mig Data

Transistor, Power 12 0.0020 0.0240 Mig Data

Chokes 3 0.0006 0.0018 Mig Data

Total Electronics 0.5031

R = 0.957
e

Torque Coils 3 0.0010 0.0030 Estimate

R = 0.9998
tc

Magnetometer 1 R = 0.956 Mig Data
m

R = R x R x R = 0.957 x 0.9998 x 0.956 =
system e tc m
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APPENDIX I

MOMENTUM UNLOADING SIMULATION DIGITAL PROGRAM

A. I. 1 VEHICLE MOMENTUM

M = M + J T dT
x xo x

M = M + J T dT
Y yo Y

M = M + J T dT
z zo z

Coil Currents

I = [M B - M B] K
1x y z z Y

I = [M B - M B] K
IY z x x z

I = [M B - M B] K
1z x Y Y x

Magnetic Torques

T = [I B-1 B]
xM Y z z Y

T =[1 B -I B]
yM z x x z

T = [I B-1 B]
zM x Y Y x

Total Torques

T = T + M w
x xM z 0

T = T
yMY

T = T - M w
z zM x 0

where: w = orbit rate
o aw

o= current gain =---
K

2
o
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a = Dimensionless loop gain

K = Magnitude of the magnetic field at the equator
o

B = Magnetic field from the Cain subroutine

A. 1. 2 CAIN SUBROUTINE

This is a subroutine for coupling the orbit coordinate reference frame to

the Cain 48 coefficient magnetic field program. The known quantities are

orbit angle (0), orbit inclination (CJt), longitude at time zero (Q ), earth rate
o

The longitude and latitude of the vehicle at time t are needed(w ), and time.
e

to get the components of the earth's magnetic field from. the Cain program..

This output is broken into North, East, and Down components that have to be

converted to orbit coordinates.

To get the transformation for orbit coordinates to Longitude and Latitude,

perform. the following transformations:

All A
12

A
I3

where fA}
:::

A
21

A
22

A
23 , etc.

A3I
A

32
A

33

6422A-VA-52

Figure 49. Variable Definitions, First View
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CENTER OF
EARTH

E
F

G

6422A-VA-53

Figure 50. Variable Definitions, Second View

:) =

1 0 0

0 cos L sin L
0 0

0 -sin L cos L
0 0
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E

G-------~,..

c

F

6422A-YA.,.G4

Figure 51. Variable Definitions, Third View

(;) cos LA 0 Sin LA

(~)= (~)= 0 1 0

-sin L 0 cos LA• A

A cos LA -sin LA sin L
o sin LA cos L

0

B = 0 cos L sin L
0 0

C -sin L -cos LA sin L o cos LA cos L
A 0
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. CENTER oF
EARTH

x,

GREENWICH
MERIDIAN

. 6422A-VA-55

Figure 52. Variable Definitions, Fourth View

o
cos y

-sin y
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CENTER OF
EARTH

6422A-VA-56

Figure 53. Variable Definitions, Fifth View

cos (/>

sin (/>

o
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'.

\
'.

•

6422A-VA-57

Figure 54. Variable Definitions. Sixth View

From the above we get

z and care colinear. therefore the expression defining them in terms of X ,
1

y l' Zl are equal.
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(

-sin (J sin (/) ...) (Xl) (-Sin LA 1(Xl)z = - sin (J cos (/) cos y + cos (J sin Y Y1 = C = -cos LA sin LoY1

sin (J cos (/) sin Y + cos (J cos Y Zl cos LA cos L
o

Zl

(

From the above it is found that

is + for E
3l

> 0

is - E.31 < 0

Using these values of LA and L
o

' the No:rth, .:East, and Down components

(B
N

, BE' B
D

) of field were found. They were then converted to orbit

coordinates.

B = III B
N

+ 1
31

B
Du

B = BEv

B = ""'I B N + III B
Dw 31

B
xl

= B
u

B
yl

= ~2 B + H
32

B
v w

B = -H
32

B + H
22

B
zl v w

B
x2

= B
xl

B
y2

= G
22

B
yl

+ G
32

B
zl

B
z2 = -G

32
B
yl

+ G 22
B
·zl

B. = F
Il Bx2 +F21 B

y21

B. = -F
2l

B
X2

+ F
ll

B
y2J

11c = B
z2
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B = Ell B. + E
31

Bkx 1

B = B.
Y J

B = -E
31

B. + Ell Bk = BDz 1
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APPENDIX 2

COMPLETE SYSTEM SIMULATION DIGITAL PROGRAM

This appendix gives' the equations used in the digital computer simulation

(Flow Chart. figure 55) of the system for the particular vehicle of Section VI.

This vehicle had a momentum transfer type of control system consisting of

4 gyros. There were two double gimbal and two single gimbal gyros.

In the equations given below, the angles are those of figure 2.

A. 2. I VARIABLES USED

AU' etc.

All' etc.

B U ' etc.

C
ll

, etc.

C U ' etc.

F.
Cl

F
co

H
0

J~

K
CG

K
FG

vehicle to orbit matrix elements

2 D. O. F. gyro outer gimbal to vehicle matrix

elements

d
dt B II' etc.

[

2 D. O. F. g.yro inner gimbal to vehicle matrix elements

I D. O. F. gyro gimbal to vehicle matrix elements

d
dt C II' etc.

2 D. O. F. gyro inner gimbal friction

2 D. O. F. gyro outer gimbal friction

gyro momentUIn in foot-pound-seconds

inertia about the ~ axis

1 D. O. F. gyro gimbal friction

1 D. O. F. gyro gimbal damping
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2 D. O. F. gyro inner gimbal damping

2 D. O. F. gyro outer gimbal damping

p orbit period in seconds

vehicle coordinate axis

orbit coordinate axis

orbit altitude in n. miles

vehicle angular rates

gyro inner gimbal coordinate axis

gyro gimbal coordinate axis

gyro inner gimbal control torque

gyro gimbal control torque

a constant = 3. 1415

2 D. O. F. gyro outer gimbal coordinate axis

radius of the earth =3440 nrni

orbit rate in radians/second

2 D. O. F. gyro outer gimbal control torque

components of the vertical on the ~ axis

(

2 D.O.F.

1 D.O.F.

(

2 D.O.F.

1 D. O. F.TOt

T
Ov

V~

X, Y, Z

h

r
e

r. s. t

u, v, w

x, y. Z

1T

W
0

W , W , W
x y z

w~ angular rate about the ~ axis

A. 2. 2 MATRIX DEFINITIONS

(~)= tA1(~)

H
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<7
READ INPUTS:

ALTITUDE
VEHICLE INERTIA
SPIN AXIS MOMENTUM OF THE GYROS
GIMBAL FRICTION COEFFICIENTS
61~BAL INERTIAS STOP

J.
READ INITIAL' CONDITIONS: T=TRUN

VEHICLE RATES

L.>T-
VEHICLE ACCELERATIONS
VEHICLE TO ORBITAL MATRIX ELEIIIENTS
_BAL ANGLES
GIMBAL ANGLE RATES

!
T<TR\JN

YORBIT PERIOD a "0
INITIAL GIMBAL TO VEHICLE MATRIX ELEMENTS

1
I PRINT RESULTS I

GIMSAL TOROuE CALC. REPEAT

IllA6NETIC SYSTEM TORQUE CALC. f
~ INTEGRATE:

ACCELERAYIONSTO GET RATES
COMPUTE: RATES TO GET ANGLES

VEHICLE RELATIVE RATES MATRIX ELEMENT RATES TO GET NEW
VEHICLE TO ORBIT MATRIX ELEM. RATES MATRIX ELEMENTS
REMAINING VEHICLE TO ORBIT MATRIX ELEM.
VERTICAL IN VEHICLE COORDINATES t

! SOLVE FOR GIMBAL ACCELERATIONS FORIDO FOR GYROS I ALL GYROS USING VEHICLE ACCELE-

1&2 I RATIONS OBTAINED EARLIER

l f
CCM'UTE: SOLVE FOR ,;,. ,.';', ,wz USING THE SIIIULTANEOUS

VEHICLE RATES IN GIMBAL COORDINATES EQUATIONS OBTAINED BY SUMMING ALL

VERTICAL IN G.-BAL COORDINATES VEHICLE TORQUES

GIMBAL MATRIX ELEMENT RATES fINfilER 6lllBAL CROSS-COUPLING TORQUES
INNER GIMBAL GRAVITY GRADIENT TORQUES COMPUTE:
"NER GIMBAL FRICTION & DAMPING TORQUES VEHICLE CROSS -COUPLING TORQUES
OUTER GIMBAL FRICTION & DAMPING TORQUES VEHICLE GRAVITY GRADIENT TORQUES
OUTER GIMBAL GRAVITY GRADIENT TORQUES
OUTER GIMBAL CROSS-COUPLING TORQUES ~

COEFFICIENTS FOR THE EQUATIONS GIVING THE
TORQUE ON THE OUTER GIMBAL DUE TO COMPUTE:
THE INNER GIMBAL VEHICLE RATES IN GIMBAL COORDINATES

COEFFICIENTS FOR THE EQUATIONS DEFINING VERTICAL IN GIMBAL COOROlNATES
TORQUES EXERTED ON THE VEHICLE BY GIMBAL MATRIX ELEMENT RATES
THE OUTER GIMBAL GIMBAL CROSS-COUPLING TORQUES

-.1
GIMBAL GRAVITY GRADIENT TORQUES

• GIMBAL FRICTION a DAMPING TORQUES

IDO FOR GYROS I
COEFFICIENTS FOR THE EQUATIONS DEFINING

TORQUES EXERTED ON THE .VEHICLE BY
3&4 I THE GIMBAL

I f 64ZZA-VA-51

Figure 55. Momentum Unloading of Control Moment Gyros.
Digital Flow
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_--------------x
.__-u

,
v

z 6422A-VA-58

Figure 56. Variable Definitions, Seventh View

( :)_=; fB} (;) = [c~; a : -s: a] (:)
w \: Z Sln a 0 cos a Z

_---r

SINGLE GIMBAL GYRO

_---------ll

y

_----r

•

DOUBLE GIM8AL GYRO

w

_---------u

. v

z t

t 6422A-VA-59

Figure 57. Variable Definitions, Eighth View

cos f3 sin f3
-sin f3 cos f3

o 0
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A. 2. 3 COMPUTATIONS

Initial conditions and constants

P = 2w
(r + h)3

e

2w
W = --

0 P

B
Uo = cos a

J
0

B
3Io = sin a

for both double-gimballed gyros
0

C = cos fJ

1
110 0

C
210 = - sin fJ

for all four gyros
0

Begin the integration loop

A. 2. 3. I Vehicle Equations

a. Compute: Relative rates of the vehicle,

W
xR = Wx + Ai2 Wo

w
yR = w

y
+ A22 W

o

w
zR = W

z
+ A32 Wo

b. Compute: Matrix element rates and matrix elements

AU =.A21 wzR - A
31

w
yR

A
21 = A

31 wxR - All wzR

A
31 = All wyR - A 21 wxR

A
I2 = A

22
w
zR

- A
32

w
yR

A
22 = A

32
w
xR

- A
l2

w
zR
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A
32 = A l2 W

yR
- A 22 w

xR

A
13 = A

21
A

32
- A

31
A

22

A
23 = A 31 A l2 - All A 32

A
33 = All A 22 - A 21 A l2

c. Transform the vertical into vehicle coordinates

v = A
13x

V = A
23y

V = A
33z

A8 = 6 - 6
x cx x

A8 = 6 - 6 - e
y cy y sy

AD = 6 - 6 - e
z cz z sz

Aw = 6 - w
x cx x

Aw = (J - w - e
y cy y sy

Aw = (J - w - e
z cz z sz

I. I A6 I to 4.8472 (10 -5) = 10 arc. seconds
z

limit I AO I. I A6
x y

E
XI

= [(5000.) sell (1)]

E = 1.8Z(l04)E
yl Y

E = 1. 82 (104 ) E
zl z

control torques

E
x

T = E
cx xl

T = 1. 94 (104 ) [E 1 - 100 w + w ]
cy y y cy

4
T = 1. 94 (10 ) [E 1 - 100 W + W ]

cz z z cz
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Gimbal constraint torques

T
Dac

= 1500. [ B
31

(1) + B
31

(2) ]

T
Dpc

= 1500. [ ..,C
21

(1) - C
21

(2) ]

T
Spc = 1500. [ -SC

21
(1) - SC

21
(2)]

for 1 D. O. F. gyros

T
Qt

(1) = T

1
ST

Qt
(1)cx

T
Qt

(2) -T - T
-2.0 <

ST
Qt

(2) < + 2.0
= -

cx Spc

for 2 D. O. F. gyros

T
Qt

(1) = -T
cZ

T
Qt

(2) = -T - T TQt (1)
cz Dpc

T
Qt

(2)

TQv(l) -T
-18.0 < < + 18.0= -

cy T
Qv

(1)

T Qv
(2) = -T - T T

Qv
(2)

cy Dac

e
Ty = T ± 18.0 for T (1) I > 18.0

cy Qv

= 0 T
Qv

(1) 1 < 18.0

e
Tz = T ± 18.0 for 1 T

Qt
(1) I> 18.0

cz

= 0 I T
Qt

(1) 1< 18.0

Note: For e
Ty

and e Tz ± sign is opposite of sign on T cy and T cz respec

tively.

e = [ 1. 421 (l 0 -
5

) ] e
T

- (8.27) e - (27.85) e
sy y sy sy

e = [ 1. 421 (10-5 )] e
T

- (8.27) e - (27.85) e
sz z sz sz
. .

Aw = () - w
x cx x
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.
aw

y.
aw

z

E =x

= 6 - w e
cy y sy...

= 6 - w - e
cz z sz

E
y

E
z

- [ (60. ) Ex + (900. ) Ex]

=( Ii0) [a~ + (Z5. 5) &AJ + (11 O. ) a8 ]
y y y

- [ (30.3) E
y

+ (9.) E
y

]

9 .= (110 ) [ aw z + (Z5. 5) awz + (110. ) AIJ z ]

.
-[ (30.3)E

z
+ (9.)E

z
]

A. Z. 3. Z Two-Gimbal Control Moment Gyro

a. Transform vehicle angular rates into gimbal coordinates

w =B ll Wx - B 31 wzu .
w = w +a

v y

w = B
31

W
x

+ B
ll

Wzw

W = C ll Wu - C ZI Wvr

W = C ZI Wu + C
ll

W
vs

w
t = w + f3w

b. Transform the vertical into gimbal coordinates

V = A
13

B
ll

- A
33

B
31u

V = A
Z3v

V = A
13

B
31

+ A
33

B
llw

V = C
ll

V
u

- C ZI A Z3r

V = e ZI Vu + C 11 A Z3s

Vt = Vw
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c. Compute the gimbal matrix element rates

.
B

31
= B ll a

C ll = C ZI f3

C ZI = -C
ll

f3

-
d. Compute the inner gimbal H x W (cross-coupling torques)

T
cpr

= (J
s

- J
t

) W
s

w
t

T = (J - J ) W W H Wcps t r r t - 0 t

T = (J - J ) w W + H w
cpt r s r s 0 s

e. Compute the inner gimbal gravity gradient

T
GGr

= 3 W~ (Jt - J
s

) V s Vt

T
GGs

= 3 w
Z (J - J ) V V
o r t r t

T
GOt

= 3 J- (J. - J ) V V
o s r r s

f. Compute inner gimbal friction and damping

T Fit = KFi Pt... + Kci F ci

where: K = +1
ci -I

for p ~ 0
p < 0

g. Compute outer gimbal friction and damping

T =K a+K F
Fov Fo . co co

where: K
co

= +1 for iY. > 0

-1 a < 0

h. Compute the outer gimbal gravity gradient
Z

T
GGu

= 3 W (J - J ) V V
o w v v w

T
GGv

T
GGW

Z·
= 3 W (J - J ) V V

o u w u w

= 3 wZ (J - J ) V V
o v u u v
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J )
s

- -
i. Compute the outer gimbal H x W (cross-coupling torques)

T = (J - J ) w w
cpu v w v w

T = (J - J ) w w
cpv w u u w

T = (J - J ) w w
cpw u v v u

j. Compute the Kia

= C (T + T ) + C (T + T )
11 cpr GGr ZI cps GGs

Z 2= -B ll (C ll Jr+CZI J
s

)

= CuCZI(Jr-Js)

2 Z
= B

3I
(C

ll
J

r
+ C

ZI

= -CZI (Tcpr + T GGr ) + Cll

= CllCZIBll{Jr-Ja)

Z Z= - (Cll J s + C ZI J r)

= -Cll C ZI B 31 (Jr - J s)

Z Z= - (C
ll

J
s

+ C
ZI

J
r

)

(T + T
GG

)
cps s

k. Torque on the outer gimbal due to friction between the inner and

outer gimbals

T FIw = T
FIt

1. Compute the constants for gimbal torques on the vehicle
KS

(T + T
GG

+ T Q + K
6

- T
F

) 1
cpv v v ov

+ B 31 [ T cpw + T GGw + T FIw - T Qt 1

K = T - Tc2 Fov Qv
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KS
= -B31 [ T + T GG + K I + (J - K )

cpu u v 10

(T + T
GG

+ T Q + K
6

- T
F

)]
cpv v v ov,

+B [T+T +T -T]
11 cpw GGw Flw Qt

KS
= + B II [ Ka - B 11 J u + K 7 (J _ K ) ]

v 10

K
xa

= 0

KS
K

X3
= -B

3I
[K

a
-B

11
J

u
+K

7 {J -K )]-13 ll B 3I J
v 10 w

[ K3 + (J
KS

K
yl

= B
ll ) (Ka - J

v
) ]

v - K IO

K
y2

= 0

K
y3

- B
31 [ K3 + (J

K S
= ) (Ka - Jv) ]v - K IO

B 11 [ B 31 Ju + K4 + K
9 (J

KS
K

ZI
= - K )] - B

11
B

31
J

v 10 w

A. a. 3. 3 Single Gimbal Control Moment Gyro

a. Transform vehicle angular rates into gimbal coordinates

wr = C 11 Wx - Cal Wy

Ws = Cal Wx + C II w
y

W =W + {:J
t Z

b. Transform the vertical into gimbal coordinates
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T =cpr

T =cps

V
s

= C ZI A
I3

+ C
ll

A
Z3

V t = A 33

c. Com.pute the gim.bal m.atrix elem.ent rates

C ll = C ZI P
.

C ZI = -Cll P
- -

d. Com.pute the gim.bal H X W (cross-coupling torques)

(Js - Jt) Ws wt + H 0 wt

(J - J ) W W
t r r t

T = (J - J ) W <u - H W
cpt r s r s 0 r

e. Com.pute the gim.bal gravity gradient

T
GGr

= 3 J. (J - J ) V V
o t sst

T
GGs

= 3 w
Z

(J - J
t

) V V
orr t

T
GGt

= 3 W Z (J - J ) V V
o s r r s

f. Com.pute the gim.bal friction and dam.ping

T FGt = KFG P + KCG F CG

where K
CG

= +1

-1

for P > 0.
P < 0

g. Com.pute the constants for gim.bal torques on the vehicle

K
cI

= GIl (T
cpr

+ T
GGr

) + C ZI (T
cps

+ T
GGr

)

K
c3

=\ T
FGt - T

Qt

K
XI

Z Z
= -CII J - C ZI

J
r s

K = GIl C ZI (Jr
- J )

xZ s

15Z



K
x3 = 0

K
yl

= ell C ZI (J
r

.. J
s

)

K
yZ

Z Z
J= -CZI Jr-C ll s

K 3 = 0
y

K
ZI = 0

RETURN TO VEIllCLE EQUATIONS

h. COInpute the vehicle H x W (cross-coupling torques)

T = (J - J ) w w
cpx y Z Y Z

T = (J - J ) w w
cpy Z x x Z

T = '(J - J l w w
cpz x y x y

i. COInpute the vehicle gravity gradient

T
GGx

= 3 w Z . (J - J ) V V
0''\ Z Y y Z

T
GGy

= 3 w Z (J - J ) V V
o x Z x Z

T
GGz

= 3 wZ (J - J ) V V
o y' x x y

j.
.

COInpute w , w , a"
'x Y z

-{l:K )-T -T -T -T ={l:K -J)w
c 1 cpx GGx ex bx xl x x

+ (l:K I') c:, + (l:K 1) w
y y z z

- (l:K ) - T - T - T - T = {l:K Z);", + (l:K Z - J ) c:,
cZ cpy GGy ey .by x x y y y

+ (l: K Z) ;",z z
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wz

- (l:K ) - T - T - T - T = (l:K
x3

) c:, + (l:K 3) W
c3 cpz GGz ez bz x y y

.
+(l:K

3
-J)w

z z z

where T , T , T are external torques on the vehicle
ex ey ez

Tbx' T by' T bz are magnetic control system torques

k. Compute the gimbal accelerations for the gyros

for the 2 gimbal gyros (1 & 2)

_1_

(3 = Jt [Tc pt + T GGt + T Qt - T Fit] - B 3 1 wx - B 11

O! =

.
T + TOO + T Q. - T

F
+ K

6
+ K

7
w + (KS-cpv v v ov x

. .
J ) w + K

9
'w

v y z

for the single gimbal gyros (3 & 4)

(3 = -j- [TQt - T FGt + T cpt + T GGt ] - wz
t

1. Integrate the derivatives

This completes the integration loop.
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APPENDIX 3

CMG SYSTEM DESIGN

The control moment gyro system to control the particular vehicle of Sec

tion V was designed for Westinghouse Aerospace by General Electric Company.

Using the assumptions set forth in Section V. the procedure outlined below

was used to find the stabilization networks needed. Expected performance

was also found mathematically.

A. 3. I MANEUVER DESCRIPTION AND ANALYSIS

The vehicle enters the period of interest with its long (roll) axis aligned

perfectly with the vehicle velocity vector. its yaw axis lies in the orbital

plane and pitch axis is normal to the orbital plane.

Assume that all maneuvers take place about the pitch axis. thus maintain

ing the roll and yaw axis always .in the orbital plane. It is desired to slew

(about pitch) through 22. 5 degrees in 100 seconds or less and acquire a

ground target to within 10 arc seconds. then track that target holding attitude

error below 10 arc seconds and rate error from a sine profile to less than

.5 arc second per second. The maximum rate capability of the gyro system

(assuming 45 0 gimbal angle limit) is

iJ = 2 x 1000 x. 707 x 57.3 = .5750 /sec
p(max) 141.000

One method of performing the maneuver is to accelerate to a rate of . 5

degrees per second. holding that rate until the attitude is in the vicinity of

the desired 22.5 degrees from the initial condition, then decelerating and

settling out at the desired attitude. Thus, the total maneuver time consists

of the following time functions:

t =t +t +t +t .
mar d s
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Assuming the acceleration and deceleration times to be equal. the equation

can be rewritten as

t - t = 2t + t .
m s a r

To interpret this equation in terms of attitude changes during each period.

the following as sumptions are made.

(1) Attitude change s during settling period are negligible.

(2) The torque motor time constants are negligible. allowing infinite rate

of change of ac<;e1eration.

then

t =
r

8 - 28
m a.

8

and

(-
8 - 28 )

t - t =2t
a

+ m 6 a
m s

8
8 =-t

a 2 a

t - t
m s

8
m

()
= t

a

t =100 sec.
m

t = 20 sec. (assumed)
s

8 = 22.7°
m

8 = .5° I sec.

80
22.7

t--- =. 5 ~
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t = 34.6 sec.
a

8 = 34.6 6a 2 x. 5 = 8. 5°

• • 8
(J =

t
a

=
.5

34.6
2

= .014° /sec

The torque required to produce this

(J .014
T = Iv = 57.3 x 141,000 = 35.25 foot pounds

Thus, the minimum size of the torque motor on each gyro is 17.6 foot

pounds (considering a 1:1 gimbal torquer interface).

Considering the settling time, the method of command must be derived.

The m.ost easily mechanized technique from the control system standpoint

would be the insertion of a vehicle rate command at the output of the rate

gyro. Thus, a step change in vehicle rate is commanded. A limiter in the

torque electronics controls the torquer current so that the capabilities of the

torquer are not exceeded.

The maneuver is terminated by commanding zero rate when the vehicle

attitude arrives at a preaetermined portion of the total commanded attitude.

In the condition calculated above, the rate command would be reduced to

zero when the vehicle had attained an attitude of

(J = (J + (J
car

= 8.65 + 5.4

= 14.05 degrees.

Considering that from this point, there is an initial attitude error of 8.65

degree s, and 54. 6 seconds remaining in which to settle to 22. 7° ± 10 arc sec

0nds, the system apparent tim.e constant can be calculated. In effect, the

system sees an apparent step command of 8.65 degrees and must settle to

(1 - 3600 ~o 8. 65) 100 = 99.968% of its final value in 54.6 seconds. This
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is equivalent to approximately eight time constants in a first order system.

Thus, the effective time constant of the system should be approximately

54.6 6= .8 seconds or less.
8

This approach although physically realizable, would require a consider

ably larger torque motor than that required by the initial acceleration during

the maneuver. A more compatible approach would be to allow vehicle decel

eration by dropping the rate command to zero at the assigned attitude but

limiting attitude feedback so that the maximum attitude error apparent at the

limiter output is in the order of 1 degree. Thus, for all intents and purposes,

the attitude must settle from a 1 degree step command within 20 seconds.

The allowable attitude error is now ( 1 - 3~~0 ) 100 = 99.7230/0 of the initial

command. This is representative of six time constants of a first order sys

tem. The apparent time constant of the system must be approximately 3.3

seconds.

The tracking portion of the maneuver must also be considered to deter

mine if vehicle accelerations exceed that required in the acquisition maneu

ver. The tracking maneuver has been defined as a sine wave of rate within

amplitude of ±. 5 degrees/second and a period of 800 seconds. The acceler

ation profile is represented by the equation

9-:t9= :t (.5 sin :;0 t)
()

21r 21r
= .5 x -- cos -- t

800 800

()
• 1r

. 004 deg / sec
2

max = =800

This is considerably less than that required during the acquisition maneuver

and thus, does not represent an additional problem in the system design.
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The control system specifications are presented in the following table.

Angular Momentum
/

Vehicle Torque Output

Effective Time Constant

Attitude Accuracy

Rate Accuracy

A. 3. 2 DISTURBANCE TORQUE ANALYSIS

1414 foot pound seconds

35.25 foot pounds

3.3 seconds

±lO arc seconds

±.5 arc seconds/second

The disturbance torques encountered by the vehicle can be divided into two

classes:

(1) Those which occur during normal attitude hold mode,

(2) Those which occur during acquisition and tracking maneuvers.

In general, the maneuver torque is considerably larger. but of shorter

duration than the attitude hold disturbances. The maneuver torques are also

cyclic in nature.

During the attitude hold mode. the vehicle roll axis is assumed to be

aligned with the vehicle velocity vector and oriented so that its geometric

center is aft of the center of mass. Four sources of disturbance torques are

considered. These are:

(l) Gravity gradient

3K . 2
T - -- ~I sm B

g - 2r3

(2) Aerodynamic pressure

p V A sin
2

BT =a a a a

(3) Solar pressure

T = P V A cos Ol
s s s s

(4) Occupant motion

Considering the vehicle roll axis, the gravity gradient torques are zero,

since pitch and yaw axes are assumed to have equal inertias and aerodynamic

and solar torques are zero since the geometric and mass centers are both on
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the vehicle longitudinal axis. Occupant rnotion can provide disturbances

about the roll axis. The magnitudes of sorne typical torques are obtained

from "Research and Investigation on Satellite Attitude Control," AFFDL-TR

64-168 Part 1, page 108.

The woxst single torque is 8 foot pounds and the very unlikely combination

of all motions simultaneously produces 14.37 foot pounds. AssuIning the

rnotions consist of only acceleration and deceleration (no constant rate), the

angular momentum transferred to the vehicle has a maximum value of 3.6

foot pound seconds and is triangular in shape with a base of 112 second. The

torque level will produce an acceleration of the uncontrolled vehicle of .0368

deg/sec
2

, a maximum rate of 0.0092 deglsec, and an attitude deviation of

8.28 arc seconds. From these data, the Ininor movements of body parts are

considered negligible during coarse attitude hold mode.

TABLE 14

PEAK TORQUE GENERATED BY MOVEMENT
OF VARIOUS BODY APPENDAGES

..

Motion

Serving arm through 90° in 1/2 sec.

Serving leg through 90° in 1/2 sec.

Twist head through 90° in 1/2 sec.

Tilt head through 45° in 1/2 sec.

Peak Torque
(£t Ib )

5.4

8.0

0.35

0.62

The motion of the 160 pound man described in the above referenced report

may be of importance depending on the attitude hold desired. However, since

the motion would be cyclic and would result ideally in no net momentum

transfer, further consideration seems unproductive at this time.

Considering the vehicle yaw axis, the gravity gradient torques during

attitude hold are a function of the control system error angle in that mode.

Putting numerical values into the gravity gradient equation, the following

relationship is obtained:
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T = 0.231 sin
2

B.
g

Similarly, the aerodynamic torque is

T = 0.575 sin
2

B.
a

The torque due to solar pressure in the worst case condition(i. e., the

roll axis of the vehicle, is normal to the solar radiation) is 0.00020 foot

pounds or approximately 0.9 foot pound seconds per orbit. On this basis,

solar torques are considered negligible in establishing system desaturation

requirements.

The vehicle motion about the yaw axis due to the movements of the occu

pants discussed as part of the roll disturbance analysis is summarized below

2
(J = .0059°/sec

(J = .0015°/sec

(J = 1. 3 arc seconds.

Because of the symmetry of the vehicle, all the yaw axis disturbance

torque considerations apply equally to the pitch axis.

The disturbance torques during the maneuvering modes of operation are

constantly varying since the angular relationship of the vehicle with respect

to the local vertical and velocity vectors are continuously changing. The plot

on figure 58 represents the vehicle angular rate and its attitude relative to

the velocity vector. The curves are based on the assumption that the orbit is

perfectly circular and that the descriptions of the acquisition and tracking

maneuvers include orbital rate. In addition, because of the complexities in

volved in establishing the location of the target relative to the o:rbital plane,

the maneuvers are assumed to take place entirely about the pitch axis. In

reality, both the pitch and yaw axes will be involved, but the selected approach

will provide orp.er of magnitude results sufficient for this analysis.

The curves of figure 59 illustrate the aerodynamic and gravity gradient

torques on the vehicle during the maneuver. Torques which accelerate the

vehicle from the velocity vector toward the local vertical are considered
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positive. Comparing the torque profile of figure 59 with that of figure 60.

the required maneuvering torque profile. the disturbing torques are always

in a direction to aid rather than oppose the desired vehicle motion except for

a short period of time in the area of ze"ro torque requirements.

The di~urbance torques do not present any major pitch axis problems in

terms of additional momentum or torque requirements during the maneuver

mode specified. Yaw axis disturbance torques. however. will be opposing_

vehicle motion during part of the maneuver profile. Since the magnitude of

the torques are comparatively low. no major problems are anticipated. but

any detailed analysis of the system should consider disturbance effects on

system accuracy and gain analysis.

A. 3.3 CONTROL SYSTEM DESCRIPTION

The control system designated in the work statement consists of twin two

degree of freedom (2 DOF) control moment gyros (CMG) controlling the two

large inertia axes and twin single degree of freedom (1 DOF) CMG controlling

the low inertia axis. Each of the 2 DOF gyros stores 1000 foot pound seconds

angular momentum. and each of the 1 DOF gyros stores 500 foot pound sec

onds angular momentum.

Each of the gyro configurations has two mechanizations which could be

applied to the system design problem. In each case. the gimbals could be

driven by a geared or a direct drive torque motor. The control system con

figuration and d~amics vary according to the rn.ethod used.

Considering the 2 DOF device. the direct drive motor must be sized so

that all required vehicle torques are supplied directly through the torque

motor. This approach has fast response since only the motor electrical tirn.e

constant is included in the control loop. The gyro wheel serves only as a

stable element against which the torques can be applied.

The geared torque motor version of the 2 DOF device makes each gimbal

react similar to a 1 DOF device. in that the gear train amplifies the nOfi

torqued gimbal friction and inertial. thus resisting the tendency to move as a
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result of gyroscopic precession torques. The torque gain inherent in the gyro

is now available for control purposes, allowing the use of smaller more

efficient torque motors. However, this increase in efficiency is obtained at

the expense of increased actuator system complexity since the non-torqued

gimbal torque motor must supply a portion of the gimbal restraint. The gyro

gimbal dynamics also become part of the control loop, thus producing some

what slow response characteristics.

The direct drive torque motor gyro has been selected for this analysis.

The selection is based partly on the more rapid response available with the

selected mechanization, and partly on the comparative simplicity of the sys

tem analysis. It is probable that the desired response can be obtained with

either mechanization. The results of a paper analysis of the selected config

uration will be more representative of the actual response because fewer

simplifications are required to make the system amenable to such analysis.

The selection of the 1 DOF actuator configuration presents a somewhat

different set of tradeoffs than that described above. Both the direct drive or

the geared torquer configuration transmit torque to the vehicle through gyro

scopic precession. The direct drive configuration allows the CMG to act as

its own rate sensor, and therefore, is an inherently stable system. The

geared configuration imposes a large apparent damping on the CMG rate

feedback loop thus nullifying the stabilization capabilities of that loop. For

this reason, the geared torquer configuration requires external rate informa

tion to stabilize the control loop.

T.he major a.dvantage of the geared torquer configuration lies in the de

creased maneuvering power requirements. However, it introduces gear

backlash into the loop, a condition which allows vehicle limit cycling during

attitude hold modes. Since the mission considered here requires no maneuver

ing about the axis controlled by the 1 DOF system, the limit cycle tendencies

of the geared torquer configuration justifies the elimination of that configura

tion from further consideration.
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Based on the above considerations, the control system. which will be

analyzed for this application consists of two lOOO foot pound second 2 DOF

and two 500 foot pound second 1 DOF gyros with direct drive gim.bal torquers.

The orientation of the gyros on the vehicle is shown in figure 61. The 2

DOF gyros control the vehicle pitch (Y) and yaw (Z) axes and the 1 DOF

gyros control the roll (X) axis.

The inner gim.bal and outer gim.balof each 2 DOF gyro is slaved to the

respective gimbal of the other gyro to minim.ize cross coupling between axes.

The wheel rotation (spin vector) and gimbal torquing direction are controlled

so that the desired torque com.ponentsare obtained equally from each gyro

while the cross axis torquer are nulled out. The 1 DOF gyros are similarly

set up. The equations of motion of the two CMG control systems are con

tained in Reference 3.

A. 3. 4 SYSTEM ANALYSIS

The control system analysis is divided into two separate, but related

parts. The analysis of 2 DOF control moment gyro system constitutes the

major portion of this section since it is that system which is most closely

associated with the control problems. The 1 DOF gyro system is only re

quired to satisfy a fine attitude hold condition, and to be compatible with the

2 DOF system in terms of response characteristics.

A. 3.4. 1 Two Degree of Freedom CMG System

The 2 DOF - CMG system selected as a result of the considerations

described in the previous section can be divided into two separate but related

functions for purposes of analysis. These functions are:

(l) The control loop.

(2) The gyro dynamics.

The block diagram of the vehicle control loop is shown as figure 62. Since

the attitude control loop will have a reasonably low bandwidth (see Section

ill), sensor and torque dynamics have been neglected. A torque motor of the

size selected in the maneuver analysis has an electrical time constant of
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Figure 61. Gyro Orientation Relative to Vehicle Axes

168



I
(A

C
Q

U
!S

IT
IO

N
)
I

8 c
-.J

.-
-

-
,-

-
-

-
-

-
-

-
TO

R
Q

U
ER

TO
R

Q
U

E
PR

E-
AM

P
D,

RI
VE

R
M

O
TO

R

K 8
(&

+
1)(
~

+I)
1

1
Ie

K
'

2
1V

!
T

11
+I)

(lr+
d

8
T

K R
G

RA
TE

G
Y

R
O

8 R
8 c

(T
R

A
C

K
IN

G
)

I-
'

0
'

-.
0

8
4

2
Z

A
-V

A
-4

1

F
ig

u
re

6
2

.
G

e
n

e
ra

l
C

o
n

tr
o

l
L

o
o

p
B

lo
ck

D
ia

g
ra

m



approximately 0.005 seconds. Considering the rate gyro, a natural frequency

of 100 radians per second is a reasonable value. Twenty to thirty radians per

second are reasonable frequencies for an attitude sensor loop.

The block diagram. of figure 62 is representative of the control loop of both

the inner and outer gim.bals of the 2 DOF system. and also can be converted to

represent the 1 DOF system.. The block K* consists of gyro geom.etry con

sideration and the K
t

block includes the torquer dynam.ics and the torque

power am.plifier and has the units of foot pounds per volt.

Considering the outer gim.bal of the 2 DOF gyro, the K* factor has a value

of 2 since the vehicle control torque is supplied by the gim.bal torquer on each

gyro. From. the problem. statem.ent, the gyro actuators m.ust be able to supply

approximately 9.3 foot pounds of torque (based on maxim.um. vehicle accelera-

tion during the tracking maneuvers) at the
-6

seconds per second (2.4 x 10 rad/sec).

maxim.um. rate error of 0.5 arc

This is equivalent to 2. 4 x 10-
6 K

rg
volts at the input to the torquer power am.plifier.

Then
-6

2.4 x 10 K
t

K
rg

K* = 9.3 foot pounds

6
K K

t
= 1.94 x 10 foot pounds/rad/sec

rg

Sim.ilarily, a m.axim.um. rate com.mand «(J ) m.ust be generated from. an attitude
-5 c

error of 10 arc seconds (4.88 x 10 rad)

-5
4.88 x 10 K

O
= .00875 K

rg

K
~ = .0055 sec.
KO

Assum.ing the use of an inertial quality integrating rate gyro with a feed",:

back loop around it, a rate gyro gain of 100 volts per radian per second can

be attained.

170



Then
4= 1. 94 x 10 foot pound/volt

and
4 .

K
O

= 1.82 x 10 volts/radian.

Now, considering the acquisition maneuvers, the maneuver analysis has

shown that an effective time constant of 3.3 seconds is sufficient to provide

the desired response. From the block diagramof figure 62, the system

closed loop transfer function is

(J

(J
c

= I
v

KK*Kt 0

1

Inserting the values from above,

(J

o
c

1=---------------
2 x 10-4 S2 + .0055 S + 1

The system natural frequency is

W = 70.8 radians/ second
5

and the damping factor is:

t = .0055: 70.8 = . 19

This underdamped response is undesirable in terms of settling out after the

maneuver.

From figure 62, the open attitude loop transfer function is

8
8

c
=

K8/K
rg
I
v

KK*K
t rg

=s)
180
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·An approxi.m.ate Bode plot of the crossover region is plotted on figure 63

while a Bode plot of the operating region during the tracking m.aneuver is

shown on figure 64. Also shown on the figures is the Bode plot of the sys

tem. with one form. of com.pensation. This com.pensation was selected to re

duce the crossover frequency, increase the phase margin and thus, im.prove

the transient response without affecting the frequency response in the region

of the tracking maneuver operating point.

This system approach appears to offer the desired response in both

acquisition and tracking modes. No attempt was made to optinrlze the com

pensation since the presence of nonlinearities in the system, and particularly

the hysteresis of the torque motor, could affect the attitude accuracy as

vehicle acceleration goe s through zero in the tracking mode. Experience with

this type of problem indicates that the compensation frequencies are probably

well enough separated to provide a minimum disturbance during this period.

A rigorous investigation of the nonlinearity problems requires a rather co:m

plex sim.ulation program. that does not fall within the scope of this effort.

The recommended pitch axis system. mechanization is shown in figure 65.

As indicated on figure 61, the 2. DOF gyros' gimbal axes are mounted parallel

to the pitch (y) axis. As discussed previously, an inertial quality rate gyro

or an equally sensitive rate m.easuring device is required to measure vehicle

rates about tpe pitch axis.

Also shown on figure 65, is a :method of conunanding the acquisition,
maneuver. It is assumed that both the acquisition and tracking conunands

are generated by an onboard digital computer.

Because of the high precision required in both the attitude and rate

sensors, it is suggested that position signals could be obtained from an

inertial platform updated just prior to the maneuvers from star tracker or

ground data links. The digital computer could be mechanized to derive the

rate signals from the attitude data.

172



90 8
0

7
0
~ &&

I a::
eo

;
IS

O
I !

4
0

I c
5

0
::I »t

2
0

! 0
.

10 o

....
....

..
U

N
C

O
M

P
E

N
S

A
TE

D
S

Y
S

T
E

M
"

~
I

,
,
~
~
G
A
I
N

-.

"I
-4

"
~

II
"'

.....
..
~

")
'P

H
A

S
E

M
A

R
G

IN
"
"
//

)
~

C
O

M
P

E
N

S
A

TE
D

S
Y

S
TE

M
~

.....
.....

.. r--
-

~
:
P
H
A
S
E

M
A

R
G

IN

~
G
A
I
N
~

'"
~

"
-

~
.-.

..
-...

.....
.....
~
"
"
~ "",
,
~

,

~
-e

O

-4
0206
0

8
0

4
0

CD Q I
0

! c (I
I

-2
0

.... ..o
J
~

-8
0

.1
10

F
R

E
Q

-R
A

D
./S

E
C

.

10
0

6
4

2
2

A
-V

A
;'

4
7

F
ig

u
re

6
3

.
B

od
e

P
lo

t
o

f
S

y
st

e
m

C
ro

ss
o

v
e
r

R
eg

io
n



\

\ p

o109
0

5
080 7
0

204
0

~6
0

t
-
-

PH
A

SE
M

AR
G

IN
---.

.....
I'

--
U
N
C
O
M
P
E
N
S
A
T
E
D
~
~

C
O
M
P
E
N
S
A
T
E
D
~

--..
.....

r-..
....
~
.

~-
--
--
~ """"

"-
~
~

---.
.....

""
~

.
I I

O
PE

RA
TI

NG
FR

EQ
UE

NC
Y

(T
RA

CK
IN

G
M

O
DE

)

o8
0

206
0

4
0

-2
0

--.J oJ>
.

-4
0

-6
0

-8
0 .0

01
.0

1
.1

1.
0

64
22

A
-V

A
-4

8

F
ig

u
re

6
4

.
B

o
d

e
P

lo
t

o
f

S
y

st
e
m

O
p

e
ra

ti
n

g
R

eg
io

n
(T

ra
c
k

in
g

M
o

d
e)



--.J U
'l

gc
p

.
g

.
I

-
~
.
~

.
.

A

Kg
9
~

K T

K R
G

...
*

K

T
O -4
-.

1
9

V
~

1 T

9 r+

F
ig

u
re

6
5

.
P

it
c
h

A
x

is
B

lo
c
k

D
ia

g
ra

m

6
4

2
2

A
-V

A
-4

9



Considering the inner gim.bal or yaw control loop, the m.echanization of

the control loop will be sim.ilar to that of the pitch loop.· The m.ajor change

arises due to the fact that yaw torques and thus, the control loop gain are a

function of the cosine of the outer gim.bal angle. If gim.bal angles becom.e

large enough, the gain reduction m.ay require a pream.plifier gain which is

a function of the cosine of the outer gim.bal angle. This possibility could

not be analyzed since data on the yaw m.aneuver requirem.ents were not

available during the study.

A. 3.4.2 Single Degree of Freedom. Gyros

The 1 DOF - CMG system. is required to hold roll axis attitude error to

less than 10 arc seconds during the tracking m.aneuvers in the other -axis.

The only disturbance torques affecting the roll axis are those due to m.ove

m.ents of the hum.an occupants, and those due to rates of the inner gimbals

of the 2 DOF gyros.

The block diagram of.figure 66 shows an uncom.pensated twin 1 DOF gyro

system. The open attitude loop transfer function is

H cos a
=

(

ID

5 1 +-2-H-2"';:;"'O-s-2-
a

-

For this loop,

w = 6. 686 cos a
s

II )5 + _.--.;..v..gz..-_ 52
2 2

2H cos a

.07465 D
= cos a Ig where I = 0.50

g

neglecting cos a for the moment, the rate loop can be m.ade critically

damped by setting

D
Ig =

1
.07465 = 13.5 sec -1

176



~ -.
J

-.
J

o

'-
1

--
--

--
--

--
--

--
-'

,
I
-
-
-
t

H
co

s
a
·
~

84
22

A
-V

A
-1

O

F
ig

u
re

6
6

.
U

n
co

m
p

en
sa

te
d

O
n

e-
D

.O
.F

.
C

o
n

tr
o

l
S

y
st

e
m

B
lo

ck
D

ia
g

ra
m



A Bode plot for this system is shown in figure 67. Since it is desired to
K

O
haYe a bandpass comparable to that of the pitch and yaw axes, the gain, H'
was set to provide system crOSSover at approximately 10 radians. This

system is unstable and requires a K
O

of 110,000 foot pounds per radian. A

more desirable mechanization is shown as the compensated system on figure

67. The compensation in this case is

(6~68 +
Z

0 1)
::;

(3~ + 1) ZI

K ::; 5000 cos a.

Considering the response of this system to a constant (or slowly changing)

disturbance torque, the attitude torque response is

D Z CJ 5 +I)
ZHKO ~os ao

T
a

::;

S +
I D Z (I I )
v S + __'..:.-v--"g,-,-__

Z Z
ZHK

O
cos aZHK

O
cos a

The steady state value of. 0 for. a zero frequency disturbance torque is:

o

o

::;

::;

Z
ZHK

O
cos a

-6
1. 34 x lOTd rad

Z
cos a

Thus, for the attitude to exceed 10 arc seconds error from. reference

Z
= 36 cos a foot pounds
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The gyro gimbal angle is normally restricted to ±60 degrees travel giving

a maximum torque disturbance of 9.0 foot pounds allowable without exceeding

the attitude error specifications.

The compensated system meets all the requirements placed on it.· No rate

sensor is required for the system, and the attitude reference requirements

are similar to those of the other two axes.

Considering the de saturation requirements of the two systems, there is·

not enough data available to this study to fully evaluate the total momentum

requirements. Howe~r, since an attitude error, and thus, a gravity

gradient torque will exist during the attitude hold mode, it is recommended

that the 2 DOF gyros be reset just prior to the acquisition and maneuver

sequence.
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APPENDIX 4

ELECTROMAGNETIC ACTUATOR DESIGN

In this appendix, equations for coil weight, power and size are determined

for both air-core and iron-core coils. Most of the equations shown were de

rived in previous studies (see References 9 and 10).

A. 4. 1 INTRODUCTION

In judging efficiencies, some parameter must be chosen for comparative

purposes. For a long-lived satellite application the parameter chosen was

minimum total mass placed in orbit. Total mass is defined here as the mass

of the actuator plus the mass of the solar cell power supply required to pro

vide continuously the maximum power for which the actuator is designed. The

design of actuators for this contract assumed an oriented solar cell array

capable of delivering I watt for every 453 grams of power supply.

A. 4. 2 CRITERIA FOR AIR-CORED COIL OPTIMIZATION

To provide an objective criterion with which the performance of iron

cored solenoids can be compared, the design of air-cored coils was optimized

with respe.ct to minimum total mass. In this derivation it is assumed that the

shape of the satellite is approximately cylindrical, that the coil can be wound

about the outer periphery of the satellite, and that the coil will have a square

cross section, the dim.ensions of which are very small compared to the di

ameter. The last assumption introduces second order errors which, for di-
-4

ameters greater than 1 meter and torques less than 5 x 10 newton-meter,

should not exceed 10 percent of the calculated power and mass.

The following symbols are defined for use in this derivation:

T = torque

N == number of turns

A = area included by coil
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( 1)

B = terrestrial field
t
1 = coil current

D = coil diameter

p = power to coil

P = resistivity of wire material

a = cross section area of conductor

k = mass -to-power ratio of power supply

M = mass of the wire
w

M = mass of power supply
ps
M = total mass of system

t
R = d-c resistance of coil

gw = density of wire material

(mks units are us ed throughout)

Assuming that the terrestrial field is directed orthogonally to the normal

to the plane of the coil, the resulting torque can be expressed as:

T = N1AB
t

For a cylindrical satellite, with 3 octagonal coils wrapped around the

spacecraft as shown in figure 32 the roll-axis coil is circular, with area
2

A = 1I"D /4, while the pitch and yaw axis coils are rectangular, with area

rD
2

where r is the length/diameter ratio of the spacecraft.

Considering the circular roll axis coil first, equation 1 may be written:
n2

T = 11" N1 B - (2)
t 4

The resistance of the coil may be approximated by:

R = 11" ND.E
a

and the power then is:

1
2

p = 11" NDp-
a

Hence the mass of the power supply is:

1
2

M = k1l" NDp-
ps a
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The mass of the wire in the coil is nearly:

M = wNDag
w w

and the total system mas s (M + M ):, ps w
2

M = k wND P I + w ND a gw
t a

By rearranging equation 2, an expression for N may be obtained:

4T

N =wIB D 2
t

Substituting equation 4 into equation 3:

To minimize the total mass with respect to current, equation 5 can be

differentiated with respect to I, the result set equal to zero, the value

of I for minimum mass obtained, and this value substituted into equation

5 to obtain minimum total mass. When these operations are performed:

(3)

(4)

(5)

a

g 1
I = (~) 2

kp

1
(k p g ) 2

w
(6)

(7)

power consumption:

p = 4T gwp 1
(-k) 2B

t
D

(8)

power consumption per unit torque:

p =
T

(9)
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and total mass per unit torque:

= 8
1
2

(k p g )
w

(10)

By going through the same type of derivation for A= r n 2
, the following

equations are derived for the rectangular coils normal to the pitch and yaw

axes.
.

Total mass:

M = 4 ( r + 1) (1.. )
t r D

(1 da)

Coil current:

I=W
p

(lOb)

Power consumed:

P = 2 (r + 1) (....!.) (1.)
r B

t
D

g P 1/2
~)

k
(1 Oc)

Numbe r of turns:

(lOd)

given in equations 2 through 10d will introduce

T
N = 2

IrD B
t

While the approximations

errors, they were derived primarily to serve as a basis of comparison for the

iron-cored solenoids. A more rigorous, complicated approach would give

answers which would tend to be more favorable to the iron- cored solenoids.

184



A. 4.3 OPTIMIZED DESIGN OF IRON-CORED ACTUATORS

In addition to symbols defined previously, the following symbols are used:

M ::: magnetization per unit volume

V. ::: volume of iron
1

B ::: induction or flux density

T
b

::: torque produced by iron

T. ::: maximum torque
1

T ::: torque produced by windings
c

H ::: effective magnetic field intensity

H ::: applied magnetic field intensity
a

tJo
::: permeability of freespace

tJ· ::: intrinsic permeability
1

tJ r
::: relative permeability

A ::: mean area of coilc
A. 4.4 DERIVATION OF SOMEWHAT IDEALIZED EQUATIONS

The torque produced by the iron bar can be expressed vectorially as:

(11 )

As with the air-cored coils of the preceding section, it will be assumed that

the terrestrial field is directed orthogonally to the magnetization vector and

the maximum torque can then be written.
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T. = MV. B
1 1 t

(IZ)

Since the magnetization of a core is a difficult parameter with which to deal,

a more familiar parameter B will be introduced which is related to M by:

M =.!!. -H
fJ.o

Substituting this in equation lZ:

B
T. = (_. - H) V. B (13)

1 fJ. 1 t
o

Recognizing that B = '1 Hand '1 = fJ.
o

fJ.
r

' equation 13 can be written:

T. = (fJ. - 1) H V. B
t

(14)
1 r 1

Because of the demagnetizing effects associated with the geometry of the

cylindrical cores to be used, the field H generated by the solenoidal winding
a

is not equal to the field H which determines the induction state of the material.

As a result of the demagnetizing effects, the effective field is related to the

applied field by the expression:

H=H
a

(I5)

h L. hd .. fwere 4'IT 1S t e emagnetlz1ng actor.

Upon appropriate substitution (B

equation 15 can be written:

= fJ..H) and after further manipulation,
1

H =
H

a

1+(fJ.·-1)~
r 4'IT

(l6)

Since B = fJ. fJ. H when H is at some maximum, equation 16 can be
m 0 r

written (recognizing that fJ. »1):
r

H
a

B
m=-- (1- L)

II + 4'IT
""r
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Combining equations 14, 16, and 17:

or

B B V
T = m t i

i p
o

For some design calculations equation 18a is written in terms of the bar

dimensions

1
fA p T. .,o 1 c.

m = 2. (.,. 1. B B)
m t

where the dimensions are defined in figure 68.

(18)

( 18a)

(18b)

h

---------------~-~-

m
-------- ------11--......-

95258AY-IB-VA27

Figure 68. Dimensions of Core-Coil Combination
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In addition to the torque produced by the iron, there is a torque produced

independently by the current flowing in the solenoidal winding. This torque

T can be expressed as
c

T =NI A B
c c t

(19)

Because the magnetic field intensity applied to the iron core is produced

by the current in the windings, and is related to it by H R. = NI, equation
a

19 can be written in terms of H :
a

T = H tAB
c act (20)

The total torque T
t

produced by the system is the sum of T c and T
i

and is

written

It is

T
t

=Ha Bt [-:~i_-+fAc]

where the notation Z = (...!-. + L
4

) has been introduced for brevity.
IJ.r 11"

more convenient, for design calculations, to write equation 21 in terms

(21)

of physical dimensions of the actuator and magnetic properties of the core

used. The meaning of the dimensional symbols is given in figure 68. In

rewriting equation 21 it is assumed that:

a. The length of the winding is equal to the length of the core.

b. The mean winding area effective in producing the torque due to the
2 2

coil is expressed as A = 11" (m + 2 mh + 2h )/4
c

c. The core volume is expressed as Vi =1I"m
2

R./4

Substituting equation 17 and the dimensional relationships into equation 21

the expression for total torque becomes:

1I"Bm Bl {2 2 }
T t = 41J. .m + [m + 2h (m + h)] Z

o

188
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As a convenience in further mathematical manipulations, a new variable will

be defined as the ratio of the volume of the winding to the volume of the iron:

4h (m + h)
'iF = 2

m

Equation 23 is needed, for design purposes, in the form:

h = ~ [('iF + 1) i-I ]

Expres sing equation 22 in terms of the new variable:

(23)

(23a)

T
t

1rB B 2 n
m tm x..

4f.lo
[l+(l+i')Z] (24)

Expressions for power and mass will now be derived. Additional quantities

will be defined as:

P = power

= mass of x

d = diameter of insulated wire

d 1 = diameter of bare wire

s = area space factor of winding

p = resistivity of wire material

g. = density of core material
1

g = density of bare wire
w

It was originally assumed that the mass of the wire insulation would be

negligible with respect to the mass of the conductor material and g was de-
w

fined accordingly. Subsequently, it was found that the error introduced by

this simplifying assumption is a function of wire size and a more accurate

expression can be obtained if the value used for g is increased to the density
w .

of the insulated wire. Since handbook values of the density of insulated wires

are not obtainable, it was decided to accept a nominal error and derive the

expressions in terms of values which are available to a designer. An
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additional assurnption :made in these derivations is that no interlayerinsula

tion is used in constructing the windings.

A cross section of turns wound to achieve a maximum space factor for

round wire is illustrated in figure 69. It can be shown that the number of

turns which can be wound in this manner is:
1 1- -

N = (s2!.) (s2 h )
d d' 11"

Sln "3

2
= 1. 151 h sid (25)

The current can be expressed as a function of the magnetic field intensity

it produces, I = H liN and by substitutillg equations 21 and 25 into this
a :

(
expression:

0.866 d
2

B
I = m

1J. h s
o

z (26)

b= d SIN 60 OEG

95258AY-IB -VA28

Figure 69. Cross-Section of Winding
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The resistance of the coil can be expressed in terms of the wire parameters.

The wire length 1. can be found from the mean length of turn, 1r (m + h), and
/ w

the number of turns, equation 25:

1. =w
1. 15 d s h (m + h)

d
2

(27)

2
The conductor area is given by 1r d

l
/4 and the resistance can be found from

the expression:

R = pI. /A
w w

2= 4.60 pis h (m + h)/(d
l

d) (28)

The voltage V appearing across the actuator terminals when nominal current

I is flowing can be expressed as the product of equations 26 and 28;

V =
4 p1.(m + h) B Z

m
(29)

The power dissipated is the product of equations 26 and 29:

p =
2

3. 464 pi (m + h) BInd 2
. 2 (d)

IJ. h s 1
o

2
Z

(30)

Or, expressing P in terms of the variable 'li, equation 30 becomes:

P =
3.464 pI. B

m

2

(31 )

The mass of the actuator M can be expressed as the sum of the products
a

of the volume and density of each material used. The wire volume is A
2 w w

and the volume of the iron is 1r m 1. /4. Multiplying by the densities and

summing

M
a
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Introducing the variable "(i again and using a modified form of equation 17,

equation 32 can be writteh:

M
a

T.,.,.
1 0

B B
~ t

[ g. + O. 28811" g S
1 , W (33)

It has been stated earlier that the proper criterion to be used in comparing

actuators is the total mass of the system which includes the power supply.

If it is aSl:!um.ed tpat the power supply can be characterized by a mass to

power ratio expressed -as a constant k, in kilograms per watt, then the tbtal

system mass is the sum of the actuator mass and the product of k and the

maximu,m. power required by the actuator:

M=M+kP
t a

Making the appropriate substitutions, equation 34 can be written

.(34)

M =
t

T.,.,.
1 0

B B
m t

(35)

It is seen that equation 35 expresses the total mass as a function of the

torque due to the iron alone. As will be discussed later, this form of the

total mass expression is the easiest to use for design purposes but for com

pleteness, the total mass in terms of total torque will be given.
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M =t

3.464k ptB 2
m

2
" s.
"'0

(36)

Since it can be shown that, to a first approximation, the power required to

produce a given magnetic field intensity is independent of wire size, it will be

recognized that the variable which determines the mass of the power supply

as well as the mass of the coil is the coil volume. As coil volume is in

creased (for a fixed magnetic field intensity), the power supply mass de

creases and the coil mass, hence the actuator mass, increases. A coil

volume must exist, then, which will optimize the actuator design with respect

to minimum total mass of the system. Because, for a given magnetic ma

terial, the mass of the core is proportional to core volume and since, in

almost all cases, the total torque is almost independent of coil volume and is

dependent only on core volume, the ratio" will, for a given tJrque, vary

directly with coil volume. Therefore, if equation 35 is differentiated with

respect to .. to obtain a minimum total m.ass, only second-order errors are

introducedcom.pared to the m.ore rigorous but much more complicated pro-
-
cedure of differentiating equation 36 with respect to coil volume. Differ-

entiating equation 35 with respect to .., equating the result to zero, and

solving for" yields:

L
2

~~J O. 0832 1r IJ.
3 2

4 T.+ (1 + gw s d
0 (2)=

z2
1

1
kpB B 3! d

2 2 (37)
'IT (1+ +)

t m
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The expression on the left-hand side of equation 37 is defined as f ('if!) and

cannot be solved explicitly for \II. However, it yields readily to numerical

analysis and a curve of \II as a function of f(\II) over the range of interest is

given in figure 70. The value of 'if! obtained can be substituted into equation

36 and the minimum total mass capable of producing the desired torque in

the desired length is obtained.

A. 4. 4. I Empirical Corrections to Idealized Conditions

In deriving many of the expressions in paragraph A. 4. 2, it was assumed

that the flux density within the iron was uniform along the length of the bar.

The actual distribution is indicated in figure 71. In this figure the ratio

e /e is plotted as a function of distance along the bar for a typical core.
om.

The maximum voltage e induced in a single-turn sense coil wrapped close
m

to the windings is equal to (1T m
2
/4)dB /dt and is observed at the midpoint

m
of the bar. As the sense coil is moved toward an end of the bar, the voltage

observed decreases as shown in figure 71. Since the other parameters

10.8

'DO

1.2t

0.....1--------+1--------+-1--------+1----------1
0.01 0.1 I 2· 10

[
1/2 ] I 2· 1/2

Fttl' 1+('+;,) I'" (I+;d

2.4

3.6

4.8

7.2

8.4

9.6

6.0

95258AY-18.-\J829

Figure 70. 'if! Versus f ('if!)
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Figure 71. Flux Distribution in Bar as a Function
of Distance From End

2
included in the expression for e , ('IT m 14) dBldt, remain relatively con

o
stant, the decrease in e must be attributedto a decrease in B as the sense

o
coil is moved farther from the midpoint of the bar. The voltage is observed

by applying a low frequency current to the actuator windings and observing

the voltage in a one-turn sense coil.

While the distribution shown in figure 71 is typical of all bars, the exact

shape of the curve is a function of lim ratio. The change of the average flux

density in the bar as I. 1m changes is shown in figure 72. Because bars with

a small I./m have a greater buildup than bars with a greater tim for the

same nominal torque, the results shown in figure 72 are not to be accepted

blindly. All of the factors affecting flux distribution along the length of the

bar should be investigated more fully before an accurate correction can be

made for this phenomenon.

195



ID

Ene
!
E

~

>m-D E
• 0.6

...c -
ft

V

- 0

0.2

o
o 20 40 4iO .80 100

952S8AY-IB-VA3I

Figure 72. Average Flux Density in Bar Versus
Core Length-Diameter. Ratio

The correction now applied consists of a numerical integration of the area

under the curve (of which figure 72 is a typical example) and then obtaining

an average flux density. The ratio of average flux density to idealized flux

density is designated as a. The desired torque is divided by this figure and

the actuator optimized with respect to the larger. fictitious torque. Equation

24 becomes:

2
'II" B B m l

m t /T t = -----
4IL
--'o-- [a + (l + Y 2)
o

Z] (38)
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and equation 36 becomes:

[
d 2 J

#.L T g. + O. 288 1fg s ( d
1

) ~
o t 1 W

M =
t B m B t [a + (1 + -+/2) (IL I + ~)J

r

3. 464k fB 2
+ m

2
#.Lo s

(39)

m =

Other equations also need correction.

1
IL T. 2

2 ( 0 1 )
rl.a B B

m t

Equation 18a should be:

a B B
t

V.
T = m 1

i P-o

Equation Z1 becomes:

[
a V. J

T t = Ha B t Z
1

+ I. Ac

Equation 22 should be:

Equation 18b should be:

(40)

(41)

(42)

T =t

rB Bl
m t
4IL

o

Z Z{a m + [m + 2h(m + h)] Z }
(43)

Equation 33 becomes:
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Equation 35 should be:

(45)

2

f(~) = [I + (I + ~)tJ
1

l/J2 (1 + l/J)2

=

3 2
0.0832 11' 1J. g S

o w

a k P B B 3 £ Z2
t m

d 4

( _1) T
d i

(46)

s =
gi =

B =m

A. 4. 5 SAMPLE ACTUATOR DESIGN

To clarify the use of the equations derived in the preceding paragraphs,

typical design parameters will be assumed and an optimum actuator designed

to these parameters. Let it be assumed that a maximum torque of 7.9 x 10- 5

newton-meter (790 dyne-em) is required from an actuator riot to exceed one

half meter in length. This torque shall be developed in a terrestrial field of

1. 56 x 10-6 tesla (0.0156 gauss). The power source is assumed to produce

1 watt for every 0.388 kilograms of mass.

The preferred core material at this time is annealed 50 percent Ni-50

percent Fe and the preferred wire material is aluminum. A reasonable wire

size will be assumed as #24AWG. The following material constants are thus

established.

p = 2.83 x 10- 8 ohm-m (wire resistivity)

d = 5.56 x 10-4 m (insulated wire diameter)

dl = 5.11 x 10-4 m (uninsulated wire diameter)

0.845 (winding space factor)

8.2 x 103 kg/m3 (density of core material)

1 tesla (core saturation flux density)
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IJ. = 104 (relative permeability of core)
r

g / = 2.67 x 10
3

kg/m
3

(density of bare wire)
w

The first step is to as'sume for the moment that all the torque will be pro

duced by the iron. Making the appropriate numerical substitutions into

equation 40

- ~ -7 -5 ,112m = 2 ( 4'IT X 10 x 7.9 x 10 = 0.0143 meter
-6

'IT x O. S x O. 79 x 1 x 1. 56 x 10

Using this value of m.

n I 0.5 = 3S-
~ m = 0.0143

From figure 73 the demagnetizing factor L/4'IT is found for this value of £. 1m
-3to be 2.22 x 10 • If the proper numerical substitutions are made in equa-

tion 46

4
_7 3 3 2 (S.l1) -5

_0_._08_3_2_'lT....<....4_'lT_x_1_0---<)__2 _.6~7~x_l.....;0_(~0.....;. ...;.8.....;4.;;..5),----,,-5.;;..'5.;...6~......;.7...;;.' ~9~x;;...·.;;;.,1.;;..0__f(lfi) = - - - -
-8 -6 1 3 2

0.79xO.388x2.83xl0 x1.S6xl0 xlxO,S(4+2.22x10-)
10

= 1. 524

Entering the graph of figure 70 at this value of f < lfi). lfi is found to be 1. 67.

It is now necessary to calculate the total torque from equation 38 to

ensure that the original as sumption that the torque produced by the coil is

negligible. Making the required substitutions

-6· 2= 'IT X 1 x 1. 56 x 10 <O. 0143) O. 5
T t -7

4 x 4'IT X 10

[0. 79 + (1 + 1. 67 12) (~ + 2. 22 x 10 -
3 )1

10 'J
-5 -.

= 7. 9 x 10 newton-meter
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Figure 73. Demagnetizing Factor as a Function of I. 1m
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• Had the value of total torque been higher than the desired value, it would

have shown that the torque produced by the coil was appreciable. This us

ually happens for low RIm ratios. When this happens, it is necessary to

decrease the torque assumed to be produced by the iron by an appropriate

amount, solve again for m, L/41r, and lfJ, and recheck. This process must

be iterated until the total torque calculated agrees with the specified torque.

This is a rapidly converging technique, and it has never been necessary to

make more than thr~e trials.

With the foregoing constants determined, equation 23a can be solved

h = 0.0143
2

[
1/2 .1 -3

(1. 67 + 1) -lj = 4. 51 x 10 meter

The rest of the calculations are indicated below in proper order and refer

ence made to the appropriate equation without conunent.

From equation 25

-3 -42
N = 1.15 (0.5) 4.51 x 10 x 0.845/(5.56 x 10 )

= 7090 turns

From equation 26

I =
-42

0.866 (5.56 x 10 ) xII -3
7 3 (4 + 2. 22 x 10 )

41rx10- x4.5lxlO- xO.845 10

= 0.130 ampere

From equation 28

-8 -3 -3
R = 4.60x2.83xl0 xO.5xO.845x4.51xl0 (0.0143+4.51x10 )

. -4 -4 2
(5. 11 x lOx 5. 56 x 10 )

.- 57.6 ohms

From P = r2R

p = (0.130)2 57.6 _. 0.975 watt

-I
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1. (-
10

4

From equation 45

-5 -7
M = 7. 9 x lOx 411" x 10

t -6
0.79 x 1 x 1. 56 x 10

r, 3 3 S.11 2 ]
• l8.2 x 10 + 0.28811" x 2.67 x 10 x 0.84S(S.S6) 1.67

-8+ 3.464xO.388x2.83xlO xO.Sxl (S.56)2

(411" x 10-7 )2 0.845 5.11

+ 2.22 x 10-3 ) [1 + (1 + 1.67)1/~2
1. 67

= 1. 267 kilograms

Thus, for the parameters specified, the total actuator system mass is 1.267

kilograms. This figure can be broken down into actuator mass and power

supply mass. These figures are

M = 0.887
a

M = 0.38
ps
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