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INTRODUCTION 

To accurately position the Apollo Guidance System gimbals during 
prelaunch and in flight the gyros are  electrically torqued. Gyro torquing 
is  also performed to compensate for the in flight gyro drift terms. 
Torquing is commanded by the guidance computer as a pulse train of 
equal pulse width spacing. This method quantizes gimbal command angles; 
a single pulse to a gyro commands a 0.6 second of arc  gimbal displacement. 

W e  will discuss the methods used to perform this command torquing 
in the Apollo Guidance and Navigation System, the Apollo Gyroscope, the 
gyro torque generator, and some of the sources of error that this method 
of torquing can obtain. 

THE GYROSCOPE 

The gyro used in this system is a single degree of freedom 
integrating gyro (See Figure 1). A synchronous hysteresis motor running 

at 24,000 rpm supplies the gyro angular momentum. 

The motor is hermetically sealed into a spherical chamber. This 
chamber is surrounded by high density Brominated Fluorocarbon. The 
gyro unit is temperature controlled to  1350F to maintain the spherical 

float in approximately neutral buoyancy. 

At each end of the float is an electromagnetic suspension. The 
suspension 'minimizes the relative motion, both axial and radial, between 

the float and the case when the gyro case is accelerated. 

On one end of the gyro float is a signal generator. Its output is a 
3200 cps voltage whose magnitude is proportional to the angular 

displacement of the float about the output axis. 

On the other end of the float is atorque generator. With a current 
input, a torque is developed on the float about the gyro output axis. 
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SYSTEM DESCRIPTION 

The input axes of three gyros are aligned along the three gimbal 
axes of the Apollo Inertial Measurement Unit. The signal generator 
signals control the gimbal drive motors. This loop rotates the gyro 
cases about their input axes to maintain the gyro floats at null due to 
spacecraft angular rates or torques on the gyro float. Gyro torques may 
be caused by a non coincidence of the center of gravity and center of 
buoyancy of the float causing an acceleration sensitive torque, gravity 
insensitive (bias) torque, or torques created by current inputs to the 
torque generator. Without these torque inputs the gimbal system will 
remain fixed in inertial space regardless of spacecréft motion. 

With the gyro output axis maintained at null by the gimbal stabilizing 
loop (Figure 2) the gyro equation can be written as: 

M = A  x H  (1) 0A IA 

Where  

MO A = the torque on the gyro float about the output axis (dyne- cm) 

AI A the angular velocity of the gyro case about its input axis 
with respect to inertial space (radians/sec) 

H the gyro angular momentum (gm-cmz/ sec) 

Integrating both sides of equation (1) obtains: 

1 Amp}? S M O A d t  . . (2)  

This equation shows the basic operation of the gyro loop. The angular 
drift of the gimbal about the gyro input axis will be proportional to the 
integral of the torcjue on the gyro float. 
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In the Apollo Guidance and Navigation System, the Guidance 

Computer determines the quantity of angular command required for the 

three gimbal axes. DC current, accurately controlled in magnitude and 

duration, is applied to the torque generator, to produce a precisely known 

torque-time integral, and through the gyro and loop dynamics (See 

Equation 2), a precisely known quantity of gimbal angular rotation. 

THE TORQUE GENERATOR 

An elementary, eight pole, bidirectional torque generator is shown 

schematically in Figure 3. Alternate poles are  designated as plus and 

minus. (Energizing the "plus" or "minus" poles produces positive or 
negative torque, respectively.) The rotor is a four pole device, each pole 

covering half of two stator poles. There is one winding on each of the 

eight stator poles; all windings on the plus poles (1, 3, 5, 7) or on the 

minus poles (2 ,  4, 6, 8 )  are  excited simultaneously. Note that windings 

on alternate plus or minus are  wound opposite ( i .e .  1 and 5 are  north, 3 

and 7 south poles). 

The stator core and rotor a r e  constructed from stacked laminations 

of ferromagnetic material. Actual dimensions of the Apollo torquer are 

also given in Figure 3. 

Note also, that the torque generator is the outer half of a ducosyn, 

the inner half being the gyro float magnetic suspension (radial and axial). 

(These circuits are magnetically isolated by a beryllium ring dividing the 

rotor). 

THEORY OF OPERATION 

When DC current is supplied to one set of windings (either "plus" 

or  "minus") flux is generated in the corresponding set of air gaps. The 

arrangement of the rotor poles and slots results i n a  gap energy gradient 

with rotor position, and torque is produced on the rotor. 

11 
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The general equations for  magnetic torque are  developed as follows: 

Wfld = 1/2 F¢(6) .—_ 1/2¢2(9)R(6) (3) 

~ 2 
MOA dWfld/de  = _- 1 /2q5 (9 )dR(9) /d9  (4) 

Where:  

Wfld = field energy 

F = mmf  

d) = flux 

6 = angular displacement of rotor 

R = reluctance 

The torque, MO A’ is proportional to the square of the flux, ¢ . Since 
flux-mmf characteristics of air gaps are essentially linear, the flux is 

directly proportional to  the winding current, I, and the number of terms, 

N: 

05(0) = F/R(9) = NI/R(9) (5) 

and 

M ~ [NZIZ/R2(6)] dR/d6 (6) 
0A (TG) 

The torque is translated into float motion about the gyro output axis, 

' an error signal is generated by the signal generator, which thrbugh a 

high gain servo loop, drives the stable platform about the gyro input axis. 

Motion about the gyro input axis produces an opposite torque about the 

gyro output axis, driving the float back to null. 

From equation (1) we find the torque produced through the gyro 

dynamics is: 

~HA MOA (G D) IA 

13 
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Balancing the torque requires that: 

MOA (GD) = MOA(TG) (8) 

therefore,  

’ N2 1 dB 2 AIA ~ __ . __ o _ _  . I ( 9 )  
H R2 d B  

and 

A ~ 3 3 . 1 . 2 1 :  2 
I A H  

I dt (10) 
2 d 9  

The angular velocity, A1 A’ and net angular motion, AI A’ of the 
platform are  related to the torquer parameters by equations (9)  and (10) .  

Since the purpose of torquing the gyro is to accurately position the 
platform, it is necessary to precisely control the terms on the right-hand 
side of the equation (10). The terms N and H are built into the gyro and 
a r e  invariant. The control of (Izdt), which is the heart of digital torquing 
technique, will be discussed in a following section. 

Except for  a few special effects, which will also be dealt with later, 
the remainder of the problem can be lumped into controlling the reluctance 
dependent term, (dR/d6)/  R2 

RELUCTANCE DEPENDENT TORQUE VARIATIONS 

Absolute control of the reluctance, beyond the limits of the 
mechanical tolerances involved is not attempted, since minor differences 
in sensitivity f rom torquer to torquer and from plus to minus torquing can 
b e  removed by adjusting the current input for  each particular set of 
windings. 

14 



It is necessary, however, to assure that variation of the reluctance 
dependent term is minimal. 

The gap reluctance is related to the torquer geometry as follows: 

R‘(9) = pg (g + d) /b  (11) 
(2g + d)a /2  + (r6)d 

Where  

,4 = permeability of gap fluid 
g = gap length 
d = slot depth 

b = stator pole depth 

a = stator pole width 

r = radius of air gap 

This equation is of the form: 

3(9) = A/_(B + (:9) (12) 

therefore 

dR(6)/d9 = -AC/(B + ca)2 (13) 

and 

dR(9) , 1 = - C . , (14) 
“‘9 R2 (6) A 

MOA~ C/A ~ .31. (15) 
g@+d)  
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The torque, MOA’ then is a function only of gap length, g, slot depth, d, 
pole depth, b, gap radius, r ,  and permeability. 

Theoretically, the torque is independent of rotor displacement, 9 ,  
and no elastic restraint will be observed. In actuality, however, there is 
an  elastic restraint on the order  of 300 ppm (.0370) per  milliradian of 
rotor motion. It is suspected that changes in fringing fields, irregularities 
in pole and rotor surfaces (such as ellipticity of the rotor), and variations 
in gap length with rotation (see  following paragraphs) a r e  major  
contributors. Since the servo 100p holds the rotor null to  much better 
than a milliradian under normal conditions, this effect becomes negligible. 

The only f irs t  order  geometrical variable in the torque equation, 
then, is  the gap length, g; the terms b, d, and r a re  mechanical 
character is t ics  of the rotor and stator.  

When the torque generator is  energized, it produces a radial force 
on the rotor which acts a s  a negative spring constant (the displacing force  
increased with radial displacement). This force is proportional to the 
square of the torquer current,  I, and to the displacement of the rotor f rom 
center.  It opposes the radial restoring force generated by the magnetic 
suspension. If the suspension stator and torquer stator are  not exactly 
concentric, there will be radial motion of the rotor and a subsequent 
change in gap lengths when current is applied to the torquer. The amount 
of change is dependentppon the average current supplied to the torquer 
and the magnitude of the misalignment of the centers. This effect, i1- 
lustrated in Figure 4, is called radial side-loading. 

This simplified analysis shows that side-loading produces a second 
order  nonlinearity in the torque equation by making the gap length a 
function of current. It can be controlled by maintaining a tight 
concentricity between torquer and suspension, and avery high suspension 
stiffness and since precision torquing is required only for  small average 
currents, by calibrating the torquers at low level average current, where 
there is little side-loading. 
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For the Apollo torquer, a loop-inch radial centering error (1% of 
the  gap length) has been found to produce torque e r rors  of less than 1000 
ppm (0.1%) even with full current applied. 

Note also that radial centering errors  may contribute to the 
observed elastic restraint. If the rotor and stator a re  not concentric, the 
average gap length, g, will not be constant under a given pole, but will 
vary with angular displacement, 9; the torque equation will no longer be 
independent of 6. 

Axial side loading also prevents somewhat of a problem under 
certain conditions. If the rotor and stator are  not axially aligned, there 
will be a tendency to align when current is applied to the torquer. This 
aligning force, again, opposes the force provided by the axial suspension. 
A s  the realigning takes place, the effective gap is changing, and a 
subsequent change in torque output is observed. The amount of overall 
axial displacement is proportional to  the torquer average current, 
providing another source of torque nonlinearity with current. 

This effect is reduced to insignificance in the Apollo gyro by making 
the rotor poles wider (axially) than the stator poles. The only aligning 
fo rce  (or  axial sideloading force)  then is provided by fringing fields and 
very little net motion is observed. In any case, the torquer gap remains 
constant, except for  grossly misaligned units. 

RESIDUAL TORQUES 

Non-linearities in the stator core and rotor iron cause a residual 
flux when the current is turned off. The paths of this flux, of course, 
depend on the previous state of the torquer (i.e. whether torquing plus or 
minus). The residual torque difference between post-plus and post-minus 
torquing is small, about .01% of the torque applied when excited; this, 
however, is enough to significantly affect the gyro's bias drift. (Bias 
drift is the gravity-independent drift term). Since bias drift is the most 
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critical performance characteristic of the gyro for  the Apollo 
environment, it is very undesirable to have it seriously affected by the 
torquing history of the gyro. 

Several techniques have been used to reduce or eliminate the 
residual problem. The most practical involves introducing AC flux into 
the torquer which, while completely decoupled from the DC torquing 
windings, wipes the entire stator and rotor maintaining a constant residual 
regardless of torquing history. One method of accomplishing this is 
pictured schematically in Figure 5. To be effective, the AC flux must 
cover all the iron, must be several times the magnitude of expected 
residuals, and the windings must be wound such that no net voltage is 
induced in the torquing coils. This method, in general, reduces residual 
torque by a factor of ten. 

OTHER EFFECTS 

The preceding discussion has assumed that the reluctance of the 
stator and rotor iron is invariant or negligible when torquing; however, 
iron flux-mmf characteristics are  very non-linear and poor mechanical 
design or  choice of materials can result in a significant degradation of 

repeatability. With improved design techniques and the superposition of 

AC flux in all the poles, this problem has been all but eliminated from 

the Apollo torque generator. 

Internal temperature variation also affects the flux-mmf 

characteristics of the torquer. Torque output has been found to change 
by 100 to 300 ppm per degree Fahrenheit. It is suspected that the 

temperature sensitivity is due to magnetostriction effects caused by 
s t resses  on the stator core which result from expansion and shrinkage 

with temperature of the potting compound encasing the torquer stator. 

Gyro internal temperature, however, is controlled to within 10F in the 
Apollo system, reducing this effect to a minor consideration. 
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TORQUER C U R R E N T  CONTROL 

A s  shown in the preceding section, the torque about the gyro output 

axis can be given by 

2 M s 1 (16) 0A (TG) = TG 

and 

s _ . TG 2 A“ _ __H S I dt (17) 

where STG is the torque generator’sensitivity and is equal to: 

E . . i f i  
R2 d 0  

Therefore, the commanded angle of the gimbal system (AIA) about the 
gyro input axis is proportional to the area under the square of the current- 
t ime curve. 

From equation ( 1 7 )  it is apparent that an accurate control of gimbal 

command angle requires accurate control of both torquer current and 

torquing time. 

CIRCUIT DESCRIPTION 

One of the methods used to command torque the three gyros in our 

gimbal system is to have one set of torquing electronics shared by the 

three gyros. 

. This set of torquing electronics consists of Calibration Module, 

Binary Current Switch, a DC Amplifier, and Precision Voltage Reference. 

A block diagram‘of these components is shown in Figure 6. 
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The Guidance Computer selects the gimbal axis and direction to be 
commanded. A string of pulses f rom the Guidance Computer to the 

Calibration Module connects the required gyro torque generator to the 
torquing electronics. 

A set pulse from the computer turns on the Binary Current Switch 
and allows current to  flow. A reset pulse to  the Switch terminated the 

current flow. 

The spacing between the set and reset pulses are  312.5N 

microseconds when N is the integer number of command pulses. With N 
equal to one, the gimbal angle commanded is 0 .6  seconds of arc. 

When the Guidance Computer turns off its select pulses, the torque 

generator winding is disconnected from the Calibration Module and the 
computer is available for  other commands. 

The DC Amplifier and Precision Voltage Reference are used to 
obtain an accurate and stable level of torque generator current. When 

'select pulses have been sent by the computer, the Calibration Module is 

connected to the required torque generator Winding as shown in Figure 7. 

The resistor in series with the torque generator and the parallel resistor‘ 
capacitor circuit form parallel branches which have equal time constants 

(ii = RC ). In this way the load on the Binary Current Switch is resistive, 

in order to guarantee DC Amplifier stability. In addition, switching 

transients are practically eliminated. 

The difference between the voltage across the scale factor resistor 

(SFR) and the six volt Precision Voltage Reference is amplified by the 
DC Amplifier to control the current flow of the Binary Current Switch. 

The Precision Voltage Reference (PVR) is a cascaded zener diode 

voltage source. Voltage deviation of less than 10 ppm/ year is obtained 

f rom this PVR. The scale factor resistor is a 100 ppm accuracy resistor 
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with a stability of better than 3 ppm/ year. These components and the 
high gain of the DC Amplifier (200,000) insures a torque generator current 
change of less than 20 ppm/year  and a current accuracy of about 100 

ppm. 

So that gyros in any gimbal axis or system will command the same 
angle, the torque generator windings a re  normalized during component 

acceptance testing. This consists of installing resistors on the gyro end 
caps to shunt the torquer windings. The resistors are  selected to give 

within 1000 ppm of the same command angle rate for all gyro units. 

SCALE FACTOR CHANGE WITH PULSE BURST LENGTH 

The inductance of the torque generator causes a command scale 
factor  er ror  that varies with the length of commanded angle. 

With a square wave input from the current switch, the current flow 
through the torque generator winding will be as shown in Figure 8. 
Equation (17)  showed that the commanded gimbal angle is proportional 

to  the area under the square of the current time curve. 

The current rise time associated with the torquer inductance results 
in a smaller area under a single current-squared pulse than the area under 
the middle pulse of a long string. 

The commanded gimbal angle (AIA) for the command time (T) 

much less than the torque generator time constant ( T )  will become: 

S 
AIA = — I ° (T - 'T) (18) 

The scale factor for  a single pulse in our system is approximately 

80% of the scale factor per pulse of an infinite string of pulses. 
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The two techniques used to minimize this problem are: 

a )  

b) 

SUMMARY 

torquing the positive and negative torque generator windings 

at periodic intervals with equal quantities of pulses. The net 
torque for  this condition should be zero. When a command is 
required, it is inserted in the proper side of of the 
bidirectional pulses and the effect of the rise time is 

decreased. 

The computer accounts fo r  the lower command angle scale 
factor of a single pulse, and calculates the actual commanded 
angle due to a string of pulses. 

This concludes the discussion of the major elements and problem 

areas involved in the Apollo digital torquing technique. 

By way of recapitulation, let us enumerate the important 
considerations necessary to an accurate torquing system: 

a )  

b) 

Current control 

Circuitry and tolerances on components inthe current control 
100p must guarantee super‘accuracyin the current reaching 

the torquer. 

Reluctance (and Inductance) control: 

Mechanical tolerances on the torque generator must be very 

precise. Materials used in core construction must be 

carefully chosen to minimize hysteresis, non-linearity, and 
temperature sensitivity problems. 
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In addition, it is necessary to minimize the effects of the torquing 
system on the other gyro functions. Such characteristics as residual 
torques and elastic restraints a re  undesirable. 

The Apollo torquing technique was designed with these 
considerations as a guide. As a result, gimbals of the Inertial 
Measurement Unit can be positioned to within 1000 ppm (0 .1%)  of the 
commanded angle, insuring accurate pre-launch and inflight alignment of 
the stable platform. 
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