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ABSTRACT

This thesis is concerned with the use of digital signals for
the control of gyroscope drift compensation. Several possible
methods for digitally controlling the torque produced by a gyroscope
torque generator are presented with block diagrams of the hardware
required. Possible sources of error introduced by the use of these
methods are analyzed. Tests that were conducted using the torque
control methods presented are described, The results indicate that
digitally controlled gyroscope drift compensation is quite feasible
if certain requirements are followed.
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INTRODUCTION

With the advent of the replacement of analog domputers by

- special purpose digital computers in inertial navigation systems,

certain changes in the system instrumentation have become necessary.

- One of these required changes is in the method used to compensate

for gyroscope drift. Basically, the problem is one of using sampled
data to perform a function where continuous signals were previously
available.

Gyréscope drift is caused by unwanted torques which act on the

gyroscope torquevsumming member about the output axis. These unwanted

torques result from inaccuracies in the manufacture of the gyroscope
and from certain causes inherent in its design. Ideally, a drift
compensation system applies a torque to the gyroscope float which
oceurs simultaneously with and is equal in magnitude and opposite in
direction to the unwanted torques, thus completely cancelling them.
Some of the unwanted torques are functions of gravity and the
acceleration of the vehicle in which the inertial navigation system
is containedf When a.gyroécope is mounted in an inertial system, there
is no way of distinguishing between these torques and the desired
precession torques.. Therefore, before the gyroscope is mounted in the
systen, thé magnitudes and directions of the unwanted torques must be
determined for conditions of gravity and acceleration which the
vehicle will_encounter; One of the functions of the inertial system

computer is to take this previously determined information and



calculate, for existing conditions, what the unwanted torques are and
hence what the compensating torques should_be;

When an analog computer is used fof this function, coﬁtinuous
. torque information is produced. In this form, fhe infofmation is
ideally suited to-controlling compensating torques, since the unwanted
torques are continuous quantities. Thus a compensation system em-
ploying analog computation is theoretically capable of producing
ideal compensationi | '

Digital computers, due to their nature, produce discontinuous
output iriformation. Therefore a compensation system employing digital
computation, even under ideal conditions, cannot achieve ideal come
pensation. fhis means that unwanted torques act on the gyroscope
float causing small angular movements. These movements can be the
source of certain errors. This thesis investigates some possible
digital compensation methods and attempts to analyze thé errors
introduced by them.

| The first chapter briefly reviews the causes of gyroscope drift.

It gives the equation that describes the unwanted torques causing the
drift and tells how the constants are obtained. Gyroscope torque
generator operationh and analog drift compensation are also outlined.

Chapter II gives descriptions of several possible methods of
instrumenting a digital compensation systémQ It lists the advantages
and disadvantages of each method.

Chapter III analyzes the errors introduced by the compensation

methods of Chapter II.
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The fourth chapter describes tests that were made on a gyroscope
to determine the actual errors introduced by digital controlled com-
pensation. A description is given of the equipment used and the
results are presented.

The last chapter briefly analyzes the results of Chapter IV.

Some conclusions are drawn and a short summary given.
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Chapter I

- GYROSCOPE DRIFT

1.1 The Gyroscope

The gyroscopes referred to in this thesis are of a particular
type, namely floated single-degree-of-freedom integrating gyroscopes
of the type designed and built by the M. I. T, Instrumentation
Laboratory; No detailed explanation of these units or their operation
will be given here since this is more than adequately covered by
existing literature, including references (2,3). Figure 1-1, however,
which is a line schematic of the gyroscope showing its essential com-
ponents and axes, is supplied for convenience. The forque summing
member of the gyroscope, referred to later, consists of the float,
which contains the gyro wheel and gimbal structure, the tqrque-
generator rotor, signal generator rotor and connecting shaft.

Since the compensating torques are applied to the gyroscope
torque summing member by the torque generator, a short explanafion

of this component is now given. The torque generator type used

extensively in Instrumentation Laboratory gyroscopes is the Microsyn.

It is a variable reluctance electromagnetic torque motor with a
special two=pole rotor and four-pole stator. The stator is wound
with either one or two windings, while the rotor has no windings.

Only the two winding type is considered here.

15
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The torque produced by the torque generator is proportional to
the product of the currents applied to the two windings. These may
both be direct currents or both alternating currents. The direction
of the torque produced depends on the polarity or phase of the currents
applied to the two windings. In this thesis, the torque produced will
-be considered positive if both currents have the same polarity or are
in phase and negative if they are of opposite pélarity or 180° out
of phase, using the same terminal connections in all cases.

In use, a current of constant magnitpde or amplitude is generally
applied to one winding, called the excitation winding, while the current
to the second or input winding is variéd. The torque then becomes
proportional to the input current. The equation describing the torque

produced by the torque generator is:

M =5 i i (1-1)
(tg) (tg) (ex)(tg) (in)(tg)
where
M(tg) = torque generator output torque
S = torque generator sensitivity
(tg)
l(ex)(tg)'= torgue generator excitation current
l(in)(tg) = torque generator input current
If éltefnating currents of the same frequency are used, the
average or effective torque produced is:
M 1/2 3 I . COosS | 1-2
(tg) = / (tg) (eX)(tg)I(ln)(tg) ‘ (1-2)

17



where

I and I,, = the amplitudes of the
(ex)(tg) (in)(tg) P o

torque generator currents

h =
i

phase angle between the two
currents -

Therefore when the two currents are 90° out of phase the effective
torque produced ié éero; The torque is'indepenaent of frequency‘ovef
a speéified operating range; In this thesis, any torques referred to

will be effective torques, unless otherwise specified.

1.2 Causes of Inaccuracy Torqﬁes
| EsSentially there are four types of torques that operate on the
gyroscope‘torque summing member. They are:  (a) the gyro wheel
precessional torque caused by an angular velocity of the'gyfoscope '
case with respect to inertial space about the input. axis; (b) the
viscous aamping torque;.(c) desired torques pfoduced by the torque
‘generator‘and (d)»inaccuracy torques. The first three are considered
to be perfect torques. In actual,operatioﬁ the-torques usually
grouped under these headings are not perfect.r However, here they
each are considered to bé sepérétedlinto perfect and ihperfect parts,
the latteér parts all being included with the inaccuracy torques. If
the inaccuracy torques, also referred to as unbalance torques or
Adrift torques, were ﬁot present, the-gyfoscope wéuld perform perfectly.
fhe inaccuracy torques can be further divided into error torques

and uncertainty torques. Error torques are by definition predidtable

18
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and therefore can be coﬁpensated° Uncertainty torques are unpredictable
and hence cannot be ?ompensated; Assuming the error torques can be |
perfectly predicted and compensated, the ultimate gyroscope performance
limit is determined by the magnitude of the uncertainty torques;

Inaccuracy torques are caused by several factors. The significant
ones are listed below. The following abbreviationsrare used during

this discussion:

S. R. A, = spin reference axis
I. A, = input axis
0., A. = output axis

(a) Fixed unbalance or Dendulous torques, caused by the_center

of mass of the torque summing member not lying exactly on the gyro-
scope output axis; For analysis, the unbalance is separated into two

cdmponents, one assumed fixed alohg the positive S, R. A., U

one assumed fixed along the positive I. A., U both measured in

(18)’
gram-cm., These unbalance components are reduced as much as possible
by balancing nuts along each of the axes.

(b) Compliance torques, caused by the torque summing member not

having equal compliances in all directions. The compliances that

contribute to these torques are:

K(SS) = the pompliance along S. R. A, due to a
force acting along S. R. A, -
K(SI) = the compliance along S. R. A, due to a

force acting along I. A.

19



K(SO) = the compliance along S. R. A, due to a

force acting along 0. A.

the compliance along I. A; due to a force

]

K
(I8)
acting along S. R. A.

K(II) = the compliance along I, A, due to a force
acting along I. A. -

K(IO) = the compliance along I. A. due to a force

acting along O. A,

The units of these compliances are cm/dyme.

Figure 1-2 shows how unequal compliances can cause unwanted
torques to act on the torque summing member. Only the two complianges
K(SS) and'KkiI) are considered here. The mass reaction force F,
acting on the center of mass, is due to gravity and any acceleration
of the gyroscope case, i. e., F =g -_5; The units of F are cm/secz;
The components of F along S. R. A;,

),and I. A, F » acting on

F
(SRa (14)
the unequal compliances K d K
q mp (s5) an (11) cause the center of mass to be
displaced along the line OB. F then no longer acts through the output
axis, but on the lever arm OC, causing a torque about the output axis.

(c¢) Buoyancy torques, caused by the center of tuoyancy of the

torque summing member not lying on the output axis; In practice it

is difficult to distinguish between these torques and fixed unbalance

torques, since they both have the same effects. Therefore the constants

U(SRA) and U(IA)include buoyancy unbalances.

20
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(d) Power lead torques, caused by electrical connections to the
torque summing member. Since the power leads are constructed to behéve
like springs, the torques they ﬁroduce have a gradient préportional to
the angular deviation of the torque summing member from null; as well
as a constant part at null.

(e) Signal generator reaction torgque, caused in part by secondary

loading which makes the signal generator behave'like a torque geﬁerator.
Since the secondary current is proportional to the angular deviation
from null, the torque produced has properties similar to power lead
torques, exhibiting a bias at null and an angular dependent part.

(£) Torque generator reaction torque, caused by certain non-

symmetries in the Microsyn. This torque varies with the square of

the excitation current and also with the angular deviation from null;

(g) Hydrodynamic toraues, caused by movements, other than
rotational, of the gyroscope float relative to the case;

(n) Convection toragues, caused by temperature variations

throughout the damping fluid,

(1) Friction torgue in thertorque summing member jewel and

pivot suspension; This torque is effected greatly by the load
placed on the suspension, which depends upon the difference in mass
of the torque summing member and the damping fluid displaced by the
float, as well as F.

22




1.3 Error Torgue Equation

Uncertainty tofques are unpredictable not only as to their
magnitudeé. but in many instances also their origins; Thus, in
several cases the‘égove mentioned torques contribute to both the
~error and uncertainty torques. Torques 1.2 (g), (h) and (i) are,
for the most part, uncertainty torques; Therefore'the error torques
are usually considered to be composed of those described in 1.2 (a)
throuéh (£). The equation describing these torques is now derived.

Torques 1.2 (a), (b) and (c) are dependent upon the specific
force acting on the gyroscope; The force F is resolved into com-
ponents lying along S. R. A., I. A, and 0. A. These force com-
ponents are considered positiVe when they are directed along these,gxes
in the positive directions as determined by the arrows of Figure l-l.
Unbalances and compliance deflections are considered positive if they
lie along the positive axes.

Referring to Figure 1-1, the two unbalances considered give rise

to the torque about 0. A.:

Y(sr)® () = ()’ (sma) (-3)
The torque about O. A. due to unequal compliances is obtained
by referring to Figure 1-2. The deflections due to only two of fhe
-complianées considéred in 1.2 (b) are shown in the diagrﬁm, but the
same reasoning is easily eitended to include the othef four. The

'lever arm produced by the deflection K is acted upon by the

(ss)’ (srA)

23



X F
force F(IA)and the lever arm anyf )

producing the torque:

is acted upon by F(SRA)'

K(ss)F(sm\.) ’ F(IA) - K(II)F(IA) - F(SRA) (1-4)

Likewise the other four compliances produce the torque:

KsnF @ " Fany ¥ Kso)on) " T

X | Tsm) T XaoTony Ty 0 Y

Since the gyroscope angular deviation from null is usually very
small, only the constant parts of torques 1.2 (d), (e) and (f) are
considered. These are grouped into a constant term, R, measured in

dyne/em. The final error torque equation is therefore:
Mg = R+ TisrayF(za) = Yemn)Fsra) * [K(SS)”’ K(II)] F(za)(sra)
' ' 2 2
R @) - FasyT sray * Koy onF )

™ 50y (om) (sma) (1-6)

The constants of the above equation are obtained by performing
tumbling. tests on each gyroscope. Essentially this consists of
mounting the éyroscope'on a slowly rotating turntable and making a
record Bf the torque required to keep the torque summing member at
>null, while the gyroscope orientation relative to gravity is con-
tinually changing due to the turntable rotation. Thus, in this case
F= g; When the turntable axis is properly oriented, the record
obtained yields the error torque as a function of turntable éngle;

A Fourier analysis of these results yields the constants of equation

24




(1-6). These tests are covered in great detail in references 1 and 2.

1.4 Analog Drift Compensation

In an analog drift compensation system, the various force com-
ponents are obtained from linear accelerometers aligned along the
three gyroscope input axes, which also correspond to the three major
axes of each gyroscope; These force components are represented by
various 6oltage levels; The associated analog computers, one for each
gyroscope, are composed of amplifiers, potentiometers and related com-
ponents. The error constants are put into the computers by setting
appropriate potentiometers;' Each computer output is a voltage, which
is fed to a matching amplifier; The output of the matching amplifier
goes to the torque generator input winding of the associated gyroscope.

In many cases, to simplify equipment, not all of the terms of
equation (1-6) are calculated. Some of the compliance terms are
found to contribute only a small amount to gyroscope drift and these

may be eliminated.
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Chapter II
DIGITAL CRIFT COMPENSATION METHODS

2.1 System Computer

In a digital drift compensation system the compensation torque
required for each gyroscope is calculated by a digital computer;
Many possibilities eiist as to the type of digital computer to be
used and the form that the computer output takes. The intention of
this thesis is not to determine ihe type of computer to be used; This
is determined by the requirements of the rest of the inertial system.
Therefore a general type of digital computer is assumed to be ﬁsed |
that operates in the following manner; Pefiodically sampled digital
specific force data from the inertial system accelerometers are fed
into the computer;' By using this data and the required gyroscope
errof constants stored in its memory, the computer calculates the
compensation torque magnitude from equation (1-6). The Qompensation
torque direction is opposite that of (1-6). This is read out in
parallel'forﬁ as a binary number whose magnitude is equal to the
torqué magnitude and one digit of which represents the torque direction.
.The number-of.digité in the binary number depends upon the accuracy
desired. The rate at which new torque calculations are made depends
upon hgw'closely changés in the error torque need to be followed; |

While the’butput can take othef forms, depending on the type computer

27



used, all these forms‘can be easily changéd to the form described

above.

2.2 Torque Control Methods "

This chapier considers methods by which the digitai coﬁputer out-
put can be directly used to control the compensatioﬁ torque afplied to
the gyroscope torque summing member; Essentially the problem is one
of using digital signals to control the input current to a gyroécope
torque generator. Three ways torque generator input current can be
controlled in order to vary the effective torque output are: (1)‘the
level of “the input current can be varied; (2) if alternating currents
are applied to the input énd excitation windings, the phase angle
between the two cﬁrrents can be varied, while keeping fhe’amplitudes
éonstant; and (3) the application time of a periodiéally applied,
constant amplitude input current can be varied.

The first two ways mentioned above are based on the normal
operation of the Microsyn, described in Chapter 1. The third way is
based on the integrating properties of the gyroscope. Neglecting, (
for the moment, the effects of a stabilization servo drive, integra-

tion as performed by the gyroscope float is described by the equation:
t

1 .
AA = - M dt 2-1
(tom) = T5 | "(tem) (2-1)
, 0
where
AA = angle of rotation of torque summing member
(tsm)

28




Cd = damping coefficient of gyroscope float
M(tsm) = forcing torque acting on the torque summing
member
Only two torquesiacting on the torque summing member are con-
~ sidered here, the error torque and compensation torque. Thus, the
precessional torque and any command torques applied through the
torque generator are omitted, since their presence does not effect
the problem. Also uncertainty torques are omitted, since their
presence cannot be predicted; Equation (2-1) then becomes: .
1 t t
Aﬁ(tsm)z'é;—[ M, dt + Mc_dt] (272)7
0

0
where

Mb = compensation torque
Therefore, in order that there be no net angular deviation of the

torque summing member due to error torques occurring during the

time interval 0->t, it is sufficient that:

t t |
Modt =~ [ M at _ (2-3)
0 0

In this case AA(tsm) will not necessarily be zero during the whole time
interval, since this would require: ME(t) = - Mt(t). Also AA(tsm)
willnot necessarily be zero at time t, since the final position of

the torque summing member is approached assymptotically at a rate

depending on the time éonstant of the gyroscope.

29



2.3 Instrumenting Torque Control Methods

Method 1 - A block diagram of one way of digitally changing the
inputrcurrent level to the torque generator is shown in Figure 2-1.
Various voltage levels are produced by a voltage divider, if direct
current is used, or a tapped transformer, if altérnating current is
used. Each level is controlled by an electronic switch. The torque
magnitude detérmined by the computer is read into the flip flop |
register at the.beginning of each time intervél. Through appropriate
AND circuits the flip flops control which level switch is activated.
The direction or phase of the input current is controlled by the
torque direction flip flop and the reversing switch.

The electronic switches are turned on and off by apﬁropriate
voltage levels applied to their control terminals. The flip flop
outputs are voltage levels, while their inputs are pulses. Figure
2-1 shows only three different current levels plus zero current.
However, this method can be extended to as many levels as desired,
depending upon the number of digits used to express the torque mag-
nitude;

Since this method can produce several continuous torque levels,
the error torque can be closely approximated, almost eliminating
float movements due to the differences between the magnitudes of
Mﬁ and Mb. However, the equipment becomes more complex as more
torque levels are added in order to obtain a closer torque approxi-

mation.
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Method 2 - Another method of controlling the torque is shown in
Figure 2-2. For the condition of zero net output torque, the switch
flip flop changes state once every clock pulse.and controis an .

- electronic switch which changes the direction or the phase of thé
input winding current. Thus, the torque is constantly changing
direction at clock rate; The inhibit circuit blocks a clock pulse from
passing through it to the switch flip flop wheﬁever a coincident.
pulse appears at its other input. At the start of each time interval,
_ the compensation torque is read from the computer into the countdown
register'and sign bit flip flop. Clock pulses then cause the register
to count down to zero. Each time the register counts down one digit
a clock pulse is allowed to pass to the inhibit circuit, blocking a
clock pulse from the switch flip flop. When the register reaches
zero, no more pulsés can pass to the inhibit circuit. Thus, the
switch flip flop remains in its last state as long as the register

is counting dcwn; The sign bit flip flop controls which state the
switch flip flop is in when the countdown register starts. The

state that the switch flip flop is in and the length of time it

stays there determine the direction and magnitude of the net torque.
Figure 2-3 is a diagram of the countdown register. Time deléys are
assumed to be zero in the diagrams presented here.

The torque magnitude produced by the torque generator with the

switch flip flop continuously in one state, must be

" out) (max)’

' 1
M(out)(max) "k

greater than the maximum expected error torque. Also,
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must equal one digit in the least significant column of the computed
compensation torque, where k is the number of clock pulses per com-
putation interval.

Either direct or alternating current can be used on the two
torque generator windings. If alternating current is used, the
clock pulses must be synchronized at some multiple of the current
frequency. Also they must occur when the torque generator input
voltage is at the proper phase angle. Figure 2-4 shows the ideal
current waveforms for zero torque, using direct current in part (a)
and alternating current in part (b). For part (b), the clock rate is
one pulse per cycle.

This method has the advantage of requiring a minimum amount of
equipment; Also the I?R loss in the torque generator windings is
constant, thus minimizing resistance variations due to heating. The
disadvantage of this method is that if the torque magnitude is not
exactly the same in each direction, then a desired zero torque will
actually have some finite value. Under conditions ofvloﬁ specific forée.
the compensation torque required will be zero for a large part of each
interval. Therefore the error will have a longer time to accumulate
than for a method in which no torque generator input current flows for
a desired zero torque output;

Method 3 =~ Anothér way of controlling the torque is to have one
torque magnitude which is on in either direction or is off. A4 block

diagram of one way of instrumehting this appears in Figure 2-35.
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As in the previously desribed method, the computer reads the torque
into the countdown register and sign bit flip flop at the start of
each time interval. Normally the two sﬁitch flip flops are kept in
the zero position by clock pulses appearing at the reset inputs. When
the register starts counting down, clock pulses are allowed to appear
at the set input of one of the flip flops, while blocking the pulses
from the reset input through the inhibit circuit. The sign bit flip
flop determines which of the two switch flip flops the pulses set.
After the countdown register reaches zero, the clock pulses again
appear at the reset inputs of both flip flops. Thus, for a torque
other than zero, the switch is on in one direction for a certain
amount of time at the start of each interval and then offAfor the
rest of the interval.

This method has the advantages of being simple to instrument
and of producing exactly zero torque when this condition is desired.
As in method 2, the input current level to the electronic switch is

1
such that M * & = least significant digit of computed

(out) (max)
torque.

Method Y - The previous two methods for controlling the torque
depend completely upon the integration action of the gyroscope float
for the time integration of the individual error torque computations.
That 1s, as soon as the required compensation torque is calculated by

the computer, it 1s applied to the gyroscope. Another method is to

integrate the torque digitally over a period of time until a point

38




is reached when the compensation torque required is equal to the
single torque magnitude available. Then applying this torque magni-
tude for one time interval cancels out the total effects the error
torque has caused over several intervals.

| Figure 2-6 shows the block diagram of one way of instrumenting
such a method; Once each interval, the required compensation torque
is calculated by the computer and the result fed into the reversible
adder. This continues each interval until the éapacity of the adder
is exceeded; At that point, the adder generates a carry-out pulse to
set one of the switch flip flops; At the end of the interval, the
switch flip flop is reset by a pulse from the computer: The binary
number contained in the adder represents the compensation torque
magnitude that, applied for one time interval, brings the gyfoscope
torque summing member back to null, Thus, the torque magnitude that
is actually applied to the torque summing member should be one torque
unit larger than the capacity of the adder.

This method has the advantage of obtaining perfect integration
of the computed torque dufing the time that the digital adder is
performing the integration. A disadvantage is that the angular
deviétions of the gyroScope float are larger, since the compensation

torque 1is applied at less frequent intervals.
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Chapter III

DEVIATIONS OF DIGITAL COMPENSATION

FROM THE IDEAL

3.1 Introduction

In Chapter II, digital compensation was shown to depend upon in-
tegration by the gyréscope torque summing member. At that time the
effects of any stabilization servo drive associated with the gyroscope
when it is used in an inertial system were neglected. A stabilization
servo, along with the gyroscope, acts as an integrating drive or space
1ntegratdr; The integration processes of the gyroscope torque'summiﬁg
member and stabilization servo differ considerably. Their individual
contributions to the integration of torques on the torque summing
member also differ greatly.

The equation describing integration by the torque summing member,

repeated here for convenience, is:

t
1

tom) T Ca | From) < (2-1)

In operation IA(tsm)l is limited to a very small value by action of
the stabilization servo drive. One function of this drive is to act
as an elastic restraint on the gyroscope torque summing member to

keep it operating at null. How well this function is performed
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determines how large ‘A(tsm)| may become and therefore how much
integration is performed by the viscous shear process in the gyroscope.
A block diagram of the essential components of a singlé-axis
stabilization servo drive appears in Figure 3-1. In an inertial
navigation system three of these drives are generally required;. While
the actual servo instrumentation of a three-axis gimbal system is more
complex than merely having three independent single-axis“drives. the
operation of each individual drive can be looked upon as being similar
to Figure 3-1. Besides providing elastic restraint for the gyroscope
torque summing member, the stabilization servo drive also produces,
under steady-state conditions, an angular velocity about the gyroscope
input axis proportional to tﬁe torque produced by the torgue generator.

For an ideal servo drive, this velocity is:

M
__(.Eg.l (3_1)

@1(em) = TH
where

uvI(cm) = angular velocity of controlled member
(gyroscope and platform on which it is
mounted) about gyroscope input axis, relative
to inertial space

H = angular momentum of gyro wheel
Hence: +
Bhr(om) = B | Hag) O (5-2)

0

L2




e i
(sg) SERVO (tm) TORQUE
AMPLIFTIER MOTOR

GYROSCOPE
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Figure 3-1 Simplified Block Diagram of Single-Axis
Gyroscope Stabilization Drive
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where
LA = rotation of controlled member
I(cm) : - v

For an ideal servo drive with infinite loop gain, no gimbal bearing

friction and zero null indication by the gyroscope signal generator,
'A(tsm)l is always zero; A1l of the torque integration is therefore

performed by the servo drive. However, for an actual servo drive in
which all of the above quanﬁities are finiﬁe, the servo drive requires

that IA | have a certain minimum value, , before it
(tsm)

4 (tsm) (min)
can respond; This minimum angular deviation corresponds to the gyro-
scope signal generator output level that produces a servo drive torque
that Jjust overcomes the gimbal bearing friction; In actual servo
drives, this deviation may be several seconds of arc. During the time

that IA is lesé than I

(tsm)l A(tsm)(min) , all torque integration is
done by the gyroscope torque summing member,

The controlled member position is generally used as an angular
reference in inertial systems. Therefore movements of the gyroscope
torque summing member do not effect the angular reference until they
are transmitted, via the stabilization servo, to the controlled member.
Hence if the digital compensation torque is applied in such a manner

that lA(tsm)l is always less than s ignoring pre-

A : .
(tsm) (min)

cessional torques, angular deviations of the torque summing member

from null, due to the differences between the error torque and com-

pensation torque, will not effect the angular reference. If this type




of operation is assumed, then the effects of the stabilization servo
drive on the operation of the digital compensation system can be
ignored. The only times that the servo drive will perform angular
integrations is when precessional torques or command torques cause
the torque summing member to rotate or when rotations caused by com-
pensation torque inaccuracies or uncertainty torques build up to the

point that IA is exceeded. In view of this, only torque

(tsm)(min)l |
integration performed by the gyroscope torque summing member will be
considered here as to its possible effects on digital compensation.
Non-linearities and imperfections in components can cause
deviations in digital compensation performance from the ideal; The
more important of these causes are analyzed in this chapter. In some
of the analyses, in order to consider certain effects, the torque
acting on the torque summing member due.to the combination of error
and compensation torques must be known. This torque, of course, de-
pends upon many factors and is always changing. Therefore to facilitate
the analyses a certain torque pattern occurring during a given time
interval is considered as typical. This torque pattern is given here
and then referred to as needed.
In general, the compensation torque is constant in amplitude over
a given time interval whereas the drift torque is not. Also, the com-
pensation torque magnitude is generally greater than that of the error
torque; Figure 3-2 shows a constant compensation torque of magnitude

Ma occurring during the time interval'fo——rt, and an error torque of
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Figure 3-2 Typical Torque Acting On Torque Summing Member
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magnitude HE

combined torques produce the net torque acting on the torque summing

» not necessarily constant, occurring continuously. The

member shown in part (b); This is the typical torque. The torque has

the following properties:

1| > | 1] (nacimum) and . (4, — t,) = -ﬁ; at  (3-3)

If this torque were applied to a perfect gyroscope, AA(tsm)(to t,)
2

uld equal zero, where AA ' i ' f th
WO eq ero ere (tsm) (£, tz) is the angular change o e
torque summing member over the interval t,—=t,. ILikewise:

) ==AA (3')4‘)

A (tom) (to—> t, (tem) (t,—>t,)

3.2 Effects of Non-Newtonian Damping Fluid

The damping fluid used in gyroscopes is assumed to exhibit perfect
Newtonian qualitieé; That is, its viscosity is independent éf all in-
fluences except temperature; It is further assumed that the fluid flow,
due to any float movements, is completely laminar. Under these condi-
tions, with constant fluid temperature, the viscous resisting torque
exerted on the gyroscope float, as it rotates reiative to the case, is
given by the‘equation: |

M, = - Cd dA(tsm2 (3-5)
dt

where

=
il

viscous torque exerted on the

float by the damping fluid.
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_Rewritten, this equation becomes:

’ -1 t :
AA(tsm) =c; [ Madt - (3—5)

lThis relationship is the source of the integrating properties of the
gyroscope. . |

If either or both of.the above assumptioﬁslconcerning the damping
fluid is not realized in practice, the integration performed by the
gyroscope 1is affected; In an inertial system not employing digital
drift compensation, anomalies in gyroscope integration do not greatly
effect system performance, since, as pointed out previously, practically
all angular integration is performed by the stabilization servo drives.
However, when digital drift.compensation is employed, integration per-
formed by the gyroscope float should prove more critical, since such
compensation depends heavily on these integrating properties; The
number of float movements is greatly increased when digital compensation
is used.

In order to determine the effects of a non-Newtonian damping fluid
or non-laminar flow on digital drift compensation, a damping torque is
considered that is not directly proportional to the relative angular
velocity of the float and case. Such a condition would exist for non-
laminar flow or for a fluid whose viscosity is a function of shear rate.

An arbitrary non-linearity will be assumed such that:
‘ ,

dA
My = -Cy [___léj:sm (3-7)
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where
b#1

For a constant forcing torque, M , under steady-state conditions,

(tsm)
M(tsm) = = Mg- Due to the high damping in gyroscopes the torque sum-
‘ming member time constant is very small and hence steady-state conditions
are reached quite fast. Therefore transient effects will be ignored

here.

For the typical torque of Figure 3-2

Mo + Mg = [?Agtst] (3-8)

Solvi for A ields:

olving for (tem) yields
b
A [—1 ] | (3-9)

(tsm) (t,—> t,) ~ L Ga A IMC tMp | dt )
(]

If ME is constant during the interval (tb——+-t2):

o'l

1
M (tem) (b, —1t,) = |: ] |:|MC MEI (t, - t5) -|ME| P (h,m t,)]

(3-10)
For the typical torque of Figure 3-2, with ME constant:
to-te | M| (3-11)
ty -t lMC + g |
Therefore
' 1. A |
‘ _ lMC|(tn - tl) b b
Mtem) (tp—>=1ty) = 5 |Mc + M| - lMEI
(Cq) \ (3-12)

L9



Thus, AA(tsm)(to-——bt,_) = 0 only for the isolated case when

=2 . For all other ca AA |
IMCl l ME' ses *(tem) (to—>t,) has some value
which represents the error introduced by imperfect float integration

during the interval t,—>t,. This error accumulates as long as the

error torque remains in the same direction.

3.3 Effects of Damping Fluid Temperature Changes

The gyroscope damping fluid temperature is usually maintained with-
in certain limits by a system of eléctric.heating'coils located around
the fluid chamber;' Temperature sensing devices control the amount of
current flowing to these heating coils; In the gyroscope used for this
thesis, a temperature sensitive microswitch, which was either off or on,
controlled the current to the heaters.,

One formula for the viécosity of a fluid as a function of tempera-

ture is given by:

1}
a3

logp + B (3-13)
where

T

absolute temperature of fluid

A, B

1]

fluid constants

~ Other formulas exist, all of.which relate viscosity exponentially with
temperature; Within a narrow temperature range, however, a good approxi-
mation is obtained by using a linear relationship between viscosity and
temperature.

For the gyroscope used for this thesis, the viscosity of the
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damping fluid increases approximately 4% for each drop of 1° F in

temperature in the immediate vicinity of the operating temperature.
This change can therefore be approximately described by the formula:
b=k (1 +0.04 [T, - T]) (3-14)
where
Mo = Viscosity at specified operating temperature, To
B = viscosity at actual operating temperature, T
The design specifications of this gyroscope called for temperature
control limits of + 0.2° F., The fluid témperature therefore fluctuated
between T + 0.2° and T = 0.2°, Under the ambient conditions of normal
room temperature, the duty cycle of the microswitch was measured to be
approximately 1.8 seconds on and 7;8 seconds off.
If a linear rise and fall in fluid temperature between the opera-
ting temperature limits is assumed, then the damping fluid viscosity of
the gyroscope under consideration changes with time as shown in Figure

3-3. The maximum change in viscosity over each temperature cycle is

1.6%.

For a given forcing torque acting on the torque summing member,

Eﬁ%%éﬂl is proportional to %g and also to %, since Gd is proportional

to u; The float therefore rqtates faster when p is lower. If the
majority of the compensation torque pulses occur when p is higher than
Mo or when p 1s lower than u, errors in A(tsm) are introduced ,

These errors are a source of uncertainty. In general the errors cancel
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Figure 3-3 Ideal Viscosity Changes of
Test Gyroscope Damping Fluid

52




out over periods of time and therefore do not accumulate, However, if
the compensation torque application cycle is some multiple of the fluid
temperature cycle, these errors may accumulate. In the worst case,

when compensation torque applications occur once each temperature cycle,

~at the time of maximum or minimum viscosity, the error introduced in

A ) each cycle is:

(tsm

(E)A Mlmax) = M(min) (3-15)

2 py

(tem)” “*(tsm) (max)

where
AA = maximum torque summing member deviation
(tsm) (max)

with constant fluid temperature.

The damping fluid temperature is not uniform. Due to the distri-
bution of the heafers, temperature gradients are preéent throughout the
fluid. Therefore viscosity gradients are also present. The presence -
of convection currents and changes in F make the effects of the viscosity

gradients practically impossible to analyze. These gradients are there-

fore a source of uncertainty torque.

3.4 Effects of Friction in Torgue Summing Member Suspension

The pivot and jewel suspension of the gyroscope torque summing

member can be the source of undesired non-viscous friction torques.

‘These torques are partially dependent upon the suspension loading,

which in turn depends upon the‘buoyancy of the damping fluid and upon F,
The buoyancy of the damping fluid varies with its density, which is a

function of temperature. Therefore the suspension friction is not constant,
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but varies with F and fluid temperature.
For purposes of this discussion, the suspension friction torque,

, 1s assumed to have a magnitude{M as long as the magni-

M

(sf) (sf)(max)}
tude of Mb + ME is equal to or greater than this amount and to be equal
in magnitude to Mb + ME otherwise. The direction of M(sf)’ of ‘course,
is opposite to that of_Mt + ME'

For the typical torque of Figure 3-2:

' 1
M(tsm)(to——b- tﬂ.) = Eg[ (tl - to) +[ [ (Sf)dt

(3-16)
If MC and ME are both greater than M(sf)(max) then:
, N e
AA('t;sm)('h,,—-—_—’(::l) = E::l' [Mc(tn - t) + [ Mgt
- ¥ ey mmn | b )+ | Miarymany | (e = )] (3-17)

By definition the sum of the first two terms of (3-17) equals 26T0.

Therefore:
M (tem) (to—>tq) = d | (s£) (max) I [(t“ - - (b -t )] 3-18)

In general (t, - t,) # (t, = t,). The usual case is for (t, - t,) to

be several times larger than (t, - to).




If ME is smaller than M then:

(sf) (max)’

1 ta
A om) (byrta) = G [Mc(t, - tg) + [ Mat

ta
¥ (s2) (max) l = %) - /4:;&f“‘] (3-19)

or,

1
B (am) (bg— 1) = 55 | M = |Miaeyma] ) B - to)

+ [ F}Edf_'] | (3-20)

When Mg is smaller than M(sf)(max)’ Mb will always be much greater

than both these torques. Therefore the result in both cases is an

error in AA in the direction of Mb e . This error accumulates as
(tsm)

aé long as ME remains in the same direction.

3.5 Effects of A(tsm) Not being Zero

It has been shownyf that the mutual inductance of the Microsyn

torque generator excitation and input windings is proportional to
A(tsm)' Thus, for finite excitation and input source impedances and
A(tsm)'* 0, cross-coupling currenfs flow in the two windings; The

torque produced by the torque generator then becomes:

te) T Ste) ['i(_ex)(tg)(ideal) *(in) (tg) (1deal)
* Lex)(tg)(1deal) 51(ex)(tg) * (in)(tg)(1deal)Bi(in)(tg)

+Si(ex)(tg)_ 8"-“(in)(tg):l (3-21)

*superscripts refer to Bibliography
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where
Tex)(tg) = Y(ex)(te)(Gdea ) ¥ 8T(in) (tg)

i(in)(tg) - i(in)(tg)(ideal) ¥ Si(eX)(tg) :

81(ex)(tg) =‘;(e")(tg) - (m;(e}‘)(in)  (322)
(equiv) (ex)(tg)“(equiv) (in) (tg)
55110 () = g0 2 (ML;(eX)(in) (3-23)
(equiv)(in) (tg)~(equiv)(ex) (tg)
where
¥ (ex) (te)

and v,, . = open circuit voltages of the respective
(in) (tg)
torque generator winding power sources
() = angular frequency of the voltages

(ML) .y = mutual inductance of the two windings
(ex) (in)

Z(equiv)(eX)(tg)
and z(equiv)(in)(tg) = equivalent impedances of the respective
torque generator windings. Each is equal

to the source impedance plus the winding

impedance.
i(ex)(tg)(ideal) = ‘v (ex) (tg) (3-24)
(equiv) (ex) (tg)
L (1) (tg) (1dea1) = - (i) (te (3-25)
(equiv) (in)(tg)
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Since the cross-coupling currents are generally very small compared to

the applied curfents, the last term of (3-21), which is the product of
these two currents, is ignored. The mutual inductance is directly pro-
= 0, It can therefore

portional to A and ideally zero at A(

(tsm)
‘be written, (ML)

tsm)

» Where K( ) is a proportionality

(ex)(in) = K(ML)A(tsm) ML

cqnstant; Rewritten, equation (3-21) becomes:

¥eeg) = S(te) [:i(ex)(tg)(ideal) L(1n) (tg) (1deal)

., 2 K A
+ 4 to) (1deal (ML) (tsm)
-~ (ex)(tg) (ideal) 2 (oquiv) (1n) (tg)
2 K A
" ¥ (1n) (tg) (1ea1) ——L)(tem) ] (3-26)
(equiv) (in)(tg) '

The last two terms on the right of (3-26) are directly proportional
to A(tsm)°‘ They represent a torque that aids the ideal torque of the
first térm when A(tsm) is on one side of null and opposes the ideal
torque when A(tsm) is on the other side of null; Thus these two terms
cause an elastic torque to be added to the ideal torque. For torque
generator winding impedances usually encountered, this torque is
stakﬂe;‘ Such a torque is undesirable for the proper operation of the

gyroscope,; since it is a non-integrating elastic restraint acting om -

the torque summing member.

When precession torques cause the torque summing member to rotate
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from null, this elastic torque tend; to force the torque summing member
back to nnll; . This introduces an error equal to the éngle.through which
the torque summing membér moves toward nﬁll due to action of the elastic
torque. The error is oppoéite in direction to tﬁe precession torque;
Therefore as long as the precession torques remain in the same direction
the individual errors will accumulate;

In order to reduce the effects of cross-coubling currents thé
equivalent impedances should be as high as possible; This requires -
using sources with high output impedancés.

Due to increasing mutual inductance with increasing lA(t )I an
sm

elastic torque is also produced by the signal generator Microsyn when

a finite load is placed on the secondary winding. For a resistive or
inductive load the elastic torque is stable, However, for a éapacitive
load the torque becomes unstable. An unstable torque causes any de-
viations of the torque summing member from null to increase with time;
Any unstable elastic torque produced by the signal generator is generally
smaller in magnitude than the stable elastic torques produced by the
torque generator and electrical leads, Therefore the net elastic torque

on the torque summing member is stable.

3.6 Effects of Switching Errors and Transients_

Equations (2-1 ) and (1-2) combine to give the torque summing mem-

ber rotation due to torque generator currents as:

t
= S(tg) ;
Mitem) = 7 [ ! (ex) (t2) (1) (£g) (3-27)
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Therefore AA(tsm) depends upon the waveshape of the input current as
well as its application time. Until now the input current has been
assumed to be either sinusoidal or constant during the time it is ap-
plied. In practice, however, transients may alter the waveshape of the

‘input current and therefore cause AA( to be different than desired.

tsm)
Klso timing errors in the application of the input current can effect
AA(tsm); Since the excitation current is applied continuously, transients
and timing errors are not factors in its contribution to the torque;

In the torque control methods described in Chapter II, the torque
generator input current is controlled by electronic switches; Since
the torque generator windings are highly inductive, if direct current
is used a transient build-up of current to the desired level occurs when
the switch is turned on., A transient also occurs when the switch is
turned off.

A square voltage pulse applied to the torque generator input
winding causes a current pulse similar to that of Figure 3-4a. Since
the windiné behaves as a series RL circuit the rise and féll transients
of this cﬁrrent pulse are equal, i. e., area A equals area B. Hence
~ the area of such a pulse is the same as one with no transient effects.
The excitation current is constant and so AA(tsm) is proportional to
the input‘current pulse area. Therefore symmetrical transients do not
affect BM(ygn). The transients do shift the centroid of the pulse

area in time, which makes the compensation take place slightly later
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Figure 3-4 Torque Generator Input Current Waveforms
Showing Transients Caused By Switching
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than planned. This effect, however, is not too significant.
Factors other than simple exponential build-up and decay affect the
current pulses, however. The transient characteristics of the electronic

switch and its associated flip flop also determine the pulse shape; The

circuits that were used for this thesis employed semiconductors; For

these circuits, the fall times of torque generator input current pulses
were greater than the rise times, This result was due in part to
minority carrier.storage in the transistors. Such circuit non-Iinearities
cause the voltage pulse to be not peffectly square;

For actual switching circuits, then, the rise and fall transients
are generally not symmetrical, The area of such a pulse is not the same
as one without transients; Therefore the area is not directly propor-
tional to the presumed application time of the voltage pulse; Since in
the torque control methods discussed, time is the controlled variable,
using equally spaced clock pulses, errors result if the voltage pulse
duration is different than that at which the torque is originally
calibrated.

Bésides transients, timing errors affect the area of the current
pulses. If time delays occur between a turn-on command pulse and the
operation of the switch; the current pulse does not start until later
than desired. Similarly turn-off delays in the switch cause the current
pulse to end later than desired. For direct current pulses, the area

is not affected if bothAthese delays are equal; If, however, they are
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unequal, the area is either smaller or greater than desired, depending
upon the size of each delay.

When alternating current is used oﬁ the torque generétor windings
transients can be effectively eliminated by swifching the input current
when the steady-state current sine wave pases through zero;_ This makes
the timing of the switch operation critical; Any deviation of the
switching times will cause transients. The equﬁtion of the currént
resulting from the sudden application of a éinusoidal voltage to a

series RL circuit at t = 0 is:

i =§:- sin(wt + \ - 8) - % sin (A= 9) e~ (B/L)t (3-28)

where
B = steady-state phase angle between voltage and current
A= phase angle of voltage when voltage is applied

If the voltage is then removed at time t, the current becomes:

-(R/L)(t - -
(R/L)(t -t, )_% sin (1= B)e (R/L)t (3-29)

E .
i =7 sin(wt, + )\~ 0)e
The transient terms are zero if A= 8. Figure 3-4b shows the approximate
shape of such a current wave for two cycles of applied voltage, using
arbitrary Aand 8. The resultant waveform consists of the sum of the
two transients and the steady-state term. Any errors in AA(tsm) re-
sult only from the transient terms.,

If the torque generator excitation current is in phase with the

steady~-state input current, the error in AA(tsm) caused by transients
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is:

' 0o
(E)AA(tsm) = S(tg) (ex) (t) (4n) (te) fgin(avtﬁ'A-G)[;sin(h-ﬁ)e-(R/L)t dt

2C
d (o]

(4 <]
; [ sin(wtr A -0) [sin ha)e /(= ¥ ]dt] (3-30)

Sgtgzlgengtg)IginQthZ (2)

(E)oh,, ) = _
(tem). 2Cg R/L)Z + w2

. I:sin (t, + \ =8) - sin (X-B)] (3-31)
If wt, is an integer multiple of 27, the error is zero. Therefore
when a whole number of complete cycles of input current is used the
transient effects cancel out.
If a timing error, (E)t exists, so that @t, is not an integer

multiple of 2T, then:

S I I/ '
(E)AA(tsm) = _Sigl_gggﬁéigl_iiﬂliigl (5723%&215;2' sin W(E)t (3-32)

Since wW(E)t is generally a sméll angle, any error in timing causes a
proportionate error in rotation of the torque summing member; Timing
érror effects are more or less independent of the frequency of the
currents uséd, for while the sine term increases with frequency the
other factor decreases.

The gbove discussion of alternating current timing effects
assumes the use of linear devices. The transient characteristics of the
switching devices used affect the current transients. fherefore even

if complete cycles of input current are used, any transients generally
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do not cancel. However, any transients resulting from alternating cur-
rent switching errors usually are much smaller than transients resulting

from the use of direct current for the torque generator;

3.7‘Quantization_Errors

Neglecting the error producing soufces discussed previouély.
digital compensation still produces instaneous errors in float position.
These errors are caused by the net torque on the torque summing member
due to the compensation torque not being equal énd opposite to the error
torque at all times. The net tordue is caused by compensation torque
computation time lags and quantization errors due to the digital approxi-
mation of the error torque.

As mentioned previously, a digital compensation system should in-
sure that any instantaneous float position errors caused by quantization
should be less than ’,A(tsm)(min)l o In this way the errors do not ap-
pear at the angular reference through operation of the stabilization
drive when no precession torque is present. If the compensation torque
is applied at equal intervals, then the maximum time between torque

applications is:

, e 3
AMy(max) = Mb(max) AA(tsm)(min) (3-33)
where
Mb(max) = maximum compensation torque

]

A (tem) (min) = 2 | A (tem) (min)
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If a precession torque acts on the torque summing member so that
lA . I is exceeded, the maximum instaneous error introduced to
(tsm) (min) ‘

the angular reference by compensation torque quantization is AA(tsm)(min)‘

Any value less than AtM(max) can be given to AtM with a proportionate

reduction in the maximum quantization error.

3.8 Computation Errors

Digital computations of the error torque must be made periodically
in order to determine the compensation torque required; The time be-
tween computations must be equal to or less than A#M. Besides this
restriction, other factors,which will be discussed, determine the com-
putation interval, Atc.

In making the computations, specific force measurements are re-
quired from the system accelerometers. In general digital accelerometers
produce output pulses proportional to velocity in either of the two
directions along their input axes. The equation for the velocity out-
put is:

v = SV (n(+) - n(_)) = Svn (3-34)
where
v = velocity along positive direction of accelerometer
input axis

S
v

n(+) and n(-)

1}

velocity increment per output pulse

number of output pulses for the positive and negative

input axis directions
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Acceleration is obtained from this information by differentiating:'

S
a =00
Aty

The net number of output pulses, An, must be an integer; Therefore it
can be in error by as much as one pulse. Since the absolute error in
An is constant, the relative error can be reduced by increasing An.

This can only be done by increasing At,, since An_ is determined‘hy

Ate
the specific force.

Onece an unbalance torque computation has been made, this computa-
tion is the only information the system has availéble concerning the
error torque until the next computation. Therefore if the error tor-
que changes during this interval, due to changes in spécific force,
the available information is in error. This quantization error can be
~ reduced by reducing Atc.

Thus two conflictingrrequirements for Atc exist. The compromise
that is made in At between the above two requirements is dictated by
individual inertial system operating conditions., If it is known that
a system ﬁill encounter relatively long periods of constant specific
force with infrequent changes that last only for short intervals; Atc
should be large. However, a system that encounters frequent specific
force changes might require a smaller Atc. The effects of At, on the

computed error torque are now analyzed.

In order to simplify the analysis of the effects of At on the
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error torque computations, equation (1-6) is modified. Essentially
(1-6) contains three types of terms: a constant term, terms dependent
directly on specific force components and terms dependent on the products

of two specific force components. The equation can therefore be written,

for a force in any one direction, as:

2
M, =K +EF+ K3F (3-36)

where
F = magnitude of mass reaction force on gyroscope

K2 and K3 = factors dependent upon direction of F

The equation, written with uncertainties in F, is:

M=K + K, [Feum]eg [Fe um)? -97)

Assuming that the uncertainty in F is due to the uncertainty in
An, i. e., any uncertainty in At, is small compared to the uncertainty:

in An, then:
(an+1)s,
At

F +U(F) = (3-38)

c

When this substitution is made, (3-37) becomes:

-ME=K1_+K2F+K3F2+i_Yc_(K2+2K3An+1)+K

Sy \2
- At 3 (ZEZ) (3-39)
The relafive uncertainty in My is:
1.2 2 1 | |
(Atc) [?stv(An+1) + KBSV ] + 3t (K5Sy) (3-40)

Yg

The relative uncertainty in ME increases as Atg is decreased; This un-
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certainty holds fqr each unbalance torque computation and the actual

error may be positive or negative. For constant F, generally one compu-

tation will be in error on the high side and the next computation in error

on the low side, since a velocity pulsé which is omitted by one sampling
interval is gained by the next one. However, since My is not a linear
function of F, equal positive and negative errors in two separate com-
putations of ME do not produce cancelling effects. Therefore wheﬁ these
individual computations are summed up, either digitally or by the in-
tegrating action of the gyroscopé, the compensation torque-time integral
will be larger than required. '

The effects of At, on the quantization error in F cannot be deter-
mined, since the actual variations of F with respect to time must be
known. However, the effects'fOr an assumed linear variation of F with
respect to time can be found ﬁy considering Figure 3-5a. This figure
shows a linear increase and,decrease in F, each of equal amounts and
occurring over equal time intervals. Here %% is constant and
AF = %% bty whére.AF is the quantization error in F. The effect of
AF on ME computations can be found by substituting AF for U(F) in

(3-37). This gives:

2 2
Mp(computed) = K| + KF + K.F aF (K, + 2K3F) + KB(AF) (3-41)

3
Figure 3—5b shows the changes in ME corresponding to the changes of
F in part (a). The effect of Atc on the error torque quantization error,

AME, can be seen from the following:
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Figure 3-5 Computed Error Torque Quantization
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2 2
where

AME, beside being a function of Atc, also depends on F and increases with

&l

increasing F.

The imporﬁant consideration of the error torque quantization is that the
computed quantityt//ﬁEdt, should equal the actual quantity, when integrated
over a relatively long period of time. Thus, even though instaneous errors
are present there should be no cumulati?e error. A look at Figure B-Sb

shows that, between t, and tn,}(ﬁtdt(computed)'is smaller than J(MEdt

(actual). The amount of the difference is:

n-1
(E) [;Edt(computed) MEdt Z Mo Ot (3-43)
to k=0
[(K +[K, Kt .lto) +R] vy [Kplt - ) + Fo] )dt

(o)

- Ky (b - to) *Z_.Kz(kKFAtc + B) At + Ky(kKgat, + ) 24 2 (3.1
=y :

where

Mg = computed error torque at time %y

Therefore for changing specific force, an error in computing J('Mﬁdt
is introduced which increases with time as long as the force is
changing. Once the force is constant again the error remains constant.
If this constant error is cancelled when the specific force returns to

its original value, no cumulative error is introduced. This possibility‘

is now investigated.

0



In figure 3-5b, area A and area B are the'quantization errors in

/// MEdt for an equal increase and decrease in Mﬁ occurring during At,.

Area 3 is larger than A, It is larger by the amount:

tk+Atc _
B-A = Z(E‘EF %AME}Atc -[ Mgt ) (3-45)
2 k 2 .
B-A =[2(K Ryt KoF ) + ot (RpKp+ 2KKeRy+ KoKp ato)|atke
k+Atc

_ 2

-2 (K, [KF(t - %) + Ko ] + K3 [KF(t - tg) *+ Fy ] Ydt (3=46)
k
y

BaA = % KBKF Atc3 (3-47)

The net error in‘//MEdt,caused by the increase in the magnitude of F and

. 2,2y
subsequent decrease back to its original value,is: (tp- to)(%K3KF Atg).

These errors accumulate as long as F remains in the same direction

relative to the gyroscope.

3.9 Other Factors Affecting Digital Compensation

When direct current is used for the operation of the torque genera-
tor, hysteresis effects in the torque generator core material cause a
residual flux to remain in the core when the input current has ceased.
This residual flux depends barthy on the input current magnitude and
direction at the time it is turned off; The reéidual flux is in addi-
tion to the flux due to the excitation current. Residual flux gives rise
to unwanted torques and thus is a source of errors. These errors accumu-
late as long ésrthe input current is applied in the same direction. In

general,hysteresis errors cannot be accurately predicted.
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When alternating current is used for operation of the torgue genera-
tor, the mmf due to the excitation current is alternating and therefore
constantly recycling the hysteresis loop. Residual flux isbthen no longer
a problem. A residual flux problem does occur with alternating current,
however, when an input current is suddenly applied whose mmf is approxi-
mately equal to the excitation mmf. Under these conditions the net mmf
at two of the torque generator poles is very low. Any residual fiux may
then be large compared to the alternating component; This problem can
be eliminated by keeping the input and excitation mmf!s sufficiently
different in amplitude.

The stability of the source supplying torque generator current is
important because of its effect on the torque produced by the torgue
generator. If the same source supplies both input and excitation cur-
rents, a small fluctuation in the source voltage causes a percentage
fluctuation in torque approximately twice as great, since the torque is
proportional to the product of the currents.

Torque generator input current-torque non-linearities caused by nor-
linearities of the core material do not effect torque control methods
2, 3 and 4, since the compensation torque magnitude is constant for
these methods. It is only necessary to initially calibrate the torque
at the level used. Method 1 is effected by torque generator non-linearities,
since torque level changes occur. These effects can also be overcome,

however, by adjusting each individual torque level,
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Chapter IV
DIGITAL COMPENSATION TESTS

4,1 Introduction

In order to determine the actual errors present in a digital com-
pensation system, a test setup was constructed. A series 10.0 FG-1l-2
floated‘gyroscope was used for the tests. The gyroscope was mounted on
a Griswold rotary table with its output axis coincident with the table
axis and perpendicular to the local gravity vector. The gyroscope
could thus be rotated about its output axis.and its angular position
accurately determined by a magnified vernier dial on the rotary table.
Oriented in thié way, compliances and the mass unbalance about the
gyroscope output axis cause a torque to act on the torque summing mem-
ber due to gravity. Since the position of the gyroscope relative to
~ gravity could be changed by rotating the table, the mégnitude and
direction of the error torque could be varied. No stabilization servo
was used with the gyroscope for reasons stated before. Since the servo
Waé omitted, the gyro wheel did not have to be running; This in turn
eliminated the need to cancel out any precession of the gyro wheel due
to earth:rate; | .‘

A block diagram of the test setup used appears in Figure hl.

This setup was modified for different tests. The intention was not to
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Figure 4-1 Block Diagram of Test Setup
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test a complete digital compensation system, since such a test would have
necessitated having practically a coﬁplete inertial system. A countdown
register was used, into which siﬁulated digital computer outputs were fed.
Clock pulses were obtained from a square wave derived from the 400 cycle
torque generator current. These clock pnlsés were also used for timing

- when direct current was used for the torque generator. Both the frequency
and amplitude of the torque generator and signal generator currents were
precisely controlled. Torque summing member angular position was determined
by a V. T. V. M. which monitored the gyroscope signal generator output
voltage.

Designing an adequate electronic switch for the tests proved some-
what difficult. The difficulty encountered is that since a transistor is
a three terminal device, no possibility exists of isolating the circuit
that controls the transistor from.the circuit the transistor controls.

The electronic switch uses direct current signals to switch alternafing
current, Relays possess the four terminal operation needed, but are
limited by their slow switching characteristics. At first é circuit using
four switching transistors in a demodulator-type circuit was triéd;
Problems were encountered with the alternating current shorting througﬁ
one-haif of the switch oﬁ alternate half cycles. This was caused by
collector-base conduction in the switching transistors. The circuit
finally used is shown in Figure 4-2., Only two transistors are used for the

actual SWitching; Whenreither of the switching transistors is cut off,
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its base.is biased at a voltage higher than the peak alternating current
voltage that appears at the.collector. Therefore collector-base conduciion -
is prevented.

The test setup outlined above was first used to determine to what
extent certain of the errors discussed in Chapter III affected an actual
system. Then, tests were run to see how well the torque control methods

described in Chapter II performed.

L,2 Test Methods

A plot of gyroscopé unbalance torgue as a function of rotary table
angular position was first obtained. The torque, for one degree in-
crements of table position, was determined by measuring the torque gen-
erator currents required to hold the torque sumﬁing member at nuil éQr |
a certaiﬁ.period of time and using available data on torque generator
sensitivity. Using this plot, a table angular.position could be chosen
to obtain a ceftain unbalance torque about the gyroscope output axis.
Likewise an effective torqﬁe generator torqﬁe could be measured by setting
the table at a position that resu;ted in zero drift of the torque summing
member. The curve obtained was correct only when the torque summing mem-
ber was at null: waever.-by restricting movements of the torque summing
member to approximately 0.l milliradian either side of null, essentially
constant tﬁrQues were obtained while allowing movements of the térque
summing member for purposes of viscous shear intégration;

In the following discussion the unit of torque used is meru, Meru,
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or milli-earth-rate-unit,is not a,torque unit, but an angular rate unit;»
However, for any given gyro wheel angular momentum, arconstant angular
rate input to a gyroscope will produce a certain_torque ab&ut the output
axis. A 1 meru torque, therefore, is a torque equal to that produced by
a 1 meru input to the gyroscope under consideration.

The drift rate measurements taken during the tests described here
were obtained as follows. The reading of the V, T. V. M; monitoring the
gyroscope signal generator output was related to the torque summing mem-
ber position by the signal generator sensitivity. The amount of time
for drift of the torque summing member to cause a certain change in meter
reading_was measured by a manually operated electric timer; A large
magnifying glass was used to help determine the meter indications; The
drift measurements thus obtained were average rates over the times of
observation; The accuracy of the drift measurements was probably deter-
mined by the accuracy of the V. T. V. M. and the accuracy of relative

drift measurements by the repeatability of the instrument.

4,3 Tests and Results

Test 1 -~ Effects of Non-Newtonian Damping Fluid. Non-Laminar Flow and:

Suspension Friction

The following tests were performed to determine any effects caused .
by non-Newtonian characteristics or non-laminar flow of the gyroscope
damping fluid. The tests consisted of setting the position of the

rotary table to obtain, for separate tests, three different unbalance
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torque magﬁitudes. Then, once a second, a compensation torque, with a
magnitude N timeé greater than that of the unbalance torque, was applied
in the opposite direction for 1/N second.

Fof each of the three unbalance torques three different compensa-
tion torques were'applied. ‘The drift rate aﬁd direction for each com-
bination of unbalance and compensation torques were measured and are
tabulated below. The rates listed are averages of three separate ob-
servationé'each; Each observation was between 10 and 30 minutes in
length, depending upon the drift rate.

Under ideal conditions, there should be no drift of the torque sum-
ming member from null when the above torques are applied, except for the
once per second deviations; Since the torque in one direction is much
~ greater than in the other, producing greater angular velocities of the
float in one direction, in the absence of other errors any non-linearity
between float angular velocity and damping torque will cause the torque
surming member to drift from null. The rate and direction of this drift
are dependent upon the damping fluid.

Bj applying an unbalancé torque ahd using short compensation torgque
pulses to keep the gyroscope at null, any friction torque present operates
against the unbalance.torque for a much greater time than against the
compensation torque. This causes a drift in the direction of the com-
pensation torque. The separation of the effects of suspension friction

from the other effects lies in the interpretation of the results.
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TEST 1 RESULIS

Compensation Torqué Pulse Magnitude (meru)

L0 100 400

. 2 0.1C 0.1C 0.2C
Unbalance

Torque 5 0 0.1C - 0.3C
Magnitude

20 0.1U0 0.2C 0.2C

Drift Rates (meru)
C = direction of compensation torque

U = direction of unbalance torque

Test 2 - Effects of Damping Fluid Temperature Changes

In order to determine what effects the damping fluid temperature
limit cycle might have on compensation torque pulses that occurred at
extremely unfavorable times, the following test was performed. The
coil of a current relay was inserted in the line carrying current to
the gyroscope fluid heaters; A battery and pulse forming circuit were
connected to the relay contacts in such a way that a pulse could be
obtained, either at the instant the relay closed or the instant it
opened. The gyroscope was oriented tc obtain a certain unbalance
torque. A compensation torque pulse to keep the gyroscope at null was
then applied in the opposite direction once per temperature limit cycle;
being triggered by one of the two pﬁlses available from the relay cir-
cuit. Since the compensation torgue pulse width was relatively short

compared with the periods of time the heaters were either on or off,
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the compensation torque could be applied when the fluid temperature
was near elther its upper or lower limits, depending upon which relay
pulses were used to trigger the torque pulses; Damping fluid ;iscosity
changes with temperature,caused the gyroscope to drift from null, the
rate and direction depending upon the average fluid temperature at the
times the compensation torque was applied. These rates were measured.
The period of the temperature limit cycle is not constant, even
under ideal sfeady-s£ate temperature conditions. Therefore the torque
- summing member drift was due in pért to the fact that the time interval
between compensation torque pulses was not constant. In order that
drift due to this cause could be determined, the number of temperature
cycles which occurred during the observation periods were visually
coﬁﬁted. As mentioned previously, the period of each temperature cycle
was roughly 10 seconds. The ratio of the compensation torque and un-
balance torque magnitudes determined the number of temperature cycles '
that should have occurred during the observation periods; This ratio
- must equal the ratio of the observation period length to the total time
the'compénsation torque is applied. Any differences were transformed
fo average drift rates over the observation periods and subtracted from
the obéerved rates. The measured drift rates, corrected for differences
in temperature cycle lengths, are listed below. They are the averages

of several observations.
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TEST 2 RESULTS

~ Unbalance Pulse
Torque Width Fluid Drift
Magnitude (sec.) Temperature Rates
20 0.25 high 0.3
20 0.25 low 0.2U0
50 0.50 high 0.7C
50 0.50 low 0.60

Test 3 - Switching Transient Effects

The effects of torque generator input current transients due to
switching were next determined. As before, compensation torque pulses
were used to cancel the effects of an unbalance torque on the torque
summing member. When alternating current was used on the torque
generator windings, the pulses used were one cycle'in width and the
timing of the glock pulses controlling the switching was varied in order
to vary the phase angle of the current when it was switched. In this
way, the effects of transients caused by switching not taking place at
the proper phase angle could be determined by measuring any gyroscope
drifting produced.

When direct current was used on the torque generator windings, the
effects of transiehts were determined by varying the length of the com-
pensation torque pulses used. If the unbalance torque magnitude is

varied in direct proportion to the compensation torque pulse length,
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"no drift should result. Adverse transient effects were determined by
measuring any drift produéed. The unbalance torque used for the tests

was 50 meru.

TEST 3 RESULTS

Steady-State Alternating Current
Phase Angle at Time of Switching

Q° 5° 15° 30° 60° 90° 120° 150° 165° 175° 180°

Drift ; . . .
Rates 0 0.2C 0.6C 1.1C 1.8 1.9C 0.9C 0.3 o040 0.1U O

Direct Current Pulse Width (sec.)

0.0025 0,005 0.,0125 0.025 Q.05

Drift
Rates 3.4C 1.9C 0.8C 0.4C 0.2C

Test 4 - Effects of Torgde Generator Core Hysteresis

The effect of residual magnetism due to hysteresis of the torque
generator core material was determined by applying direct current to
the excitation winding and direct current pulses to the input winding
and determining the unbalance torgue required'to hold the gyroscope at
null after thg pulses were removed. The core was demagnetized as much
as possible before each test by removing both the input and excitation
curreﬁts and applying a decreasing alternating current to the excita-
tion winding. The residual torques caused by the hysteresis effects

of the core material are listed on the following page.
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TEST 4 RESULTS
Drift Rates

Compensation Torque ' : Neg.
Pulse Magnitude Pos,. Pulses Pulses
50 0.7C 0.8C

200 1.9C - 2.1C

800 2.8C 3.3C

Test 5 - Tests of Torque Control Methods

Tests were run to determine how well the torque control methods dis-
cussed in Chapter II performed. These tests were limited to the egquip-
ment fhat follows the computer. The tests attempted to determine if
the control methods produce effective torques that are proportional to
the numerical magnitude of the computer outputs and how constant the
effective torques are compared with continuously applied torqueé.

Torque control method 1, which switches one of several different
continuously applied torque levels, could not be tested since the com-
parisons were based on continuously applied torques. Method 4 is
similar in operation to method 3, except that the torque pulse width is
constant. Therefore only methods 2 and 3 were tested.

The tests consisted of applying simulated computer outputs to the
equipment to compensate for several different magnitudes of gyroscope
error torque. Any resulting drift rates were measured. Only results
are shown for the tests in which alternating current was used for

operation of the torque generator. Such poor results were obtained when



direc_zt current was used that the tests were not continued;

Unbalance Torque

TEST 5 RESULTS

Drift Rates

Magnitude Method 2 Method 3

0 0.1U 0

5 0 0.1C

10 0.2C 0.2C

15 0 0.1C

20 0.2C 0.2C

25 0.1C 0.2C
------ 0 0.10 0
35 0.20 0

T ho 030 0.1U

L5 0.10 0.2C

50 0.20 0.2C
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Chapter V

CONCLUSIONS

5.1 Discussion of Test Results

Test 1 - The results of Test 1 are inconclusive to some extent.
While most of the measurements seem to indicate the presence of friction
torques, some of the individual measurements taken were completely op-
positevof what they should have been under such circumstances. The re-
sults seem to indicate a friction torque equivalent to between 0.1 and
6.2 meru. For the gyroscope used this would correspond to roughly 0.1
dyne-cn.

Effects of non-Newtonian damping £luid or non-laminar flow, which
would probably be indicated by drifts in the direction of the unbalance
torque, i. e., b greater than 1, did not seem to be present. Even the
greatest float angular velocities encountered were probably much less
than would be needed to reach non-laminar flow conditions. Also, the
damping fluid is very carefully chosen to exhibit pure Newtonian
qualities. Therefore any effects due to these causes were probably
either in the same range or below the accuracy of the equipment and
methods used for the tests.

Test.Z - The results of Test 2 were approximately as anticipated.
The compensation torque pulses applied when the damping fluld tempera-
ture was near its upper limit caused the torque summing member to drift

vin the direction of the compensation toraue. When the pulses were applied while

the damping fluid temperature was near its lower limit a drift was caused

87



in the direction of the unbalance torque. The drift rates were somewhat
larger than would have been p:edicted by cohsiderations discussed in
Chapter III. This may have been due to the temperature control limits
being different than specified. Also the fact that the fluid heaters
and temperature éontroller ére physically separated in the gyroscope

may allow wider temperature excursions of the démping fluid in the
vicinity of the heaters or other fluid areas remote from the controller.

The compensation torgue pulses used in Test‘z were applied.at €X=
tremely unfavorable times. The chances of such pulse timing occurring
in actual opération. except for short periods, are very remote. However,
the chances of having a completely symmetrical distributioﬁ of torque
pulses over the fluid temperature range is also'remote; Therefore damping
fluid teﬁperature varlations probably have some effect on digital drift
compensation.

Test 3 - Test 3 shows that torque generator current transients can
definitely affect digital drift compensation. The results of switching
alternating input:current when the steady-étate current was at a rela-
tively high value produced large drift rates. These drift rates wére
greatly reduced when the steady current wave was close to zero at the
time of switching. The current pulses used for Test 3 were one cycle
in width. Since the transients occur only on the ends of the pulses,
as the pulse width is increased to a greater number of cycles the drift
rate would be expected to be reduced Ey a factor of approximately the

number of cycles. This proved fo be the césé in tesﬁs invﬁlﬁing
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larger numbers of cycles.

The results of using direct current pulses on the torque generator
input winding shows that transients greatly affect the torque produced
in such a case. As the pulse length was increased, decreasing the
relative effects of the transients, the drift rates decreased almost
proportionatelj. Unfortunately, when using direct current, there is
no simple way of reducing the transients as there is for the alternating
current case.

Test 4 - Torque generator residual magnetism caused by core material
hysteresis effects produces residual torques when direct current excita-
tion is used, as the results of Test 4 show. These residual torques
cause drifting of the torque summing member and are definitely unde-
sirable for digital drift compensation. Tests using alternating current
on the torque generator windings showed no apparent residual torques
caused by hysteresis effects.

Test 5 - The results of Test 5 indicate that the torque control
methods used produce linear torque control and constant torques to a
"certain degree. Tﬁis degree may be largely due to uncertainties in
the measurements. The repeatability of the unbalance torques is some-
what in question. While the rotary table angle could be repeated with
good accuracy, causes such as torque summing member mass shift due to
bearing play and other uncertainties produced repeatability errors in
the unbalance torques. The stability of the power supplies and other

equipment used was also a factof. The drift torque rates observed may
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have been of the order of magnitude of the uncertainty torqﬁes of the
gyroscope used, Factors already_mentiongd such as suspension friction
and damping fluid température changes may also have added t6 the drifts
observed. The phase splitting transformer used did not produce exactly
equal voltages on each side of the center tap. This is one reason the
zero torque level as well as other torque levels of Method 2 produced
drifts. |
Since unbalance constants supplied with the gyroscope had an ac-
curacy of only 0.1 meru, the results of Test 5 are probably as good as

they need be for the compensation of the particular gyroscope used.

5.2 Conclusions

Drift compensation of a gyroscope with the use of digital informa-
tion can be accomplished by several different methods; For many reasons
these methods cannot cancel out the instantaneous error torque producing
drift. They can, however, cancel out the long term effects of the errﬁr
torque. The cancelling of these effects depends upon the integrating
properties of the gyroscope. Thus digital controlled compensation
differs from the normal method of drift compensation, which ideally can
cancel out the instantaneous error torque and therefore does not rely
heavikj on integration by the gyroscope torque summing member. Certain
factors cause the integration process in gyroscopes to be imperfeét;
Due to the extreme care used in making gyroscopes, these imperfections
‘are quite small, They therefore do not appear to limit the usefulness

of digital‘controlled drift compensation.
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Some factors should receive special attention when drift compensa-
tion is digital controlled. They are as follows:

1. The maximum angular excursions of the torque summing
member, caused by differences of the applied compensation torque from
the ideal, should be less than the resolution of the gyroscope stabili-
zation servo.

2. When digital accelerometers, such as the type discussed
in Chapter III, are used to obtain the specific force data, the itera-
tion time of the error torque digital computations depends upom the
specific force profile to be experienced by the inertial system. If
the system experiences frequent changes in specific force, the itera-
tion time should be relatively short in order to reduce compensation
torque quantization errors. If the system experiences infrequent
changes in specific force, the iteration time should be relatively
long in order to obtain more accurate specific force data.

3. The gyréscope damping fluid temperature should be main-
tained as constant as possible.

4, Only alternating currents should be used for the operation
of the gyroscope torque generator. Switching transients and core
material hysteresis effects cause direct current to be extremely unde-
sirable for such use. In order to reduce transients, the altermating
current should be switched only when the steady-state current wave
passes through zero. To reduce the effects of any transients, the

current pulses should contain only complete cycles and the shortest
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pulse used should contain several cycles.
5. To reduce the effects of cross-coupling durrents, the .

torque generator power supply should have a high output impedance;

5.3 Recommendations for Further Study ‘ _

"~ 1. Work could be done on determining a method of calculating the
error torqué which would not necessitate a compromise in the iteration
time for tﬁe desired results of low quantization error and high in-
stantaneous torque determination accuracy.

2, A mofe accurate determination of the actual effects of the
sources of error mentioned in Chapter III could be accomplished; This
would probably require a more elaborate setup than was used for this
thesis, utilizing better equipment and methods.

3. Work could be done on a method of digital torque control which
operates by changing the phase angle bgtween the torque generator ex-

citation and input currents.
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