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shells which are considered to be homogeneous. It is also suitable
for application to plates or shells when effects associated with
transverse normal strain (or stress) are considered.® It is reported
in Ref. 8 that sometimes this effect may exceed that of transverse
shear.
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Introduction

HE advantages of pulse-rebalance schemes for inertial in-

struments, as compared to continuous rebalance techniques,
are especially important where a digital computer is used to
process the signals provided by these instruments.’”” A method
for deriving the rebalance signal which uses a triangular wave
modulation of the gyro signal is described here. This method
is intended for use in strapdown attitude reference systems of
advanced spacecraft and missiles.’

The purpose of the analysis and tests described here was two-
fold. First, a compensation network which assured a high static
gain of the control loop and stability was required. Without this
compensation the control loop exhibited a prominent limit
cycle oscillation, which had to be eliminated by the compen-
sation. Second, the steady-state accuracy of the entire system
was to be determined to assess the suitability of this instrument
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Fig. 1 Block diagram of complete system.

for strap-down applications. Both attitude and attitude rate can
be determined from the signal provided by this instrument.

Discrete Pulse-Width Modulated Rebalance System

The gyroscope used here is a Honeywell model GG334A3
single degree of freedom, gas bearing rotor, floated instrument.
A block diagram of the entire gyro control loop showing how
the digital signal is provided appears in Fig. 1. The transfer
function representing the float dynamics is

049/ Ts) = (1/N)/s(s+C[J)
where C and J have the numerical values listed in Table 1. The
signal generator is excited by 8 volts (rms) at a precisely
controlled frequency of 6.4 KHz, giving the sensitivity listed in
Table 1. A conventional phase-sensitive demodulator (with
amplification) produces a full-wave rectified signal whose
average value is proportional to §,, the angular deflection of the
output axis. The sensitivity of the amplifier-demodulator com-
bination is 9 v (average value) per volt (rms). An active filter is
used to smooth the full wave rectified output from the de-
modulator and to provide gain. The dynamics of this filter are
chosen so that very little distortion of the (relatively) slowly
fluctuating signal will occur while considerable smoothing of

Table 1 Physical characteristics of Honeywell GG334A3 gyroscope

Wheel momentum, H 2x10% GR(cm)?(sec) ™!
Moment of inertia of float

Assembly about output axis, J 225 GR(cm)?
Damping coefficient of

Float about output axis, C 2.5x 10% dyne-cm-sec.
Signal generator sensitivity,
(Excitation 8 v, 6.4 KHz) 18.7 mv (rms) per mrad

Torquer sensitivity 1.03 x 10® dyne-cm per ma
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the sharp peaked carrier will be realized. The transfer function

of this filter is
2 2
32 2 w" 2
s+ 2w, s+,

where { =0.7 and ,=3.8x10*rad/sec. For purposes of
control loop dynamic analysis this filter can be represented as a
simple gain of 32. However, the attenuation of this filter at
6.4 KHz and 12.8 KHz is important for the suppression of the
limit-cycle oscillation of the system. Following the filter is a
compensating amplifier which provides further attenuation of
the 6.4 KHz and 12.8 KHz ripple and conventional lag-lead
compensation. The transfer function for this compensator is

V(s)/Vols) = 132 x 108(s+ 500)/(s +20)(s + 5000)>

The static gain of the forward loop is therefore V/6, =710
v/mrad.

The output of the compensator is summed with a 1000 Hz
triangular voltage of amplitude A, and the sum actuates a
binary switch, as indicated in Figs. 1 and 2. The binary output
is synchronized with the 512 KHz computer clock pulses. There-
fore V(f) is a rectangular wave having a repetition rate of
1 KHz and zero crossings which occur only at discrete instants
coincident with the computer clock pulses. Further, V(9 is
pulse-width modulated by an amount proportional to (in a
quantized fashion) V(¢). Figure 2 illustrates the situation for a
constant V(¢). V1(¢) switches a precise current source so that the
current pulses into the torquer have the same waveform (ideally)
as Vy(?). There is an L/R time lag in the torquer circuit, but this
does not change the average value of the current in the torquer
from the average value of the ideal current shown in Fig. 2. It
introduces a dynamic lag in the loop which may be accounted
for by conventional means. The current source used in this
system is 28.8 ma, sufficient to rebalance an inertial torque
corresponding to a vehicle rate of 8.5 deg/sec. If ¥(z) is constant
the two pulse widths t* and ¢~ shown in Fig. 2 will also be
constant so that the average value of torquer current will be

P4y = (288)[(x* —77)/0.001] ma

100 %, modulation occurs for ¥{(f) = h, so for purposes of linear
analysis the static gain of the feedback path is

iV =28.8/hmajv

An & of 8 volts was employed. The salient characteristics of the
electronic portion of the system are listed in Table 2.

The up-down counter receives 512,000 pulses per sec, the
sign of each pulse is the sign of V7 immediately following each
computer clock instant. If, for example, ¥(¢) is zero the counter
will receive a train of 256 positive pulses followed by a train of
256 negative pulses during each msec period. When V(¢) is
nonzero there will be a net difference in the number of positive
and the number of negative pulses—that difference will corres-
pond in sign to the sign of ¥(¢) and in magnitude to the (quan-
tized) magnitude of V(z). The counter provides the on-board
digital computer with the basic data from which vehicle
attitude and attitude rate are determined. Because the maximum
vehicle rate which can be accommodated in this system is about
8.5 deg/sec and the pulse count rate is 512,000 per sec, the
resolution of the vehicle attitude measurement could not be
finer than 0.06 second of arc.

Previously sawtooth waveforms have been used in pulse re-
balance systems where the triangle waveform is used in this

Table 2 Physical characteristics of pulse rebalance electronics

Signal generator excitation frequency 6.4 KHz
Triangle generator frequency 1.0 KHz
Triangle generator voltage h 8v

Computer clock frequency 512 KHz
Time constant of torquer circuit 140 psec
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Fig. 2 Illustrating the discrete pulse-width modulation of V(7).

one.!'? The triangle waveform has some advantages over the
sawtooth, especially where the computer clock rate is high.
Electronic switching in the triangle wave circuitry occurs at the
instant Vg(7) reaches its maximum value, virtvally outside the
modulation range, whereas it occurs at a zero crossing in the
sawtooth circuitry. For a computer clock rate in the megahertz
range, which appears feasible, this is an advantage in accuracy
of pulse count. Because there are two zero crossings of V(?) per
cycle, one ascending and one descending, in the triangle wave,
as compared to only one, unidirectional, with the sawtooth
wave, less error in pulse count is realized for small errors in the
zero crossing instants.

With the numerical values indicated above, and in Tables 1
and 2, the loop transfer function, for linear stability analysis is

Ty(s) 8.4 x 10*6(s + 500)

T.(s)  s(s+1110)(s-+20)(s + 5000)*(s+7150)
The gain margin is therefore approximately 1.9 and the steady-
state float offset is only about 0.25 sec of arc per degree per
second of vehicle rate.

There is a steady oscillation of the gyro float at 1000 Hz due
to the modulation of the torquer current at this frequency. The
magnitude of this oscillation will be less than 1.7 arc sec (peak
to peak) when the vehicle rate is zero, and even .smaller for
nonzero rates. This oscillation is not large enough to cause

Vi(2) to cross zero at a clock pulse different from the ore it
would cross at if the oscillation were absent.

Experimental Results

The gyro was mounted on a Fecker precision rate.table, which
is capable of rates up to 200 earth rate units (0.833 deg/sec)
with an accuracy of +42x107% deg/sec, exclusive of the
periodic inaccuracies of wow and flutter. Tests were run at 25,
50, 100, and 200 earth rate units. The up-down counter sums the
positive and negative pulses for a preset time period of ap-
proximately 100 sec, which is accurately known from a precision
time base. The sum represents the total vehicle angle change
during the summation period, and, if divided by the known
period, yields vehicle rate. It was necessary to average the
results obtained over several 100 second runs (at each table rate)
due to the wow and flutter of the table. Accuracy measurements
using this technique were found to be repeatable and showed
that the linearity of the instrument was 0.01 %] of the maximum
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rate used, which is only one tenth of the full scale capability of
this instrument.

To test the system over its full dynamic range another series’

of steady-state tests was run using a precision current source
(North Hills) applied to a second torquer which happens to
exist on the output axis of the gyro. Current corresponding to
vehicle rates up to 8 deg/sec was applied and the same averaging
techniques described above were used to eliminate the influence
of current noise. Again, the linearity proved to be 0.01 %, of the
maximum rate.

Transient response tests were run on this system to assess the
control loop stability.

These tests confirmed that the linear analysis was useful in
determining large-signal stability. It was also shown that a limit
cycle oscillation of approximately 100 Hz will exist if the
6.4 KHz ripple present in V{(¢) is too large. The amplitude of this
oscillation increases as the ripple amplitude increases and it
can be observed as a fluttering of the edge of the pulse train
at the output of the synchronizer. The filter and compensator
described above eliminated this limit cycle oscillation. However,
a slight flutter, one clock pulse width in magnitude, exists even
when V(#) is reduced to zero. This appears to be inherent in the
binary switch and not dependent on the other parameters in
the system.
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Introduction

NE of the major objectives of the Skylab program is the
return and processing of Earth resources data taken with a
set of multispectral remote sensors, referred to collectively as
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the Earth Resources Experiments Package (EREP). The Skylab
orbital workshop (OWS) was launched in late spring of 1973
to circle the Earth in a controiled 234-naut mile altitude circular
orbit. The workshop was visited by a crew of three, aboard an
Apollo command and service module (CSM), on three occasions
during the 8-month lifetime of the orbiting laboratory. This
schedule allowed observation of the Earth under a variety of
seasonal conditions.

Mission Requirements

The EREP mission requirements consist of a comprehensive
set of objectives aimed at obtaining data for both sensor per-
formance evaluation and Earth resources applications. The pre-
determined, calibrated sites, nearly 700 in number, are distributed
world-wide, but are concentrated mostly in the US. and sur-
rounding coastal areas. Other targets, such as hurricanes and
active volcanoes, are to be determined in real-time. Earth
resources experiments were submitted by more than 130
American and foreign principal investigators and range from
regional planning and agriculture to oceanography and weather
observation. Each experiment specifies for its associated sites a
detailed set of required conditions for data taking. These con-
ditions include such parameters as sun angle, season, number of
data takes, acceptable cloud cover, and instrument requirements.
The task of completing a maximum number of these proposals
through mission planning is complicated by the wide variety
of required site conditions encountered on any given EREP pass.

EREP Pass Planning Considerations and Methods

The EREP data passes are performed in a local-vertical
(Z-LV) attitude hold.t Because this attitude is a deviation from
the normal solar inertial (SI)f mode for thermal and power
design reasons, these Z-LV holds must be constrained in’ dura-
tion, number, and solar angular relationship. The Z-LV con-
straints are briefly as follows: a) the angle between the sun-
Earth line and the orbit plane (known as the beta angle) must
be within +65°; b) the Z-LV pass length should be less than
160° orbital angle; and c) there should be no more than three
Z-1LV passes per day.

The total number of Z-LV EREP passes originally available
for all three Skylab missions was 60; however, this constraint
was removed, and for the later two missions the number is
dependent on available consumables. Other constraints which
significantly affect EREP operations are terrain lighting con-
ditions and weather (cloud cover); weather conditions over
EREP sites greatly affect data takes and are discussed later with
the real-time operations. In the premission planning, clear
weather is assumed.

Lighting Effects of Launch Time and Season

Almost all of the Earth resources proposals specify desired
sun lighting conditions; most of these are daylight conditions
with sun angles (measured with respect to the local horizontal)
above 20°-30°. It is desirable, therefore, to design the launch
time and date, if possible, to allow for maximum sun elevation
angles in the northern hemisphere ; the lighting is to be maximized
in the U.S, where almost 80% of the EREP sites are defined.
However, other mission factors are affected by launch time and
date as well, some more constraining and considered more
important than the EREP requirements. Shown in Fig. 1 is the
effect of SL-1 (the OWS) launch data on subsequent adequately-
lighted U.S. pass opportunities. A three-mission maximum

+ Some EREP data takes are planned while the orbital assembly
(OA) is in the solar inertial mode (approximately five passes) under
specific conditions; however, the discussion herein is restricted to the
normal Z-LV attitude cases.

1 The solar inertial mode is an inertial attitude hold which points
the OWS +Z axis at the sun.



