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PREFACE

The work described 1n this report was performed by the
Guidance and Control Division of the Jet Propulsion

Liaboratory, under the cognizance of the Mariner Mars
1971 Project
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ABSTRACT

The methods used to calibrate the pointing direction of
the M'71 spacecraft scan platform are described here
Accurate calibration was required to meet the pointing
accuracy requirements of the scientific instruments
mounted on the platform A detailed ground calibration
was combined with an in-flight calibration utilizing
narrow angle television pictures of stars. Results of

these calibrations are summarized
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INTRODUCTION

A two-degree-of-freedom gimbaled scan platform was utilized to point the
Mariner '71 science instruments. Accurate calibration of platform pointing
was required to meet the scientific requirements of the mission. An a priori
pointing control accuracy of 0.5° (30) and a posteriori knowledge of where the

platform had pointed of 0.25° (30) was desired by the Mariner '71 mission.

Experience gained on M'69 dictated that a new calibration technique be employed
to improve accuracy Calibration on M'69 was obtained by taking numerous
electrical and mechanical measurements with the spacecraft in a full system con-
figuration. This required considerable effort and consumed much system testing
time. Accuracy was limited by the test configuration and instrumentation In
particular, the scan actuators could not support the platform weight nal g

field The test setup devised to support the platform introduced mechanical
distortions in the spacecraft and platform structure on the order of the biases

being measured

To overcome these drawbacks, a two-part calibration scheme was devised for
M'71  The first part consisted of a ground calibration which combined analyti-
cally the separate calibration of the scan pointing elements This allowed cal-
itbration to proceed simultaneously among several subsystems independently
System test time was reduced by limiting system testing to the determination of
subsystem electro-mechanical interactions and the verification of analyses. The
second part of the calibration consisted of an in-flight calibration utilizing
narrow angle television pictures of stars. This provided the end-to-end system
calibration with an accuracy sufficient to assure that mission pointing require-

ments could be met.
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SECTION II

SCAN POINTING SYSTEM

Pointing of the platform relative to the spacecraft 1s accomplished by articula-
ting the platform about its two control axes, clock and cone A three-axis
stabilized spacecraft orientation 1s maintained by a cold gas reaction control
system utilizing celestial sensor error signals. Sun sensors measure rotations
about two axes, pitch and yaw, while a Canopus sensor measures rotations about
the third control axis, roll. A view of the spacecraft and platform 1s shown 1n

Figure 1

A sumplified representation of one axis of the scan control subsystem 1s shown
in Figure 2. On board (CC&S) or ground (QC) commands are received to step
the platform in 0.25° increments A stepper motor moves the wiper on a
reference potentiometer to create a reference voltage When the reference pot
1s selected, the analog servo loop responds until the feedback voltage, as mea-
sured by the feedback potentiometer, cancels the reference voltage. A preset
reference pot whose output value 1s set prior to launch 1s also available as a
reference. A ground command 1s available to select which pot 1s to be used.
Additional details on the attitude control and scan subsystems may be found in

Reference 1,

Numerous telemetry (T/M) measurements are available to assess attitude con-
trol and scan control performance. Analog measurements are quantized into
7-bit digital telemetry words. Thus, each measurement has a value expressed
in data number (DN) of from 0 to 127. Telemetry measurements from the
celestial sensors provide attitude control position information. Potentiometers
geared to the gimbals provide coarse and fine scan telemetry measurements.
The fine measurement 1s shared with a measurement of the reference potentio-

meter setting. The fine telemetry 1s available only when scan power 1s on.

JPL Technical Memorandum 33-556
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COORDINATE SYSTEMS AND ERROR MODEL

Spacecraft Clock and Cone Coordinates

Pointing direction to a body from the spacecraft 1s specified by the clock and

cone angles as defined 1in Figure 3. The relationship between these angles and

the spacecraft pitch, yaw, and roll axes 1s shown also Figure 1 1llustrated

the orientation of the pitch, yaw, and roll axes in the spacecraft frame. The

cone angle of an object 1s the angle, 8 (where 0sB<180°), from the spacecraft-

sun line to the spacecraft-object line. The clock angle of an object 1s the angle,

o (where 0sa=360°), between a plane containing the sun, spacecraft, and Cano-
pus and a plane containing the sun, spacecraft and object, and 1s measured

from the sun-spacecraft-Canopus plane 1n the clockwise direction when looking

toward the sun from the spacecraft Platform motion is mechanically limited to

90° to 305° 1n clock and 96° to 165° 1n cone.

VECTOR TO CANOPUS
VECTOR TO SUN

CxS/ITx3]|

B x T (PLANE AT CONTAINS 5)

e non

P ool O oy

€ TOSUN
'}

a = CLOCK ANGLE
B = CONE ANGLE

SPACECRAFT

(%]

=Y
Figure 3 Clock and Cone Angles
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Platform Coordinates

Relative pointing directions of instruments on the platform are defined using a
set of right-handed cartesian unit vectors, LMN. For calibration purposes the
L vector was chosen as the line-of-sight through the central reseau of the vidi-
con of the narrow angle television (TV-B). Offsets of other instruments were

referenced to TV-B. The relationship between the LMN system and the clock-

cone system 1s 1llustrated in Figure 4.

TV-B BORESIGHT
L/ICxTl
T

1]

Zl Z| i

C x
N x

"
& N

M

Figure 4. Platform LMN Coordinates

Error Model

Misalignments and null offsets 1n the various scan pointing elements will cause

overall pointing errors. Egquations (1) through (3) give the true pointing direc-

-~ tioninthe presenceof these errors. - -
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= Q. tx/sin 1
g T x/s1n pG (1)
By + ¥ (2)

™
1"

-3
1]

p-xcotp . (3)

o and B are the true clock and cone pointing direction. The twist angle, T, 1s a
right-handed rotation of the TV field-of-view about its line-of-si1ght. The angles
on and BG are the platform gimbal clock and cone angles assuming no errors
All errors are lumped 1nto the three orthogonal small rotations ¥, X, and p,

the cone offset, cross-cone offset and rotation offset angle, respectively.

The offset angles are comprised of eight generalized error rotations as given it

equations (4) through (6)

¥ = 91 —9651naG+67c0s o (4)
X = 92 + [94 +98cot BS] sin BG - [95 +66cos o +97s1n ozG] cos BG (5)
p = 93 +[64 +68cot Bs]cos BG + [95 +96cos o +97s1n ozG] sin BG (6)

These error rotations are 1llustrated in Figure 5 BS 15 the Canopus cone angle.
Not shown 1s 68’ the Canopus sensor non-orthogonality. All known error sources

can be lumped 1nto these eight basic rotations.

Equations (1) through (6) represent the error model used throughout the ground
and in-flight calibrations. They were used to evaluate known rotations such as
fixed mechanical offsets and limit cycle motion In addition, they were used to

evaluate overall pointing accuracy due to uncertainties.
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SCAN GROUND CALIBRATION

A comprehensive ground calibration was developed (References 2 and 3) to obtain
initial estimates of offsets and calibrations not available from the subsequent
in-flight calibration. The subsystems and elements 1nvolved 1n the calibration
are 1llustrated in Figure 6. The plan developed consisted of a telemetry cali-
bration, a control loop calibration and calibration of the fixed mechanical offsets,
Although ground calibration data was obtained for the proof test model (PTM)

and the two flight spacecraft, only data for Mariner 9 1s given here.

Telemetry Calibration

Calibrations of the scan and attitude control telemetry defined in Table 1 are
summarized in Reference 4 Table 1 gives the resolution of each measurement
and the calibration accuracy achieved. Note that the calibration accuracies ob-
tained were better than the resolution with the exception of the scan cone and

clock fine position.

Table 1. Attitude Control and Scan Telemetry Measurements

Resolution | 30 Accuracy

Channel Measurement Degrees /DN Degrees
105/112 | Pitch sun sensor fine/coarse position 0 015/0.04 [ 0.006/0.006
106/113 | Yaw sun sensor fine/coarse position 0.015/0.04 | 0.006/0.006

107/114 | Roll Canopus sensor fine/coarse position| 0 03/0.06 0.014/0.02

200 Scan clock coarse position 1.75 02
201 Scan cone coarse position 1 75 0 2
207 Scan cone fine position/reference pot 0.035/1.75 | 0 06/0.2
227 Scan clock fine position/reference pot 0.035/1.75 | 0.06/0 2
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rat.ons wi ne scan fine positions were
obtained by fitting output versus angle to a third order polynomial. The fine
position required a more complicated calibration because of the gear train
system driving the telemetry potentiometer Undefined resistance regions
occurred between maximum and minimum outputs as the pot completed a rev-
olution every 4.5°, Center-to-center gear radius variations and gear ellipticity

introduced additional errors.

To model these errors the fine position potentiometer output was assumed to be
a third order polynomial in the potentiometer shaft angle (GP). 0 1s related to

P
the actuator gimbal angle, GG, by

6 = £, [eG +HAR(6G)] + n - 360 (7)
where all angles are 1n degrees
n 1s chosen to adjust GP to be between -180° and +180°.

f4 1s the total gear ratio

HAR 1s the correction function for the gear train errors

4
HAR(8 ;) 25 [H11 sin (£685) +H, (1 - cos (£6,))
+Hy s (ZfIGG) + H4:1 (1 - cos (2f19G))] (8)
where HJl, J=1to4, 1=1to4, are the gear train errors,
f1 = 1., 1s the gear ratio from the gimbal axis to the first gear
f2 = f1 . % = 3 , 1s the gear ratio from the gimbal axis to the second
gear.
f3 = f2 12—1:2 =15.409091, 1s the gear ratio from the gimbal axis to the
fourth gear.
f4 = f3 —1201—8 = 79.246753, 1s the gear ratio from the gimbal axis to the

sixth gear or the potentiometer shaft.

The actuator gimbal angle, 6

by

o 1s related to the clock and cone gimbal angles

%

A

GG +197.469° (9)

8G+101 042 (10)
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11



The hysteresis error in the gear train was assumed random and 1s included 1n
the accuracy of Table 1. During calibration two actuators exhibited high
hysteresis and were interchanged with actuators with low hysteresis. No re-
calibration was necessary since the plan allowed for exchange of subsystem

elements.

Subsequent 1n-flight calibration verified that the scan telemetry was within the
calibration accuracy of Table 1. Sun sensor calibration was observed to have
changed due to scale factor changes caused by decreasing solar intensity input
and detector aging. A scale factor change of 20% yielded a maximum error of

0.05° at the edge of the 0.25° attitude control dead-band.

Control Loop Calibration

The control loop calibration was obtained from measurements on the reference
and feedback potentiometers and scan control electronics. Data was obtained
on the reference potentiometer by commanding a desired step position and mea-
suring the required feedback to obtain an electrical null The feedback data was
obtained by moving the actuator gimbal axis reference to a known angle and
measuring the feedback potentiometer output. The measurements were taken
at equal potentiometer shaft angle increments of 8°. The feedback potentiom-
eter output vs. actual gimbal angle (eG) and the required feedback for null vs.
step position were fit to third order polynomials. The accuracy of the calibra-

tion 1s given in Table 2.

Table 2 Control Loop Potentiometer Calibration Accuracy

Potentiometer 30 Accuracy, Degrees
Cone Reference 0.12
Clock Reference 0 26
Cone Feedback 0.17
Clock Feedback 0.34
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The total 3¢ accu he control loops using the accuracies irom Table 2
were 0.43° and 0.20° for the clock and cone axes, respectively. The clock
axis calibration accuracy was not acceptable. However, when the control loops
were integrated and tested, all errors were less than 0.20° which led to the
conclusion that a large part of the calibration error for the clock axis was due

to errors 1in taking the measurements.

Later, testing on the PTM showed that the large calibration errors were real
offsets. Therefore, the ground calibration control loop residuals were plotted
as i1n Figure 7 to estimate corrections. The plotted corrections showed that an
error of 0.25° was likely 1n the clock axis and updating by ground command was
planned for in-flight calibration. Also, the in-flight calibration would provide

a check of the estimated control loop corrections.

The differences between the measured gimbal angles from telemetry and the
predicted gimbal angles from ground calibration provided the in-flight calibra-
tion of the control loop corrections. These corrections are also plotted 1n
Figure 7. The ground and in-flight calibrations differ due to measurement
error and interpolation error between data points. Subsequent analysis of poten-
tiometer characteristics showed that the dominant error was the interpolation
error and the ground calibration should have been performed at increments much

less than the 8° used.

Electro-Mechanical Offsets

The ground calibration of the electro-mechanical offsets was obtained by mea-
suring and combining numerous small rotation offsets. These offsets resulted
from design limitations, manufacturing offsets, and assembly offsets They

are shown 1n Figures 8 and 9, and are related to the offset angles 1n the error

model by Equations 11 through 18

61 = 61 +A -0 (11)
62 = 62 -1 (12)
63 = 63 - (13)

JPL Technical Memorandum 33-556 13
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