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BASE MOTION ISOLATION OF A

TWO~AXIS BEAM DEFLECTOR

Capt Gary C. Comfort
Research Associate
Frank J. Seiler Research Laboratory
United States Air Force Academy, Colorado 80840
U.S.A,

ABSTRACT,

The base motion 1solation characteristics
of an optical beam deflector with a two-axis
gimbal support are investigated. The particular
configuration of the beam deflector system con-
sidered utilizes rate integrating gyros to
provide a rate inner control loop with an
optical tracker providing an outer position
control lvop. Base motion isolation is par-
tially achieved by the gimbal support assumed
to be frictionless. However, input beam motion
relative to the optical surface of the beam
deflector is shown to produce large excursions
of the output beam. As a result, a feed-forward
control loop 1s added to measurxe and compensate
for input beam motion, i.e., base motion. Every
effort is directed to use optimistic estimates
of beam deflector performance in order to Figure 1. -Beam Deflcctor
develop a measure of the smallest pointing
error possible with such a two-axis beam
defiector configuration. The base motion
spectrum used 1s intended to’ approximate that
of a lavge aircraft in normal flight.

I. INTRODUCTYON

Recently applications' have arisen which
involve the airborne transmission and/or
reception of information with optical uave-
lengths., Many of these applications require a: (:)
precise optical pointing system to transmit or
collect the optical energy. Several configura-
tions of optical surfaces are conceivable for
such a purpose. One of the simplest concepts
to conceive is that of tha optical beam V.
deflector as depicted in Figure 1. In order ~
to provide the capability of directing the
optical beam in any direction independent of ,””/
aircraft altitude, it is necassary to mount

the beam deflector in gimbala. The particular @v>
glmbal cenfiguration depicted in Figure 2 “

A\ |

allows for motion of the beam deflector about
two axes, This is the minimum number of
gimbals needed to allow motion in both azimuth
and elevation.

Figure 2. Two-Axis Beam Deflector

-l -




o Ry AR RSN TN R VG R VRRIIE T A e
{7 R SRS HOR : )

b I RPE B, i § PR NS E R
P RN PR S . St -Aaiie: Al SiAd BRI

T RTRVENE

Depending upon the specific application of
the optical information, the beam deflector may
be used either to transmit optical energy from
the aircraft to a target or to collect optical r
energy from an external target source into the
atrcraft., For some applications two-way trans-
mission of optical energy might be required.
For purposes of clarity oaly, the source of
optical energy will be considered to be aboard
the aircraft and the beam deflector will have 1
the purpose of directing this energy upon an
external target. Thus the input beam will be ‘
considered to be the optical energy transmitted
from the airborne source to the beam deflector e
while the output beam will be the optical energy
path from the beam deflector to the external
target, For applications in which the role of d
source and target are interchanged the follow-
ing investigation applies fully with only a
change in nomenclature.

The investigation of base motion isolation p
capability of the particular beam deflector
configuration considered herein is intended to:

a) determine the smallest pointing error (:)
which could conceivably be obtained from such a
configured system operating within an aircraft
with the base motion.spectrum assumed, and

b) serve as a guide to considering the ‘//’,/”//
efircts of base motion upon the performance of
othr afrborne optical -pointing systems.

11, *“EAM DEFLECTOR CONTROL

In crder to discuss quantitatively the
centrol and performance of the two-axis beam
deflzctor, it 18 necessary to introduce several
coordinate systems. These are depicted in
Figure 3 as:

I - fixed in inertial space

V - fixed to the vehicle with coordinate axes
i, j, k

0 - iixed to the outer or azimuth gimbal with
coordinate axes n, e, k

M - fixed to the beam deflector with coordinate
axes r, e, d j k

L - line-of-sight coordinates with coordinate Figure 3. Coordinate Axes

axes 1, e, p.

The purpose of the heam deflector control .
gystem is to direct the output beam along the
deaired direction. This is accomplished by
controlling the elevation angle € and the
azimuth angle n where n 1s measured between
the base and the outer gimbal and ¢ 1s measured
between the outer gimbal and the beam deflector
surface as shown in Figure 4,
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Figure 4. Controlled Angles

The beam deflector control can be accom-
plished by two control loops, elevation and
azimuth, These bagic features of these loops
are block diagrammed in Figures Sa and 5b.

For the particular configuration of beam
deflector considered herein, it is assumed that
the input beam source is mounted on the outer
gimbal coincident with that gimbal's axis of
rotational freedom. For such a configuration,
an angular velocity of the outer gimbal and
hence the input beam, about the elevation axis,
Wy » produces a corresponding angular velocity

e
of opposite sign of the output beam direction,
This is accounted for in Figure 5a by the dis-
turbance angular velocity, —ug
e

A rotation of the mivror surface with
respect to the input direction about the e axis
is easily seen to produce a rotation of twice
that magnitudr. of the output beam direction,

The angular velocity of the output direction
about the e axis is thus
(1)

9L
e

Since the direction to be controlled is
that of the output beam, it is desirable to
measure the motion of this output direction
with a high bandwidth sensor. Unfortunately,
the output directios is only a direction in
space; it does notr correspond to any direction
in the physical hardware. Thus there is no way
of mounting a sensor on this output beam direc-
tion to measure its motion.* Instead motion
sensors can only be attached to the gimbals and
the vehicle itself. The elevation control loop
of Figure 5a postulates the use of a rate
integrating gyrcscope mounted on the inner
gimbal with its input direction along the e axis.
The azimuth control loop of Figure 5b utilizes a
rate integrating gyroscope mounted on the outer
gimbal with its input direction along the k axis.
The rate integrating gyros provide a relatively
high bandwidth rate-feedback loop about the
elevation and azimuth gimbals,

Inasmuch as the measurement of primary
interest is the orientation of the output berm
with respect to the target, an optical tracker
is incorporated in the control system. The
tracker is oriented so that the center of its
field of view always is coincident with the
output beam direction. Thus the tracker :
measures angles between the output Leam direc-
tion and the desired target direction, The
tracker thus provides an outer position-feedback
loop.

The beam deflector is positioned by gimbal
torque motors, The commands are input to the
torque generator of the rate integrating gyro-
scope. The output angle of the gyroscope pro-
duces the electrical input to the gimbai
torque motor.

Figure 5 depicts disturbance torques Td
e

and T, wupon the elevation and azimuth control

d
a
loops resyectively. These torques are dynamic

reaction torques arising from the rotation of

* Other mechanizations of the two-axes beam
deflector are possible in which a slaved plat~
form is driven by the angular velocity of the
mirror with a two-to-one gear ratio. The
slaved platform body axes then correspond with
those of the line-of-sight frame. Measure-
ments of the motion of the slaved platform made
by sensors vwhich can be physically attached to
it, can thus be used as measurements of the
nmotion of the output beam direction. Such a
system has been described elsewhere and is
not considered in this investigation.

e e S ot oA
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Figure Sb. Basic Aziuuth Loop
the gimbal frames with respect to inertial K = K. 132000
gpace. These dynamic torques have been pre- a Ae

sented elsewhere ¢ , Appendix A contains a
derivation of the equations of motion for both 8 8 .
the elevation and azimuth gimbals inciuding (F+D G+ 1

the dynamic reaction torques. G(s) =

(41 Gzt

' In order to track a target with a constant

line-of-sight velocity without a steady state
tracking error, a type II control loop is

1II. BASIC ELEVATION CONTROL LOOP DESIGN AND desired. This is obtained by choosing the
EVALUATION tracker dynamics as

Figure 5a presvats a functional block dia-
gram of a basic elevation control loop. In 8 R
order to evaluate the pointing performance of (:.,_-7- +1)
such a control loop the following representative Gc(a) =

patrameter values were used :




The overall loop gain can be adjusted by
setting the tracker gain, Kc. In order to

provide a basis for this choice, a root locus
of the control loop with parameter values as
glven above is presented as Figure 6.

To minimize the effect of the disturbances
produced by the dynamic reaction torque and by
the base motion, a large value for loop gain is
desired. However, as evidenced by Figure 6,
too large a value for loop gain will produce an
underdamped response which would lead to unaccept-
able settling following commanded angular slews.
Thus a compromise value of loop gain is needed,

The closed loop poles indicated on Figure 6
result from the choice of tracker gain, Kc’ of
500.

The basic control loop design is thus
completed.

To evaluate the effectiveness of the basic
control loop design in rejecting undesired disg-
turbances, one must consider the two sources of
disturbance: the dynamic torque, Td , and the

e

input beam motion, vy ¢ Both of these distur-

e
bances can be written in terms of the base motion
disturbances aund the vequivred tracking rate. 1In
functional form

2 2 2

T, = (S » 05, Wy w, W 2 0, @ )
L Vv, L

de de Vi Vi Lp V1 P 3 L

- 150
Kc=500

- 100

50

N 150 100 s'ou

figure 6. Elevation Root Locus
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w,, 1s the component of base-angular

v
i
velocity along the i directiom.

W,
Yy

velocity aiong the j direction.

is the component of base angular

0 ig the component of line of sight

angular velocity along the p direction.

Tne angular velocities of the base and
line of sight are predictable only as random
variables, Thus these may be described
statistically in texms of their power spectral
density (PSD) functions. The result of the
analysis will be the RMS pointing error angle,
0 . Since 6_is the output of a lincar

CRus e
system having several random disturbance inputs
assumed to be statistically independent,

N, 2
6, (w) = = ¢ ()
ee w) Z Xi(m) Xiu
im]

where -g(w) is the performance function

X

1
relating the ith independent disturbance, Xg
to the pointing error, ee

Tne RMS pointing error is then obtalned as

LY 1
0 = —1-/ ¢, (w) dw 2
‘ps |27 %

In order to carry out the above evaluation
procedure, it is necessary to:

a, Write the disturbance inputs in terms
of the basic variables of base motion and
pointing rates.

b. Determine the PSD of cach of these
disturbance inputs assuming independence.

c. Determine the performance function
relating each of these disturbance inputs to
the pointing error angle, ee.

Steps a and b above are carried out in
Appendix'B8, Step c is readily accomplished
noting firom Figure 5a that
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The PSD chosen to represent aircraft

angular velocity about each axis is given as

o = (0.1) (14002) (rad/sec)? )
Wy (w? + 1,52)(w? + 14002) hz

This base motion PSD is plotted as Figure 7.

Using the procedure outlined above the
PSD of resulting pointing error for the basic
elevation control loop is determined. This
PSD is plotted as Figure 8, The RMS pointing
‘error-angle is evaluated to be

Oe = 942,8 urad
RMS

(deE[sec}z .
Z
a-2
[72]
Be
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3 -4
1
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Figure 7. Base Motion PSD 1
wrad
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o ~12 RMS Pointing Error: ,
S 942.8 urad
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Log v (rad/sec)
Figure 8. Pointing Error PSD

. As 2videnced by Figure.5, the pointing
ervor arises due .to both dynamic torque distur-
bance and also die to ghe angular velocity of
the input beam, Wy » produced by the base |

e

motion. In ‘'order to evaluate the relative
importance of each of these disturbances, the
pointing error resulting from fhe dynamic torque
disturbance alone'is evaluated using thé above
procedures. The RMS pointing brror caused by
the dynamic torque alone is found tc be 1

] (byf dynamic torque) = 1.8 urad
e pus
' !

. From the above, it is rehdil& concluded
that the overwhelming cause of the pointing 1
erroxr determined aboyve is base motion distyr-
bance, For this rea&on. the'dynamic torque
disturbance effects will not be considered
further,

Foxr most: precision pointing applications,
the RMS pointing error angle of abouf 1 milli-
radian determined: above isinot acceptable. In
order to reduce the pointing error, base motion
compensation is evaluated. '

1V, FEED-FORWARD COMPENSATION ?OR BASE MOTION
i N . [

In order to reduce the pointing error
caused by the motion of the input beam, i.e.,
by base motion, a feed-foryard compensation
schene 1s congldered. Thig scheme proposes to
add a compensgcion signal, Xc, as a command

torque to the,rate integrating gyro in the,

elevation control scheme inner loop. The com~

pensation command must be chosen sucly that the

disturbance of inplt beam motion, -wy » shown
e

in Figure 5a is effectively cancelled.
)
Consider the portion of tus elevation

control loop reproduced from Figure Sa as
Figure 2. ! *

1 |
i
In order zo determine the proper compensa-
tion signal, xc. the performance function of

the inner lqup must be iﬂveséigated.

1
Using the dynamies postulated previouslyl,
the open loop performance function of this
inner loop is

1
! S £,
PE. (s) = 132000 (12 + 1)(67 + 1)
OL 2 S '
. s (s T 1)(253 +.1)
. !

]
The resultant closed loop performance
for this inner loop is P function

»

'
H
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! PF (s) =

.-
1 8% . 40383 82
. 507 (T32000) (402 (1320007 (T 67y (1776771

" Inasmuch as the above performance function
can be quickly shown to have two real poles, it
is easily factored to:

; 1
\ 3
! J ! 3 1 2
) T KG(s) S '
L —— ] . .
! Motor Inertia
H ! i
] Figure 9. Elevation Inner Loop

feed-forward compensation signal chosen such
that
?
X (s) =
c

(8) = Gguef®) ug (8)

0.5 ©
PFCL(s) 0e

Tke resulting control loop diagram including
feed-forward compensation is shown as Figure 10.

Note. that for the present it is assumed that a
perfect measurement of Y is available.
e
Using the compensated control loop of
Figure 10, th2 pointing error angle PSD is

agein datermined. As expected, compensation

0 The disturbance caused by input beam mocion,
g can be eliminated by the addition of a

I ) i '

! | PFCL(S) :' 1
I ! 8 i s
(12 + 1) 037 + 1) :
, 2 1 2(0.554235)s,
5375 1)(190 37879'1) T L A CER 07 1

fer base motion is virtually complete with an
RMS pointing error of ee = 1,8 prad caused

by the dynamic torque disturbance remaining.

e
T

KG(s)t

‘

Motor

Inertia

?igure 10.

Elevation Loop with Feed Foxward
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Althoug!. vhe above shows that complete
compensation i2 theoretically possible, one
must conside: the practical feasibility of
Geteraining the locations.of poles and zeroces -
of an actual hardwars inner loop in order to
construct Gcomp(s)' In reality, tne could not

determine the locations of singulirities to
five decimal places as assumed .oove., The
approxiumate frequency rusponse of ‘the actual
inner loop could be determined over the
frequencies of interest by exhaustive testing
using kncwn irnputs, The approximate locations
of the singularities could then bc determined
analytically to match the measured frequency
response in a satisfactory manner. The
proximity of the singularities determined in
such a manner to those of the actual hardware
control loop would depend upoa many factors
including the accuracy with which the experi~
mental measurements are obtained and the wi.(il
of the investigator in choosing an analytical
function with the correct number and fcra of
poles and zeroes, As a very optimisilic esti~
mate of the accuracy of such a procedure, the
following “realistic" compensstion filtar is
assumed:

2
S l£ 20Dy |
A T M LA W

8 . 8 2
(37 + 1) (3663 + 1)

Gcompﬁs?

(3)

The "additional poles in the £ilter are
required to keep the gain at high frequency
finite.

Using Gcomp(s) as given by Equation (3) in

the block diagraw of Figure 10, the pointing
error PSD wis again determined and is plotted
as Figure 11. The RMS pointiug error angle
was determined to be

9 - 13.1 urad
[}] RMS
It mugt be emphasized that the above error

results even though a perfect measurement of
the input beam motion, Wy » is assumed. The
e

urad?‘
“hz
s ~14 RMS Pointing Error:
& 13.1 yrad
g -16
-1 0 1 2 3

Log » (rad/sec)
Figure 11. Pointing Error PSD With Feed Forward

-8~

error ia attributable to the imprecision with
which Gcomp(s) given by Equation (3) approxi-

mates the inverse of the closed inner loop
function PFCL(S).

The base motion isolation performance of
che beam deflector elevation loop will be
further degraded for a perfect measurement of
input beam motion, @g » ig not possible. In

: e

reality, such a quantity must be measured by a
physical sensor which will add both dynamics
and noise,

In order to provide a highly accurace
measurement of g+ @ rate integrating gyro
e

will be used. By providing a constant gain
feedback loop around such a gyro, the electronic
,analog of a mechanical rate gyrc is created
withcut the mechanical problems usually asso-
ciated with rate gyros.

The output of a rate integrating gyro is
characterized by
134
1 s 1 .
Ag Tgs+1 cg sE"IA-MCMD'AQMSRA+(V)mg]-‘gQOA (4)

where

: As = output angle of the gyro

I .
Tg - 25 = gyre characteristic time
8
Ho = gyro spin angular momentum
ag = gyro damping
Yia ¥ angular velocity along the input axis
¥op ™ angular velocity along the output axis

Yewp cormanded angular velocity

(v)us = gyro drift rate uncertainty (i.e.,noise)

Since the gyro is to be used in a feedback
mode,‘A8 will remain very small. 1In addition,

for simplicity of analysis, cross-axis ccupling
will be neglected for the present. Thus the
vate integrating gyro equation is approximately

H

[4
Ag = (rs's+1)s[“’x.«,""m+(")"’g]

To use the gyro as an electronic equivalent
of a conventional ra.e gyvo, the command angular
velcelty is made proportional to As. Figure 12

presents a block diagram of such an arrangement.
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£ C(s)

Note that the output is obtained by a final
multiplication by gain Kf ro insure a unity

steady state gain.

The measurement loop output, C(s), is
related to the desired input 9y (s), by

e
. - C(s) 1
Cayro(®) (5) T e
s hs f

The purameters for the rate integrating
gyro used to measure vy, are ‘chosen to be
e
representative and correspond to those for a
Kearfott <ing Series miniature rate integrating
gyro model C70 2519 O0L 4 ., The parameter
values ave

g
c—--lS
g

rc = 0.006 seconds

The cholce of feedback gain, Kf, about

this rate integrating gyro is of necessity a
compromige. A high gain produces a desired
increase in natural .frequency but at the
expense of : decrease in damping ratio. A
compromise « oice of Ke = 15 is made. This

choice resulit in a natural frequency of 193.6
rad/sec for the second order dynauics of the
rate measurement with a damping ratio of 0.43.

Since the designar 1s avare ‘that the rate
measurement process involves second order
dynamics, he can attempt to modify his compensa-

tion filter, Gcomp(s), to partially compensate

fcr the measurement dynamics as well as the
dynamics of the inner coutvol loop. Again,
since the dynamics cf the gyro measurement
locp are not known exactly, the feed-foxwacd

-0 o

Figure 12, Gyro dlock Diagram

comp:nsaticn £ilter might optimistically be
choser. as

G (s) =

comp

8 4y )_82 _8% 4+2{0.7)s, }{ 4200, 4)s. .1
0-30395" ) 11537 153 T 1942 105 L

G5+ G+ D

(€]

where again additional poles have been added
to provide finite high frequency gain, i.e., a
physically realizable filter.

Using the above filter, the overall block dia-
gram of the elevation axis control loop 1s
shown in Figure 13.

With Gco

block dlagram of Figure 13 was used to determine
the pointing error PSD for the elevation axis
control loop. Assuming no gyro noise in the
rate measurement loop, the RMS pointing error
was determined as

mp(s) given by Equation (5) the

] = 29,2 yrad
¢rus

Thus it is apparent that the ablilitv of
the feed-forward signal to compensate for
input beam motiorn 1s sonewhat degraded by the
addition of measurement dynamics.

It should be noted, however, that the
measurement dynamics are a function of the
specific sensor selected. Rate integrating
gyroscopes are available with characteristic
times, rg, an orxder of magnitude smaller than

that used In the above calculations 5, The
usefulness of such additional response is
determined by the required poincing accuracy
for a specific mission.

In addition to dynamics, an actusl sensor
used to measure input beam motion, wy » can be
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Figure 13. Overall Elevation Loop

espected to add measurement nolse. Adequate
test measuremenis upon a representative inte-
grating gyro to determine its noise output
across the frequency spectrum of interest are
very scarce. A noise model PSD for a Honeywell
gyro model CGl59Cl has been reported as

-10 y 2 2
oe) = 2oy 4 [——f_a] (+g2) {de8/be)
£ 10

Assuming the gyro noise to be uncorrelated

with all other disturbances, the perxformance of

: the elevation control loop was again evaluated

using the above gyro noise PSD. The RMS point-

ing error caused by gyro noise alone was deter-
mined to be

0, (gyzo nolse) = 0.19 prad
RMS

Recently, information on the noise PSD's
of several high quality gyroscopes has been
published 5, The noise is presented in terms
of equivalent input angle in arcsec?, Across

hz
a speccrum of 0.0 hz to 100.00 hz, several
of the tasted gyros are shown to possess RMS
uncertainties of less than 0.05 arcsec of
inpuc angle. This is consistent with the RMS
poiating ervor determined above and ind{icates
that short term gyrc noise is an unlikely
source of significant error in the operation
of precision optical directors.

V. AZIMUTH LOOP DESIGN

The basic azimuth loop of Figure 5b is
redrawn as Figure 14, It is geen that the

rotation of the pointing direction about the
p axis results not only from rctations about
the k axis which are controlled but also from
rotations about the n axis. Inasmuch as the
controlled direction has no gimbal isolation
from the base about the n axis, rotations of
the base about this axis produce rotational
disturbances of the line-of-sight.

In a menner analogous to that described
in the preceding sections, a feed-forward path
can be added to reduce the effect of base motion.
Such a loop is shown in Figure 15, The angular
acceleration of the base about the n axis is
weasured and providea as a command torque to the
azimuth torque motor.

The performance function for the angular
accelerometer corresponds to thut measured for
a Systron-Donner Model 4590~F-1-AG angular
accelerometer / .

As with the elevation control loop, a
filter {s added t¢ couwpensate for the measured
dynamics of the control loop and of the angular
accelerometer. Again, the matching of the
filter to the actual dynamics is chosen to be
an optimistic estimate of that which could be
attained.

Using the base motion PSD of Equation (2)
and the abave control loop, the PSD of azimuth
pointing error about the p axis is determinad.
The RMS value of this pointing cerror produced
by base notion is found to be

3} = 14,2 prad
P pus

- 10 -
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Figure 15, Azimuth Loop With Feed Forward

VI. ADDITIONAL CONSIDERATIONS

In an attempt to.assess the minimum point-
ing erxor which might be attainable with an
airborne two-axis,bean deflector of the design
considered, several complications have been
neglected. These include gyro output axis
cross-coupling, gimbal bearing friction, and

gimbal noa-rigidity.

As indicated by Equation(4),an angular
velocity of the gyro case about its output axis
will produce an output signal from the gyro
which is not desired. In the control loop pre-
sented for elevation axis control, it is assumed

-11 -
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that a single degree of freedom, rate integrating
gyro is affixed to the bSeam deflector with its,
input axis aligned along the e axis. The azimuth
control loop assumes a similar gyro mounted on
the outer gimbal with its input axis along the

k direction. In order to avoid:output axis
coupling between the loops, the output axis of
this azimuth gyro can be aligned with the n
direction. On the other hand, the output axis

of the elevation gyro must lie in a plane con-
taining the k direction, Hence controlled
angular velocities of the azimuth loop about

the k axis will produce an erroneous output of
the elevation gyro due to its output axis cou~
pling. This coupling is diagrammed in Figure

16. Although such coupling provides an unwanted
disturbance, it does not alter the loop stability.

Elevation Loop

Gyro Cross Coupling

Azimuth Loop

Figure 16, Gyro Cross Coupling Between Loops'

In addition angular velocities of the base
about the n direction provide erroneous outputs
from both the azimuth and elevation loop gyros
due to output axis coupling.

The effect of output axis coupling can be
reduced by compensation, For example, recog-
nizing that angular velocities about the n and
k axes will couple to the elevation control
loop gyro, one can measure these angular veloc-
ities wich appropriate gyros. Knowing the
characteristic time of the elevation gyro, a
compensating command torque can be. provided

to compensate for the unwanted output axis
coupling.

In addition to the effect of gyro cross-axis
coupling, the problems of gimbal bearing friction
and gimbal non-rigidity have not been included
in this analysis. These effects could alter

. v -l1l2 -

-1
L)

the natural frequencies and stability of the
loops. Each of these neglected effects can be
expected to increase the peinting errore. The
amount of degradation of loop performance
could depend upon the specific mechanical

design of both the beam deflector an' its
gimbals,

VII. RESULTS
Fcr the control loop design and base motion

spectrum considered in this investigation, the

RMS pointing error for the cases considered is
summarized as follows:

ELEVATION LOOP

9 in prad
]MS

e
1. No feed-forward compensation 942.8
2. Feed-forward compensation¥,
Perfect mecasuyemert of wg 13.1
e

3. Feed~forward compensationk,
Gyro.2nd order dynamics in
measuring Wy k%, R9.2

e

4. Feed-forward compensation,
Gyro 2nd order dynamics* and
gyro noise in meacuring Y 29,2

e

AZIMUTH LoOP

Feed forward compensation.k

Acceleroueter 2nd order dyaamics

in measuring &o . 24,2
n

VIII. CONCLUSIONS

1. The use of feed-forwvard compensation
can significantly reduce the pointing error

caused by base motion of an airbome two-axis
beam deflector.

2, The resulting pointing error depends
upon the degreé with which hardware dynamics
can be measurei and matched,

* Feed forward compengation includes
"optinistic" matching of control loop dynamics.

#x Effect of gyro dynamics can be peduced by

choosing a gyrc with a smaller characteristic
time,
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e

3. Assuming.-the use of a high quality
gyro, noise in the gyro used to measure buse
motion for the feed~forward compensation does
not significantly increase pointing errors.

axes and that the gimbals ars balanced about
their respective axes of rotation.

Inner Gimbal Dynamics

-Torques on the

d —_—
- (6] = E inner gimbal (A.1)
Appendix A de INERTIAL ng atout its c.m.
lDerivation of Dynamic Equations Applying the law of Coriolis
This section is intended as a detailed d — al =-— _
. derlvation of the dynamic equations of the - Qo) === o)+ ex(T o)
two-axis-givballed beam deflector as depicted de INERTIAL L dt " ' R
ir. Figure 2, (A.2)
f— d — - -— -
' The following definitions are used in =J — (w,) + ox(Jw.)
the development: M de M M L
Coordinate Fraes Writing coordinates in the I frame
V frame: 1,j,k coordinates fixed to the -A 0 0
aircraft T
Malo a o
0 frame: n,e,k coordinates fixed to the M e
outer gimbal 0 0 A
d
M frame: r,e,d coordinates fixed to the B
mirror, i.e., to the inner gimbal o
M
INERTIAL frame: inertial frame with unspecified r
coordinates axes ;M -
Mo |
Notation v €
Superscript indicates the coordinate frame in ("Hd
which a vector is coordinated. i
Subscript indicates the coordinate frame with —G’M 7]
regard to which darivatives are considered. T
M L]
Varizbles -&% wy Wy (A.3)
e
n = Mirror azimuth angle M .
¢ = Mirror elevation angle _“Md_
Wy v Wy g Wy = Adycraft angular rates
i 3 k about i,j,k axes, r e d
respectively. o —_M
wX J } » | w,
Wy » By s By ® Outer gimbal angular ! W M H;- Mp, de
" n e k rates about un,e,k axes,
respectively. Aer Ae A o
r e d
O Inner gimbal (mirror)
‘ T e d angular rates about r,e,d —(A -a) -
axes, respectively. d e de w}Ze
B, B, B = Principal moments of inertia - -
n° ek for outer gimbal about n,e,k <Ar Ad) Uy de (4.4
axes, respectively. r ’
Ar, Ae’ Ad = Principal moments of inertia (Ae-Ar') u“e “’Mr

for inner gimbal (mirror)
about r,e,d axes, respectively.

It is assumed that gimbal axes are principal

-13-




Suostituting (A.3) and (A.4) into (A.2)

A w, +(A~A)w

b Mr d “e Md ”Me
ZTorques-- 4, mMe + (Ar-Ad) er de (A.5)

o, + (A-A) w
[ 45 My e Or Me“’M

Taking the.component of (A.5) along the e axis
yields (neglecting bearing friction)

Te - Ae Oy + (Ar-Ad) wy Yy (A.6)
e d 'r

nowever, due to gimbal constraint:

Wy =Wy €08 € =W, sin ¢ (A.7)
by n k
Wy ™ e gin ¢ + W, €08 € (A.8)
d. n k
2 2
w, w, = (@ <-w ) sine¢ cos ¢
Hr Md 0n ok
+w. w, (cos8?2 ¢ - sin? ¢) (A.9)
On ok

.Substituting (A.9) into (A.6) yields

eMe n Ok

. 2 2
Aw, = 'l‘e - (Ar-Ad) (wo %o ) _;_sin 2 ¢
- (At- d) won wok cos 2 ¢ (A.10)

rquation (A.10) describes the dynamics of the
inner gimbal sbouct the elevation axis (e axis)
as a function of outer giwbal angular
velocities.,

Quter Gimbal Dynamics

e Torques on the
(Jowo) = outer gimbal (A.11)
about its c.m.

—
8L

INERTIAL

The torques on the outer gimbal are pro-
vided by the azimuth torque motor, reaction
from the elevation torque motor, and by gimbal
restraint from the base and from the inner
gimoal.

al I
| (o) = Jo Te| %o * ¥ X Jo¥%
INERTIAL 0

(A.12)

Writing coordinates in the G frame

8 o o
n
=0
Jo 0 Be 0 (A.13)
_0 0 Bk
“0
n
-0
wo* |4 (A.14)
e
W
O
‘:,0
n
dal -° |-
3l Yt “|% (A.15)
0 2
W
[ %,
n e k
- __]o
w, X J.w = 1w W, w
[ 0 00 On 0e 0k
Buw B w B w
non e0e kOk

or
@B vy @y |
e 'k

_ __o
wg X Jgwot = (Bn-Bk) wok W, (A.16)
n
(Be-Bn) Wy W

L n e

Substituting (A.15) and (A.16) into (A.1Z)

(B & + (B~B) w. w. ]
nOn k "e oe Ok

0
E Torques = [B_ wy + (Bn—Bk) wy, Yg (A.17)
€ kK “n

@
0
n e

By “’ok * (Be'Bn) “0

Consider the torques on the outer gimbal
along the k axis. These are:

a) The k component of the torque TMO

exerted by the inner gimbal on the outer
gimbal.

b) Tk’ the azimuth control torque. Now

-14-
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s
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- _ = =
Tm rm where TOM is the torgque exer:ed by Thus
the outer gimbal on:-the inner gimbal. TOM is al - al - a
given by Equation (4.5) in M coordinates. atl “M " ae] Yo + EE‘ (wH - :0) (A.25)
0 o 0
Thus the component of T,, along the k
: Weiting (A.25) in-M frame components
axis is:
- — 3 1)
Tm . lK - -AduMd cos ¢ + (A r-Ae) w“awur cos € al - M al - M ) .
. -l w w =l wl + w, - (A.26)
. . (A.18) at| ‘M at! “o u, ~ %o,
» -!-ArmH agin ¢+ (A d-Ae) Wy Gy sin ¢ 0 0
13 e d
i ; Substituting (A.18) into (A.17) Substituting (A.22) into (A.26) yields
of .
? Bo. = (B ~Blw,wy, +T (A.19) - .
o k0, ne 0,0,k by €08 € = @y sina
; . n k
% + A0, sinc+ (A-A)o, W sin € 1.1
3 M d e’ M M =1 a .
i * e'd il w“e (A.27)
t - Ad“’}‘ld cos ¢ + (At Ae)“’ue"’u cos € W sin € + w, co8 €
; ¥ L n ¥
:: Now Now
-. '1
i - =M =M
Y r (mo-uM) XUy " (A.28)
4! - .
dt wnt UMe (A.ZO) r e d
" 0
. 0 w, =W
w, 0 M
A M 4] e e
- w. cose = w, sinec w w. sing + w,  cos
. 1 on Ok Me on 0k
“o
0 u Substituting (A.28) and (A.27) into (A.23)
4] - . ylelds
3| “o uoe (A.21) . . .
0 o, = w.cose - W, sine + wy @ gine + w, w, COSE
. .o o, 0, 0,0, 0, 0,
Y
k «
. p - uneuunsinc - w“ewokcose (A.29)
From (A.21)
. . Simjlarly
won €os8 € = Wy sin ¢ ‘l . . .
o w w. sine +w, COSE = W, Wy COBE
‘ ‘ al = " . , Mg 0y O O¢ Oy (A.30)
Tl “o - Y (4.22)
e
\ 0 + Wy Wg sine + vy Y cose ~wy W gine
. . e k e n e Kk
' Wy sin ¢ + Yo cos ¢
n k . Substituting (A.29) and (A.30) into (A.19)
yields
Al = LAl G b Gen) xa,  (A23) g
Te| On " de] n T MW % i
M 0 ?
i
Now, obviously
— — - - - L=
Wy * 0 + ((a)M mo) (A.26) v
- 15 -
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B, w, = Again rearranging (A.34) produces

k
20 & 2.2
6806 o 41T (Bk+Arsin € Adcos c)u;ok » ‘J.‘k
n e On (Zte k
. . + (B =B +A sin?¢ + Adcosze)w wo
+A_w,, cose sine ~ A_w sin® + A w, w. sinc
r 9 T 0, r0 O
n k e n .
) - (Ae-Arcos 2 ¢+ Adcos 2 c)wo Wy
+Ar“’0 uoksin: cose-Arm“ewonsin €~A oW woksine cose n e
+ (A~A)sineccos e2uw, v
- A - Ao cng? 2 dr M0
Adwo sinc cosc Adwo cugce + Adwoewoncos € e k
~(A~A) sin e cos e w,
- - dr 00
Adwoewoksinc cose d“’u w co8le e 'k
- (a4h) 8in ¢ cos ¢ Zso (A.35)
+ Ade woksin: cose + A H wH 8ine n
Now,
+ ALy, 0, cose - A by ("’M sine + Oy cosc) -, -
e'r e d T Yo
(Ao3l) n
al=-10°_ 1
Now ] Yot ” woe (A.36)
w, =w sine+w, cos ¢ (A.32) o
Md (] 0 o
n k w
O
=y, cos ¢ ~w, sin ¢ (A.33)
“’Mr o, 0, -
“y
Substitnting (A.32) and (A.33) into (A.31) Y1
yields at =V !
w = |w " (A.37)
2 2 2 . dt v v
(Bk+Arsin ¢ + Adcos ) wok 'I‘k v 3
y ay
¢ 2
+(Bn-Be)wo Uy +Ar°’0 cose sine + Arwo ¥y sin‘e | Tk
n e n e n
+Atu osinecosc—Aw sinc . -&vcosn+&)vsinn"
k 1 3
d! - 0 . .
- Ar“’u Wy 8in € cos ¢ - A sin € cog i 1 sin n + w, €08 n (A.38)
e 'k v i 3
+ Aw,. v, cos?c - Aw. w, sin € cos ¢ 0
d% o d%, 0, “’vk
L. ]
Adwnewo cos?e + Ad”N woksln € COS € Now
Ao T @) xan (A39)
A, (w. sinc + w, sin ¢ cos €) del Yo  del Yo v o 0 *
. Yo () !
e n k \ V] v
+ Aw (w cos?c - w, sir ¢ cos €) Again, obviously
r M n 0k \
9 = a, t (0, - o) (A.40)
-A w0, w (A\34) o Voo W
e He 0“ \
\ Thus
3 |- _ 4| = - =
\ Ho =45, @yop (A1)
\) v v
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o 2 2
Tk + (Bn Be+Ar sin“e + A, cosc) Wy Y
- (Ae-ArC082€ + chosZe)w

- (Ad-Ar) sin ¢ cos ¢ w

[

Writing (A.41) in O frame components

;°--d-
0 dt
A

Substituting (A.38) into (A.42) ylelds

0

d - [° :
it wt * 0 (A.42)
v . .

oo
0~ M

o~

&V cos n + é sin n

f v

J

-wvi sin n + w,

cos n| (A.43)

Yy

Now

k

w,, cosntw, sinn

Vj Vj

Substituting (A.44) and (A.43) into (A.40)
produces

~By sinntw,, cosn

v i

i

cos n + év sin n (A.45)

]

sinn - w Wy cos n

Yy Y

3
sin n + o Wy €08 n

Yy Y%

J
Also

sinn +
i

- W, (A.46)

0
v cos n

0

o v

b

Substituting (A.45) and (A.46) into (A.35)
yields

2 2 . -
(Bk + Ar sin“ec + Ad cos‘e) wok

d 0

n e

w
on Me e

cos n + 6
i

v v siu n + wviwv

3

sin n + 20, @
K Vj 0

k

Wy, CO8 N ~ 20, W cos n
V.1 Vk V1 C, %

(A.47)
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+(Ad-Ar)sinc cose 2(0H ©

O

sinn

Equation (A.47) describes the dynamics of the
beam deflector about the k axis in terms of
base motion and motion of the beam deflector
about the k and e axes.

Appendix B

Disturbance Input Relationships

The disturbance inputs to the elevation
loop, Td and Wy » and those to the azimuth
e e
loop, Td and wg » can be written in terms of
a n
base motion and required line-of-sight rates
by noting:

w, "w, cosn+uw, sinn {B.1)
0n Vi Vj

W =~ Wy sin n + wy €08 N (8.2)
e i 3

Substitution of (B.1l) and (B.2) intvo
(A.10) and (A.47) results in all disturbances
expressed in terms of base motion rates and
required line-of-sight tracking rates,

In order to determine the 3!SD of the
pointing error, it is necessary to know the
PSD's of the various disturbance inputs. This
can be readily accomplished knowing the PSD of
each component of base motion and required
tracking rates i{f independence is assumed
amongst the various angular velocity components

As an example of the determination of PSD
consider the disturbance input term w, w, .
vy Vj

The PSD for w, or w, 1s givea by

\

Yy

Equation (2).

Assuulng independence, it is directly
shown that

R

o (DR (DR (D

V1 Vj

where Rz(T) is the autocorrelation of the

" (8.3)

Vi VJ

variable z.

Taking the inverse Fourier transform of
Equation (2) yields

‘e-1.5|1i

e-1400] 1|
(T) % 0.1 l 3

R 7800

I‘)v

() = R,

i v

3
(B.4)

Substituting (B.4) into (B.3) and taking
the Fourier transform yields




- TR e - T T TR R e R
o TR P TS R SRR TR W

BT
A

PRI N A SN s VSR
TR T TR T T PRI _u'~""’ PR

G R N

. 6667  _ 6674 -l
%y oy () = 00 32 " T # 0L f
13 )
(8.5)

The PSD for other disturyance inputs is
similarly developed.
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