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ABSTRACT

This document describes the design and implementation of the “fly-by-
wire ” despin control system for Program 777. In this configuration , the

spacecraft will be operated in the searc h mode with additional con~nands
(i.e., counts) sent up from the ground . The problem with operating the

spacecraft in the normal mode is that when the platform is knocked off
the earth by large torque disturbances , the on-board logic is programed
so that after 3 invalid signals , the controller goes into standby . To
recover the spacecraft , operator intervention involving much time and
effort Is requ i red.

The advantage of the “fly-by-wire ” design is that even if the platform

~~ loses ear th loc k, the controller will continue to send comands to the
motor and thus reasonably continuous operation of the spacecraft can be
maintained. The use of the narrow coverage antennas is precluded ,

p although the 1 to 2.5 degree pointing accuracy achievable by the “fly-by-
w i re ” technique is more than adequate to allow the use of the earth
coverage antenna .

Two designs for the ground loop controller are considered - one using
proportional control only and one using proportional plus rate control .
Linear analyses , backed up by nonlinear simulation results , show that
the best performance is achieved at the l ower RPM , because higher position
gains can be tolerated. In effect the position gains selected are roughly

t 1 coun t per 1 degree erro r a t 40 RPM , and 1 count per 2 1/2 degree error
at 75 RPM. The addition of the rate loop produced no improvement in the
steady-state performance, but did result in somewhat smaller transients
in response to l arge disturbances at the higher RPM .

It is thus recomended that the spacecraft be operated at the lower
RPM’s. in addition it is also recommended that the control system first

-
~~~ be tested using only the position loop. If this Is satisfactory , the

rate term need not be Included . It Is further recommended that the

3 
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counter be lim i t e d  to + 1 count ; this minimizes the transient overshoots

to large torque disturba nces. The recommended gains are tabulated below .

Recon~rended Ground Loop Gains

Gain  Bias Counts/ Degree Error
RPM State Telemetry When 1 Count

Counts Sent

P o s it i o n  G a i n  A

40 6 .010 .73 °
60 8 .0075 1.5°
75 8 .0063 2.2 °

Rate Gain C
40 6 .019 - -

60 8 .025
75 8 .036
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1.0 INTRODUCT ION

The 777 spacecraft ~9433 despin control system was originally designed
to point the platform to the earth wi th an accuracy of .15 degree. In
August , 1975 , large pointing errors of 1.5 degrees were observed , and some-
time later , the spacecraft lost lock with the earth. Since then , repeated
attempts have been made to bring the spacecraft back into normal mode , but
each time , sometimes even after successful operation of several hours or
more , the spacecraft is knocked off the earth , and normal mode control is
lost. (The problem wi th the normal mode is that the onboard logic is
programed so that if three successive platform signals are received out-
side the scanned earth chord , the controller goes into standby.) To bring

the spacecraft back into normal mode requires operator intervention , and

in recent months this activi ty has taken a considerable amount of time .

The cause of this anoma l ous performance has been the subject of much
study in the past few months (Reference 1). Basically the anomaly is
characterized by an increase in the constant running friction (

~ 100 in-oz)
across the rotor-platform interfaces, accompanied by occasional torque
transients. It was concluded that the anoma’y was most likely due to poor
lubrication in the DMA , although the lubrication supply system is not very
well understood.

it has recently been suggested that an attempt be made to operate the
spacecraft in the rate/search mode , with a ground conrandable loop to the
spacecraft. In doing so, it was realized that the pointing accuracy would
be degraded , but the advantage in this type of operation is that even if
the platform is knocked off the earth , the controller can be programmed so
that it will not automatically “quit ” as in the case of the normal mode ,
but will continue issuing commands to the rctor . Thus,reasonably continuous
operation of the spacecraft can be mainta i ned .

This document examines the possibilities of the ground l oop in the
control system, and suggests a control system that can keep the steady—state
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pointing accuracy to within 1 to 2 1/2 degrees. There are three main
obstacles to finer pointing accuracy by using the rate/search mode and a
ground l oop. The first is the rate quantization already existing in the
rate loop in the control system of the spacecraft. The other two are con-
cerned wi th the ground loop - first , the transport lag which is currently
estimated at between 2-6 seconds, and second , there is quantization in the
ground loop as well. That is , only an integer number of counts can be
sent from the ground to the spacecraft, and this quantization turns out
to be qu i te large .

In order to fully understand the effects of quantization , a brief

look is taken at the control system wi th no delay in the ground loop .
This is done in Section 2.0 , and the ground loop control system consists
simply of proportiona l control. The effect of varying the spin speed L
(40 to 75 RPM ) is also considered . Then in Section 3.0 , the effect of
the transport lag in the ground position loop is studied . Finally, in
Section 4.0, a ground loop consisting of proportional plus rate control
is examined . Implementation considerations of the ground loop are discussed
in Section 5.0. Conc lusions and Recommendations are discussed in Sec-
tion 6.0. Appendix A is a summary of the results of an analysis of the
time delays to be expected in the ground loop , and Appendix B describes
the simulation used in this document.

_
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2.0 A “ZERO-DELAY” SYSTEM

This section examines the control system in the rate/search mode with
a ground comandable l oop which consists only of a gain , K , times position.
The Z-plane transfe r function will be determined in order to compute the
range of for stable operation. Then , some non-lineari -ties of the system
are examined , with time traces plotted for various RPM. All this will be
done assuming zero-delay in both the rate loop and the positi on loop.

2.1 Z-Plane Analysis of the Linear System

A linear model of the despin controller in the rate/search mode with
the ground loop in is shown in Figure 2-1. The open loop tra~ .fcr func~ ~L(s) assuming zero transpo rt lag is

- 

- 
i(s) 

k2(1-e
5 ) k~~(s + B) 

. k5 km ~~~ [K~ T
2s + K~J

k5 k2 k
c’ 

km KRT2 ( 1~ e T s S) (s + B) (s + Kp/(KRT
2 ))

1ps4

K i2 (l-e Ts~ ) (s + B) (s + A)
(2-1)

where

Ic5 k2 k’~ 
k KRK =

0

p

A = Kp/ (KRT2 )

T spin period (= 1 sec at 60 RPM )
= 2T sampling period

- -—-b-— — —- ~~~~~~~~ 
a- - — z—---_--_ —
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Table 2-1. Parameter Values for Figure 2—1 -~

Var iable Value Descr ipti on -

B .0667 Filter breakpoint (rad/sec )

72 Platform inertia (slug-ft2)

k2 .00586 D/A converter gain (volts/count)

G.S. 1 1.00 Selectable gain (volts/volt)

G.S . 2 1.39
G.S . 3 2.01
G.S. 4 2.82
G.S. 5 3.98 r.
G.S. 6 5.65
G.S . 7 7.97
G.S. 8 11.32

km .4 Motor gain (ft-lb/volt) H
k~ 5.51 Compensation gain (volt /volt)

T 40 RPM - 1.5 Spin peri od (sec ) -

60 RPM - 1.0
75 RPM - .8 H

21 Sampl ing per iod

See Appendix A Delay in ground loop k(2-6 sec)

_ _ _ _ _  ~~~~~~~~~~~~~ ~~~~
- : •  
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The Z-transfo rm of L(s) is determined by partial fraction expansion.
Without the measurement delay, the controllers ’ open loop Z-plane transfer
function is

L ( z )  = Z [L ( s ) )

- 
= K0 T2 ~~~~~~~. Z [ s + B 4

s + A
~

= 2 z-1 ~~~~~~~~~~~~~~~~K
~~

T -
~~~~ 

_

~~

.

(2 2)

- 
2 z-1 [~ l_~ + ~2 1s~ 

+ ~3 T5
2z(z + 1) + C

4 
T~

3z (z 2 + 4 z + 1)1
- K0 T 

r [z f  (z 1)~ 2(z- 1) 3 6(z- l) 4 J
where

C = AB4
c3 = A + B

c2 = 1 Hc1 = O

so

T6T z(z
2 

- 2z+l) + (3A + 3B)T 2z (z 2-l) + ABT 3z(z2 + 4z+l)1
L ( z )  = K I ~~~ i S

Z L 6(z-l )

K i2 [z
2 615 + (3A + 3B) T5

2 
+ ABT~) + z(- l215 + 4 ABT 5

3 ) + 6T s~
(
~

÷3B)T s
2÷ABT s31

L 6(z- 1)~

Kz i
2 [ (Z_ 8 ) (~ _ c s )]  (2-3)

where KZT2 
= root locus gain in the Z-plane.

— — --- — -



76.7341.9-027
Page 9

The two zeros of the 2-plane transfer function are B and a. The zero
B which is associated wi th the S-plane filter breakpoint B, (~ 

= e~~
T
~) is

independent of A. The second Z-plane zero, c&, is plotted in Figure 2-2 as
a function of A (at 60 RPM, or 1=1). The zero a approaches e~~

T5 as A becomes
small .

The Z—plane root ~ocus associated with the transfer function at 60 RPM
(1=1) is shown in Fi gure 2-3. Very roughly, the root locus (the portion off
the axis) is a circle with a radius equa l to i -ct. It is thus evident that in

order for most of the root locus to be inside the. unit circle, that a be ‘ 0.
From Figure 2-2 this implies that A be ci (for 60 RPM).*

Similar plots of a as a function of A were made at 75 RPM (T=.8, or T~ =

1.6) and 40 RPM (T = 1.5, Is =~3)• These are shown in Figure 2-4. These

show that at the lower RPM’S the s-plane zero A must be reduced.

I
It is worthwhile at this point to di gress for just a moment to consider

what the value of A (the S-plane zero) really means , in terms of the
ground coninandable loop. The gain K~1, 

in this position loop is

- . 
K~ 2 A • KRT

2 . 

(2-4)

which means that K~ counts shoul d be sent for every AKRT
2 radi ans of error.

Since KR = 261, this means that

K~ = 261 A 12 (2-5)

or in terms of degrees , 4.56 AT2 counts should be sent for every degree
of error. At 60 RPM (1=1 ) typical val ues of A turn out to be on the order of
.1 or .2. A val ue of A = .1 means .456 counts for every degree of error, or
since only an integer number of counts can be sent, I count should be sent

* This turns out to be a large upper bound; In fact val ues of A .1 and .2
were used. 
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Z ( z - 1 ) 3

B — e 281 
— .875 (60 RPM) 

- 

-

(a taken from FIgure 2-2) -

— 1 3 a 0 ct~~~.817 F(A — 1) (A • .1)

ii

Figure 2-3. Z-Plane Root Locus for Zero-Del ay TransferFunctIon (60 RPM), for Two Values of A.
(A Is the S—Plane Zero)
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for every 2 degrees of error. It has been shown that at the l ower RPM , the
value of A decreases , but since T increases , the effect on K~ is not obvious
at this point. Clearly, however , the accuracy to be expected from this type
of system is going to be on the order of degrees , and not fractions of degrees.

A gain phase plot of the system with A = .1 an d A = .5 is shown in
Figures 2-5 and 2-6 for 60 RPM (0 delay). These two figures show that, at 60 RPM

a higher value of A is possible If the gain state is increased. In other words ,
A is dependent on the gain state chosen , and in order to calculate the “best
A” , one should choose the optimum gain state for each RPM . This suggests
formulating a new prob l em , where A is the overall gain in the characteristic
equation . Thus a r oot locus will be plotted where the parameter A is the
variable gain. The approach used will be to rewrite the characteristic equation

1 + LR (Z) + A L~(z) = 0 (2-6)

where
LR(z) is the rate i oop transfer function

and AL~(z) is the position l oop transfer function

A L (z)
as 1 +  p 0 27l + L R (z ) -

so that the new “open loo p” transfer function to be plotted is H(z) = A L~(z)

l + L R(Z)

With no delay , the transfer function of the Inner rate loop is

LR (z) = KØT 2 
[
~j i] 

. 
~~ [_

~

. + .. ~~~~~~. ] 4

I T z B T 2z ( z + l )
2 K T ’ 3.1 .i ~~~~ s

z L (z-l) 2 (z — 1)

,

~

—- -- a- -. ~~~~~~~~~~~~~~~~~~~~ -~~~~~ —-- ~~~~~~ . . - 
____________________
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2 21 (z—1) + B12(z+1)
• KT  S S

o 
2(z-1)2

- K i2 Iz (BT~ + 2T5) - 2T~ + BT~
o 

2(z-l)2

or

r0 +

LR (z) = K i2 
~ 
2 

(2-8)o L 2(z-l)

where

= BT
~~
+2T

= BT~ - 2I
~

PIF

The Z- transform of the position l oop is

AL~ (z ) KØT
2 A Z ~~~

= KQT
2A (z;l) z [4~

+ .+-]

2 - [r
2
~_(z+ l) + B T3 z (z 2 + 4 z+l )

o z [ 2(z-l) 6(z-l)

- K T2A 13T~(z 2..i) + BT~(z2+4z+l)
[ 6(z-1)

or 

AL~(z ) = K0T
2A 

[
~2 

z2 + + U
0 J (2-9)

6 (z-l)

‘ S  

;:..~.: ... ~~~~~~~~~~~~~~~~ .-- .. -- -.--
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where

U
2 

= 3T~~+B T
3

U
1 

= 4BT~

U
0 

= s~~
. s

The characteristic equation is

1 + LR (z) ~ AL~(z) = 0 (2-10)

or substituting in the expressions for LR(z) and L~ (z)~

+ K i2 1a2 2 + au 
+ K T2A 1u2 z + U

1
Z + U

0 = 0 (2-11)0 L 2(z_l)2J ° [ 6 (z-i )~
Multiplying through by 6(z-l )3 gives

6(z-l)3 + K01
2 3(z-i) . 

~~~~~~~~~ 
+ 

~~
] + KQT

2 A [U
2 

z2
~~u1z + U

0
] = 0 (2-12)

This must be rewritten in the form of 1+AH (z) = 0

so

A K0T
2 

~Ii2 Z 2 + U1
z + U0] 

—(z-i ) [6(z—l) + 3 K~T ~ 2 Z + a1)]

A [U Z2 4 U 1 Z + 
~ 

]
2 

2
2 = 0  (2-13)(z-1) [6 z + (3K0T a2 - 12) z + 3 K0T 0u + 6]

It is clear from this transfer function , that the va l ue of A depends on K
(i.e., the gain state) and T

‘ v

i

i

- .—  -~~~~~,~~~~~—
- .-—~~~ — 

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ __________
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It will be useful at this point to reintroduce the parameter K~5 which
is the ground position loop gain , since the parameter A is somewhat arti-
ficial . Recall that A was the S-plane zero in the zero delay system ;

however , when the characteristic equation is written as above , it makes

little sense to isolate A , since the position gain K is dependent on the

product AT • * Let the variable K~’ be defi ned as

K~’ = Kp/KR = AT2 (2-14)

and substitute K ‘ for AT2 in the above equation. Then the characteristicp “-
equat ion become s

K K [U2Z2 + + U ]
1 + — 2 ., = 0 (2-15)

(z-l) [6 z’ + (3K T a2-l2) z + 3 1’ a1+6]°

Figure 2-7 contains the root locus of H(z) for 60 RPM (1—1) for gain
states 5— 8. The zeros are independent of the gain state chosen. One of
the zeros is the zero associated with the S-plane break frequency B (i.e.,
z = e~

BTs) while the other is located in the left half plane just outside
the unit circle on the real axis. There are 3 Z-p lane pol es - one at z=1 ,

and two dependent on the gain state chosen. One of these latter poles

approaches the Z-plane zero at ~~~~ while the other moves to the left
wi th i ncreasing gain state. As Figure 2-7 shows , a higher value of
is possible at the higher gain states. However, the assoc iation of a
higher value of K~’ with a higher gain State is true only up to a point.
Figure 2-8 shows the root loci at 40 RPM for various gain states, and as
can be seen in gain state 7 (and also in 8), the system is unstable for all

values of l(~’ . This is because the Z-plane pole has moved so far to the
left that it has passed the 2-plane zero outside the unit circle.

~ 

* In addition , in the next sec tion, when the system is considered with
different de lays in each loop , the parameter A loses Its significance
as the S-plane zero , and it retention only leads to confusion.



K ‘ K (
~ z2 + ~ z + u ) *

Transfer Function H(z) — - ~~ 2 1 o
~z-1) [6z + (3K0T 02 12) z + 3I(~T 0i+6~1

= 64

‘poles — (.80, 
~ .10), (1 ,0) poles — (.81, 0), (.62, 0), (1, 0)

GAIN STATE 5 GAIN STATE 6

poles - (.84, 0), (.36, 0), (1,0) poles - (.86, 0), (.01, 0), (1, 0)
GAIN STATE 7 GAIN STATE 8

* Zeros at (.88, 0), (-1.05, 0)

Figure 2-7. Root Locus of H(z) as a Function of
Gain State, 60 RPM 
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-

~~~ 2K ‘ K0 ~ 2 Z + + u )
Transfer Function H ( z )  = 2 2 2(z-l) [6z + (3K T 02 

- 12) z + 3K0 T 0i + 6]

K ‘ 1.21

c

~~~

:l.ol

poles — (.76 , 0), (.25 , 0), (1, 0) poles — (.78, 0), (— .16 , 0), (1, 0)
GAIN STATE 4 GAIN STATE 5 ,. 

-

K1~

3
poles — (.79 , 0), (— .76 , 3), (1, 0) poles — (—1.57 , 0), (.804, 0), (1, 0)

GAIN STATE 6 (Unstable for all K~’)
GAIN STATE 7

* Zeros at (-1.07, 0), (.81, 0)

Figure 2-8. Root Locus of H(z) as a FunctIon of

I

i Gain States , 40 RPM 
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‘ .

FIgure 2-9 shows the maximum values of K~’ = K
p
/KR 

plotted as a function
of the gain states , for various RPM. This answers one of the questions
posed earlier in the section regarding the position ga in K~ = 261 K

r
’ . The

ga in K~ meant that 4.56 K~’ counts should be sent for every degree of error,

or conversely, since only an integer number of counts can be sent, 1 count
should be sent for every 1/4.56 K~’ degrees of pointing error. Figure 2-9
shows that at the lower RPM , a higher value of K~’ is possible. This
suggests that finer control can be obtained at the lower RPM ’s. However ,
it should also be noted that at the lower RPM’s, the control signal is
sent less often. These effects will be tested by simulation at the end of
this section.

Figure 2-9 also shows that at 60 and 75 RPM the spacecraft should be
operated in the rate/searc h mode at g’ain state s 7/8 while using the ground
loop, and at 40 RPM, somewhat lower gain states (perhaps 5 or 6) should be
used. More will be said about thi s when the gain phase plots are drawn.

This linear analysis could be carried out even further to determine the
ideal damping ratio and its dependence on A, etc., but before carrying on
an extensive analysis , it is worthwhile to examine some of the non-linearities
in the system to see how they affect the system ’s performance.

2.2 Non—Linearities in 777 Simula tion W

Figure 2-10 is a diagram of the nonlinear control system. The signifi-
cant nonl inearitjes are discussed below to determine their effect on the
systems linear model .

2.2.1 Counter Quantization - Rate Loop

In the rate loop, one count is sent for every .22,12 deg/sec rate error.
This means that the effective rate quantization is as follows :

- — 
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Figure 2-9. Maximum Position Gain (Ground Loop) for Stability
of Zero-Delay_Control System as a Function of RPM and Gai n State.
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RPM I

75 RPM 0.8 1 count = .22/(.80)
2 = .34 deg/sec

60 RPM 1.0 1 count = .22/1 = .22 deg/sec

40 RPM 1.5 1 count = .22/ (1.5)2 = .098 deg/sec

With this large rate quantization , it means that It will be impossible
for the pointing error of the spacecraft to settle down and converge as in
the normal mode. What can be hoped for , however , is that the steady-state
error can be kept within a limit cycle on the order of 1 or 2 degrees.
The above table also shows that at the lower RPM, since the rate quantiza- “ -
tion is smaller , finer pointing error contro l can be mainta i ned .

.-

2.2.2 Position Loop Quantization

The other significant nonlinearity in the control system is the quanti-
zation in the posi t ion ioop which has already been discussed in Section 2-1.
Only an Integer number N of counts can be sent from the ground computer ,
and this number is

N = 4.56 K~’ counts/degree of error

or s imi larly

1 count for every 1/4.56 K~’ degrees of error.

It is interesting to study the effects of these nonl i nearities on the
control system. Figure 2-11 Is a plot at 60 RPM of the response to a torque
disturbance of 10 in-oz for 20 sec. (There was no delay in either loop in
this test case.) Wi th no position l oop quantization or rate quantization ,
the error settles down to zero as in the normal mode. W ith the pos iti on
quantization in (but still no rate quantizatlon) there is a steady-state
error no larger than 1/4.56 K~’ degrees. However, with no positi on
quantizati on , but with rate quantization , we see the osc i llatory res ponse
previously predicted . What thi s means is, with the present spacecraft even
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if the ground position loop (consisting of a gain) were ideal , i.e., no
delay and no quantization , it would still be impossible to get the steady-

state error to settle down .

Figure 2-12 shows the pointing error response with all quantization

in (I.e., both rate loop and ground position loop) but still no delay in

either l oop. After an initial transient, the error osc il lates between
+ 1/4.56 K

r
’ . or + 1.1 degrees for the case of K~’ = .2. Also shown in

this figure are the ground loop commands, the rate,and the rate/error com-
mands due to the rate loop in the spacecraft.

In Figures 2-13 and 2-14, the effect of increasing the position gain
Is examined , and as predicted , the limi t cycle amplitude decreases with
increasing gain , so that in Figure 2-14, the limit cycle is .43 degree at
60 RPM , for K~’ = .5 (zero- delay system).

Cons ider now the case of 40 RPM, where the rate quantization In the
spacecraft Is smaller (I count per .10 deg/sec rate error). Figure 2-15
shows the effects of removing quantization from both loops and then each
loop separately, and the effect of the smaller rate quantization can be
seen in the l ower plot In Figure 2—15 , where the limit cycle is somewhat
smaller than the corresponding case at 60 RPM (Figure 2-11). In
Figure 2-16 , with quantization in both l oops , the pointing error
oscillates between + 1/4.56 K~’ (+ 1 deg for K~’ = .2) as in the case at
60 RPM. The effect of i ncreas ing the gain , in the lower limit cycle , is
again shown in Figure 2-17.

At 75 RPM, the effects of the larger rate quantization are clearly
seen in the third plot of Figure 2-18, where the position quantization
has been removed. Typical responses of the system showi ng the effects
of increas ing the ga in on the limit cycle behav ior are Illustrated i n
Figures 2-19 and 2-20.

The purpose of this section on the zero-delay system has been to
illus trate the effects of the rate and position quantizatlon on the
system, and show that even if the ground loop were ideal , i.e., no delay,
It would be impossible to get a convergent response of the pointing
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error by using the search mode and a ground controller . The steady-state
error response is always going to be oscil latory , and the next section
will show that, when the effects of the delay are considered , the minimum

limit cycle to be expected will be about 1 deg. It will also show that
the lower RPM’s (a range of 40 to 75 was considered ) provide somewhat
better limit cycle response due to the fact that a higher value of the H

ground position gain is possible at the lower RPM ’ s , and also somewhat
due to the decreased rate quantlzation at the lower RPM’s. (The former
fact was indicated by Figure 2-9.)

r- -~

“p
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3.0 DESIGN OF A POSITION LOOP, CONSIDERING THE EFFECTS OF THE DELAY

In this section , the analysis of Section 2 will be repeated, but the
de l ay in both the rate loop (= .5T) and the position loop will be considered.
Currently, the position loop delay is estimated to be about 2 — 6 sec.,
depending on the spin speed. (See Appendix A.)

Before going into the analyses , the ma i n conclus ions from Sec tion 2
(zero-delay system) will be repeated because they provide gui delines for
the type of behavior to be expected from the system with transport lag
incl uded. The main conclusions were:

I Rate quantization is the main obstacle to obtaining a convergent
response -of the pointing error, and instead leads to an oscillatory
response.

• There is less rate quantization at l ower RPM ’s so possibly better
performance at the lower spin speeds can be expected .

• The amplitude of the limit cycles of the zero del ay system, taking
into account quantization , can be predicted by 11(4.56 K1,’) degrees
(assuming stable value for Kr ’ .)

• The l inear stability analysis results show that higher values of

the position gain l(~ = 4.56 K~’ are possibl e at lower RPM ’s, so
so perhaps a smaller .limit cycle can be obtained.

1 - C

_ __ __ _ __ __ _ __ _  
_ _  - - - a - - —a---- - ----—-—__-—•-a--a---.-,-----------— a---- . j
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• 3.1 Linear Analys is

The open loop Z-plane transfer functi on of the controller ’s inner rate
loop is

LR(z) = Z 
[i~oi

2 (z_.I) e )~~~~~ ]
~ 

-sT 5 1
= K0T 2 (z;l) z 5+B

j 
(3-1)

The Z-plane transfe r function is evaluated by partial fracti on expansion and
modi fied Z transforms.

LR (z ) = K0T2 
(.

~~
j

J~

) 

Zm 

~ 
.
~.i 

and m = .75

— 2 fz-l\ niT5 T5 B1 T5
2 

I~
2 2m+l 2

— K0T 
~zj  FT + 

(z-l )2 
+ 2 L~

T + 

(z- l) 2 + 

(z-l)3 j H

2 
(n2 z2 + n1 z + n )

= K T  
2 

° (3-2)
2z(z —1 )

where
= l~ (2m + BT5m

2)

= T~ [2-4m - 2BT5m
2 

+ BT5(2m + 1)3

= l~ [2m—2 + BT5(m2 - 2n~~l)]

= T~ (2(m-l) + BT5(m-l)2]



76. 7341 .9-027
Page 39

The Z—transform of the position loop is

L~ (z ) = K
0
K~ ’ 

~~

j-i. z[(!.t~.)e 
_t

’)S] (3-3)

Because the del ay in this position l oop is on the order of several
secon ds , i.e., large compared to the sampling interva l , T5, it is convenient
to study cases where the delay Is a multiple of the sampling period. If
this is done , then the Z—transfo rm, L (z) is easily taken by multiplying 

—

the z transform of L~(z) with no del ay by l/z , i.e.,

‘S

L1,
(z ) = K0K~’ 

(z
;

I) 
. 

~~~ 

(3 4)

where k is the number of sampling periods of the delay in the ground loop .
The transform of the position l oop wi thout delay has already been evaluated in
Section 2. Therefore, the transfer function of the position loop with del ay
is

K K ’  f~ z2 +~ i z + ~i1
L (z) = 

_____ 
2 1 01 (3—5)p .z L 6 (z-l) -‘

where

= 3T2 +BT 3

= 4BT3

“o = BT3 -3T 2
5 5

The transfer function L(z) of the combined system is

L ( z ) = K~ ’ L~(z) + LR(z) ,

or 

L ( z ) 
K~’K 0 
(
~2 

Z2 + 
~ + 

+ K i
2 ~~2 

Z
2 

+ n1 Z + no) (3-6)z 6(2 - i)~ ° 2z(z - 1)2 

- .. ~~~~~- - a - - a _~~~~. - -

- - ~~
_ _

~~~ ~~~~~~~~~~~~ 
-.
~ -—~~

.
~-—.— ~~ ~~~~_ _  ~~~~~~~~~~~~~ .~ a,~ a-~~~a . a - - a - -  .a--
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The poles of the combined system K~’ L~(z ) + LR (z ) are :

1. three poles at z = 1

2. 1 pole at origin for k = 0, 1
3. k poles at origin for k = 2 

The zeros of the combined system are not as easily solved for. One of
the zeros is associated with the S-plane fi l ter breakpoint B, or z = e ~~~.

The location and number of the other Z—plane zeros is dependent on the ground
loop delay , t0 = K T5 and the ground l oop position gain K

r
’ .

In order to solve for the value of K ‘ to use, which depends on the a

gain state chosen and the spin speed , the~charac ter i stic equati on of
the system will be rewritten so as to isolate K

1,
’ as the overall system

gain , as was done in Section 2.0. That Is , If LR(z) is the transfer
function of the inner rate loop , and K~’(z) is the transfer function of
the position 1oop , the characteristic equati on

1 + LR (z) + K~’ (z) = 0 (3 7)

will be rewr itten as

1 + 

K~’ L~(z) 
- 3 8( )

and the new open loop transfer func tion , H(z)

K ’ L (z )
H 1 ’ —  ~ p (3-9)‘ ‘ 

- 

1 + LR(zJ

will be plotted in the Z-plane .

The transfer function of the inner loop Is

K T2 (n2 z2 
+ n z + n )

LR (z ) = ° 
2
1 0 

- (3-10)
2z(z-1)

L.

~~~~~~~~
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and the transfer function of the outer loop is

K ‘ L (z) = 
K0 Kp 1~

2 Z + p 1 Z + 

(3 -i l )p p z L 6(z-1)3 J

When the characteristic equation 1 + LR(z)+ l(~’ L~(z) = 0 is
rewritten as

K ‘ L (z)
1 + ~~ 

~~~~ 
(3-12)

the result is

I(
0K ’  (U2 Z

2 + M 1
Z + M )

or 

1 
~ z~~~(zl) [

6Z~~+ z
2(3K 0T

2n2 - 12) + z(6 + 3K0T
2n1 ) + 3K T 2

n ] 
= 0

1 + G(z) = 0 (3-13)

where G(z) is equal to the expression in brackets in the previous equation .

The root locus of G(z ) was considered for different gain states at
each RPM wi th various delays in the ground loop (i.e., di fferent values
of k), where the ground l oop delay was considered to be multiples of the -

sampling period . The maximum values of the previous gain K~’ for stability ,
i.e., those values which cause the roots of the characteristic equation to

be on the unit circle, are shown in Fi gure 3-1. 

. . . ‘ 
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3.2 Position Loop Results

The range of the position l oop gain for stability of the non-linea r
system is very nearly predicted by the stability of the linear system as shown
in  F igure  3-1 if the position loop counter is implemented as follows (Figure 3-2):

Counts

-l 
-l 

KpO~ ‘S

Figure 3- 2. Imp lementation of Ground Loop Counter

The region around the origin , i.e., “0 counts ” is of particular importance because
it has already been shown in Section 2.0 that the steady state error exhibits a limi t
cycle behavior  oscillating between + l / K p degrees , wi th the position loop commanding
at most one count in either direction. (The results for Section 2.0 considered
a zero-delay system, but the limi t cycle of the system wi th the ground loop delay
is only slightly larger than 1/K

r 
degrees , and sti ll only one coun t i s needed i n

the steady state.) It turns out that it is possible for the control system to
coninand more than one count in response to certain transients ; however , even then ,

there are certain advantages to limi ting the counter to ÷ 1 count, and these will

be presented later in this section. The important point is that any gain selected
shoul d be done so with the ground comanded counter implemented as in Figure 3-2.

Simulation results indi cate that because the effective gain is somewhat
reduced by the quantization , somewhat higher val ues for the gains could be
tolerated than those i ndi cated as being the maximum value in Figure 3-1, es pec ially
at the l ower RPM. The following values of K1,

’ were chosen with the idea of

~~~~~ picking a higher value of K1,
’ in order to reduce the limi t cycle.

- 

__
~ a ~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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40 RPM K~’ = .3

60 RPM K~~
’ = .15

75 RPM K ‘ = .10

The gain phase plots of the transfer functi on of the control system , whose open-

loop transfer functi on is L(z) ,

where

L (Z )  = ~
j

!~ 

[KOT
2 z (e 

_T
~

s/4 
+ K0K1,

’ Z 
(e

_ T
~
5 

~ ]
and T D k k = integer

are shown in Figures 3-3 through 3-10 for various ground loop del ays r0
at each RPM . The final selecti on of gains in terms of counts per degree , and

also the ideal gain state at each RPM is shown in Table 3-1.

Table 3-1 . Position Loop Gai n Selecti on

RPM GAIN STATE GAIN (COUNTS PER DEGREE)

•40 RPM 6 1.368
60 RPM 8 .684

75 RPM 8 .456
The counter should be limi ted to +1 count , with 1 count being

sent when the magnitude of K~e exceeds 1.
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3.3 Performance Analysis

In analyzing the performance of the control system, two criteri a were
examined -- the peak pointing error during a transient , and the limi t cycle
performance. At each RPM, the worst case delays from Appendix A were assumed.

3.3.1 Steady-State Performance

Figure 3-11 shows the response of the system at 40 RPM using the gains and
gain state from Table 3-1 to a simulated disturbance of 10 in—oz for 20 sec.
The limit cycle is + .8°, with the ground loop coninanding at most + 1 count.
(There was actually a l imit on the counter of 5 counts in this case.)
Figure 3-12 shows the response of the control system to the same disturbance
at 60 RPM, and a l imit cycle of under 2° is obtained .

Al though in both of the previous  cases a true oscillat ory response was
obtained in the steady-state , i . e., the control system went from one side of
the deadzone to the other, it is also possible for the system to stay on only
one side of the deadband. This is shown in Figure 3—13 , where a different
initial condition was used at 40 RPM. In this case, the ground loop is corn-
manding counts on only one side , after the initi al transient. (The rate loop
in the spacecraft is also i ssuing counts.) Still , the maximum peaks on the
one side are at .8°, as before (40 RPM), and this behavior is what is referred
to as “limi t cycle” in this report.

3.3.2 Effect of Limiting Counter

A large disturbance (50 in oz for 20 sec) was simulated in Figures 3-14a and
3-l4b (60 RPM). In Figure 3-l4a , the counter was limi ted to + 5 counts (only +
4 counts were actually coimianded) and in Figure 3-14b , the counter was limi ted
to ÷ 1 count, The important point to notice Is that the initial peak pointing
error was the same in both cases (~4.8°) but that in the case where the counter
had limits of + 5, a large overshoot was seen (z6°) whereas in the case where
the counter was limited , the overshoot was greatly reduced. The large overshoot
in  the first case was due to the time delay in the system. It seems reasonable ,
then to limi t the counter to + 1 count , in order to elimi nate these large over-

t--. shoots especially in light of the fact that in the steady state, I count is the

- - - . : - ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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most needed anyway. Another advantage is that in limiting the counter , if
the gain selected is too high , the system will not go unstable , but merely
limit cycle at a higher frequency and somewhat higher amplitude than if a
stable gain had been chosen. An example of this is provided in the next
three figures , which show a test case at 75 RPM.

Figure 3-15 shows the response of the system to the same disturbance used
earlier (10 in-oz for 20 sec) and with a stable value of selected ,
(K

r
’ = .1 implies 1 count for every 2.2°) and steady-state peaks of about

2.4° are obta i ned , and the counter comands at most 1 count. (Note in this
case that the responses is again “one-sided ” .) In Figure 3-16 an unst~b 1e

value of K~’ was purposely selected (K
r

’ = .2 , or 1 count for every 1.1° error)
and the counter limi ts were placed at + 5. The system response is obv iously
unstable , and limit cycles at 4- 16° due to the counter limit. However , if the
counter limits had been placed at + 1 , as shown in Figure 3— 17 , the error
oscillates between ÷ 3°. Obviously, this is not optimum either , because
better response was obtained in Figure 3-15 , where a lower, stable variable
of gain was selected , but what should be noted is that limiting the counter
sort of “desensitizes ” the conl.rol system and acts as an insurance policy
against the consequences of too high a gain selection.

3.3.3 Effect of Rate Loop Offset

One other effect that can change the character of the steady-state per-
formance is if the counter in the rate loop is not “dead set” around zero.
The idea l model for the rate loop counter is shown below in Figure 3-18a ,
where the point of zero rate is in the center of the 0 count. However , if
the rate loop counter is modeled as in Figure 3-18b , this changes both the
amplitude and frequency of the pointing error response. This is shown in
Figure 3-19 , where an offset of .3 was used instead of .5 at 75 RPM. Al so
shown in Figure 3-19 are the con-inands issued by the rate loop in the space-
craft. -

_ _ _ _ _ _ _ _ _  -a- ~~~~~
‘
.

- - 7~~fl4~ 
q fl77



~~~~~~~~
-

~~
--a-- - a-a-

~~~

a-

~~~~~~~~~~~~~~

a- 

~~
a-- - - _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~

T~E ~ ~EH ~ 1a~~~~~~~~~~~ ~~ t~ 
- I ~~~~~ - ITI~ T ~~ 

iï~~ a-a--a~.a4-aa J± ~JI

~ I - 
- 

- -  
- ~ ~ 

- 1 count per 2.2° error ~ ~ 
-

-Ia-a a
~ ia-a-a -.a-~~~

.. J-a~~~~~a : - T - -  ~- a - -~~~ 
- I . [..~~~~ a .

~
~ - -- ~~~~~~~~~~~~~~~~~~~~ a- ~ r ~ 

- ~ 
a-

_

__

t t I a -  a-
~ 

a-

~~~~~~~~~ 

___ _ 
~~ L_ — 

_ _ 
It — ~ 

_ _ 
— _ — — ~ — a — — — -s-S-a •..s 4~s.c .a a-—

~
— f

H ~ f a -
~~~~~ 

:a - a-sb .hu J1u.un : 1! n nn a~~~i~~~ a-fu1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~

~ 
~~~~~~~~~~ +T~-~r a- _ a - _i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
ii 

TIllill j~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 

-i--p-
i
-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ _ 
_ _ _  

_

~~~~ ~~

a-L1’

~~~~~~~~~~~~ 4~ J0~ 
~~ 4H1’~__________ Figure 3-15 Response of Control System at 75 RPM (Stable Va l ue of Gain S&ecte ) 

-



f~L~ ~L~T~iE ~. . :  ~ ~ I I ~~~~~
I
~~~ I 

~ 1 ~ 
-

- ,  ~~~~~~~~~~~~~~~~ a -—  - ~
_ a - _

~;~_ a - .~ 1 ~ 
- i -a- ~- a g ~~~~~~~~~ 1 I

a- 
~

- 
I I

~ - 
-  I ~ ~ 5 R ~h ~R~~~W ~~T-~~~TC E~ P P~ . 2 ~ LP~~~-1+’. ~ ! I

I ~~~~~~~~~~ ~~~~~ ~~~~ ~ 
—r~ - 

~~~ ~~~ T T ~ ~~~ 
a-
~T~

a- a- a-- I a - T 1 T  rtr~-~~~~~

.  

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
. c~~~~~E~ =4-~ ~ 

± _ _ I _
_ 

- -  -

~~~

a— — -a ~~~~~~ ~ — — 4—. —ia--- 
~ 

_L_4 ~ .a_L~
_ 

~~l count per 1 . 1 error a-~~~ a- a-

~~~~~~~~~~

a- - - -

~~~~~~~~~~~~ 

_
~ - t - -

~
1-_ 

~ 

a-f~~~L f H  I -- ~~~~~~~~~~~~~~~ 

_

a - .  
-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
7;

1fS -L
~~~

::I1I;-Ii
~

-
A~

-TT
FlV:T\ a-Ti J -- 

~T’T iiT -1-’~
- 

~
“-

~~~
- 

~~~~~

~~~~~~~~ ~~~~ ~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~ . l’U a-.fD U ~~~~~ a - 1~? ~~~~ ~3 I~ U1 ~~~~~~~ .

~~~I~~~~~~~~~

-a-

~~~~~ ~~~~~~~~~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~I~~~

• 

~~~~~ 1111k -

~ 
it:

iI

~~~~~~~~~

a-:aa-F
: 

I~:I T-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~ 

_ _ H _ _ — ::_ • _ T1T-- -
~
- _ _r-a-

~H ~~
L:
~~ I+T ~~~~~~~~~~~~~~ TL:: :: a- :

:: - -  HH:~~~ . - : . -  - -~~ ~
r. j r . : : . . : ‘  - :-~:~ 1 1

1 + 1  a - a - i  

~ 

a
-

- 
I - —  

~~

—

~~~~

- - -  ~— - -- a-- i- 
L a -  ~/~ F a -~f a-L

~~
1

~~~~~~~

±

~~ tE~ Lit

__ 

4±~th H~L 
~ ~~ ~~ 1±td~~1 ~L 

Figure 3 16 Response of Control System at 75 RPM ____________________________________

Unstable Gain Selected and Counter Limits at + 5
____ - -a- 

~~~~~~~~ a -- a- -



--a-- 

~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~ a-

~~~~~~~~~~ 
:: ~~~. ~~~~~~~~~~~~~~~~~ 

-
~~~~~ t~:I: ~4- ~~~~~~~~~~~~~~~~~~~~~ 4

4~~~~~E ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~+H~ E:~~:::

~~~~~ 1
~

—
~

a-E;;i
~ 

4~ ~~~~~~~~ 4 :f_~ 
I I

~~~~~~~~~~~~ L a-~~ ~~I_ 
‘ 

~: _ _

~
‘ 

~~~~~ _ 
_ _ _

_— I~~~~ 
~ ~ ~~ 

— — — — — I ~~ ~~~ — — — — I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
a-~~~~~~~~~~~~~~~~~~~~~~~~~~~ t a-a-a-~~La-~~~~~~~~

~~~~~~~~~~~~~~~~~
f a - a - a-

~~~ 
a-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4~~~a - i~~fa-~~~~~~~~~ V

~ 

__ 

_
~~~~~~~~~~~~~

a-a-. 

L  ~

~ 
I _ 

_ 
_ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
a- a- ::~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ a- i 

I

~ ~ :~~~~~ :~~±~ Et~ Figure 3-17 - Response 0f Control System at 75 RPM 
~~~~~~~~~~~~~~ ~~~~~ ~:t:~a4~L~ :.~~~~~ ~ j

~ Uns table Ga in Selected, Counter Limits at + 1

I ~~~~~~~~~~~ 

- a- a-a-~a-I~.a- ~-a-~~~~~__--- - - - a- .~~~~~ a-a-~—a-*a-a- - -a--~.- — ~~~~ ~ _‘ - ~~~~~~ - ~ ‘ .4~~



~ r a-— a-— ~ 
——-a--a-a 

~ 

a- __.-a- 

~

_- a-a-a- 

~ ~~~~ 

a-__ a- _a-a- 

_ . - ~~~~~~~~~ 
a- a-

: 
____ ____ ____ 

76.7141.9—Ofl
~~~~~~~ :. ,  ~~~~~~~~~ ~~ - L  : ~~ 

i.a::: ~~~~~~~~~~~~~~~~~~~~~~~~~~~a-_ l a-a- 
. : : ~~~~~~~~~~~ ~~! 

~~~~~~~~~~~ 
-

- - :
~: 

. :  ~~~~~~~~~~~~~~~~~~~~~~~~ I
-—  

I 
- 

- 
l~~~ a-. a / 1 _ : I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~

_ f_ _ i_ _
~~~

_
~~ 

.

~~
a-i _ _ _ _: _ aa:

:. a  
1 count~~e r 2 2 ~~err0r a-L

Lf
— a— ~~~~ ~~~~~ - — — — — i~~ — — ____ a- — — - — ~~~i — .~— :—:-—

~

~ _ . a _ _ _ :Lt in_ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- ~ : :  : :  . . .  : : , .  ~ ~
• 

::: ::: .: :  • . :  H- t: ~i- :. - ::~ :~ :: ~ 
• • 

~ ~~~~~~ :: :~ ~~~ :~~
- 

~~ -~ H.  . ‘— — — — — i - — —  a - a -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ *~~~~~~~~~~~~~~~~~~~ a-a-

— —  —_ __ , .  — — —  -a — — - a—  — — — — —  — - a —  — — — — —  __J .;_._

~t 
-—

~~~~~~~~~~~~~~~~~~~

— -
~~~~~~ ~~~~~~

-

~~~

- — 

~~~~~~~~~~~

- -
~~~~~~~~~

- 

~~~~~~~~~~~~~

--
~~~~~~ ~

- - —
~~ H

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ E~E E E i E E : ~EE iiE
I ~ 

a-
~~[f[~ ~ ~ ~ ~

a- 

~ ~~ ~H I U a- 1 ~

a

-

- :::. :;~~~ ~~~~~~~~~~~~ Ht. ~~~~~~~~~~~~~~ ~ ~ ~~ ~~~~~~~ ~~ 
:~~u ~~~~~~~~~~~~~~~ ~ —

~~~~ a-

. 
~~::

- ~ j 1 a- 
~1

- ~~~~~~~~ 

~
_
~

_
~-J ~ ~~~~~ 

~ t ~~ 

~ 
U~i 

:T;~ ~~~~~~~~~~~~ 

~ ~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~ ~ ~~~~~~ ~ 
~~~~~ 

~~ ~~~~~ 
~!:: ~ ~~~~~ ~ ~~a-—. ~ t g  , I I -.— I ~ ~_I

I 
S 

I ~ ~~~~~ Ia- 
‘ —i a-~- : :~~~~ I a I a- a-

~~~~~
- -a

‘ 
I
I I ~ 

I

I ~~~~~ 1

~~~~~~~~~~~~~~~~ 

~I ~~~ 

~ 
I 

~ ~~~~~ 

4~~~ ~

a- 

~ 

~
-i 

.
~~~~~ ~~ ~~~~~~~~~~ , ~ 

u~~ ~ ~ L :

i:~ ~ ~ :~ , 
111 

L ~ It ~ ~ ~ I : ~ , t ~ ~ t ~ ~ ~ ~ ~~ 

I~~~~~ ~~~ ~

- - - -~1 Figure 3-19. Effect of Rate Loop Counter Plodel Offset, 75 RPM

~~a-_ a- -—-- —- a- 
~~~~~~ ~~~~~ - —~~- - -~ —~~~~~~ -- --~~ —- ~~ a-— a- - ~~ a ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ .

~~~~~~.— 

_ - -



~~~~~~~
a- ~~ ~~~~~~~~~~~~~~~ --a-~- a-a-a-_a-a- a-_ — a - a -~a--a-a- =-~~~ - a~~~~~~~~~~a_,_ a-~~~~_a - a--

76.7341.9—027
Page 64

Count Output) Count (Output) I -~

_I _
1 .5 Ra te ( i n Ra te ( i n Coun ts)

____I Counts ) _____

I I
I

Figure 3-l8a. Ideal Rate Counter Figure 3-18b. Rate Counter with - 

-

(Offse t  = .5) Offset

3.3.4 Transient Response

The second performan’~ cn -- ia was the peak transient response to sudden
disturbances. Figure 3-2 shows the peak pointing errors that serve as a
function of the amplitude of the simulated disturbance torque at different P1
RPM’ s. (The duration of the disturbance was 20 seconds. ) The worst case
delays errors assumed for each spin speed, and the available - motor torque and
running friction were assumed to be 170 in-oz and 100 in-oz , respec ti vel y.
The results show that of the three spin speeds tested , the system is least
sensitive to disturbances at 40 RPM. It should also be noted that 40 RPM has
the best limit cycle performance.
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4.0 DESIGN OF GROUND POSITION A(~D RATE LOOP

Subsequent to the design of the ground position 1oop , it was desired to
study the effects of implementing a rate loop in the ground path as well , by

di fferencing the position terms . The block diagram of the contro l system

with both a rate term and a position term is the ground loop is shown in
Figure  4— 1 .

4.1 Linear Analysis

Unfortunately, the Z-plane analysis is not so readily done in this case.
That is because the rate term is computed by differencing position measurements

that are taken at a rate of once per second , regardless of spin speed. However ,

the spacecraft receives the ground comand only once per sampling period
(T5 = 2T) as before. As a first attempt to analyze the problem ,
he simplifying assumption will be made that the rate term is computed by

di fferencing position l oop measurements taken once per sampling period. Since

P this is actually lass often , i.e., worse , than what is actually happening , any

results obtained by this analysis wil l  be conservati ve . f

The open loop transfer function , including delays,i s L(z ) where

L ( z )  = LR(z) + K
~

L1(z) + K~L2 (z) (4— 1)

where
LR(z) Is the open loop transfer function of the rate loop in the spacecraf t ,

rIn 2 t + n Z + ~~~
LR (z ) = K0’ KRKS [ 2z(z-l)2 

(4—2)

and K
X

L
1

(Z )  is the rate term in the ground loop

K ’ K  K a2 Z + ~~ 1
K
~
Li (z) = 

L 2(z-l ) 2 ]

and K~L2 (z) Is the position term in the ground l oop or

K~L2 (z)  = 
K
0’ 

K
~ ~ [2 :

2
~~~ ;3

z + 

~o]

~~~~hhh1~a _______ a - a - a - a - a - a - a- a-~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~.a- aa-~
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and -
KR = 26112 .

K
2 

K ‘ KmK ‘ = .00017938 = I
C 

-0 p
= Selectable gain

= Ground Rate Gain

= Ground Posi t ion gain = K~’ x 261

= T~(2i12 + BT5m2 )

= 
~s E(2 - 4m - 2BT5rn2 + BT 5 (2m + 1)]

fl0 
= T~ (2(fl~1) + BT5(m-1)

2)

a2 = BT5 +21

2
= BT -2T

= 3T~
2 ÷ 8T3

3

BT5~~~~3 T~
2

Then the characteristi c equation becomes

1 + LR(Z ) + K~L2 (Z) + K
~
L1(z) = 0 (4-5)

In order to determi ne the range of K
~ 

for stability , (K
~ 

depends on the
spi n period 1, the gain state chosen , and the position gain), the characteristi c
equation will be rewritten as

K L
1
(Z)

1+  X -= 0 (4-6)
l+L

R
(Z) + K.~L2(z)

_ _ _ _ _ _  
______________ a- 

a- _ _ _ _



-~~~~~~~. ~~~~~~~~~~~~~~ aa.. a-- S a-~ — -  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -..v*-. - - — - — -- a- * - ~,a- ~~~~~~~~~~~~~~~~~~~~ -a- ~~~~~~~~~~~~a- -

76.734 1.9—027
Page 69

The characteristic equation is

1 + KO’KRKS 
+ 

K
~

KO ’K S z~~~
U1 z + 

~~~

K ’ K K í a  Z + o . ,  1
+ 

o s x 2 = 0 (4—7)

L 2(z-l ) 2 
J

Multipl ying through by 6(z-1)
3 
~
k , we obtai n pa

zk6(z~ l ) 3 + 3 Ko’K~K~ ~
k l  [ z2 + ~ 

+n ] [z-fl + K~K0
’ K 

[~2 
Z + 

~1 
z +

+ 3 K ’ K  V (z-l) (a2 z + a1 ) = 0 (4-8)

Putting the equation into the form

1 + K
~ 

G(z )  = 0. (4-9)

we have 3K0’ K
~ 

K
~
(z-l) (a2 z + ~y~)

1 + 
zk

~~~6 z 4+ 6 3 Z
3 
~ 

6
2 Z 2 

+ 6
1
z+  6 )  + K~ K0’ K ( ~i2Z~~~u1Z+ ~~ ) 

=

where -

63 = 3K
~~

KR Ks n2~~~
lS

62 
= 18 + 3K~ KR 

(
~ ~~ 

-

6 1 = 3K~ KR K
~ 

(no - 
“2~ 

- 6

60 
= -3K0 ’ KR K

~ ~ 

- a-a- a - .  —a--- ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ____
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Figures 4-2 through 4-4 plot the maximum rate gain K
~ 

for stability as a
function of the ground l oop delay for various gain states. The graphs are
more accurate in predicting the stability of the actual simulation at the
higher RPM ’s. This is to be expected, because in performing the analysis ,
the assumption was made that the rate te rm in the ground loop was determined
by differencing position measurements taken once per sampling period , rather
than once per second , as is done in the simulation . At the higher RPM’s,
where the sampling period is closer to 1 second , the analysis more closely
typifies the actual flight conditions , whereas at the lower RPM ’s (e.g., 40)
the analytica l results are conservative. In any case , Figures 4—2 through
4-4 are to be used only as a guide to determine the rate gains , and the
final de te rmina t ion  must be made by simulation .

4.2 Performance Analysis

The performance analysis will once again be based on two criteri a -—
I l imi t cycle performance, and the transient response (peak error) due to

sudden changes in the friction level . The results will show that there is
little improvement in the limit cycles behavior when the rate term is
included in the ground l oop, but at the highe r RPM there is some improve-
ment in the transient response, I.e., the resulting peak errors are not
as large. - 

—

Figure 4-5 shows the time response of the system at 60 RPM to a simu-
lated disturbance , (10 in—o z for 20. sec) where the ground loop controller has
both a rate and positi on term. As can be seen, the limit cycle is again less
than 2 degrees. The response to a larger disturbance (50 in-oz) is shown in
Figure 4—6. Figure 4—7 suninarlzes the peak error responses to disturbance
torques of various amplitudes at 60 RPM and compares the resulting peaks to
the maximum error when the ground loop controller contained only a position
term.
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At 75 RPM , more Improvement in the transient response is shown by the
inclusion of the rate term. Typical time traces are shown in Figures 4-8
and 4—9 , while the comparison with the performance of the controller with
a ground position loop only is shown in Figure 4-10. The reason that more
improvement is  shown at the h igher  RPM is that the ground rate gain is
larger compared to the spacecraft rate loop gain at 75 RPM than at 60 RPM.

At 40 RPM , there is no improvement i n peak performance when the groun d
ra te loo p i s inc l uded , and that is because the ground rate loop gain is
almost insignificant compared to the rate loop gain in the spacecraft.
This comparison of gains is suninari zed in Table 4-1 .

pa -

Table 4.1 Rate Gains

RPM Spacecra ft Ra te Ga i n Ground Ra te Ga i n
(coun ts/rad/sec) (coun ts/rad/sec)

40 261T2 = 587 150

60 26lT = 261 130

75 26112 = 167 150
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5.0 IMPLEMENTATION

The implementati on of the ground loo p con troller , i.e., the criteria
for send ing a count i s very importan t, because the quantization neces-
sarily produced by the fact that only an integer number of count can

be sent is quite large compared to the computed control coniiiand. In this
report, trunca tion was used to determ ine when comands shoul d be sent,
while round-off is to be used in the actual impl ementati on of the controller.
This is the reason the gains were divided by 2 in column 4 of Table 5-1.
In add iti on , 1 count in either direction is sufficient for controlling the
system, so the counter should be limited to + 1 count. A diagram of the
controller implementation is shown in Figure 5—1 . •

Some question has been raised regarding performance when the plat-
form has been knoc ked off the ear th , and the telemetered signals are no
l onger va lid , but instead are the satu rated value. Since the ground

coninand is limi ted to 1 count anyway, it makes no difference that the

L 

values telemetered to the ground controller are limi ted to + 6° when in
reality the error is larger. The ground con trol l er wi l l  con tinue to
send 1 count until the error has been reduced sufficiently to bri ng the
comand inside the deadzone.

In addition , the ques ti on was ra i sed as to how lon g the error should
be off the earth before the control system is inhibited . In the normal
mode, the cri teria is 3 counts , or 3 seconds , and this was seen to be
quite insufficient. It is recommended that the criteria of 60 counts
or 1 minute be used in the “fly by w i re ” design , i n order to allow the
control system more than sufficient time to recover from large transients .
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6.0 CONCLUSIO NS AND RECOMMENDATIONS

The results of this study indicate that the 777 spacecraft #9433
can be controlled wi th a reasonabl e degree of accuracy by operating
the spacecraft In  the search mode and send i ng up comman ds from the
ground. It should be realized however , that because of the large
quantization in the control system, a convergent response of the
pointing error can never be obtained , and even in the steady state
the response will be oscillatory .

Two basic ground loop control system designs were considered .
The first consisted simply of proportional control , while the second
used proportional plus rate control . These controller designs were -

- 

-

evaluated using two criteria — limi t cycle response (steady state) ~

‘ 
-

of the position error, and the transient response due to large torque
disturbances (up to 50 in oz). For this study , the designs were tested
at 40, 60 and 75 RPM.

In the
•
steady state , the ampl i t ude  of the limit cycle oscillations

• depends on the magnitude of the position gain , and the stability analysis
shows that a higher position gain is possible at the l ower RPM’s (Figure
3—1). Using the gains given in Table 5-1 , the simulation results show,
using proportiona l control only, that both the best limit cycle perform—
ance and transient response is obtained at the lower RPM’s. At 40RPM, a
limi t cycle of about 1° can be expec ted compare d to about 2 1/2° at 75 RPM.
The peak errors in response to transients were summarized in Figure 3—20.
When the rate l oop is included , ~ iie improvement is seen in the transient
response at the hi gher RPM’ s but at 40 RPM there is no difference.

it is thus recommended that the spacecraft be operated at the lower
RPM ’s. In addition , it is recommended that the control system first be
tested using only the position loop , and if this is satisfactory, that
the rate term not be included.
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APPEI1IDIX A. GROUND LOOP TIME DELAYS
4...

Reference: DSCS-FX-004, “Time Delays for Ground Loop Control System
Developmen t ,” W. P. Carey , 23 February 1976

The above reference contains a detailed analysis of the various time

delays associated with the 777 Conitiand and Telemetry lines and on-board
despin controller measurement logic. Table A-i , which is taken from
the reference, presents the minimum and maximum del ays associated with
each RPM. The overall minimum val ue for the d~l~.y is 2.4 sec , and occurs
at 75 RPM , and the maximum is 6.4 sec , occurring between 47 and 50 RPM.

The delays are plotted as a function of spin rate in Figure A-l.

Table A-l

Time Delays
RPM T T D MIN T D MAX

75 .8 2.4 4.8
70.4 .852 Not Gi ven 5.11

70 .857 2.57 14.29
65 .923 2.77 4.62
60 1.0 3.0 5.0
55 1.091 3.27 5.46
50 1.2 3.6 6.0
46.97 1.279 Not Given 5.11

45 1.333 4.0 5.33
44.7 1.342 2.64 Not Given
40 1.5 3.0 6.0

41 .
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APPENDIX B. SIMULATION DESCRIPTION

The simulation results presented in this document were obtained from
the Tymshare dig.ital simulation briefly described in this appendix. This
simula tion (as well as this description) is based on the same 777 simulation
used in Reference 3, with some modifications. The capabilities and limi t-

ations of the simulation are discussed in the following paragraphs , as well
as the main differences between this simulation and the one of Reference 3.

B—l Simulation Model, Saturation Limits

The simulat ion model is shown in Figure B-i . The simulation is patterned
closely after the hardware limitations in order to realistically evaluate the
effect of hardware non-linearities. For example , each of the saturations
shown in the simulation represent saturation levels in the hardware. These
saturation limi ts were often reached when the simulation was operated in
the search mode. However, in the “fly by wire” mode of operation , where
at most a few counts are being comanded from the ground loop and space-
craft rate loop combined , these can be neglected for the most part. For
example the number counts needed to reach some of the saturation limi ts is
sr~own below :

I.~ ( = 14 vol ts)

k2k1H1> 14 or H1> 1942 counts, for saturation

12 
( = 14 volts)

k1 k9H1> 14 or H1> 14 counts, for saturation

A more compl icated model of the integrator In the rate mode (denoted by

1ev~1s I 5, I6) showing the saturation effects was introduced in Reference 4,
and this model has been retained in the simulati on , although only the behavior

in the linear region Is indicated in the diagram.

B—2 Rate Measurement Logic and Relay
r

~ The measurement logic is a functional representation of the hardware.

The platform rate error signals are not obtained in this simulation as they

are in the hardware, by processing the earth sensor and platform reference

f
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pipper signals. Instead , the up—dow n counter contents are calculated from
the platform’s instantaneous rate usi ng appropriate scale factors.

The model of the measurement logic in the rate l oop of the spacecraft

is given in Figure B—2. This model is different than that of the simu—
la tion of Reference 3, which was incorrectly modeled with a double sided
deadband , as In Figure B-3a. (For the mode of operation for which Refer-

ence 3’s simulation was intended , this inaccuracy Is Insignificant.) For
the “fly-by—wire” design , when the rate loop is at most putti ng out a few
counts, and very often only one count , the model i ng of the counts around
zero Is very significant. A provision has been made to study the effects
of an asyninetric quantization model , (see Figure B-2) since in reality the
counter is not “dead set” around 0.

The measurement delay of one quarter of a sampling periud in the space-

craft rate—loop is implemented by saving the necessary variables 3/4 of the
way through the integration subroutine, to be used in the next sampling r
period .

B-3 Ground Loop Model

The gound loop consists of both a position and rate term. The positi on
gain Al. is scaled the same way as in the anal ysis presented in the
body of the report. That is , the actual position gain will be 4.56 Al
counts/degree. This scaling can be changed by amending line 845 if the user
finds some other units more convenient.

The rate term is computed by differencing position terms taken once
per second, regardless of spin speed. The rate gain , A4, is in units of

counts/radian/sec, but this can also be changed by altering line 843.

Counts Counts

‘

~~~~~~~~~~~~~ ~~~~~~ Counts) ~~~~~~ ~~~~~~e (Counts)

z Figure B-3a. Incorrect Mode l - Figure B-3b. Correct Model -
• Double Deadband at Origin All Counts “Even”
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Counts

A Rate

(1 count = .22/T2deg/sec)

A5 counter offset
Ideally, A5 • .5

I
FIGURE B-2. Rate Quantization Mod l

1—

_ _ _ _ _ _ _ _ _ _ _ _ _  -
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The method of quantization (truncation) has already been indicated in

Section 2.0, and one count Is sent when the magnitude of the ground coninand

exceeds 1. If It Is desired to change this to round-off, the position and
rate gains presented In the analysIs should be halved .

B-4. Implementation of Ground Loop Delai

When this study of the “fly—by—wire” design first began, and only a
position loop was considered, the ground loop delay r

D 
was simply modeled as

an integer number of sampling periods, or TD 
= D6 T5, where D6 is an i nput (

to the program. (If D6 = 0, the ground loop delay was that of the rate loop,
or T5/4.) The following diagram shows how this was done.

2~ 3T
i
s 3T~

A ‘ A a
4 /  “ 4 /

.14

Figure B-4. Implementation of Ground Loop Relay in Simulation
(Position Loop)

The fact that Xl was sampled “Immediately before” T5 is ind icated by the use
of the variable Xl in lIne 845. The range of values of D6 to be used were

• taken from Appendix A. The fact that position measurements were taken only

once per second was not modeled, since any delays associated with this could
be accounted for by an appropriate choice of D6.

When the rate term In the ground loop was added , it was necessary to
model the fact that the samples were taken only once per second since the
rate term is computed by differencing position measurements. Figure B-5

• shows the Implementation of the delay under those conditions.
• 4 ,

4.

~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~
•
~~~~~~~~~~

-

~~~~~~~~~~~
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1 sec 2 sec 3 sec etc.

I I I I I • • ‘ i
‘p I I

~~ (
~~~ 5 

2Ts
/, ‘p

F’çio,
0’

4l~)

Figure B-5. Implementation of Ground Loop Delay - Measurements Taken
Once/Sec

The important point to notice Is that the resulting delay TD will be greater
1$ than D6 T5. (For many of the simulatIon results the position term In the

ground loop was still taken as shown In Figure B-4, i.e., for the position

term only, the fact that measurements were taken only once per second was not
used. This can be easily fixed by replacing Xl by X(l) in line 845, and
any future simulation work should be done wi th this change made.)

B-5. Dynamics

The platform dynamics are simply modelled in the Tymshare simulation as
rigid body, singl e axis linear dynamics, i.e. there is no cross coupl ing with
the rotor or other platform rates. Nutation cross-coupl ing and damper
dynamics are ignored. However , comparison between the dynamics of this simu-
lation at the time it was originall y wr i tten, and design ver i f ication runs,
Indicate that satisfactory results were obtained from using the simpl i fied
model .

B-6. Motor Model

One aspect of the simulat ion model that has recently come under close
• scrutiny Is the motor model. Presently, the maximum motor capability Is

modeled as being constant, or the same for all spin speeds. However,

• recent studies have indicated that the motor capability might be greatly
1 ~ reduced at the higher RPM’s. At this time no more definite mode l has been

• presented, and so this l imi tation has not been taken Into account in the

• simulation.

-.=~ ~~
_
~~~~~4 ~~~~~~
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TABLE B-i
PARAMETER DEFINITION S FOR PROGRAM 777 ’s

“FLY-BY-WIRE ” TYMSHARE SIIIJLATION

PROG RAM NOMINAL DEFINITIONSYMBOL VALUE

F 1 Mode control

F 1 - inhibit transfer from rate/search
mode to normal control

P1 1 Number of sample periods between printout
117 20 Number of integration steps per sampling interval
Xl variable Platform position error (deg)

X2 variable Platform rate error (deg/sec)
X4 variable Integrator voltage in lead-lag filter (volts)

X5 360 Spacecraft rotor spin rate (deg/sec)
X6 variable Relative rate between platform and rotor

(deg/sec) X6 = X5 - X2
B(l) 0 Measurement voltage offset during rate/c2arch

mode
8(3) 0 Platform rate bias during serach mode (counts)

R 0 Spacecraft rate error (deg)
NO 0 Initializati on of random number sequence
Ni variable Measurement noise during serach mode
Ii 14 Saturation level (volts)
12 14 Saturation level (volts)
15 5 Saturation level (volts)
16 -14 Saturation level (volts)

• 83 .0667 Integrator gain during rate/search mode
Fl 1643 Measurement clock frequency during rate/search

mode (counts/sec)
Ki 5.86xlO~

3 0/A converter gain (volts/count)
(2 1.23 Gain during rate/search mode which replaces

the lead/lag network (volts/volt)
K3 .131 Integrator gain (volt/volt)
K4 .2286 Relative Integrator gain (volt/volt)

K5 4.48 Relative lead-lag gain (volt/volt)
1(6 variable Ground comandabie controller gain (volt/volt)

_ _ _  _ _ _  ~~~~~~
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PROGRAM NOMINAL 
DEFINITIONSYMBOL VALUE

K7 .4 Motor gain (ft-lb/volt)
K8 1 Measurement scalIng gain (not really used in

simulation )
K9 183.9 Integrator input path gain (volt/volt)
MO 170 Motor saturation (in-oz)
Ml 100 Motor friction (In-oz)
M2 .14 X6 Motor beck emf (in-oz )
J 69 Platform pitch inertia (slug-ft 2)

Ji 339 Rotor pitch inertia (slug—ft 2) r
D6 variable Delay in ground l oop (number of sampl ing periods)

(see Appendix A) (if D6 = 0, Delay i s same as
spacecraft rate loop delay , i.e., .51)

Al .15 Ground loop position gain (K~)
A4 130 Ground loop rate ga in, counts/radian/sec
Li 1 Ground loop counter li mit

P A5 .5 Offset bias in simulation spacecraft rate loop
counter (see Figure B-2)

TO variabl e Simulation run time (sec)
S(l) variable Sample period during rate/search mode

M9 var iab le Number of torque pulses to be s imula ted
D(I) variable Amplitude of i-th pulse (in—oz)
U(I) variable Time i-th pulse begins (sec)
G(I) variable Time l-th pulse ends (sec)

1 1
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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