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THE 45-FOOT ANTENNA DRIVE SYSTEM 

John M. Payne 

1.0       Introduction 

This report describes the servo system used to drive the 45-ft antenna.   The posi¬ 

tion readout system, the digital electronics, the stand alone computer, the control panel 

and the telescope interface wiring were designed and built by other groups and will be de¬ 

scribed in other reports. 

2. 0       Performance Summary of the Drive System 

2. 1       Pointing Accuracy 

The antenna has a beamwidth of approximately 10 arc minutes at the highest operating 

frequency and an RMS pointing accuracy of better than a 1/10 beamwidth is required.     The 

servo system was designed to have an RMS pointing error of less than 10 arc seconds in 

winds up to 30 MPH. 

2. 2       Slew Speeds 

The maximum slew rate of the antenna drive system is SOVmin;  this slew speed is 

obtainable in continuous 50 MPH winds.   When given a new position command the antenna 

automatically slews to the new position at 50o/min. 

Restrictions may be imposed on these slew speeds according to preset conditions. 

For example, when a position pre-limit is reached the antenna speed is automatically re¬ 

duced to a low value (usually 50/min) that may be previously selected by a rotary switch in 

the control chassis.   When the final position limit is reached the antenna stops and will 

only respond to slew commands that will drive it out of the limit. 

2. 3       Modes of Operation 

The servo system accepts either position commands or velocity commands. These 

commands may originate from the interferometer control building via the radio link or 

at the telescope location.   The telescope has a "stand alone" computer that generates 

telescope position commands from entries in right ascension and declination.   In the 

manual mode the telescope slews at a velocity selected by a potentiometer on the tele¬ 

scope control panel.    All functions on the control panel are interlocked to insure safe 

operation of the antenna. 
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3. 0       Description of Control System 

A block diagram showing control of one axis of the antenna is given in Figure 1. 

The drive consists of four permanent magnet DC motors driving the bull gear of the an¬ 

tenna, each motor having a 1425:1 reduction gearbox.   A further gear reduction of 12. 63 

between the output of each gearbox and the bull gear results in an overall gear reduction 

of 18000:1.   Each motor is provided with a tachometer that provides a rate signal propor¬ 

tional to the speed of the motor shaft.   The motors work in pairs, the behavior of each 

pair being identical, so the analysis in this report is applied to one pair of motors,  the 

various constants being adjusted to allow for this.   In normal operation (winds up to 30 

MPH) one motor in a pair opposes the other so eliminating backlash in the gearboxes. 

Load torque is obtained by an increase in current through one motor and a decrease through 

the other.  In winds over 35 MPH both motors produce torque in the same direction. 

Each motor is driven by a transistor amplifier operating as a current driver. This 

mode of operation results in the output torque of the motor being proportional to the input 

voltage to the amplifier, effects due to the inductance of motor windings and the back emf 

of the motors being effectively removed by the current feedback. 

The tachometer associated with each motor is used in a velocity servo loop to con¬ 

trol the angular velocity of the motor.   The servo loops must be well matched for obvious 

reasons.    The common input to these four velocity loops is the velocity command to the 

antenna and an input of ± 5. 0 volts gives ± 50Vmin. 

An inductosyn mounted on the telescope axis, measures the position of the telescope 

and, through associated electronics, outputs this position as a digital number.   This posi¬ 

tion is compared with the commanded position (it may be from the interferometer computer 

or the local calculator) in the digital subtracter, the error being a 10 bit number that is 

changed to an analog voltage in the D/A converter.   The least significant bit is 5 arc 

seconds and the subtracter cycles 20 times a second.   The resulting analog error signal 

is then integrated and after compensation is used as an input to the velocity servo loop to 

drive the antenna to the commanded position. 

4. 0       Torque Requirements 

The torque on an antenna due to wind is strongly dependent on the angle of the wind 

relative to the antenna.   The torques in this report assume that the wind is always from 

the worst possible direction, a very conservative approach.    Empirical formulas derived 
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from wind tunnel tests (reports published by Andrews and JPL) were used to caluclate the 

torques in various wind speeds.   The motors supplied with the antenna have a torque con- 

stant of 5. 2 x 10    ftlbs/amp and, when forced air cooled, may be run continuously at 30 

amps according to the manufacturer.   The transistor amplifiers used current limit at 30 

amps and when considering a pair of motors the figures given in the table relate the various 

quantities. 

Torques and Currents in Different Wind Speeds 

Wind 
Speed 
(MPH) 

Torque 
(ft lbs) 

Current in 
Motor I 
(amps) 

Current in 
Motor 2 
(amps) 

At 53 MPH, a steady wind from exactly the worst direction will stop the antenna.    This is 

a very unlikely situation, particularly for both axes simultaneously. 

5. 0       Servo Design 

5. 1       General Description of Servo System 

Servo systems are generally classified in different types according to the number 

of integrating elements used in the system.   An integrator, of course, gives an output that 

is proportional to the integral of the input with respect to time (in our case).    The inte¬ 

grator may be electronic or it may be mechanical.   A motor, for instance, may be re¬ 

garded as an integrator, the angle turned through by the motor shaft being proportional to 

both voltage input and time.   When servo engineers talk about type "0",   type "1",     and 

type n2n   systems they are simply referring to the number of integrators in the system. 
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The higher the type number, the better the performance of the servo and, generally, the 

harder it is to stabilize.   The performance of a servo system is usually measured in 

terms of its ability to respond to certain inputs and disturbances.   A type "1" position 

servo, for instance, has a theoretical zero error to steady state position commands,  a 

finite error to velocity commands (position commands changing linearly with time) and 

an infinite error to accelerating position commands.   A type "2" system has a theoretical 

zero error to position commands, a zero error to velocity inputs and a finite error to 

accelerating inputs.   A type "2" system is the one usually used to control antennas as 

wind gusts constitute an accelerating disturbance and a theoretical zero error when 

trabking is nice to have.   As with all engineering the real world modifies the theoretical 

performance somewhat, the main culprit being non-linearities in the servo, by far the 

most noticeable being stiction in the main telescope bearing. 

Figure 2, a simplified block diagram of the servo should make the operation clear. 

The tachometer signal is used in a velocity servo loop, the velocity command and the 

actual velocity being subtracted and the resultant error used to drive the antenna drive 

motor.   The open loop gain of this servo loop dictates how well the antenna will follow the 

commanded velocity signal.   Obviously, when the wind blows, the motor will need  a 

bigger input which can only come from a larger error signal which in turn must come 

from the integrated position signal.   The design of the tach loop is a compromise between 

having a high enough gain to keep velocity errors small, a bandwidth such that structural 

resonances are not excited and adequate stability.   Also, the gain of each loop should not 

be so high that matching the individual loops is difficult.   The overall function of the 

velocity loop is that of an integrator', a steady input voltage results in an angular displace¬ 

ment of the antenna that increases linearly with time. 

Any system with two integrators must have a total phase shift of 180° and be un¬ 

stable so compensation is essential.   We now consider what happens when a tracking 

command is fed in, that is, a position command that is changing with time.   At the start 

a position error signal will appear-, this is integrated and the output of the integrator drives 

the antenna until the antenna is moving at the commanded rate.   The output of the inte¬ 

grator is now fixed and unchanging and its input is zero (zero position error).   Any change 

in conditions (wind, bearing friction) will require a different input to the velocity loop and 

will result in a position error being generated while the new conditions are being met. 
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In practice, the error signal is quantized, the interval in our case being 5 arc sees, so 

a completely zero position error is not a practical proposition, 

5. 2       Mechanical Transfer Functions 

The key part of any servo design is an investigation into how each constituent part 

of the system responds to inputs of varying frequency.   The amplitude and phase relation 

of the output to the input is derived from the transfer function.    By an examination of the 

open loop frequency response the designer may make predictions of the closed loop fre¬ 

quency response and stability of the system.   A model of one axis of the telescope is 

shown in Figure 3.   If we assume that the structure is very stiff compared to the gearbox, 

i. e. , K    » K , then 0      = 0     and K    and J    may be transferred to the other side of R g RF        e R R 
the gearbox.   The simplified model given in Figure 4 may then be used for one pair of 

motors with certain reservations.   The inertia and viscous friction associated with the 

gearbox are really distributed quantities but, nevertheless, Figure 4 is certainly a good 

approximation to reality. 

The torque developed by the motor is proportional to current.   The amplifier is 

a current driver so the torque is given by 

T   = K  V. i    in 

where K. is measured in ft lbs/volt.   Assume a torque bias of A ft lbs, so that when T 

increases, T  decreases and vice versa.   Then 

T,   = A + K  V 
i i    in 

T    =  A - K   V. 2 i   in 

Equating torques, we have 

A + K   V.    - (0   - 0T) K     =   J     S2 0   + B     S 0, (1) i    m    x   i       L'    g m        i        m       i v ' 

(0   - 0T) K     -  (0T  - 0J K     =  JT S2 0T + BT S 0T (2) x   1       L'    g       v  L       2'    g L LLL w 

(0T   - 0J K     -  A + KV.     =  J     S   0, + B     S 0O (3) v  L       2'    g m m        2        m       2 v ' 
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d 
where S is the operator  ,. . 

at 

From (1) we have 

A + K V    + 6, K 
9.  = i   in      L   g 

1      J    S2 + B    S + K m m g 

and from (2) 

-A + K  V.   + 0T K 
0  = r1-1*—L-* 2        J    SJ + B    S + K m m g 

As we would expect, 0   =  0   when A = 0.     (No bias torque.) 

Substituting for 0   and 0   in (2) we have 

0T 2K, K 
L     _     m 1    g 

also 

and 

V. J    JT S
r+ (J    BT + B    JT )S

3 + (JT K   + B    BT + 2K  J   )S2 + (BT K  B   )S 
in mL        xmL       mL' Lg       mL gm'        ^Lgm' 

2K 

%     =    g  
T^ JT S2 + BT S + 2K 0 L L i m 

0 K   (JT S2   +   BT S + 2K ) 
-J2L = 

1     L L tf  
V. J    Jr S4 + (J    BT  + B    Jx )S

3 + (JT K  + B    BT + 2K   J   )S2 +(BT K +2K   B   )S 
in mL xmL       mL7 Lg      mL gm' Lg       gm' 

The values of the various constants can now be evaluated.   The stiffness of a single 

drive train is quoted as 5. 26 x 107 ft lbs rad.    The moment of inertia in azimuth is 

2. 75 x 105 ft lbs sec2.   These figures give a locked rotor resonant  frequency for the an¬ 

tenna of 4. 5 Hz.    The load inertia referred to on the motor side of the gearbox will be 

7~~~—"r?    =    8. 48 x 10~4 ft lbs sec2 which is shared between two sets of motors. (1. 8 x lOV 
C    Of*    Y     1ft 

Similarly, K   referred to the motor shaft is   TTT—rjx^    =   0. 16 ft lbs /rad. 
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We now have the following constants: 

Kl 
zz 0. 18 ft lbs/volt (assum 

JL 
= 4. 24 x 10"4 ft lbs sec2 

K 
g 

= 0. 16 ft lbs/rad 

J m 
= 1 x 10~5 ft lbs sec2 

BL 
= 1 x 10"4 ft Ibs/rad/sec 

The values of BT   and B     result from figures supplied by ESSCO and estimates based 
L m 

on the type of gearbox used. 

These constants result in the following transfer functions: 

eL  032  
0 1. 8 x 10* (4. 24 x 10~* Sz + 10"4 S + 0. 32) 

m ' 

and 

em    =     0. 18 (4. 24 x 10"4 g2 + 10~4 S + 0. 32)  
V. 4. 24 x 10"4 S4 + 1. 7 x 10"7 S3 + 7. 1 x 10"5 S2 + 1. 44 x 10"4 S m 

where V.    is the input to the final power amplifier. 

These two functions are plotted out in Figures 5 and 6.   We would expect 0   to be 
L 

*~T—7Z[~  of 0    (-85 dB) at low frequencies, peak at the locked rotor frequency, with 

an abrupt phase change and then decrease rapidly.    Figure 5 shows this to be so. 

0 
r^— shows an integrator characteristic (gain falling off at 20 dB/decade and phase 

in 
shift of -90°) at low frequencies with increased phase shift as the locked rotor frequency 

is approached (Figure 6). 

5. 3        Tachometer LOOP Design 

Figure 7 shows a block diagram of the complete servo system.   The tachometer 

closed loop transfer function is 52. 3 rad/sec/volt at the motor shaft or lo0/min/volt at 
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the telescope axis.    The tach loop compensation reduces the gain at the higher frequencies 

but still gives an adequate phase margin.    The open loop frequency response (or Bode plot) 

is shown in Figure 8, and the closed loop in Figure 9.    The peak in the response at around 

100 radians/sec results from a "coupled circuit" type phenomena involving the motor in¬ 

ertia and the gearbox stiffness.   These plots show the output as S0    L rather than 0      for 
out out 

clarity.    The peak at 100 rads/sec depends very strongly on the construction of the gearbox 

and is not to be taken too seriously.   The bandwidth of the tachometer loop is 12 rads/sec. 

5. 4       Position Loop Design 

As previously mentioned, the two integrators in the loop would result in an un¬ 

stable system without compensation.   The compensating network should be designed to 

give maximum phase advance at the unity gain frequency of the open loop frequency 

response. 

Figure 10 shows the Bode plot of the integrator and compensating networks and 

Figure 11 shows the open position loop response.    The phase margin is 40° which is quite 

acceptable. 

The closed position loop is shown in Figure 12 and the response to a step posi¬ 

tion command of 16 arc minutes is shown in Figure 13.    The closed position loop band¬ 

width is 7 radians/sec. 

5. 5       Performance in Wind 

The antenna will be subject to wind torques of varying frequency and magnitude 

that may result in position errors in the servo system. 

As described in section 5. 1, the servo error to an unchanging wind torque will be 

zero.   It is only that component of wind changing with time that will give rise to servo 

errors.    The varying component of the wind is defined by the "gust factor" and is the ratio 

of the RMS of the varying wind component to the fixed component.   Various references 

quote a gust factor of 0. 2.    The wind itself has a spectrum that is flat up to about 1 rad/sec 

(references quote figures that vary between 0. 3 rad/sec and 2 rad/sec) and thereafter falls 

as the square of the frequency. 

Strictly speaking, wind gusts are a random phenomena and should be treated on a 

statistical basis.    However, examining the response of the servo system to sinusoidal 
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torque disturbances will certainly give a good indication of the performance to be expected 

in gusting winds. 

Wind torques may be injected into the model of the servo system as shown in 

Figure 14.   This block diagram relates output angle to input torque and the Bode plot of 

Figure 15 shows z   for a range of frequencies.    This plot is, in effect, the admit¬ 

tance of the servo system or the inverse of the stiffness.   As we would expect the stiffness 
-2 eL is very high at low frequencies.    For instance, at 10    rads/sec,    ■— =   -280 dB and the 

stiffness is 1014 ft lbs/rad.   Over the range of frequencies, 1 rad/sec to 10 rads/sec the 

stiffness is 3 x 109  ft lbs/rad. 

In a 30 MPH wind the RMS of the varying torque will be 0. 2 x 36 x 103 = 7. 2 x 103 

—6 ft lbs.   A sinusoidal torque of this value would result in an angular error of 2. 4 x 10    rads 

(0. 5 arc sec RMS), over the frequency range mentioned.   This figure neglects any filtering 

effect due to the antenna and is small in comparison to wind induced structural pointing 

errors. 

6. 0       Constructional Details of Servo System 

6. 1       Power Amplifiers 

Each motor is driven by a transistor amplifier manufactured by Control Systems 

Research, Inc.   Two amplifiers and a power supply are packaged as a unit in a 7" chassis, 

individual motor currents being displayed on the front panel.   The servo system auto¬ 

matically shuts down if an amplifier overheats or the supply voltages to an amplifier are 

incorrect. 

The basic specifications on the power amplifiers are as follows: 

Gain       3. 5 A/volt 

Maximum continuous current  ±35 amps 

Maximum output voltage  ±50 volts 

Frequency response  DC - 1 kHz 

The amplifiers are provided with a thermal cut out and electronic current limiting. 
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6.2        Circuitry 

6. 21    Tach loop chassis 

The output of each tachometer is fed into a buffer amplifier to reject any 

pick up on the telescope cables.   The output from each tach is displayed individually on 

a front panel meter calibrated in degrees per minute.   The circuit is shown in Figure 16. 

Any one tachometer output may be selected by a rotary switch for display on the control 

console.   Trimming potentiometers are provided to equalize individual tachometer gains. 

6.22     Tachometer and position loop circuits 

The control circuits are shown in Figure 17 and are fairly self explana¬ 

tory. 

7. 0       Tests with Antenna 

Tests with the completed servo system were made to confirm the important 

aspects of the design.   The manual velocity mode was tested first, each motor being 

run separately to check polarities-,  then all four motors on each axis were run together. 

The position loop was connected up and found to be stable.   The closed position loop 

bandwidth was checked by injecting a sinusoidal signal into the integrator summing junc¬ 

tion and examining the system response.   The bandwidth was measured at approximately 

1. 3 Hz which compares well with theoretical value of 1. 15 Hz.   The response to a step 

function in position command was measured and, again, good agreement was found with 

the theoretical results. 

Figure 18 shows a plot of the error signal in the elevation loop during tracking 

a source.   The 1 a RMS value of the error is about 5. 5 arc sees. 

So far we have used the antenna in winds gusting to about 30 MPH and have been 

unable to see any significant wind induced errors. 
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I.JI VH/i .*•■••!■ >     ■    • rf, ...1... ■ »• . ..!.... V....  I....V... .1. .. .V • • 1. • ■ .V . .1... .v.... 
/.V-.JJU1 1 , 1 1                                     1                                     1 1 1 
<-. #i».J^L * 1 1 i 1                                     I                                     J 1 I 

C.BCOC    1.0)00    l.^OCO    1.4000    1.6000 

i.C^^i.<- - Jl    i 
t^-fJl -Jl    1 
H li-s +1 - <- 1    I ...,*«» -CI    1 //-^ - * I    I 
*   >S£.U - Jl    I 
«..»C /*. -t^l    1 
J**..  ^ - Jl    1 
Ji«- * - >1    I 
IW^t J -i. 1    i 
./•W* * -^l    J 
V W I   M * - -l    1 
twutij - ol    1 
wn„>t--ul   I 
w<. j-i-. -wl     I 
JW ^^ > -ul     i 
vW  y t J -.a  i 

il i 
Jl I 
.1 I 

02   I 
J^   1 
J2   i 
J^ i 
.i^  i 
0?    1 
l^ 1 
J^ 1 



POSITION 
INPUT      ^f   ^J 

COMMAND 

TACH LOOP 
COMPENSATION 

INTEGRATOR AND 
COMPENSATION 

10(0.554-1) 
S(0.05S + I) 

y® 
POSITION FEED BACK 

MOTOR, AMPLIFIER AND LOAD 
REFLECTED INTO MOTOR SHAFT 

0.18(4.24 xlO-4S2+IO-4s+0.32) 

4.24 x I0-9S4+I.7xl0-7S3-|-7.I x IO-5s2f |.44x I0-4S 

© 

GEAR BOX 

0.32 

I.8xl04(4.24xl0-4S2+I0-4S + 0.32) 

© 
ENCODER GAIN 

200V/RAD 

© 

1 

en 

BLOCK DIAGRAM OF SERVO SYSTEM 
FIG.7 



.UUUMUt-Ol 

.122g2k-0l 

.^3tlVjt-01 

.'.liS'.t-Ol 

.SBHott-Ol 

.Ilatot-01 

.yva^ot-oi 
.-:io7iC-Cl 
.7iiovt-01 
sloi4 -01 

J.io2^dt-01 
j-a^ditt-oi 
i.4«Lu<tt-0l 
4.<iooa>t-01 
3.J»lo-yt-0l 
J.o^J'.Jt-Ol 
OJia^t-Ol 
/.u7-.',ot-01 
/.yujit-oi 

l.uuoout 00 
l.iz^u^L 00 
L.tsattk 0C 
l.^l^jiic 00 
l.>aioVt 00 
i. noioi. co 
i.>V3^6t 00 
t.tioUt 00 
^.allavt. 00 
t.olaiit 00 
;.lc<.iot 00 
i.?<i013c 00 
J.YtflU/C 00 
^.••ooott 00 
a.olioot 00 
J.o^jtil 00 
ouSaot 00 
?.0/'.'.lt 00 
I.t+UOL 00 
o.lL^'jit 00 
I.UJUVUL 01 
l.i/^Uit 01 

.■H*}<lk 01 

.><><»»*t 01 

.f/o^»t 01 

.«*Si6t 01 

.i.3ali.c 01 

.31id«t 01 

.dloJVC 01 
•io^^dc 01 
.^'•Ol^t 01 
.^uiuat 01 
.tooaii 01 
.Jlldot 01 
.u^w'x.t 01 
. JUKJOt 01 
.u/Vt/t 01 
. i'.jjjt 01 
.•.l^JJL 01 
.OOuOOL 02 
. i2<:Oit. 02 
.43a*jL 02 
.ii^ait 02 
.ao<n>yt 02 
.//0<!0t 02 
.VMS^ut. 02 
.iJSi^i. 02 
.allo'yl 02 
.dlojvt 02 
. lo<:iOt 02 
.JtolHt. 02 
.valuat 02 
.-M>6o4t. 02 

I.JilOOl 02 
.OiJXit 02 
.3uViot 02 
.O/MU 02 
.»*iJut 02 
.Vl^jjt 02 
.UOUUOC 03 

MULTIPClEit  •   t   *.o 

-3.2UWJ   -Z.'K.u 
M-iAtoNIIUUC (OBI       1X10**  11  OPEN 
.BUOO    0.0000    O.auJO    1.6000    2.4000    3.2000    4.0000    4.8000 

1.JOuOUt- 

l.*l^a4t- 
l.>b<H)Vc- 
l.//acol- 

i.alant.- 

J.a'toi'.l.- 
J.^oluot 
l.'.ot.oat 
s.olloyt 

I. 

01 1 
01 1 
01 I 
01 I 
01 1 
01 1. 
01 I 
01 I 
01 I 
01 1 
01 I 
01 1. 
01 I 
01 I 

o.yi<.33t 
1.JUU0UL 
l.l^u^t 
l.OoWt 
l.tliJtL 
l.lotolt 
l.lloiot. 

<..iS4li.\. 
i.pllo^t 
^.olojat 

J.-.<.OlJL 
j.Valu7t. 

-01 1 
-01 I 
-01 I 
-01 I. 

01 I 
01 I 
00 I 
00 I 
00 I 
00 1. 
00 I 
00 1 

3.U1100L 

t.iJ'.^ot 
7.U7V4/C 
7.»4-.JUL 
o.Tll^^it: 
i.OOOUOt 

i.ti4.3tt 
1.7d<IC>Vt 
1.7/o^ac 

2.^Ja7^c 

j.lo^dt 
j.i'.jl-.t 
j.'yoiuot 
<l.4uba<>t 
j.olloot 

c.JU«9dc 
7.u7'>4lt 

0.'>1^3JI. 
l.OOOUOL 
1.12^U<C 

l.lltPtt 
l.^d4dvt 

i.olidae 

00 I 
00 I 
00 1 
00 1. 
00 I 
00 I 
00 I 
00 I 
00 I 
00 I. 
0C 1 
CO   I 
00 I 
OC 1 
01 1 
01 1. 
01 I 
01 I 
01 I 
01 1 
01 1 
01 1. 
01 I 
01 * 
01 I 
01 1 
01 I 
01 1. 
01 I 
01 I 
01 I 
01 I 
01 I 
01 1. 
02 I 
02 I 
02 1 
02 I 
02 I 
02 1. 
02 I 
02 I 
02 I 
02 I 
02 I 
02 1. 
02 I 
02 I 
02 I 
02 I 

a.JO'oet 
7.O/««7L 
/.■*•».> 3 uc 

l.uoouot 
02 I 
03 I 
HOC IS .o«u<i/2e-OlJ»lO»« 



rt-MAunll Uuc .l».l*uM I OJt    l»l>l 
jo 4.1ICOJ x.d.UJ S.6J1.O (i.40v.O 7.2COJ 
........1....V....1....V....1....V....I....V....1 

CHA^E   (Jt.v>nccil 

1^£>.2I. 
iJO^Jl. 
Xi^i"... 
JO'. 0*1. 
UU^L 
•$*JtuL 
tjal<.\. 
5iiu*L 
OIOJVL 
Itf^cdL 
^'fUi-VL 
Vuludi. 
^u«ojt 
•Jkltlll 
b^JHJL 
jOV^^t 
U7V10L 
i'.JJUt 
VIA^^L 
uxOOUc 
l^AU^t 
^Jt-V^c 
tl^jtc 
:id<tojt 

I....V. 

-02 I 
-02 I 
-02 1 
-02 I 
-02 I 
-02 1....V. 
-02 I 
-02 I 
-02 I 
-02 I 
-02 I 
-U2 1....V. 
-02 I 
-02 I 
-02 I 
-02 I 
-02 I 
-02 1....V. 

-01 1 
-CI I 
-CI I 
-01 I 
-01 I 
-01 1. 
-01 I 
-CI 1 
-01 I 
-ol I 
-ul I 

.JJ'.JJC-XI   1 

.-(-.•.ot-Cl   1 

..IJilc-Ol   1 

.II±JJI-«1   I 

.wJxuuL   CO   1 

. 1^«<.L    00    1 
tjoltt.   00   1 

.ilti<.t   CO   1 
'..oO-.t.   tJ   1 

.^3J/^L-02 

.Jl 01 •.(.->. I 

IMO"      II      > 
JJ        -<..eCOO        -K.OJO)        -i.2OJ0        -7.40OJ        -I.CIOJ 

.v....I....v....I 

i.lu*t.ol 

j.Voit.ri CC   I 
00   I. 
CC   I 

A../.*U.iOt    01     1 
l.itlwt 01 i 
l.tlbVJt 01 I 
».-.li3<l<. CI I 
1.3d<K>«C 
1. //O^UI. 

3.>-.ol-.c 
3.>Oil,OL 

a.uitaui. 

ol I 
01 I. 
01 I 
CI 1 
CI I 
01 1 
01 I 
01 I. 
01 I 
01 I 
01 1 

+   4- 

►•Lltrt  •  «   /.uiv^jvac  Owl*10* 



u 
1 

> 
7 

■a 
1 

1 

1 
1 
1 
1 
1 
1 

2 

3 

3 
3 

A   »   LLLJ                      <AiO»«    -2) 
-0.V.30U          O.O                   O.OUOO           u.luJO          J.^tOU           u.jiUO           C.4CCC           C.doOO           0.5o00          0.(400           C.7 

I....V....1....V....1....V....1.. ..V....1....*....1....V....1....V....I....V....I....V....I....V.... 
.0                        I                       A                         1                        1                       i                        1                        1                         1                         1                         I 
.OUufOL-Ol    1                          1       A                  1                          1                           1                           1                           i                           I                           1                           I 
wouout-Ol    1                        1                         1                        IA                     1                        1                         1                         1                         1                        1 
.OUOU^L-Ol    1                            1                              1                             1                             1                             1             A              1                              1                              1                             I 
.uOxOOL-01     1                             1                              1                             1                             i                              1                              1                             1                 A          I                             I 

.Joouot-Ol    1                          1                           1                          1                           1                           1                           1                           I                           I                           1                       A 

.UOouuc-01    11                            1                          I                           I                           1                           1                           I                           I                           1               A 

.uuuuol-01    1                        1                         1                        i                        1                         I                         1                        I                        1                         1   A 

.ouuuui   CC    I                        I                         1                        1                        i                        1                         I                         I                         I                A      1 

.JOUOOL   OC   1                        1                         1                        l                        1                         1                         1                        1                A      I                         1 

.fJUWOL   00    1                          1                            1                          1                           1                           1                           1                           1            A            I                           I 

. jMfu.   00   I                        1                         1                        1                        1                        i                        1                        I        A              I                        1 

.uxJJxt   00   1                        1                         1                        i                        1                         1                         1                        I      A                I                         I 

.^Jui.OL     LC      I                                    1                                      1                                    |                                     1                                     1                                      1                                     1     A                             |                                     I 

.JO^c   00    1                          I                            [                          ,                           1                           1                           1                           I   A                     I                           I 

.iu^Ouc   00    I                          I                            1                          1                           1                           1                           I                           I   A                     I                           1 
...UUU./1.   00    i                          1                            1                          i                           1                           1                           1                           1   A                     I                           I 

"^OO^^L     UJ      l"                 "         I 1 1 1     " I IA I I  
.>Owwwc   00    1                          1                           1                          i                           1                           i                          I                           1AI                           1 
.UUK^UL    00     1                                1                                  1                                1                                 1                                 1                                 1                                 1    A                          1                                 1 
.IUUOUL   00   I                        1                         1                        i                        1                        1                         1                         I   A                   1                         I 
.uouvoi.   nO   1                        1                         1                        1                        1                        1                         1                         1   A                   I                        I 

.iK^L     1.0     I                                1                                  1                                1                                I                                 1                                 1                                 1        A                      |                                 1 

.IUUUUL   00   1                        l                         1                        1                        t                        t                         1                         I      A                I                        I 

.JJVWL   00   I                        1                         1                        i                        t                         1                         I                        I      A                I                         1 

.'.uwv.ut    CO   1                        l                         1                        i                        1                        1                         I                         1      A                I                         1 

.JUVWL   U0   1....V....1....V....1 1....V....!....<....!....v....I....V....I..A.V....I....V....I....V.... 

.UUJUMC   00    1                          1                            1                          1                           1                           1                           1                           I      A                  I                           I 

. /u^i.    00    1                          i                            1                          1                           1                           1                           I                           1       A                  1                           1 

.ouuuul   00   I                        1                         1                        i                        L                        1                         I                         I      A                1                         I 

.,JJJ*L    CO    I                             1                              1                             l                             I                             1                              1                              1       A                    1                              I 

.O^KUUt    oO    1                            1                              1                             1                             1                             1                              I                              I       A                    I                              I 

.JUJ'.vL     JO     1                                    1                                      1                                    1                                     1                                     1                                      1                                     1         A                         i                                     | 

.-tJouot   1.0   1                        1                         1                        i                        1                        l                         I                         I   A                   1                         1 

.jvj.vt.   tO    I                        i                         i                        i                        1                        1                         1                        1      A                I                         I 

...oOuoL   uO   1                        1                         1                        1                        1                         l                         I                         1   A                   1                         I 

. f^uL   u)   1.... v.... 1.... <....!.... v.... ». ...<....!.... >....!.... ¥.... I.... V.... 1.. 4. V.... I.... V.... 1.... V.... 

. ou^L   00   I                        1                         1                        1                         1                        l                         I                         I   A                   1                         1 

. IJUUM.    00    1                             1                              1                             i                              1                             1                              I                              I       »                    I                              1 

.„«>.*.vi   uO   1                        i                          1                        1                        1                        1                         1                         I   A                   1                         1 

..axu^L   v.*.   I                        i                         ,                        >                        I                        .                         1                        I   A                   I                         1 

..wuw^i.   -J   1                        1                         1                        1                         1                        l                         I                         1      A                I                         1 

-12.COCO     -11.tu 
lAuriilUOc   leal 

•HMAit    (UtUhttll 

• «      II     CICS 
-).2CC0        -(,.4000        -5.6CC0        -4.0000        -4.CuOJ 

l.tpo'.jt- 

1.1^<.U^L 

l.'.l^^XI. 
t.^XHuVC 
A. Ktl^JL 
L.lfJtUL 

b.jjfj*!.- 
/.M7»XJ(:- 

x/*H/L 
'•4^301. 
IlLJJl 
OwUUOC 
I2<.>,<:t 
<.JX»Jl. 
'•H.JHL 
'JttHoVL 
llocoi 
»i>^OL 
&JX /<.i 
311. OVl 
OlOJ^C 

.lOitOL 
j>ol-.t 

.S>elxi,L 

J.X^JXiL    01 

I    PKoCL^JLX    KOLl lTj3Xoi.    JJ|»1J» 



BROAD  B 
WIND TORQi 

BROAD BAND 
WIND TORQUE 
 » 

WIND 
FILTER 

'IN ^i> 

OUT 

POSITION  LOOP WITH WIND 
TORQUE AS INPUT 

ANTENNA 
FILTER 

N 
K 

+• 
^ B C 

©M   " 

y 
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D 

©OUT 
 ► 

POSITION   LOOP  SUBJECTED TO   WIND TORQUES 
FIG.14 



K-HMAai:   lotorLtil 1A10**      21      CPEN 

.*O1X7L 

LIUXL 

./7ot-L 

„luj->t 
. lw^<.i),. 

jlxot 

JCO        -^'.400x1        -^.J^oo        -I.OJUU        -1.2wOO       -o.aOOO        -C.4C00 0.0000 0.4000 C.DJOO 
....v....i....v....i....v....i....^....l....v....i.........l....v....l....v....l....v....l....v 

Mil P I I 
C l 1 ADMITTANCE RAD/FT LB fill 

XI 1 . . . .PI I I 
rtl 1 1 I 1 I PI I 1 

1-. 1 1 1 1 I PI I I 
....V....!..«......!....V....1....V....1....... ..!.. ....... 1....V...PI....V.... I....V....1....V 

1 M 1 1 | 1 I PI I I 
1 rt      1 1 1 1 I PI I I 
I Kl 1 I 1 1 "I I t 
1 1.1 1 I 1 I VI I I 
1 1     rt 1 1 1 I P   I 1 I 

....V....!....«....!....»..............I....... ..1.........I....V..P.I....V....I....V....I....V 
1 1 rt      < 1 I I P    I I I 
I 1 nl t i 1 P   1 I 1 
i 1 1,1 1 i I l»   I I I 
I 1 t      .1 1 i I (•      I I I 
1 1 1 M 1 1 1 P      I I I 

....V....1....V....1. ........1....V.H.. 1....... ..1...... ... I....V.t..1....V....I ....V. ...I....V 
1 1 1 Ml 1 I P        1 1 I 
1 1 1 n 1 I P       I I 1 
1 1 1 1   M 1 I P I I I 
1 1 1 1        rt 1 I P I I I 
1 1 l l n        i 1        P I I I 

.........1....V....1.........1....V...,I.......A.l.........I..P.V....I....V....1....V....I....V 
1 1 1 1 ft I    p I I I 
i 1 1 i i ri I   l- I I I 
1 1 1 I 1      rt IP 1 I | 

1 1 1 1 1 "   lU 1 t I 
....V....1....1/....1.........!.........1.........l.......>>.l....>f....t....V....I....V....I....V 

1 1 1 1 IPX I I I 
1 1 1 1 i P |x I I I 
1 1 1 1 1 H I       X I | I 

....V....1. ........ 1.........1.........l.........i.l'.......I....VM...I.........l....V....!....V 
I 1 l i IC I X       I I I 

1 11 t fl I 11 I I 
1 1 1 1 H    > I X | I 
1 1 1 I K       1 I 1*1 1 I 

......... I......... 1. ........1.. ....... 1 ......f ..1. .. .V.... I.■•.v....I"...V.... I ....V....I....V 

1 1 1 1 i*            1 1 t H I I 
1 I 1 1 l*            1 I 1 W I I 
1 1 1 { ■•               i I I x I | 
1 I 1 1 V              1 I I X I I 

1 1 i i       >>                 1 I I       X                  I | 
1 1 1 lei 1 1X1 I 
1 1 1 I      >•                k I I      x                I i 
1 1 1 1     t>               1 I I     x               I I 
1 1 1 I        f             1 I [xl I 

........ .l.........l.........l....^....t...lJ.....l.........I....V....l.M..V....I....V....i....V 
1 1 1 1         t>               1 I 1   x                     I 1 
1 1 1 I             ^             I 1 i<4                          I I 

1 1 1 1 P 1 I X I I 

....V....l....V....l.........l....V....l......r'..i....v....l....V...'I....V....I....V....l....V 
1 I I 1X1 I XI I I 

l i i ixi I x  1 I 1 
1 I 1 1 f i I * I I i 
1 I 1 1 C    1 1X1 1 I 

....V....I.........l....v....l....V....l.......t'.l.........l....v...rtI....V....I....V....l....V 

1 1 I 1 f   1 I IXI I 
PI 1 1 1 I I I 1X1 

P 1 I 1 1 1 1 M I I 
..X.V....1.........1.........I.........1.........1.........1..X.V....I....V....I....V....I....V 
PI I 1 1 1 x      I 1 I I 
PI 1 i I i     rt I I I I 
PI 11 I rtl I I I t 
PI 1 1 1        .1        1 I I I I 
PI I i in i I I I I 

..P.k....1.........I....«....l....l/..rt. I.........t.........!.........1....V....I....V....I....V 
XI 1 14 1 1 I I I I 
X I 1 in 1 1 I I II 
PI 1 rt 1 1 1 1 I I I 



TWIN   SHIELDED   CABLE 

TACHOMETER -1 

X 
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10 K 1% 
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J_*X\>  
0.0047/tF 
-HI  

IOK  1% 
—wv 

0.0047 

7.5K 

75K 
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J,3 TACH INPUT 
.ISV/OEG/MIN 

TACH LOOP | 
mRsr 

LIST OF PARTS-PWR S GND 1 
PART 
NO. 

+V 
PIN 

-V 
PIN 

GND 
PIN 

741 7 4 — 
7400 !4 - 7 




