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ABSTRACT

The control system described in this thesis was designed to 

automatically guide the position of photographic plates during long 

exposures of astronomical objects. The system senses the position of 

the guide star which is being used as a position reference, and moves 

the photographic plate in two orthogonal directions in order to 

maintain a constant position of the image of the astronomical object on 

the photographic plate.

The system was designed to have a bandwidth of 35 radians per 

second in order to track the worst case image excursions due to 

atmospheric turbulence and telescope motion. The closed loop transient 

response- of the system was determined from considerations of final image 

resolution on the photographic plate. Due to the necessity of guiding 

on stars of unknown brightness the system incorporated an automatic 

gain control loop within the forward control loop and was made 

unconditionally stable by high order feedback.

In operation on the Steward * Observatory telescopes, the system 

has made a significant increase in photographic plate resolution over 

manually guided plates.

viii



CHAPTER I

INTRODUCTION

1.1 Astronomical Photographic Requirements

Astronomical photographs are obtained at the direct focal plane 

of large reflecting telescopes. This places stringent requirements on 

the mechanical stability of the focus and the positioning of the 

photographic plate at the focus. The Steward Observatory thirty six 

inch telescope is a good example of the problem. The focal length of

the primary mirror is 180 inches which means that one second of arc is
-3equal to 0.86 x 10 inches on the image plane: Since most photographs

should be guided to better than one fifth of a star image diameter,

which is usually degraded by the atmosphere from diffraction limit to

about one to five seconds of arc, the most the plate can be allowed to
-3 -3move with respect to the image is from 0.2 x 10 to about 1. x 10 

inches respectively.

This requirement is made even more difficult to meet due to the 

fact that the observer who is tracking a guide star with a set of cross 

hairs, which are fixed in relation to the photographic plate, must work 

under adverse conditions. The time required for a normal exposure is in 

the range from 15 minutes to 2 or 3 hours. The temperature may vary 

from 10 degrees to 70 degrees depending on the season of the year. The 

guide star may by necessity be quite faint due to a sparsely populated

1
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field of view and hence quite difficult to see. The telescope may flex 

slightly due to being buffeted by the wind coming through the telescope 

dome slit, and finally, the atmosphere causes the image to tremble and, 

change its position on the plate in a random fashion at a rate which is 

too fast for the observer to follow. All of these things combined add 

up to a somewhat suboptimal system when plate resolution is taken as 

the criterion of performance.

The problem of designing a star tracking guider to obtain high

resolution photographic plates can be summarized in the following way.

A guidance system must be able to track on a star of unknown brightness,

where the brightness can vary by a factor of 10^ between different
—  3guide stars, to a positional accuracy of a 0.2 x 10 inches while the 

image is being moved about in a random fashion. It must be simple to 

operate, for personnel of limited electronics background to use it 

efficiently. The system must be small and light due to size and weight 

limitations at the focal position of the telescope and reasonably 

inexpensive in relation to the cost of the telescope.

1.2 Automatic Tracking System

The final design of the system takes the form of a two channel 

control system with error signals being generated by a single detector. 

In response to the wide variations in expected brightness of the guide 

star used, an automatic gain control loop was included in the detector 

circuitry in order to maintain a constant positional error sensitivity. 

This allowed the major loops to be designed with a fixed gain in the
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forward path. However, the automatic gain control loop has turn-on 

transients which cause the forward loop gain to change. This was 

compensated for by making the major loops unconditionally stable, which 

ensured satisfactory performance at all times.

The error detection scheme used created an additional pole 

making the overall system third order. With the stringent requirements 

on the allowable error, which implied high loop gains, it was necessary 

to use multiple feed back loops to ensure the condition of unconditional 

stability. The multiple feed back took the form of velocity and accel

eration feed back as suggested by Schultz and MeIsa (1967). This 

technique allowed the closed loop response to be tailored to meet the 

input specifications and track the full range of expected image 

disturbances.

The system has other features not directly connected with the 

servo control problem but which add to the convenience of use for an 

observer who is not very familiar with the instrument. The control 

circuits which select the three operating modes are interlocked to 

prevent accidentially putting the system in a guide mode without first 

acquiring a guide star. This is done by having a state of the system 

display a very crude television type picture of the star field, from 

which the observer picks a suitable guide star to use. He centers the 

star in the center of the view screen and switches the system into the 

guide mode * and then the automatic control loops track the star in both 

coordinates d There are two overload sensors which protect the drive 

motors arid the detector tube by switching the system back to the standby
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mode and setting off an audio alarm to warn the observer. Figures 

1.2a, b , and c show the instrument block diagram, a photograph of the 

electronics rack and a photograph of the detector and photographic plate 

holding mechanism respectively.

1.3 System Performance

The automatic guider has been used by several observers in their 

astronomical observation programs which require direct photography, and 

has been found to be quite simple to operate. All observers have 

agreed that the system increases both efficiency at the telescope * due 

to reducing the time required to find a guide star, and resolution of 

the final photographic plates.

The system has demonstrated that the high order feedback 

technique used is indeed a very powerful tool in the design of third 

order systems which must be relatively gain insensitive. The final 

control system has been found to be unconditionally stable under all 

operating conditions and inputs. The transient response can be tailored 

to exactly the desired response by variation of the feedback 

coefficients and in practice it has been found to be quite easy to match 

the theoretical and desired response.

The images of stars on the photographic plates taken with the 

automatic guider system are round, which implies the system has no 

significant drifts, and show a considerable increase in resolution and 

limiting magnitude over the visually guided plates. This increase in 

resolution results in increased visibility of fine detail on extended
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objects 9 such as the Orion Nebulae, and is due to the system's ability 

to track the complete range of image excursions due to telescope 

motions and atmospheric turbulence effects.



CHAPTER II 

ERROR DETECTOR

2.1 Mechanical Considerations

The photographic double slide placeholder which bolts to the

standard mounting flange on the telescope had to be modified to be used

with the automatic guider. It is shown in its final form in Figure

1.2c. The original design did not have room for the detector assembly,

so the detector had to be hung off to one side as shown in Figure 2.1a.

This arrangement allowed full three dimensional freedom to scan the

field of view and focus the electronic detector independently of the

photographic plate. The 45 degree mirror transfers a small region of

the field off in the horizontal direction to the detector. The slip

motion of the detector housing on the mounting plate allows the observer

to focus independently of the two scan motions.

The two scan motions are limited to 4 inches of travel for the

ball slide assembly and 2 1/2 inches for the slip motion of the

detector in its mounting collar. With the linear plate scale being 
-30.86 x 10 inches per second of arc, this corresponds to an area of 

10 square inches or 1.05 square degrees in the sky. This area is 

sufficient to find a suitable guide star in most regions of the sky.

The plateholder can also be rotated 180 degrees around the object of 

interest which doubles the available area in which to search for guide 

stars *
9
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Corrections in guiding are applied to the photographic' plate

by having it ride on a set of two orthogonal ball bearing slides which

are driven by geared down Printed Circuit motors. The motors which are

geared down by a factor of 4 to 1, drive lead screws which have 40

threads to the inch. This corresponds to a conversion from motorshaft

rotation to linear motion of, 1 radian of motor rotation is equal to 
-31 x 10 inches of plate travel. Due to this very high ratio of motor 

rotation to plate travel, the reflected inertia from the mass of the 

plate holder is dwarfed by the moment of inertia of the 4 to 1 drive 

gears. The low mass of the gears allows the motors to have a small 

time constant which will not change significantly as the mass of the 

plate holder is changed due to the addition of instrumentation at the 

focal plane. Friction effects from the lead screw are also minimized 

by using the gear drive.

2.2 Photomultiplier

The detector which is used to sense the position of the guide 

star with respect to the photographic plate is a special photomultiplier 

designed for just this type of application. It is schematically shown 

in Figure 2.2a. The tube is manufactured by I.T.T. Industrial 

Laboratories and has a very small effective photocathode which can be 

magnetically scanned. The tube has an S-20 photocathode response which 

allows it to be used from 3000 to 7000 Angstroms. This response covers 

the range of expected colours from guide stars. Due to the 16 secondary



12

LIGHT
BEAM

ELECTROSTATIC
LENS

ELECTRON 
ENTRANCE HOLE

DYNODE
STRUCTURE

EFFECTIVE
PHOTOCATHODE

FIRST DYNODE 
COVER PLATE

PHOTOCATHODE

DEFLECTION
YOKE

DETECTOR PHOTOMULTIPLIER

FIGURE 2. 2a

SENSITIVITY
CENTER CURVE

OF
BRIGHTNESS

OF EFFECTIVE 
PHOTOCATHODE STAR

IMAGE
STAR

IMAGE
INTENSITY

DISTRIBUTION
SCAN

PATTERN

DETECTOR SCAN PATTERN
FIGURE 2. 2b



13
emission dynodes, the tube has a very high current gain and hence high

- '»■ '
responsivity which is 400 amperes per lumen at 2000 volts.

The effective photocathode diameter of the tube used is 0.014 

inches. However, this diameter refers to the dimension of an approxi

mately Gaussian sensitivity curve generated as a point source of light 

is swept across the effective photocathode. This feature of the tube 

was used to advantage in the design of the error detection circuits.

The effective photocathode can be deflected in two orthogonal 

coordinates by a magnetic deflection yoke, which slides over the 

photocathode region, and can be scanned across the whole photocathode 

by the magnetic fields created by the deflection yoke.

Since both coordinates can be scanned simultaneously, any 

desired pattern can be generated in order to sense the position of the 

star image on the photocathode. As shown in Figure 2.2b, the Gaussian 

shape of the sensitivity,curve was used to increase positional sensi

tivity with respect to the star image. By causing the scan pattern to 

sweep around the image, holding the center of brightness of the image 

on the portion of the sensitivity curve with greatest slope, any 

positional change of the star image causes a large error signal.

2.3 Electronic Circuitry

The block diagram of the circuitry which is contained within 

the error detector block is shown in Figure 2.3a. It has two main 

sections, the automatic gain control loop to stabilize the forward loop 

gain of the major loops, and the phase sensitive detector which extracts
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the magnitude of the error signal. The phase sensitive detectors are 

identical except that they are driven from different scan signal 

sources.

The automatic gain control loop includes a logarithmic gain 

element in that the photomultiplier current gain varys logarithmically 

as a function of the applied high voltage. This creates a situation 

where a transfer function of the form

(2.3-1)

E(s) _ (s + a) (s + b) . , , , (s + n)
I(s) (s + p) (s + q) . . „ . (s + m)

can not be solved for due to the logarithmic relation between E(s) and 

I(s). The general form of the relationship for this type of loop is

(2.3-2)

E (s) -K^(l + RCs) log E(s) = (-K2 log I(s)) (1 + RCs)

where is proportional to the reciprocal of the voltage gain around

the loop and is proportional to the reference voltage input to the

comparison amplifier. Since value of was set at 0.002, a variation 
5of 10 in the value of I(s) will cause a 1% change in the average value 

of E(s). However, the high frequency components of I(s) will be 

amplified by the (1 + RCs) term, and they contain the positional infor

mation about the star image.

The circular scan pattern is generated by a sine wave oscillator 

which is phase shifted 90 degrees to obtain the cosine wave of the same 

frequency. These two signals are sent to the scan coils and to the zero 

crossing detectors. The zero crossing detectors have complementary



16
logic outputs which are used to drive the analog gates. Series and 

shunt field effect transistors are used in the gates which alternately 

switch the photomultiplier preamplifier output signal into the plus and 

minus inputs of a differential smoothing amplifier. This makes a phase 

sensitive detector with a positional sensitivity of 150 millivolts per 

thousandth of an inch image motion, which is very constant over full 

range of guide star brightness due to the automatic gain control loop.

The faint star limit is reached when the high voltage supply is 

driving the photomultiplier at its maximum operating value of 2000 

volts. The shot noise from the individual photoelectric events brings

the signal to noise ratio to its lowest value of approximately 5 to 1
-3for an error of 10 inches at this operating limit.

It was found in testing the error detector that the automatic 

gain control loop had turn-on transients. The magnitude of the 

overshoot and frequency of the oscillation varied with the value of the 

reference input voltage and the brightness of the guide star. In order 

to ensure proper operation of the major loops, this effect had to be 

compensated for by including the condition that the major loops be made 

unconditionally stable. This was required because a variation in mean 

value of E(s) caused a change in the detector error sensitivity which 

appears as a forward loop gain variation in the major loop.

2.4 Detector Linearity

The linear region of the detector is limited to a small region 

in the center of the scan circle. The circle diameter was set at 0.013
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inches in order to place the star image on the most position sensitive 

region of the effective photocathode. In order to assign a transfer 

function to the whole detector block, the error voltage versus image 

deflection was measured and is plotted in Figure 2.4a. The plot shows 

that the useful linear region is within ^ 0.002 inches of the zero 

error position.

The two curves plotted are for different values of brightness of 

the guide star. The 1950 volt curve is the worst case limit, it 

corresponds to a star which is just bright enough to guide on. The 

1500 volt curve corresponds to a star 6.5 times as bright as the 1950 

volt curve. The slope of the curve at the origin is 150 millivolts per 

thousandth of an inch, which along with the time constant of the 

smoothing filter yields the transfer function

(2.4-1)

\ (3) _ 1.5
D(s) (s + 10)

where V^(s) is the error voltage, D(s) is the deflection of the image in 

radians of motor rotation, and the 10 comes from the RC = 0 . 1  of the 

smoothing filter.
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CHAPTER III 

DESIGN CONSIDERATIONS

3.1 Fixed System

The basic parameters of the system which are fixed and cannot 

be changed in order to achieve a particular system performance are the 

error detector and the motor transfer functions. The error detector 

was discussed in Chapter II and can be described by the transfer 

function shown as Equation 2.4-1. It gives a voltage output which is 

proportional to the difference between the actual star image position 

and the reference position on the photocathode, This transforms the 

mechanical error into an electrical signal and hence is the equivalent 

of the position feedback subtracter followed by a smoothing amplifier 

with the transfer function

(3.1-1)
Vs)
E.(s)

1.5
(s + 10)

However, due to mechanical limitations of the electronics rack design 

it is not possible to bring any other feedback into this first sub

tracter which necessitated feeding the error detector signal directly 

into a second subtracter. The other electrical feedback signals are 

then fed into this second subtracter after undergoing suitable 

conditioning.

19
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The motor transfer function is dependent on both the character

istics of the motor and of the load to which it is attached. In order 

to obtain an overall transfer function it was necessary to compute the
effective inertia loading on the motor shaft due to the gears and the

. ’ . ' 2lead screw assembly. This yielded a value of 0.013 oz-in-sec including

the reflected inertia of the double slide plate holder. Using the 

published specifications for the particular printed circuit motor used 

in the system, an overall transfer function relating applied voltage to 

motor shaft rotation in radians was calculated and is shown as Equation

3.1-2

0(s) =; . 1100
V(s) s(s + 12.5)

(3.1-2)

V(s) is the applied voltage to the motor and 0(s) is the rotation of the 

motor shaft in radians. This transfer function assumes zero friction 

which is not the case for the actual system. However, by introducing a 

variable amplitude dither signal into the second subtracter the friction 

effects can be removed, The dither signal used is a triangle wave of 

zero mean. The frequency of the dither was chosen so as not to excite 

any mechanical resonances in the system and is 110 cycles per second.

The amplifiers in the system are all solid state devices and do 

not have any limiting frequency response in the low frequency range of 

the mechanical elements of the system. The motor drive amplifier was 

found to have considerable crossover distortion which created a dead 

zone for small drive signals. This effect was also corrected by the
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introduction of the dither signal. The amplifier which acts as the 

second subtractor is an operational amplifier and hence can be used to 

introduce variable gain into the forward path of the loop. The overall 

forward path transfer function is

0(s) = K(1100)(1.5)
D(s) s(s + 10)(s + 12.5)

(3U1-3)

where 0(s) is the rotation of the motor shaft in radians and D(s) is 

the deflection of the image in radians of motor shaft rotation.

3.2 Block Diagram

The overall block diagram of the forward path is shown in Figure

3.2a. It is the G(s) for the system and is identical for both channels

of the servomechanism. This feature allows the analysis to be made only

once. The results of the analysis can then be applied to both channels

with equal validity.

It can be seen from Figure 3.2a, that if one wishes to feed back 

any other signals to the second subtractor a minor loop is formed which 

yields the equivalent open loop transfer function of Equation 3.2-1.

0(s) 
D (s)

KG^(s)G2(s)
(1 + KG2(s)H(s))

(3.2-1)

However as Savant (1958), has pointed out, the block diagram can be 

manipulated to the form shown in Figure 3.2b which yields an equivalent 

open loop transfer function Equation 3.2-2.
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(3.2-2)

0(s)
D(s) (G1(s)G2(s)) , H(s)

\ ( s ) + i)

The G^(s) is just a low pass filter which could be included as a 

smoothing filter for the feed back signal H(s). This would then remove 

the quotient form of Equation 3.2-2 and leave it in the following form.

fl(s) = 
D(s) (G^(s)G2(s))(H1(s) + 1)

where

0(s)
D(s)

K(1.5)(1100)(H1(s) + 1) 
s(s + 10)(s + 12.5)

(3.2-3)

(3.2-4)

and the actual block diagram of the system in Figure 3.2c and the 

equivalent block diagram in Figure 3.2d.

The modification of the system to allow H^(s) to be fed back as 

one of the numerator terms in the equivalent open loop transfer function 

is necessary in order to achieve the unconditional stability required of 

the system. It also serves the purpose of filtering the H^(s) which is 

derived from the motor with its attendant noise due to commutator 

switching.

3.3 Feedback

The possibilities of making an automatic control system 

unconditionally stable in the face of variations in the forward loop
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gain have been suggested by Schultz and Melsa (1967). For a third 

order system, the technique involves creating a pair of complex zeros 

in the left half of the complex frequency plane, which appear in the 

numerator of the open loop transfer function. This cannot be done by 

the RG synthesis methods described by Truxal (1955), because one can 

only create zeros on the negative real axis in order to satisfy the 

conditions for RC realizable networks.

The complex zeros are created using high order feedback, which 

for a third order system means feeding back the position, and signals 

which are proportional to the velocity and acceleration. This is done 

in this system by feeding back the voltage across the motor armature 

and a voltage which is directly proportional to the current through the 

armature. From Figure 3.3a one can derive the value of V(s) and Vg(s), 

which are shown as Equations 3.3-1 and 3.3-2,

(3.3-1)

V(s) (R + Rg)Js 0(s) + ((R + Rs)Kd + KeKt)s0(s)

Vs(s) V a < S>
RgJs 0(s) + RsKds0(s)

(3.3-2)

where J is the total inertia on the motor shaft, K is the torque

constant of the motor, K is the back EMF constant of the motor and K,e d
is the total viscous damping constant for the motor. When the 

published values for the motor constants and the calculated values for
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the inertia and viscous damping are inserted into the above equations, 

they yield the following.

(3.3-3)
V(s) = 2.3 x lO"3s20(s) + 3.3 x 1O"2s0(s)

(3.3-4)
Vg(s) = 3.2 x 10 ^s20(s) + 6.3 x 10 ^s0(s)

The H^(s) will now take,the form*

(3.3-5)
1 ? ■■■(s) = As + Bs

where the variable coefficients A and B are defined as

A = 2.3K x 10"3 + 3.2K x 10"4V vs

(3.3-6)

(3.3-7)
B = 3.3K x 10~2 + 6.3K x 10‘4V vs

and and K^g are individually adjustable coefficients for V(s) and 

V (s) respectively.s ■ .
The equivalent open loop transfer function, G(s)H(s), is now

of the general form,

G(s)H(s) K(As2 + Bs + 1) 
s (s + a) (s + b)

(3.3-8)

where the value of the A and B are completely variable. This allows 

one to synthesize complex zeros in the left half plane which effects



the root locus plot for the system as shown by Figure 3.3b. It can be 

seen that for very large values of the forward loop gain K, the system 

remains stable because the closed loop poles approach the two complex 

zeros and their position does not change with variations in K. Even if 

the gain is temporarily very low, the system will become quite sluggish 

but will remain stable. Using this method of feedback solves the 

problem of turn on transients from the error detector circuits which 

could cause a conditionally stable system to oscillate.

With these considerations in mind, the general procedure of

design is to determine as well as possible the nature of the expected

input D(s) and a worst case allowable error. From these one can then

synthesize an open loop requirement for the system after checking to see

that the system is physically capable of tracking the input D(s). Using

the minimum open loop requirement one can determine a minimum closed

loop requirement and find the necessary frequency response of the

system. Since the closed loop response is dominated by a pair of

complex poles as shown in Figure 3.3b, one must use the characteristics

of the photographic plate to determine the.most appropriate damping

ratio. One can now equate the minimum closed loop response to the

actual system closed loop response derived from Figure 3.2d, and solve

for the three variables, A, B and K. The A and B are then used to

compute the actual values of the feedback coefficients K and K , byv vs
solving Equations 3.3-6 and 3.3-7.
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CHAPTER IV

DESIGN PROCEDURE

4.1 Input Signal Specifications

The expected image excursions which a star image suffers at the 

focal plane of a telescope are due to three major causes. They are 

(1) the excursions due to atmospheric turbulence effecting the 

intensity distribution of light in the image and the center of bright

ness of the image, (2) excursions due to motions of the telescope being 

buffeted in a random fashion by the wind, and (3) tracking errors of 

the telescope drive system. Of the three, atmospheric turbulence 

effects are the most persistent and are essentially out of the 

observer's hands in terms of trying to directly control them.

The atmospheric effects have been studied by Schlesinger (1916) 

and Hudson (1929) , and more recently by Gardiner ejt al. (AFCRC-TR-56- 

261), and have been shown to have good special correlation over ranges 

up to 81 minutes of arc on the image plane for slow excursions. This 

correlation justifies guiding on a star which is not in the center of 

the field of interest, in order to increase resolution over the whole 

region of interest on the photographic plate. Gardiner aT, have also 

measured the spectral density of the higher frequency components of the 

image excursions and found that they decrease in amplitude at approxi

mately 6 db per octave above 10 radians per second. These

29
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investigators1 results are combined to give the amplitude converted to 

radians of motor rotation versus frequency plot in Figure 4.1a of the 

image excursions due to atmospheric turbulence effects.

The effects of wind loads on the telescope were estimated by 

experienced observers to deflect the image less than 5 arc seconds 

under extreme conditions. The maximum value for oscillation frequency 

was similarly estimated at 3 cycles per second, and since the telescope 

consists of a mass-spring-damper system it will have a second order 

response to frequencies above this limit. The wind load effects are 

also shown in Figure 4.1a.

Tracking errors in the telescope drive system are of a very slow 

constant error type which does not pose a serious problem to the 

guidance system. As long as the positional error constant of the system 

can be held at a very large value by overcoming friction in the system, 

this kind >of image motion can be easily tracked. However, the 

cumulative error must not exceed the range of motion of the double slide 

placeholder mechanism, as this will cause the. system to automatically 

shut down operation.

4.2 Motor Drive Limitations

The drive motors for the control system are capable of tracking 

the expected input signal determined in Section 4.1. This is illus

trated in Figure 4.1a by the motor amplitude versus frequency curve, 

which shows the limiting amplitude at each angular frequency. This 

curve is determined by computing the maximum velocity of the motor when
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when it is driven by the power amplifier and the maximum acceleration 

of the motor when it is driven by the power amplifier. The motor drive 

curve must lie above the input signal at all points in order to ensure 

the motor drive is capable of tracking the input. As one can see from 

Figure 4.1a, this is the case for the particular drive motor and gear 

train used in this design.

The maximum velocity curve is obtained by computing the 

maximum velocity of the motor subject to the voltage restrictions 

placed on it by the power supplies. The maximum velocity also depends 

on the damping and friction which were taken from the manufacturer's 

specifications. Knowing the maximum velocity, one can then compute the 

maximum amplitude for a sine wave of angular frequency djj , subject to 

the constraint, that the product of amplitude and frequency must be 

constant.

The maximum acceleration curve is computed in the same fashion 

except the product of the amplitude and the square of the angular 

frequency is held constant. The maximum acceleration portion of the 

curve in Figure 4.1a is calculated for the worst case condition of 

maximum current drain from the power supplies, which of course limits 

the amount of simultaneous current each individual motor may draw. One 

can see from Figure 4.1a that the acceleration limit crosses the 

velocity limit at approximately 9 radians per second.

4.3 Minimum Gain

The minimum gain for the system is governed by the accuracy to 

which one wishes to guide. As was mentioned in Section 1.1, depending
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on the image quality, it may be necessary to guide to 0.2 x 10 inches

on the focal plane of 1/5 of a star image diameter. Assuming the most

probable case will not be the smallest image but one of 2 arc seconds

in diameter, one can calculate a minimum value for the open loop gain.

Using the criterion that one wishes to guide to 1/5 of the image

diameter* the image diameter of 2 arc seconds means the system must

track the input with less than 0.4 seconds of arc error. This cor-
-3responds to an accuracy of 0.35 x 10 inches on the focal plane or to 

0.35 radians of motor rotation. For a unity ratio feedback system the 

minimum gain is just

Gm (s)
D C s )
0.35

(4.3-1)

where D(s) is the input signal expressed in radians of motor rotation. 

However, for the guider which is a non unity feedback system the 

actuating signal E^(s) is of the form,

E (s) D C s )
1 + H(s)G(s)

(4.3-2)

However, even if the H(s) increases the open loop gain as the frequency 

increases, one can still use Equation 4.3-1 as a minimum open loop 

requirement as long as the H(s) term does not cause a change in the 

open loop gain at low frequencies. Hence one can use Equation 4.3-1 as 

an estimate of the minimum value of open loop gain as shown in Figure 

4.3a, remembering that as soon as H(s) becomes significant the estimate

is very inaccurate.
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The minimum gain requirements shown in Figure 4.3a can be easily- 

exceeded in terms of the available gain of the amplifiers used in the 

system. The maximum usable gain that can be extracted from the 

amplifiers gives an equivalent G(s) where K is equal to 80. Referring 

back to Figure 3.2d, the forward G(s) then becomes,

(4.3-3)
r( x = 1050

s(l + s/10) (1 + s/12.5)

which is also shown in Figure 4.3a. One can see that this value of the 

gain satisfies the minimum gain condition all the way out to about 30 

radians per second which implies that the final design should use all 

of the available gain from the amplifiers.

4.4 Closed Loop Requirement

The closed loop system will be characterized by the root locus . 

diagram in Figure 3.3b. This means it will have a pair of complex poles 

in the left half plane and a pole on the negative real axis. The 

general form of the closed loop transfer function will be,

0(s)
D(s)

2pW  n 3
(s + Pg) (s + 2d tV + l/J ̂ )

(4.4-1)

where CO n stands for the undamped natural frequency in radians per 

second and d stands for the damping ratio for the complex poles. This 

equation can be rewritten in the expanded form,
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(4.4-2)

0(a)
D(s)

W  nP3
s3 + (2d W  n + P3)s2 + (2d W „P3 + W ')S + W nP3

which is now in a convenient form for comparison with the actual closed 

loop transfer function.

If one now refers back to Figure 3.2d and Equation 3.3-5 the 

actual closed loop transfer function can be written as,

(4.4-3)

0(s) K(1.5)(1100)
D(s) s(s + 10) (s + 12.5) + K(1.5)(1100)(AS2 + Bs + 1)

which can be rewritten in expanded form as,

(4.4-4)

0(s)
D(s)

_______1650K
s3 + (1650KA + 22,5)s2 + (1650KB + 125)s + 1650K

The similarity of form between Equations 4.4-2 and 4.4-4 

suggests the possibility of equating the coefficients of like powers of 

s in order to develop a direct correspondence. This allows one to 

relate the actual system with its variable coefficients to the desired 

system as specified by the tU n , d , and . The equations which relate 

the coefficients are,

(4.4-5)

1650K
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2d <V n + P3 = 165OKA + 22.5

2d + W  ̂  = 1650KB + 125

(4.4-6)

(4.4-7)

which will allow one to specify a system with certain values of &U n > d

and and solve for the corresponding values of K, A, and B. Knowing

the A and B values one can use Equations 3e3-6 and 3.3-7 to solve for

the values of the actual feedback coefficients K and Kv vs
Since in fact one does not have an infinite amount of gain K 

available, the actual system is confined to solutions where the K is 

equal to, or less than 80. This of course limits the range of values 

which ^ and can assume since the right hand side of Equation 4.4-5 

must be equal to, or less than 132,000. However, from the discussion in 

section 4.3, one must use all of the available gain to satisfy the 

minimum gain requirements and have the system track to the required 

error specifications. The problem is now reduced to one of determining 

the best ratio of ^ to P^ for a given damping ratio. The negative 

real axis pole will influence the transient response of the closed loop 

system by increasing the effective damping as pointed out by Truxal 

(1955). This means one must determine the type of transient response 

the system is to have from considerations of image tracking and the 

resultant photographic plate resolution. When one has determined the 

required transient response, one can then synthesize the appropriate
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configuration of complex and real axis poles to provide this response 

by varying the values of A and B.

4.5 Damping Coefficient

In order to determine the most appropriate damping coefficient 

and hence the transient response of the system, it is necessary to 

examine the characteristics of the photographic plate. The amount of 

overshoot the system has for a step type input deflection will deter

mine the image size and intensity distribution. However, the final 

distribution of the photographic image depends on how the photographic 

emulsion responds to varying levels of light. The deviations of the 

image from the mean position on the photographic plate cause this region 

of the emulsion to be exposed to a constant brightness image for 

variable amounts of time. The manner in which the photographic plate 

responds to these variations in exposure determines the density 

distribution of the photographic image.

Selwyn (1950) has discussed this problem and pointed out that 

the density D, of the image on a plate can be described as *

D = S log (E/i)

(4.5-1)

for the linear portion of the curve shown in Figure 4.5a and 

D = S' (log (E/i))2

(4.5-2)'
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for the knee of the curve, where D is proportional to the logarithm of 

one over the percent transmission, S and S 1 are slope constants, i is 

a constant which determines the sensitivity level of the emulsion and 

E is the effective exposure. E is the product of intensity and time, 

and hence for a constant intensity source, one is only concerned with 

the time distribution of the image about the mean position. In terms 

of Figure 4.5a, the mean position of the image will have enough exposure 

to be on the linear portion of the sensitivity curve, while the large 

errors which only occur for short amounts of time, will only have enough 

exposure to lie on or below the knee of the curve. As can be seen from 

Figure 4.5b and Figure 4.5c, this has the effect of making the final 

photographic image sensitive to small errors with a high probability of 

occurrence and relatively insensitive to large errors which have a low 

probability of occurrence.

The transient behavior of the system can now be specified based 

on the characteristics of the photographic plate. Since the effect of 

the large errors is de-emphasized, a relatively long delay time can be 

tolerated. However, the small errors of the image about the mean 

position will show as a loss of image' resolution since the plate will 

record them. This means that the overshoot must be kept to a minimum, 

consistent with a reasonably fast rise time. Figure 4.5d illustrates 

the cases of good and poor transient response where the previous 

discussion is the criterion used in judgment.

The general transfer function of Equation 4.4-1 was simulated 

on an analog computer to determine appropriate values for d and the
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ratio of to <U • The response which came closest to the good 

response curve of Figure 4.5d has a to CV ratio of 3, and a 

damping ratio of d = 0.74. It was found that higher ratios of P^ to 

did not significantly change the shape of the response curve, 

however, they do decrease the value of since Equation 4.4-5 must

be satisfied. The final response curve which the system is designed to 

match, is shown in Figure 4.5e.

4.6 Feedback Coefficients

The calculation of the feedback coefficients utilizes Equations

4.4-5, 4.4-6, and 4.4-7. From the requirement that the ratio of P^ to

yj ^ must equal 3, one can substitute into Equation 4.4-5 to find the

actual value of PQ and W  which yields, tU = 35.3 and PQ = 106.j n v n j
Since P^ is three times as large as CaJ n 5 the dominant feature of the

closed loop is the complex poles. The damping ratio is very close to

0.7 which means one can estimate the bandwidth, as Truxal (1955) has

done, to be equal to the W  . This gives a bandwidth of 35 radians per

second. Referring back to Figure 4.1a one can see that this bandwidth

is sufficient to track the expected input signal D(s).

The substitution of the known quantities W  Pg, d, and K ,
- 3into Equations 4.4-6 and 4*4-7 yield values of 1.03 x 10 for A, and

5.0 x 10 for B . This corresponds to placing complex zeros at

(4.6-1)

= -26 * 18.9js
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which is.what was expected based on the discussion in Section 3.3.

Utilizing these values for A and B and substituting into Equations 3.3-6

and 3.3-7 one finds that K should be 1.34 and K should be -9.5.v . vs
These coefficients are set in the instrument on individual potentiom

eters which feed the V and V voltages to the appropriate input of a 

differential amplifier. This allows the basic power amplifier section 

to be used as a general purpose instrument which can be included in 

future instrumentation.

4.7 Stability

The stability of the final system for constant gain in the 

forward loop is of course very good as illustrated in Figure 4.5e. This 

type of response makes an extremely well behaved system for all normal 

input signals. However, due to the nature of the error detection 

process, the forward loop is not constant when the system is first 

switched into the guide mode. Depending on the nature of the root-locus 

plot for the system, an increase or decrease in the forward loop gain 

could cause temporary instability which would either trip the position 

limit switches and shut the system down or lose the star. It was ftir 

these reasons that the condition of unconditional stability was imposed 

on the design.

The actual system root-locus is plotted in Figure 4.7a. One can 

see from the fact that the two branches which form the complex poles 

terminate on the complex zeros that the system is unconditionally stable. 

During the initial turn on transient, when the system is switched into
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guide, the forward loop gain actually goes from zero to its full value 

.and then overshoots a little, depending on the brightness of the guide 

staro This brings the complex poles close to the imaginary axis, but 
they do not cross over into the right half plane. The damping ratio at 

closest approach is only 0.22 which means the system will overshoot 

rather badly in initial drive to acquire the guide star. However, once 

the automatic gain control loop in the error detector has had time to 

stabilize the forward loop gain the closed loop poles settle down to 

their design values shown in Figure 4.7a.



CHAPTER V 

CONCLUSIONS

5.1 Instrument Performance

The automatic guider was tested on both the Steward Observatory 

21 inch, and 36 inch telescopes, with focal lengths of 315 inches and 

180 inches respectively. The test on the 21 inch telescope was used to 

obtain the photographic results discussed in Section 5.2, as the 

increased focal length placed more stringent requirements on the system. 

The plate scale for the 21 inch is 1.75 times as large as the 36 inch 

which means that the star position excursions due to the atmosphere are 

scaled up by the same factor. However, the telescope fluctuations due 

to wind loads and flexure in the mounting are considerably less on the 

21 inch telescope which means the results of tests made with this 

telescope reflect more accurately the system's ability to track 

atmospheric excursions.

The operational convenience of having the system display a 

crude television type picture of the star field in which the observer 

wishes to find an appropriate guide star, has been found to signifi

cantly decrease the amount of time formerly required by this procedure 

and has been well received by the observers who have used the 

instrument. The display also gives the observer a good indication of 

the brightness of the guide star and hence enables him to judge whether

47
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the star is going to be bright enough to allow the automatic gain 

control circuits to maintain the correct forward loop gain in the. servo 

loops.

The automatic gain control circuit maintains a constant forward 

loop gain for the servo loops for stars as faint as tenth magnitude.

This was the design value, however, it was found that the system will 

still guide on stars which are fainter than tenth magnitude with some

what reduced time response and accuracy. From Figure 4.7a, one can see 

that this result was to be expected, as a reduction in gain from the 

design value will bring the negative real axis pole in toward the origin 

and eventually pull the complex poles down to the negative real axis.

In operation, the turn on transients in the automatic gain control have 

not caused any problem as the system stabilizes within a fraction of a 

second due to the nature of the root-locus plot.

The feedback coefficients were set at exactly their calculated 

values for the initial tests and were found to be very close to the 

actual values necessary to synthesize the transient response of Figure 

4.5e. This variation from the calculated values can be attributed to 

the component tolerances in the electronic circuitry and variations from 

the predicted values for the motor transfer functions. It is expected 

that the coefficients will have to be reset from time to time in order 

to compensate for aging effects in components and variations in the 

viscous friction on the motor drive assembly.

The effects of nonlinearities from stiction of the motor shaft 

and deadbands in the power amplifiers were very effectively removed by
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the introduction of the dither signal. Each channel or coordinate for 

the system has an error monitor which can be used to test the effects 

of increasing the amount of dither. The dither was increased until the 

mean value of the error was minimized to an amount less than 40 milli

volts for a guide star brighter than tenth magnitude. This corresponds
-3to a mean positional error of less than 0.4 x 10 inches on the image 

plane, which meets the original design requirements. In spite of the 

nonlinearity of the error detector for large image deflections, as 

illustrated in Figure 2.5a, the system will acquire a guide star which 

has a large initial deflection from the zero. This occurs whenever 

the position of the guide star is not properly centered in the view 

screen when the system is switched into the guide mode. In spite of 

the rather impressive lunge which the servo system makes to acquire the 

star, it still comes to a stable condition within a fraction of a 

second.

5.2 Photographic Results

The final criterion of performance for automatic star tracking 

guider is the quality of the astronomical photographic plates which are 

taken with it. Quality of course refers to the resolution and crispness 

of the photographic image and the symmetry of the star images. On a 

well guided plate the star images should appear as definite round dots, 

whereas on a poorly guided plate the images appear as unsymmetrical 

dots which are rather blurred and have low contrast with the sky 

background.
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In order to obtain conclusive results of the guider's ability, 

three separate sets of photographic plates were taken on three separate 

astronomical objects. The objects photographed were two globular 

clusters, designated by the Messier numbers M3 and M5 , and the Orion 

Nebulae. The globular clusters are spherical concentrations of stars 

in space which increase in packing density towards the center and so 

make excellent objects to test the resolution of the instrument. The 

Orion nebulae, which is a diffuse gas cloud in space being illuminated 

by nearby stars, has a great deal of fine structure and illustrates the 

effects of a change in resolution on an extended object.

Each set of plates for the same object was taken on the same 

night with the automatically guided plate being taken first and the 

visually guided plate being taken immediately after. Both plates of 

each set were then developed simultaneously for the same amount of time 

to ensure uniform results. The length of exposure for each plate of a 

set was the same to within 15 seconds. The exposure times for the 

plates of each set ranged from 15 minutes for the Orion nebulae, to 

25 minutes for the globular cluster M5. Since the plates were taken on 

the 21 inch telescope on the University of Arizona campus, the exposure 

times had to be held to these short values because of the brightness of 

the night sky from the city lights.

The photographs of the globular cluster M3 are shown in 

Figures 5.2a and 5.2b. The prints are a 3 times enlargement from the 

original plate in order to bring out the faint stars near the center. 

Figure 5»2a is the visually guided plate (M) and shows slightly
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elongated star images and a loss of resolution in the center regions of 

the cluster. However, in Figure 5.2b which is the automatically guided 

plate (A), the star images are round and have better contrast against 

the background. By examination of the original plates, one can see 

that the guided plate has more faint stars, which implies that the 

light was confined to a smaller area and hence increased the intensity 

per unit area. This increase is what gives the automatically guided 

plate of Figure 5.2b the larger number of faint stars surrounding the 

center of the cluster.

Figures 5.2c and 5.2d show the globular cluster M5 from the 

visually guided (M) and automatically guided (A) plates respectively. 

Again one can see that the automatically guided plate shows round star 

images while the visually guided plate has slightly elongated images. 

There is also a definite increase in the contrast and hence in the 

number of faint stars which show around the center of M5 in Figure 5.2d.

The Orion nebulae shown in Figures 5.2e and 5.2f is a good 

example of how a slight increase in resolution can significantly 

increase the visibility of faint detail in an extended object. By 

comparing the star images from the visually guided plate (M) with those 

of the automatically guided plate (A), one can see a definite decrease 

in image size on the (A) plate, apart from the elongation effects. This 

means that the automatically guided plate has higher resolution and 1 1 

should show fainter objects than the visually guided plate. When one 

looks closely at the outer regions of the nebulosity^ one can see faint 

stars much more easily on the (A) plate than on the (M) plate. There
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G L O B U L A R  C L U S T E R  M 5 (A)

s
F I G U R E  5 . 2 d
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O R I O N  N E B U L A E  ( M )

F I G U R E  5  . 2  e



57

O R I O N  N E B U L A E  ( A )

F I G U R E  5 .  2  f
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is also a definite increase in the amount of detail which can be seen

in the inner regions of the nebulae due to the higher resolution of
- ’ /

the automatically guided plate.

These plates demonstrate that the guider can guide with higher 

accuracy than an observer and make a significant increase in plate 

resolution. The elongation of the image * which is apparent on the 

visually guided plates, is due to sudden image shifts due to the 

telescope drive which happen too quickly for the observer to correct. 

However, the automatic guider compensates for both the telescope drive 

inaccuracies and for the atmospheric turbulence effects and consistently 

gives higher resolution photographic plates than is possible by visual 

guiding techniques.
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