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ABSTREACT

This thesis deals with the description and testing

of & special-purpose computer, called the pole-zero analopue

computer. This machine is capable of sclving nebwork func-

tions and cen be used te plot Nichols loci, roo®% loci, and

equipotential lines sbout line charges., In addition facil-
ities are included to 2id in the approximation of response

A
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[
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functions by positioning poles an eros

<]



The history of the poles-zero analogue computer
dates from the early 1950's when the basic design was
developed by Hagazzini and Reynolds {Ra 1), 4n improved
versvoa of their ®"Complex-Plane Scanner®, as it was called,

-

was constructed by Kranec, Meuzey, and Wuorinen (Xr 1),

a

Further development was begun at the Dniv ~sity of
Manitoba in 1956 with the construction of g machine sinilar”

to the Complex-Plane Scanuner by %alsﬁym iVa_l)g and at a

later dabte Wagever {Wa 1) began the develapmenﬂ of a nha&g
measuring technique called the Thorizont laSﬁewF m@tﬁﬁd“
Subsequently, an "errov-measuring unit® {Hi 1) and an "antilog-

arithmic-unit™ {(Wn 1) were developed by Hill and Woon-Sam

This thesis contains an account of the coupleted pole-
zers machine, including a description of a comparator useful
for pletting root loci. Many of the original units have been

stensively modified or redezigned, and only the final vere
9 &

sicns are described.
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CHAPTER T

THECRY

fields of circuit theory and control systems
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n
it is often necessary to evaluate network functions of tae

form

P
7]

) ¢}
= p )(S = p2}u&‘@uamm=)§;s P pm) (l}

[47]
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where s is a complex variable and thefz?s and p*'s are com-
plex numbers. Several practical approaches to obtaining an
analogue of such a function ave in existence, namely, the
electrolytic tank (Bo 1) and the conducting sheet (Ha i

Br 1), both of which are based on the "potential analogue®

J

4

{Se 1). However, the all-electronic analogue to be described

offers a variety of advantages over the previous methods.

These are:

1. FEase of positioning singularities,

2, DMore rapid calculation of

2. A linear

)
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Lo Greater versabilitv.

I. THE ELECTRONIC ANALOGUE

ctronic analogue of equation (1} is suggested

by an examination of its reprezsentation in the complex plane,



or mere particularly, the representation of a general term

such as (s = pl)za where
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and

The location of point p
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its vreal and imsginary parts as i

i

Figure 1. Iocation of p, in the s plans.

iy

perpendlicular vectors, a and b, which lie in the ¢ and Jw

directions respectively, as shown in Figure 2, Similarly s
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Applying Buler’s
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TII. EVALUATION OF THE ARGUMENT OF F(s)

The most obvious method of camputimg'the argument of

F{s} is to wmeasure the phase ang

=
@

of each phasor, represent-

E e o e % 5 # T o T
actor such as {8 « p,}), with respect to a reference

ing a

oot

phasor, using phasemeters. Then

1 .

‘c=;1 :::>

However, this ires a separate phasemster for each
T e il . ] - PR o . . 1 K} - .
factos Fla). Consequently a second method, callsd the

1 et A AT o T 3 oy g e { T e o ey | A em “
horizontal-sweep method (Wa 1}, has been invest
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used by Hage-

Ty IR s - Gy x ) P TR < I I
iRa 1) to measure the slope of Flsl,
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O

A sample of & 1n §F )% taken at o= = o~_ is the value of

a

the phase sliope, 609 at the point s = o=, * jwio Repetition
ow e

of the ¢~ sweep for a second value of w (w = Ww,}, accompanied

by differentiation and samplir ng of ln}F{s)f at o~ = g~
yields a second value of phase slope, By rapid repetition of
this process a large number of samples of phase slope may be
obtained zlong a line of constant o, Integration of these

samples with respect to w, gives the phase function along the

line of constaiu o~ {0~ = o= _}. Of particular inter £8t Lo the
& :
circuit designer is the case where o= = O, For the above

o,

process this glves the phase of the steady state response func-
tilon as s varies from {0 + jO) ©o (0 + Jw) where w is some

-

Considering the electrenic computation; differentia-
tion and integration are only possible with respect to time.
However, this difficuliy may be easily overcome by making the

magnitude of the phasors representing o and w linsar funetions

of time, This is accomplishe

(T)

by ampli uud@ modulation of the

aep that
/
— & p— O, e #]
w?&t}/@ 3%@x@1émﬁ'ykzgf
and

vy
)
&%
f =g
£
i
T3
el
O
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In'pfactice,the Jw axis must be scanned in steps {(w remain-
ing cohstant between.steps) so that in order to approximate
Va(t) zégﬁ =Vx t Zégfg the steps must be: {1) of equal
amplitude and durationE and (2} small with’respect'to the
total range of w to be eoveredo

During the: tlme that the phasor representing w remains
constant the phasor representing o~ is amplltude modulated
such that it starts out at VG"éé;w* and decreases linearly
(at a constant rate) to zero and then increases in the same

manner to Vo~ Z0° as shown in Figure 5.

} A P A A
Ve %g;“"“ '"'"ﬁér Vi

T=0 T= | t=2 t=3 t=4

Figure 5. The horizontal sweep. 4
The derivative of ln:lF(s)f‘is sampled when o~ = 0,
Upon completion of thevhorizontal sweep at ¢t = lew Jjumps by

a discrete amount and the sweeping process is again initiated.



i1
This yields distinct values of phase slope at equal time
lntervals» which may be used to generate a continuous funCc
tion using electronlc data-reconstruction techniques,
Integration of this function gives the argument of F(s).

If integration starts from w = 0 the-constanﬁ of in-
tegration will be n 7T, its exact value being obvious by
inspection of F(s), :

If 1In 8F(S)! is sampled at the same time, the values
thus obtainedxmay be reconstructed to form a smooth curve of

in |F(s)| versus w.




THE POLE-ZERO MACHINE
I. THE CERERAL SYSTEM

The pole-zeroc analogue computer to be described was
constructed to simulate singularities in the complex plane
and to perform the operations required to evaluate Fis).
Pfovision has been made for the independent variable, s, to
automatically traverse two different paths in the s plane:
{1} a repetitive path along the jw axis, and {(2) a repetivive
path in the jw direction at equally spaced intervals of ¢,

covering the entire plane.  These sweeps will be referred to

as the jw sweep and the plan sweep respectively. In addition,
s ﬁay be positioned manually. Several ancillary units provide
facilities for evaluating'errorsﬁ plotting root loci, and
determining the antilog of l&’F{s)go

The overall block diagram of the pole-zero machine is
displayed in Figure 6. A stable oscillator generates a
'1600-cps sinusoidal carrier which is converted to four refer-

ence voitagses {(phasors): 6 ng» 6 /90°, 6 /180°, and 6 /27090

These reference phasors ars supplied to twelve separate factor

synthesizers, where the appropriate phasors and phasor mage

nitudes are combined with the s phasor to represent. one factor

(either a pole or a zerc) of Fis). In additicn, the reference-
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14
voltages are fed Lo the sweep generators where they are
amplitude modulated to represent the variable s. Depend-
ing on the desired mode of operation, that is, jw sweep,
plan sweep, or manual sweep, the appropriatg cutput{as) of
the sweep generators are switch selected and applied to a
sweep~-summation amplifier which in turn supplies the sweep
output to all the factor synthesizers‘simultaneouslyo Each
factor synthesizer handles one singularity, and its output
is a2 slowly varying {with s} d-c¢ voltage {positive for zeros
and negative r poles) which fepfesents one factor such as

o
inls - pq e Finally the output unit sums the output of each

|

channel to yield In !F{s)§° In addition, the output unit
embodies circuits for determinimg the bhase slope and phase
of Fis}).

The fuﬁctionsAéf the remaining blocks are self explana-
Lory, buﬁgdetails of their operation will be discussed in a
subsequemt secticn entitled, “Aneillaéy Units”o

Aldeséription of the various Qperétiég modes will be
preceded by a wmore detailed examination of thé units common
to all modes of éperaticng name1y9 the reference oscillator,

the factor synthesigzers, and part of the output unit.

The Reference Oscillator

The reference oscillator, whose self explanatory
block diagram appears in Figure 7, generates the system re-

ference phasors. Standard civeuitry is used throughout,
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| 16
while high quality components and extensive shielding en-
sure stable operation.
It may be noted that the adjusﬁment of the four re-
ence phasors is qulte critical with regard to the accuracy
of the computer. However, methods are available which permit
very precise adjustment; these methods are discussed in Ape

pendix TI,

The Fachor Synﬁhesize?

| Details of a single synthesiger are shown in Figure 8.
Switches select the reference voltages {phasors) required to
represent the real and imaginary parts of a singularity,
while prec;isions ten~turn poténtiomevers are set so that the
appropriate amplitudes of the real and imaginary carriers are
applied to the summing amplifier. The -5 phasor from the sweep
amplifier is also applied to the summing amplifier whcsp oube-

ut is a phasor A{s -~ p,}, where A is the gain of the summing

e

amplifier. This voltage is then applied to a logarithmic at-

tenuator whose output is given by

= in N N
Cout £ In ®in G

o

for 0.1 volts(e, ( 00 volvs. The J@ga?itbmic attenuator out-

put is thus a wave whose peoh amplitude is given by

'3

Ep =

cw
fod

n?ﬁ{ﬁ = ? e

i
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Amplification of this l@wvlevei signal is followed by
variable-polarity peak detection (positive for Zerog, nega-
tive for poles), while smoothing is asccomplished by a low-pass,
R-C filter in cascade with a twin-T filter having a 40 dby
notch at the ripple freguency. The ocutpus voltage,E,;is given

by

=l

= BK 1n [Als ~ p,)| +BC + D

where B is the gain between attenuator ocutput and Filter out-
put, and D is a shift in d-c level due te thé Bdison Effect

in the peak-detector diodes.

The Output Unit

That part of the output unit common to a1l modes of
operation is a summing amplifier which sums the synthesizer

outputs to give a d-c volbage of the form
Mo A[F(s)] +® (11)
where A, M, and N, are machine constants,
rI. OSWEEP MODES

As was previously mentioned, several sweep configura-
tions are avallable. The following section gives a detailed
account of sweep generating methods plus the operating details

of the output unit,
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Beginning with the synchronizing chain {third row),

a 1600-cps sine wave from the reference oscillabor is applisd

v Jeo° \ ,}fif// v /0°

Figure 10. Double-sawbtooth modulation.

to an astable multivibrator which divides the input by six-
teen. A further division by two, in a second astable multi-

vibrateor, yields trigger pulses with a pulse repetition
13 3

ises per sscond. These pulses ars differen-

tiated, amplified, and applied to & monostable multivibrator

diode gate, Manctioning as 2 nearly perfect switch, the six-

diode gate applies the ocubtpub of a cathede follower to a

&

P

gero-order held circult every 20 milliseconds, for a pericd
the cathodse follower output is a
sriangular waveform, having a period of 4.8 or 30 gseconds, the
cutput of the hold civrcult is & staircase wavelform {Figure 12d)
having 50 steps per second, the stép height being determined
by the slope of the cathode-follower output. This staircase

P B e o . i
waveform is then used to modulate the 6 /90" carvier to obtain

the step portion of the sweep. (Figure 12¢.)
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a [e00-cps carrier

b. Divider MVB output

c. OQutput of P

d. Hold circuit outpuf

€. Output of modulator

f. Sawtoofh generator

outpuft

g- Out put of modulator 2

h. Adder ou’fpu‘i‘
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The triangular waveform previously mentioned

3=de

S
generated by a motor-driven, continuocus-rotation potentio-
meter having a reversible-polarity input as shown in Figure

AN N

llo A second.potentiomever, coupled to the same shalwg
provides puise& which control the polarity-vreve iﬁg raléy
{Ry 1). The sequence of operations is ss follows. Considare
ing Hy 1 to be in the position shown, the ocutput of potentio-
meter ﬁumber one (P 1) is a rising ramp veltage. At the same
’timeg bbm output of potentiometer number two (P 2} is s
;i sing ramp which falls to sero just as the wipef_of Pl
eﬁterﬁ the.deéé zone between vhe ends of the vesistance wire.
This negative going pulse, after smplification and shaping,
flips a symmebrical ly-triggered, bistable multivibrator W1th
the coil of Ry 1 in one plate circuit. The switc&ing of
relay reverses the polarity of the voltage applied toc P 1,
-and the wiper, having just left the top end ab +7§ volbs,
écmes‘in cont&ct with éhe lower end which has just been switched
to +75 volts. The potentiometer output then continues as a
falling ramp, Again the output of P 2 is a rising ramp which
Will.fall suddenly to zero after ome rotation, once more initia-
tiﬁg the switchiag process,

Capacitor C is wrequired to prevent the cutput of P 1

from falling to zero, while the wiper arm is not in contact
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I% may be noited that the output of the hold circuit is
analagous to the variable Jw, and, as sech, may be used to
drive one axis of the output recorder when plotting iFés s
gF{s}{g or Arg Fis] against w,

The horizontal sweep is generated by the lower chain
of blocks {of Figure 11} a8t a rate of 50 sweeps per second,
synchronized with the steps of the previocus portion of the jw
sweep. Irigger pulses derived from the cutput of the second
divider multivibrator are used to control a‘sawtocth generator

which produces the horizontal-sweep modulation envelope., Am-

compensates for nonlinearities of the balanced modulator used
Zo produce the waveform shown in Figure 12g. To this waveform,
oriented at 180 degrees, a constant voltage of Vllii is added
by means of a summing amplifier. The result is the double saw-
tooth waveform of Figure 12h, which represents a negative oT s
Yalling at & constant rate to zerc and then increasing to a
positive $§$ at which time the cvele is repeated with o= chang-

Finally, by addition in the sweep summation amplifier,

the step and horizontal sweeps are combined to form the com-

The Qutput Unit

It has been shown that phase information may be ex-

{s)i,using the horizontal sweep method, b
9 = 9
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positioned rapidly bhefore continuing its slow scanning. At

the end of a complete scan the integrator is zervoed manually.
ITT. ANCILLARY UNITS

The Pen=Dropping Comparstor

The comparator used in conjunction with the plan sweep

is shown in F.'ufe 16, A reference voltage and the computer
output are applied Lo opposite contacts of a chopper modulator
whose peak to peak cutput is equal to the difference between
contact voltages. By gassiﬁg this mcedulated "difference-
carrier™ through an amglifie? tuned to the carrier frequency,

- the effect of signal-balanced modulation is obtained, (This,
along with other circuit details, is explained in Appendix I.)
A peak detector then gives a unipolar output proportional to
the difference between the imput voltages, regardless of their
relative peolavities., Further amplificetion is obtained by

two d=¢c ampiifiers. The bias levels of these two amplif iers
are so adjusted that when the ocutput of the peak detector falls
to zero the pen-dropping circuits are triggered, causing a dot
to be made on the paper of the recorder. Since the pen posi-

on of the dot

Ly

tion is determined by the value of s, the lccat

{m!

indicates the value of s at which ;F(s)
Arg F(s), as the case may be, is equal to the reference value,
In order to preserve contact 1ife a variable-reference

limiter was placed in front of the chopper so that the
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32
input-contact voltage will never swing more than two volts

above or below the reference voltage.

The Brror Unit

»

The error unit {Hi 1) may be used to evalua@e‘differ;
encés between two time varying voltages which are analogues
of any desired quantities. In the case of the pole-zero
machinesone function is generated by the computer, while &
second functions for example a desired frequency reépcnsg
curve, is produced by a function generator whose output is a

N

function of w. By means of a level-nulling circuit, any
difference in the d-c¢ levels of the two functions may be au-
tomatically eliminsted. so that differences in the relative
shapes of the functions become more apparent. Finally, if
certain porticns of the curves are specially important the
error over that portion may be weighted‘accordingly@-

The underlying philosophy, themn, is to try to creabe
a2 function (by positioning poles and zéras) whose character-
isticé will match those required for a certain job, within
reasonable limits. The error unit then becomss a useful tool
in the matching process.

A block diagram of the error unit is shown in Figure
17. It may be conveniently divided into three basiec sea%iangg
(1) error evaluatiocn, {2) level nulling, and {3) mode control..

The two modes of operation, namely, error evaluation, and
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value of e{t) is obtained and applied to an integrator and

peak detector whose vapdts are the average-absolute errvor,

and peak-absolute error, respectively. If & weighted error

is desired the sbsolud

Q

error is routed to an slectronie
multiplier where it is multiplied by a weighting funchbion be-
fore being returned for integration and peak debection. Dupe
ing the next level-nulling sweep the integrator and peak

pation of & new error-

-de

detector are resebt to zerc in anbie

evaluation swesp.

The Antileog Unis

In order to find the magnitude of & function using the

pcle=zero wachine it is necessary to take the antilogarithm

Late

of the output., This is accomplished by the antilog unit

{Wn 1)} shown in Figure 18,
P&g1nn1@g with the last block, the antilogarvithm of Ll """
is found by employing an operational amplifier with a logar-
ithmic attenuator in the fesdback paths With this arrangement
an input swing of .2 volts to 1.78 volts gives an output swing

of .1 volts to 100 volts. The chain of amplifiers preceding

the anktilog smplifier provide for sh1f§1ng the d=c level of the ;

input as well as chaunging the gain,
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CHAPTER IIZX
TESTING OF THE POLE-ZERO MACHINE

in order to evaluate the performance of the pole=zero
machine, a variebty of tests were carried out covering the
various applications of the machine, One test was performed
for each typical application. These tests were:s

Lo A plot of logarithmic

=
@
o
v}
b
py
4
v
&
v
o5
o
o
©
W
2..'..)
O
el
®
o
£
£

Py

phase versus awcquea@y for a Tchebyscheff Filter,

2. 4 plot of Nichols Loci for

f

second order system,
3o A plot of magnitude and phase versus fre uenaey

an impedance function,

o

m

( *
m

Lo & plot of equipotential lines about a line charge.,
5o A root locus plot.

fou
5
6, A matching test,

ol the machine while Teet 3 was dntandoed SReTE < ler
Gi nhne machine, wnile Test 3 was intended to ner OFf a Mz La
s i N with Tespent o Fhe aned? e nt e o o ame E

A LELEL J 0¥ Wi tsii & C:”;‘up!f:, C% GO TAe anvig \.Jg VLG o Feses 4 and p

wers carried

oeid

T - " , -
In 211 cases calil
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compuber} and recorded along with the test curves to define
the horizontal and verticel scales. It was felt that thisg
method was preferable to an absclute calibration which would
be susceptible to ervors avising from long term drifts, Cali-
bration functions were $el@§ted'fbr gimplicity, as well as
for significant features, such as a peak in the logarithmic
magnituﬁ@mreﬁpons@ curve. For example, the frequency-

el

calibration function almost invariably consisted of a single

pole placed near the jw axis at some definite frequency. . In
this case a peak in the logarithmic megnitude-response curve

c
{In gF{jw)§ }» oppesite the pole, defined a point of known
frequency. Since the frequency scale was known to be linear.
and the sweep began at zero frequency, the frequency scale was
defined.

It may be noted from page 18 that the computer output

was of the form
M in AlF{s)] + N

However, this is eguivalent to

P 20 log;, AlF(s)| + ¥

P = I

20 l@gEO &




£0
Thus, despite sthe fact that the computer output has been

.

?WeVlGquj discussed in terms of natural logari hmsg the output

may alsc be considered in terms of logarithms to the base ten
Other calibratiocn considerabions are less general; they

are mentioned in connection with the tests to which they per-

tain,
IT. TESTS
Test la: Logarithmic Magnitude Response of a Tch byscheff Filter
TEY e W SEST O ifchnenyschels Filter
The function chosen for the first test was a Tchebyscheff
approximation to the brick-wall function of the ideal low-pass

D57 4 W o~ B, 23
Iister. FYor a fourih o

k;

der filter with a ripple factor of one,

frrocsd

Pls) = 2127
i &

(5408543 9L6) (54,0852 5,946) (5+,205+35.392) [ s+.20 5~3.392}

O

A calibration function
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tween initlal and peak valuez of fifteen dbv, These two pPro-

perties allowed the determinztion of both frequency and

nitude responsa curve had




Rithough the logerithmic-magnitude scale could be
determined from the calibration curve, no absolute logarithmic

nmagnitude values were known since the dec level of the com-

puter output is arblirvary (it is determined by the number of
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FREQUENCY RESPONSE OF 4

TCHEBYSCHEFF Mowmpsbs FILTER

{=)

0125

?focueﬂcy Log Magnitude Phase Slope Argument .
dlmﬂSXQQQQ dbv deg./rad. /sece degrees
0,00 - 3.0l 15,2 0
.10 - 2,67 142 w1
.20 =170 200 - 30
30 + Q.48 272 = 53
o3 = 0,02 304 < 83
« 50 = 0,97 252 =112
.60 - 2433 190 ~134
70 - 3,01 176 ~152
80 - Z2o33 232 =173
90 w 0,23 556 ~208
1.00 - 3,01 L2 =273
1,10 ~10,08 174 =305
1,20 15,78 98 =318
163 =20.32 56 =325
Loh 2413 L3 ~329
1050 =27 43 40 =333

CALIBRATION FUNCTION

( 84 6085"

&

20,{7

&6}%”""0@%5“ e@»{»@;ﬁg%‘%’ 9@5“?‘351;392\{3 0205@30392)

Fels) =
(8+,085+3.946) {a+,085-3.946)
Freguency Log Magnitude Argument
radians/sec, dbv _degrees
6.0 0,8¢ 0
-9k 15,87 - 85
:iv o Q 15&‘1‘0 :g..? ‘3119
Peak Phase Slope - 650 deg./rad./sec.
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5. lNonlinesrities in the jw-sweep mUdu?a%uw

Test 1b: Phase snd Phase-Slope Characteristics of & Tchebyscheff
Filter
Using the same pole configuration as in the brevious test,

both phase and piesees?ape CUrves were Gﬁualﬂéﬁg 28 shown in
Figure 20. The same calibration function was also used, bu
only phase-glope and phase curves were recorded, the frequency

The argument of the calibration function was known &6

selected frequency of one radian per second was caleuleted to

responding to the phase of the calibration curve at a frequency
of one radian per second was used to define the phase scale.
Since the phase of the test function began at zerc

degrees {(the swesp be

X

an et zerc frequencyl no difficulties

o

7
o]
]
0]
1]
=
D]
O
o
i
pd
-+
0]

red concerning an absolute reference.

When cempar sd with caleculated values, the largest error

stituted a maximum ervor of 9.33 per cent,
~inthe case of the phase-slope curve,a maximum error of

60 degrees per radianm per second, ccourring at 330 degrees per






percentage error of 5 per cent.

dgm
[}

radian per sscond,gave a maximum percentage evvor of 18
per cent.

the ineccuracy of the phase slops a=%erminationo Factors
which affect this accuracy include zuase affecﬁlﬂg the ac=
curacy of 1n 35(5}2 s 8ilnce the phase siere is determined from

$ o - . ot m . .
in i ¥{s) ! . In addition, the qua31 by of filters used in elinme

H
inating the ripple from 1n 1?(&32 0 aﬁd the accuracy of the
sampling-time adjusiment hsave considerable effect on the ac-

curacy of phase slope as detéermined by the,poleazere machine,

inally, it must be mentioned tha the calibration process,

]

which depends on ong point, could introduce significant errors,

Test le:  YchebvscheflfT Response

Both of the preceding tests were carried out several

<

the conputer had be

C
L
o~
3
4]
a5}

)
=2
o
g
C‘l
1]
3

e

i n adjusted; their Pegu1ts are
indicative of the average compubter periormance., However, the
same tests carvied ocut immediately after adjustment yielded

much more accurate results. The curves, shown in Figure 21,

L

.
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p
detericration in accuracy after several days denotes re-

latively serious drift problems,

The pole-zerc machins was connected to the X-Y re-
corder in such a'way that logarithmic magnitude was plotted
against phase as s varied along the Jjw axis. For test pur-
poses, the transfer funcition of a second-order system was

chosen, which was of the fomm

A value of = 1 was selected for the test function while
¥= .05 was adopted for a calibration funetion., The result-

ied peak in the Nichols
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ing calibration curve had
Plane sultable for magnitude calibration. In addition, the

curve rapidly approached a 180 degree asymptote which enabled
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logarithmic magnitude and 8 degweeg in phase. (&ctual values
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4
b

of the Nichols loci are listed in & II. They were taken ~

from Gille, Pelegrin, and Decaulne [Gi 1] ), o L



TABLE IX

MAGHITUDE AND PHASE OF

Test Function =1

Phase
degrees
0

- 30
- 60

Calibration Function ¥ = .05

Phase
degrees

0
— BO
- 60
20
50

-1
-1

Logarithmic Magnitude

dbv -

0.0
- o8
b 207"‘
= 503
‘31203
"’zlﬁ—ol

Logarithmic Magnitude
dbv

0.0
19,
19.0
20,0
18,4
12.8

LG
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It is also possible to define a vector errvor, similar

ot

¢ the "vector mergin® defined by Smith {Sm 1} for %peclf&caa
tion of stability in the L plane., However, to measure this
error directly from the Nichols loci requires that one radian
on the phase scale correspond t0 one neper oa the magnitude
Scalag the vector being measured in complex nepers., Since
the scales of Figure 22 do not comply w the above require-
ment it Was cnly possible to estimate the point at which the

maximumn V@Q@GT error gcourred. For
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vector error was .12 + jo06 nepers.

Test 3a: Ma aitude of an Impedance Function

The impedance funection utilized in this test was one
used by Bridges (Br 1) in tesls on a potential analogue of

the complex plans., It is given by:

from ZaiZ{s}io Howaver, its use introduced certain compli-

cations in the selection of a calibration function. As was

indicated in the section on the antileg unit {page 37),
- . ) GH+H . .
cutput of the antilog unit is e ﬁgfis}é where N is the

d-¢ level of the facpﬁrmsummlng emplifier due to the d=c

levels of synthesizer channels. This d-¢ level. ,which controls
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Gﬁ+&9 depends on the number of channels

the gain constant, Ae
switched on, and is different for each channel, so that, in
order to have the saée gain constant for both test and calibra-
tion functions, the calibration function must use the same
channels and therefore the same number of poles and zeros as
the test function, In the above case, it was pgssible ©to
comply with the restriction on the number of poles and zeros
while still retaining a simple functiod by using two poles to
cancel two zeros. Thus the calibration function used was
Fels) = (s + 20)

¥or calibration purpgseé the magnitudes of the test and cal-
ibration functionS'were calculated, at g = jO, to be 68 ohms
and 20 ohms respectively. Then, the distance b@tween the
starting points of the two curves was taken to be 48 ohms,
which defined the magnitude scale,

The test results are shown in Figure 23 along with the
calculated values from Table III. A maximum deviation of
7 ohms in 94 chms constituted a meximum error of 7.5 per cent.
Although this is net a true indication of antilog unit ac-
curacy, because the logarithmic magnitude input was not neces-
sarily correct, the vesults indicate the overall‘accuracy
obtainable. (Tests on the antilog unit by Woon-Sam [Wn 1]
indicated a_linearity of 2 per cent when- the logarithm of the

S

cutput was plotted against the input.)



TABLE IIX

COMPUTED IMPEDANCE MAGNITUDE AND PHASE OF

(s + 20){s + 10 + 340){s + 10 -~ 3L0)

Z(s) =
(s + 10 + j20){s + 10 - j20)

Frequency Magnitude Phase
radians/sec. ohms degrees

0 68,00 0.0
b 70.09 bobl
8 76,24 723
12 . 85053 5072.
16 Obodh - lo5k
20 93.30 -13,88
2L . 78.57 -25,68
28 58,84 -30,98
32 b o7 1 =27 .87
36 31.68 =16,22
40 26.51 _ 2.34
bdy 26.15 - 22,08
48 28,86 37057
52 33,05 48,25
56 37.81 , 55043
&0 L2.76 6048
&t ' 5772 ‘ 6L.10
68 52,64 66,91
72 57.49 69,09

76 - B7.26 70,86
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Test 3b: Phase Characterigtic of an tmpedance Function

As a further check of phase accuracy, the argument of

iy

Z{s) versus w was plobﬁed_in Figure 24 along with the phase-
sla?e curve, althaugh'ﬁhe latter was included only to show its
general shape. A calibraticn function of |

| Feis) = s + 10

gave a phase ghift of 45 degrees at s = j10 and had an argu-

which served to define the phase

5
[0]
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4
[
£,
4]
g
[
0]
[
o
2
%
e
i
o
o

scale. The maximum ervor was aboub 3 degrees and although

this was 25 per cent of the total phase at that point,the re-

Y o, oy oim T 3wy o, o AP | T 4 - " Ty N T a2 %
Test L: F¥gulpotential Lines About & Line Charge

The potential at 2 point due to several line charges
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$5 9y BTy
THe

anance from the line to the

fode

where ¥y is the perpendicular di

point where the potenbtial is being determined, and q; s ‘the

@
o

o
b
e
ki)
Gt
[$2]
<t
o
®

charge per unit lengbh carried by the lin

type of calculation performed by the pole=gere analogue coi=

o

puter, and by utiliszing the psn-dropping comparvator it was

D

found that equipcotential limes could be plotted. Since it
was desired to check the accuracy abtainable, only the equi-
potential lines aboubt a single line charge were plotted, 380

2

that any dewviation from a perfect cirele would indicate the

$o= 10 + j0 and & magnitude response curve was plot @
{ in {F{s)]| ageinst o ), while w remained at zerc. This
- curve hag a peak‘%t’@“‘m 10, so the I-¥ recorder gains in the
o= direction, was adjusted so that the peak occurrad at a cone
venient distance from the origin, the exact distance being
g

nobed. - Then a pole was placed at g = Q0 + j10 and the above
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procedure was repeated, plotting In

|
|

Yoot

F(s
'KmY recorder gain in the w direetiam was then adjusted so
that ten units in the W‘dl?eCQWOQ corresponded to the same
distance as ten units in the ¢ direction,

"

6 8 = J10 and the computer cutput, ln

a

3
w
St

w
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i
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o
0
i3
1]
0
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40 the comparator. An arbitvary reference volbage of -5 volts
was set and the plan sweep started., The resul

scan are shown in Figure 27 as the inﬁeﬁmagt ring of
Three. additional sweeps were made with Ghe comparator refgrence

at Oy 5, and 10 volts, vielding the othe r three rings. 4s

Flgure 27 shows, the vings produced wers nob parfectly cir-
cular, with the largest deviation being .24 units. A deviation
of 1& units in 3 gave a maximum percentage deviation of &
per cent, duch insccuracies sre due to the comparator, and

It must be menti coned that the "x" marks are not the
points actually plotited by the comparator but are pcints
iocated nidway bebween consecutive points plotted 3y the com=

ro The reason for this is as follows., The chopper
availeble for use in the comparator was relatively neisy,
) /
eak cutput of 25 millivolis with the input

oy
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ad
£
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ropping circuit is triggered by
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1,

ype shown in Figure 28b (as explained in

e
ok

%

iy

wavefcrm o e
Appendix I) wnenever the input voltage reaches the refer-
ence level. The effect of the chopper noise is to reduce
the sharpuess of the peak so that the cireuit must be ad-

justed to drop the ven slightly hefore the reference value

a3}

is reached, a5 indicated in Figure 28c¢.
The results of this "lead effect® are illustrated in

Figure 29 for an equipotential line. Dot dl9 is
Sea

- o oam

da 31y

-
-
-
gg a3 a
ooy - ) [r33) - 1 X
igure z9. The lead affect,

plotted as the variable s approaches the line from one side
and dowb, dys is plotted as s appreaches from the other, as
showne If the equipotential lime is assumed o be straight
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TABLE IV
ROOT LOCUS OF

¢ b
(s + 5){(s + 10 - j&){s + 10 + j8)

K #lg) =

K Real Root Complex Conjugate Roots

real part imaginary part

O o= 5000 ‘*’}.OQOO '-‘%8500
10@ bl 6028 Al 9536 ?067
200 = 7.93 - 8.5k 7o k6
300 « 9,68 - 7,66 755
§OQ ‘”1202!4 e 603? 8019
700 “""3.3‘ -] 8{3 iad 5 [ 56 8_0 86
800 -15.05 = 497 9046

1100 =16,00 = 44,50 9.98
1500 =17 49 = 3.7% 10,88
1800 ~18.66 = 3.16 11.64
?500 = OQQS = 20'15«5 12062
3}_09 “‘21025 e 1,08? 130&'5
£100 «22.86 = 1,06 14,63
5100 24,20 - 40 15,63
7000 26,27 : .03 17.23
9300 28,62 1.80 19,08
11700 ""30 007 ’ 2 o 53 20Q 2‘&'
14200 - =31.65 3.32 21,52

19200 ~34.31 © B,60 23,70
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poleagera machine, Even though-erroys in bhase may be small,
é ey can glva rise ©o large ervors in bhe nu51tlon of the root
locus in regions whevre the phase slﬁye is small. Consequently,
the pole-gzero machine seems unsuit able for pletting accurate -
root lozi without a drastic imp?ovement in the accuracy of

phase determination,

Test 6: Funchbion Mat ching

One of the more important applications of the pole=
zero analogue computer lies in rational approximation of

magnitude or ph&a@«yespansa characteristics by positioning

el
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ie and zero positions are known
it 1is possible to JOJJ%“QQ@'&»&@%WGTK with the required featuvres

.
!

sing methods of network synthesis, In this discourse, only

finding the appropriate pole-zero configuration

-

o
Ity
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b=y
4
o
&
i)
]
bedu
¥
freat
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o
K=
kel
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3
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aches to matehing functions, the
simplest involves drawing the desired function on the I=Y¥
recorder o the same gscale as the compubter oubtpudb {walch may

ye debermined from g salibration curvel. . The computer outputb

[XN
93]
i
Py
oY)
mad
k)
8]
&F
43
[0}
i

vyed whil& pole and zero positions are varied ©o

chtain & satisfactory aaorox}ma ion to the desired ?espaﬂseo
To provide a check on the sen#it,”;ty of this methows

a function wae drewn on the KwY regovder by the cemputer§aftef

which the pole OOSlwi ng were altered. An inexperienced
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opsraver was then asked ﬁs vary bthe pole positions so as to
obtain & computer catw&t KQS&mb’EﬁgQQS closely as possible, the
original curve, Edealiy;the computer output would coincide
with the original curve if the poles were re%urned‘to their

niLia t |
The function chosen was the Tehebyscheff function of

Test 1, with poles located at

8 == 0985 :};
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.= (205 &
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After the magnitude response curve had vcen run, the poles

were relocated et

g = 3% j.6
S = 5% Jol

ted the pole positions 4o glVﬁ the best
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fit, The results for three different operators are shown
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Maximum error was 7.5 per cent.
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2o Operstor 2 relocated poles at

0}
i
o
.’
o
i
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o
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Maximum erroy was 2 per cent

3. Operator 3 relocated pcles at

085

<200

i g3
5 Gt
o o
W WO
o B
O W

Vaximum eryroy was 4L per cent

LS
LOE

egoing resulbs, which were cobbtained in the
gverage time of fifteen minutes, indicate that the method is
practical., The solution time could be vraduced considerably

by an experlenced cperator, slthough a limit is set by the ..

=
Q

fifteen seconds. & sweep could be em~

ployed if a2 CRO wére used for display purposes but only pre-

Liminary adjust ﬂenua would be possible, and the I=Y rescorder
would have to be used for final adjustments.

error sensing unit.  Unfortunately, the lack of sensitivity
cf the prassent unit QWﬂ?enbe@ any conclusive tests., However,
the unit should prove valuable when dealing wiza functions in
which some reglons must be mabtehed very closely whiie otnerb
are less lmportant. (That is, when weighted errors must be

7 ‘3

aongidaymdq} In addivion, the error unit may be used o
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advantage in conjunction with the first method by making

the average error available. It could be even more useful
a switch were provided to allow starting and stopping

£
ER

Inte

of

mall regilons could be measured,

the integration at any time sc that average ervors over



CHAPTER IV
CONMCLUSTIONS

Tt must be stated at the outset that the foregoing
tests do not represent an exhaustive investigabtion of the
pole=zerc analogue compubter., However, they do indicate the
possibilities of the computer and serve to illustrate its

manifold applications,
I. EVALUATION

A critical evalvetion of the machine may be made by
congrasting it with other analogue computers of a similar

nature on a point by point basis,

Logarithmic-Magnitude Calculation

The accuracy of logarithmic-magnitude caleulations by
the pole=zerc machine is comparable to that of the Complex-
Plane Scanner at Columbia University (Kr 1; Al 1), which is

not surprising since the two computers are nearly identical

y
in terms of circultry used for logarithmic-magnitude calcula-
tions,
In comparison with the potential analogue, the pole-
zero machine is less accurate over limited frequency ranges,

but it is not subjeet to the "infinity-cirecle" errors (Br 1)

of the potential analogue.,
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The accuracy of the machine depends primarily on
the quali ty of the logarithmic attenuators(which could be

improved)

Phase Calculation

The pole-zerc machine is capable of producing slightly
nore accurate phase calculations than those obtained from a
potential analogue at éhé Universitviof‘&anitobao Conversely,
the pole-zerc machine is much less ancurane with regard to
phase determination than the Complex-Plane Scanner (Kr 1;
AL 1), which accurately meas ures phase to within 1 degree.
this accuracy is possible beca&s& phasemeters are emploved to
measure phase, and althocugh uhey require a large number of
components, the saving in circuitry by use of the horizontal-
Sﬁﬁep methed is offeet by the increase in complexity and the
the circuitry vequired. In particular,

electronic modulators are required which must be compensated

for undesirable phase shifts, and filcers employed to remove

F{s}l must be, as nearly as possible, ideal.,
Iv is felt that these filters are the primary source of error

phase determinaticn and could be improved significantly.

The ancillawy units have no counterparts in other

similar analogue computers, but they constitute a definite




step forward in versabilis the computer.

Undoubtedl th improvement, notablyv, in an
9 iy 3 ¥y

increase in the error unit and the use of

opper in the pen-dropping comparator,

LI, APPLICATIONS

a wellepfogramméd digital
those of the pole-=zero
advantageé in ease of
lso, many
accuracy ob-
:hief applica-

machine lies

pole=zero

in the field of approximating

time bthe machine was
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the cathode follower gain is less than unity

veen chopper contachs to exceed th

2 of 2 volts., Nevertheless, the limiter pro-




APPENDIX IX
ADJUSTMENT OF REFERENCE PHASORS

The four reference phasoﬁs of the pole-zero machinsg
{62@?9 6£§QO9 611@@? and 6 E’Ooﬁg produced by the referencs
ogciliator, must be adjusted so that they are equal in mag-
nitude and separated by exactly 90 degrees in phase.

A& preliminary adjustmeni involves making the méagnitudes
nearly equal by adjusting each phasor to be 6 volts rmg, asg

cbserved on a high precisicn a-c volimelber,

% LY O O i ,;,.G
Opposite phasors, for sxample 6/0° and 6[18@ , are then

3 : b P R ; PO S T N 9 6 3 [N s e S 2
adjusted to be equal in magnitude and 180 degrees apart in

voltmeter connected bto this centre tap indicates the resulbant
of the two phasors; thereiore, they may be:mtde equal and op-
posite byvadjasﬁidg for & null on the voltmeter. In the pole-
FET0C d&CEiﬁ@é an accurabely @entrewtabped resistor and &

sensitive voltmeter allow the magnitudes to be madé egual

within about 3 millivolts and the phase to be accurate within

ey

. . s mrn e . - B iy @
about .02 degrees. The above process is repeated for 6407
< N : & oo o

PPN

and &£/2707,
The construction of the reference coscillator is such

& £ O O ) * e 5 2t Ty g S
t the angle between 5/0° and 64@9“ may be varied without



ES « [OPI S S J. P Lo s PV RY LA N P e
the previove adjustments. With the

% B -0y 4 " 2 - o " - m‘:: G s iy, 48
may be cobtained by adjusting the angle of 690 {and con-
o L fewey O . ). 3 s '?z“ 3 - - » P )
seguently 642707} so that ¥Va = Vb o This may be sccomplished

with the circuit shown in Figu

lﬂj

e &5 connected as indicated.

phasors may be set to within a few minutes of their desired
b
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