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ABSTRACT

This thesls consists of the description of a unit to be used
in econjunction with a ccmplex plane scanner and a Mosley X-Y
recorder with curve follower attachment. The unit is used to
compute the instantaneous absolute difference, the average absolute
difference and the péak absolute differerice batween the slowly
varying voltage proportional to magnitude, log magnitude, phase
or phase slope of a network response function simulated by the
complex plane scanner and the voltage output from the curve follower,
proportional to the corresponding desired response function plotted
on the X-Y recorder sheet. Since the difference between the two
responses may be considered to be the error, the unit used to
compute these various differences is called the Error Sensing Unit.
A discussion of the applications and performance tests of the Error

Sensing Unit is included.



PREFACE

The complex plane scanner bullt by the Department of
Electrical Fngineering of the University of Manlitoba in 1958 was
the subject of E.P. Valstyn's M.Sc. Thesis (Va l)lo Since that
time,'édditional units have been added to the scanner by
‘HQFOJQ Wagerer and J.L. Woonsam and have been the subjects of thelr
respective M,SC. Theses. In this Thesis, another unit called the

Error Sensing Unit is described and its implementation discussed.

The error sensing unit descrlbed in this thesis is
designed for use as an integral part of the complex plane scanner
in order that the pole-zero locations of a desired network response
function might be quickly obtained. From the complex plane scanner
‘it is possible to obtain voltages proportional to the magnitude,
phase, logarithm of the magnitude; or phase slope versus freguency
of'a given immittancéa funection F{s) as represented by its pole-
zero configuration in the complex "s" plane., It was considered
desirable to be able to find the average absolute difference between
the response curve resulting from a pole-gero configuration set up
on the complex plane scanner, and a d@sired response gurve., This
difference shall hencef@rth‘b@ called the error. It was also
thought advantageous to have an indication of thé peak abhsoclute
error, the absoclute error during the sweep of the j&saxis and to be

able to welght the average absolute error over certain frequency

The letters in parentheses refer to the Bibliography.

Iomittance is a generic word, introduced by H.W. Bode
for both impedance and admittance. (Bo 1, p. 15)
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| To implement the above operations, an error sensing unit
as described in this thesis was designed, constructed and tested.
This thesis consists of four chapters. In Chaper I, a
‘general description of the error sensing unit, and its operation
is given. Chapter II describes in detail the circultry used in
the unit, in its logical operating sequence. The third chapter
consists of the tests run on the error sensing unit and their results.
In the fourth chapter a discussion of the test results is presented.
Also included are several appendices, The first of these consists
of an outline of the alignment procedure which must be carried out
pericdically to assure optimum performance of the unit.
Grateful acknowledgmen!’ is made to the National Research
Councll for their financial assistance in this projeéts through
both grants in support of the work, and a bursary to the author.
The author also wishes to thank Professor R.A. Johnson for his
éompetent guldance and supervision of this project. The help
recelved from Mr. T.J. White and Mr. D. Johnson is greatly

appreciated.
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CHAPTER I

DESCRIPTION OF OPERATION

The complex plane scanner generates a voltage proportional
to frequency as the Jw axls 18 swept and scanned to yileld the
magnitude, logarithm of the magnitude, phase and phase slope of the
immittance function represented by its pole-zero configuration in
the complex "s" plane. That is, whenever the response of an
immittance functlion to a sinusoidal excitation is generated by the
scanner, a voltage proportional to frequency is developed. Since
the jw axis 1is swept linearly for 15 seconds from zero freguency to
some high frequency, dependent upon the scale factor chosen for pole
and zero positions, and then back to zerc frequency, the voltage is
a linear time function, riéing and falling with a period of
30 seconds. This voltage is used to drive the X axis éf an X-Y
recorder which is fitted with & curve follower attachment. The
curve follower allows the Y axis serveo to follow & deslired response
function drawn on the recorder paper in conducting ink. The Y axis
servo also drives thé slider on & linear 20 kilohm potentiometer.
Thu@, with a known voltage applisd across this potentiometer and
with one end of the potentiometer taken as reference, the variation
in voltage from the slider to reference 1s proportional to the
amplitude of the response function drawn on the reborder sheet;
Thus two voltages proportional to the amplitude of immittance
response functions, one from the seannef and the other from the
X«Y recorder, may be generated simultaneously. In normal design

work using the complex plane scanner, the pole and zero positions
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on the complex plane are varied to obtain a desired response function

drawn on the X-Y recorder sheet. The gain of the scanner output may

be varied to match that of the recorder ocutput through a step

attenuator in the scanner output unit and an overlapping continuously

variable attenuvator on the scanner input of the error sensing unit.,
In particular, the log magnitude response of an ilmmittance

function

F. (s - ‘
1( ) H (1)
‘ (s-py)(8-pp)------(s-ppy)
as generated by the complex plane scanner may be represented by the
eguation ‘
in fﬁl<8>§ = KyVi(s) + Ey (va 1, p. 11) (2)/

where Kl is @ constant of the scanner in db/wolt and E. is a d.c.

1
offset voltage dependent upon both the scanner éharacteristie&*and
the particular Fl(s)o When only the response of the immittance N
function to sinusoidal excitati@ns is required, as ls the normal
- case 8 = Jw . The frequency response of the immittance function

is thus obtained and equation (2) becomes

in ggl(3w>g = KV, (Jw) + B, {3)

If the log magnitude frequency response curve of a function F,(s)
is drawn on the recorder sheet and scanned by the curve follower,

the ‘cutput of the recorder is

n | Fy(ae) | = K 0plaed + 5, ()



where.Kz is a constant dependent on the scale to whichlthe response
curve is drawn on the recorder paper in db/volt and E2 is a function
of the position of the curve on the recorder paper and on the
absolute level with r@spect to ground potential of the voltage
_placedaacross the 20 kilohm Y axis potentiometer. It is the function
of the level ééttihg circuit in the error sensing unit to set ﬁhe
avefage d.c. 1eﬁel of the recérder output equal tq that of the
scanner output. To implement this,‘on alternate 15 second sweeps of
the juaaxislthe difference in voltage between the two response

curves is divided by 7.5 and integrated with a gain of 0.5 for

15 seconds and the integrated output at the end of the sweep sampled.
This sampled voltage, which is then the average diff@renceiin docb
level between the two inputsy;is used to set the d.c. level pf.thé
constant voltage applied across the 20 kilohm potentiometéfrdn thé
recorder Y axis servo, such that the average level of the recorder
putput is the same as the a?@rage.lﬁyel of tne scanner output,

Thus on the following sweep of the j&saxis the error voltage

developed by the difference circult is simply
| P )i- 1 fr(gw] - KV, (3ed - KV, (gw)

As menitloned previously, the gain of the scanner output may be

varied to equal thaet of the réc@rder_output and thus K may be set

v 1
equal to Kgo Since K, is a'fmn6tion'of}the scanner and not of
the particular immittance function under investigation, this gain
adjustment is the same for all log magnitude frequency response

Investigations. The error voltage thus becomes

1n §F1<Jw) }- In % 2@@) =z Keivl(ju») - VQ(JW)‘E



Similarly, the phase, phase slope and magnitude output
voltages from the complex plane scanner consist of d.c. offset
voltages plus slowly varying voltages proportional to the respective
funections. What is more important, the proportionality‘canstants
between volts and phase; phase slope or magnitude-égza fixed values
for each quantity dependent only on the scanner characteristics and
not on the particular function under investigation. Thus, as in the
case for the log magnitude response, the gain adjustment may be fixed
for the particular scanner output to match that of the recorder for
all immittance functions. The d.c. offset voltage of the particular
scanner output and that of the recorder output are always set egual
by the level setting circult.

Since all the machine outputs which are to be used'with the
error sensing units are functions of wand sinée w , as represented
in the complex plane scanmér, is a linear time function, the machine

outputs are also functions of time. In general, the error sensing

- unit has two inputs, A(t) and B(t), from the recorder and scanner

respectively, and each has the same gain constant in db/Voit,'
dégr@@s/Volt, %%%;%%%/volt or magnltude/volt as the case may be.
These inputs are first differenced and divided by 7.5 to yleld the
error divided by T7.5. The absolute value of the error is then
found and this is integrated with a'gain of 0.5 for 15 seconds to
yield the average absclute error and peak detected with unity gain
to obtain the peak absolubte error divided by 7.5. Provision 1s
made for metering the average absolute error, the absolute error -

divided by 7.5 and the peak absolute error divided by 7.5.



Thus:
Absoclute Error # iﬂ(t)~B(t)%
7-5 7S
s )
Average absolute error = Ooﬁ‘jvgﬁQt>“B&t)§dt
7.5

Pesk absolute error _ FA(t)-B(e)l

7.5 ) 7.5

It muzst be noted that the error sensing sSweep oCccurs
alternately with the level settling sweep. At the end of the level
setting sweep, the average d.c. level of the recorder cubtput is set
equal to that of the scanner cutput and this level is held constant
during the followlng error sensing sweep and until the end of the
level setting sweep when the average levels are agailn sel equal.
During the level setting sweep the integrator used to find the
average absclute error and the peak detector are re-set toc zero.

Provision is also made for weighting the average absolute
and peak error by wultiplying the output of the absolute value
circuit by a weighting functilon, w(t), generated by an external
function generator and then integrating and peak detecting the
multiplier output as shown in Figure {4). The multiplier oubput
is thus

Welghted absolute error
75

The integrated output then becomes the
Weighted average absolute error = O, 5§w(t) g A(t)- B(W%t
T-5

- () thmmg



and the peak detector ocubtput becomes the | _
Weighted peak absolute error = Max. w(t) §£§22;5£32¥
7.5
The provision for weighting was included so that the
error in a particular part of the response curve, such as a
"break" region, could be more readily studled.
A block diagram of the error sensing unit is shown in

Figure (1). and photographs of the unit are found on page (8 ).
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CHAPTER II

CIRCUITRY

THE DIFFERENCE CIRCUIT

The difference circult shown 1n Figure (2} consists of an
inverting operational amplifiér into which one input is fed and
whose output is summed with the other input by an operational
summer (Ko 1, p. 13) to yield the ﬁifferencq,with theoretically
infinlte cdmmon mode rejécticn ratioabétween the two inputs, in~
put A is that from the X-Y recorder while input B 1s that from the
complex plane scanner output. The inverter in channel B has a gailn
control used to match the gain of the scanner to that of the re-
corder. This control varlies the gain of the B channel over a range
of about thr@é to one which overlaps the step attenuator on the
scanner oubput to provide & continuocusly variable gaim whén used in
conjunction with the latter. |

The 10 killohm varliable resistance and 10 kilchm balancing
potentiometer are included in the adder circﬁit 80 that thes overall
gain of the difference cifcuit»may be adjusted to exactly two-
Fifteenths for both inputs. This atteﬁuation is required so that
the level setiing integrator which operates on the adder output for
the duration of the 15 second sweegaand which has an RC time con-
stant of 2.0 seconds will vield an output which is the average
véltage ﬁifferenceAbetween the two Inputs.

G.A. Fhilbrick K2-W and K2-X d.c. operational amplifiers

are used extensively in the 2bove and following circuits.
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' ABSOLUTE VALUE CIRCUIT

The output of the difference circult 1s fed to a clrcuit
whose output is always the absolute value of the difference. As
shown in Figure (3), it consists of a unity gain inverting amplifier
feeding one dicde while the other diode is fed directly. This 1s
simply an "OR" circuit in digital computer language. (ML 1, p. 394%)
The diodes have 0.4 volts forward bias applied so that with zero error,
énd thus zero voltage applied, they are Jjust on the verge of signifi-
caht conduction. Thus the output of the absolute value circuit is
always the magnitude of the error divided by 7.5, plus 0.4 volts off-
set. Since the maximum error expected is 200 volts’and the difference
cireult has an attenuation of twﬂufifte@nths,tne diodes need only be
able to withstand a reverse voltage of 2 x ggg = 53,4 volts. Since
the 1N457 dlodes used have a reverse voltaggagating of 60 volts, they
operate well within their rating. & 50 kilohm calibrated attenuator
(Helipot)'is included to adjust the oatput so that the following
integrator does not saturate during the 15 second error sensing sweep.

ABSOLUTE ERROR INTEGRATOR, PEAK DETECTOR,
¥ETER SWITCHING CIRCUIT and WEIGHTING CIRCUIT

The oubtput of the absolute value circuit 1s fed to both an
operational integrator (Ko 1, p. 13) and peak holding circult as
shown in Figure (4).

The integrator provides rezl time Iintegration multiplied
by 0.5 in order that the integrated output of the difference clircult

ve equal to the value of the sbsclute average error. The integrator
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bias contfollis adjusted to offset the integrator zerc input so
that the %»604 volts bias from the absolute value circuit corre -
sponds to zero error,. However, this yields a d.c. offset at the
integrator output of %-O;M'vdlﬁs wh;cn must be subtracted from the
averagé absolute error. This bias control must be re-adjusted if
the 50 kilohm attenﬁator on the integrator input is not sét for
zerb att@nuatiano The integrator output voltage is limited to

+ 105 volts by the voltage reguiator tube and normally back blased
dlode connected to its output. This limiting circuit was deemed
necessary to prevent saturation of the integrating awplifier. Dur-
ing the level setting sweeps, the integrator is re-set to zero cut-
put by a relay which discharges the integrator capacitor.

The peak detector output is equal té the highest input velt-
age (divid@d by 7.5) ineurred durlng ihe error B@HSing sweep minus
‘an initlal offset voltage of = 0.6 volts. The same relay which
;éiégharges'the integrator capacitcv is used to place an imitial
voltage of + 0.8 volts on the peak detector capacitor sueh that the
peak detector dicde is biased to the verge of significémt conduction.
A variable biag control for the diode is proVided.to compensate for
any supply voltage variestion and to allow the blas to be set
coryvectly if the 50 kilohm input attenuator is not set for zero
attenuation.

The meter gwitching circulits for wmonitoring average absolute,
peak absolute and absolute @rrar; a8 well as the weighting circult
are also shown in Pigure {&).

The meter swltch has four voltage rangeg, from 250 volts

full scale to .25 volts full scale. The absclute error selector
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switch is arranged for both positive and negative detection and this
may seem contradictory 31nce it is absolute error which is being
d@tecteé, Provision for detecting both polarities is included to
facilitate alighment of the error sensing unit since if the biasing
controls on the average erroﬁ integrator or peak detector are not
adjusted correﬁtlyétnen the output polarity may be opposite to that
found‘in normal operation, In normal operation, the peak absolute
" and absolute errors are negative voltages, while the average absclute
error 1s a positive voltage. |

One channel of a G.A. Philbrick Model MU/DV Duplex
Multi@lier/hivid@r is used 1in weighting the peak 2bsolute ?hdnaverage
absolute error. The mulbiplier switch, when placed in the "on”
position @@nnécts the output of thé absolute value eircuit to one
multiplier input and connects the multiplier output to the ayveriage
absolute error integrator and peak detector. The other multiplier
input is then comnected to an external function generator which
generates the weighting f@ncti@nq It is noted that 25 volts applied
to the function generator input of the multiplier yields multipli-

cation by one.

AVERAGE LEVEL INTEGRATOR, GATE AND HOLD CIRCUIT

As shidwn in Figure (5) the circuit used to cowpube the
difference in average levels of the twe inputs during the 15 second
level setting sweep 1s simply an operational integrator with a time
constant of 2.0 seconds operating on the output of the difference

eirenit, Thus, the integrator output is

1)
0.5 g’&&i&%;gi&l}@t = B(t)-8(t)
-
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That is, the output of this integrator is, at the end of
the 15 second level setting sweep the average difference in levels
of the two response curves, This output 1ls sampled at the end of
the sweep and used to set the level of the recorder output exactly
egual to that of the scanner cutput. The output 1s sampled by the
closing of a relay gate which connects the integrator output to a
hold circult as shown in Figure (5).

The integrator output iz limlted to 3:105 volts by the
Oﬁaivoltage regulator tubes and normally reverse bilased diodes to
préveﬁt saturation of Che operational amplifier used in the
- integrator circult.

The hold clrcuit consists of one-half of a low grid current
tube operated at reduced fllament voltage to further reduce the grid
current. The tube type 1s an EB0CC, The tube is operated as a
gathode follower with a high cathode resistance and with a 1mf
mylar capacitor connected betuween the grid and ground., The leakage
resist&na@'uf the capacitor 1s 107 megohms so that the major leakage
path for the capacitor 1s through gr;d“curr@ntfof the cathode
follower, The hwld,circuit.eutput,voitage decays 1@3@ than 0.5
veolts, in a pericd of 3@ seconds with the hold capacitor charg@d.to
4 100 volts., This indicates that the leakage resistance iz in excess

of H000 megohms, This calculabtion is found in Appendix (2).

PULSE AMPLIFIFR AND RELAY MULTIVIBRATOR

Since the error sensing unit alternately measures the actual
error, and then sets the average d.c. levels of the two inputs equal

on each successive sweep of the response curve beling examined, soue
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method 6f'ééiﬁén3ng from one opératibn to the other is reguired.
At the end of each s#eep of the Jw axis in the complex plané'
scanner a p@lé@ is available from a comparator which reverses the
slope direction of the sweep voltage. This pulse 13 amplified in
the error sensing unit and used to trigger a bistable multivibrator
with two relay plate loads as shown in Figure (6).
_ The pulsé'amplirier 18 direct coupled since the intention

was to obtain theAtfiggér pulse by amplifying and differentiating
a sawtooth sweep voltage which was originally used. When the sweep
was changed to a triangular waveshape it was declided to use a trigger
pulse from the comparator. Since the puise amplifier had already
been constructed it was declded not to alter it.

The 1mf coupling capacitor and large trigger pulse,
{about 200 volts), are required to trigger the bistable multivibrator
relizbly beeause of the inductance of the relay colils in the plate
cireult,

Yhen relay KCPll is energized relay contacts number 1,
conneeting the peak detechor and in@@gratcr for the error sensing
chain, and number 5 making the ?haﬂtastrcn inoperative are closed,

Relay conbacts 2, 3 and 4 are closed and 1 and 5 open when relay

KCPL2 is energized making the level sebting circuit operative.

Figure (7) shows the operating sequence of the contacts.

PHANTASTRON DELAY CIRCUIT

&

A phantastron (Mi 1, p. 221) is used %o provide the
delayed pulse for triggering the relay driving multivibrator,

Since the relay must be closed for 2 short saupling period
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Just prior'ﬁo the end of the i5 SQCOnd level setting sweép in order
té sample the level setting integrator output, the phantastron must
provide a delay pulse about 14.85 seconds after the commencement of
the level setting sweep. This pericd involves a large time constant
for the phantastrdn-timlng cifcuit'as may be seen from the size of
€, and Ry in Figur@ (8).

The delay period may be chahged by varying Rl and should be
a&just@d so that ﬁh@ relay closes 150 milliseconds before the end of
the sweep. Thls means that the relay is re-opened 30 milliseconds
before the end of the sweep, This 30 millisecond period is main-
tained te allow for any drift in the phantastron delay or in the
15 second sweep time.

_ During the error sensing sweep the phantastron is made
inoperative by the closing of relay contacts number 5 which set
the screen potential to minus 300 volts.

It was found that if the phantastron was triggered
directly from the pulse amplifier, it would trigger on every pulse
due to the delay In the closure of relay contacts number 5. Thus,
at the beginning of every second sweep the phantastron would trigger
only to be cut off a few milliseconds later by the relay closing,
This, of course, caused the relay tc sample the level setting
integrator output which was intolersble. In order %o prevent this
"misfiring", the phantastron is triggered from a monostable
wultivibrater which provides a pulse delayed asbout 20 milliseconds.
This allows sufficient time for relay contacts number 5 to close
and cut off thé phantastron at the beginning of the error sensing
sweep, before the trigger pulse reaches it frowm the monostable

multivibrator.
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DRIVER MULTIVIBRATOR FOR SAMPLING RELAY

The large drop in the screen potentlal at the end of the
phantastron'’s charging cycle 1é;used to trigger a monostable
multivibrator having a period of 100 milliseconds and which in turn
drives the relay in its plate eircult. The circult involved is
shown in Figure (9).

The periocd of 100 millisecoqu was chosen to allow:
sufficient time for the integrator tb charge the hold capacitor for
the maximum possible swing of 210 volts. This calculationfis found
in Appendix (3).

Thus, at the end of the level setting swe@p'tne average
difference in level given by the level set integrator output 1s
sampled and used to charge the hold eircult capacitor. Tné hold“
circuit capacitar'must'remain charged to this value for the follow-
ing 29.85 seconds, that is during the following error sensing sweep,

and ensuing level settlng sweep up to the time o‘f}samplingj°

LEVEL SETTING CIRCUIT

The necessity of being able to continuously vary the
absolute voltage level of a 20 kilohm potentiometer over a range
of 200 volts while maintaining a2 constant current flow of 10
milliamperes through the potentlometer resulted in a rather novel
level setting circuit as shown in Figure (10).

Basically, the two tubes in the potentiometer chain act as

variable resistances; the sum of which remains constant at 30 kilohms.
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That is, ﬁheir réspective grids are driven in suci a way that the

sum of the beam resistances of Tl and T2 is always 30 kilohms.

Since point "X" must vary from a potential of 0O to 200 volts with
respect to gromné)th@ plate to cathode potential Ebl must vary frgm
250 to 50 volts whille the plate current remains constant at 10
milliamperes. Concurréntly, Eba must swing from 50 to 250 volts.,

The type 5687 dual triode was chosen for this application because

of its very linear plate characteristics (see Figure (11)) over a |
wide plate voltage swingo At a plate current level of 10 williamperes
the grid blas must SW1ng from -1 to -13 volts about a mean of -7

volts in order for the plate potential to swing from 50 to 250 volts.

It is noted that the grid potential of Tl’ that is E y must change

ee
1
noet only over the blas swing but must also change by the amount of

the plate to cathode potential swing. A table of values for Eccl

and Ecc is shown below.
o

Hers

Folv)  Eg (v) sccl<v) Bep (V) oo (V)

100 S 249 -13 -263
O -7 143 -7 -257
-100 -13 37 -1 -251

Fr@m this it is ssen that

A Eoe
1 = =22 . 3767
N 12

This gain ratio is realized by the phase splitting

amplifier driving the grids of Tl ang T It is seen that the

20
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ratio of plate to cathode resistance of T3 is

13420

= 17.67
750

The regulator tube and 5 megohm potentiometer in the
cathode circuit of T3 are used to set the d.c. level for the bias
of TQ correctly.

Tests run on this level setting circuilt indicate that the
potential across the 20 kilohm potentiometer changes by %0.4 volts
or.by”to.z percent from the nominal 200 volt value over the 200 volt
cperating z'ange° 'The grid to cathode swing of the phase aplit@er
for the full operating range of the circult was 6.2 volts. Thus
the average gain of the system is

~200

— = 32,
6.2 32.3

From Figure (12) it is seen that the gain varies from -14.7
to -139 over the operating range.

The level set circult must follow the output of the hold
circult with unity gain, since the hold circuit output is simply
the difference in average level of the two fnmputs. When the relay
samples the average level integrator output and the hold cirecuit
capacitor is charged to the average difference in level of the two
inputs, the level setting circult must follow the hold circult out-
put in order to null ocut this average difference. In order that the
level set system should have unity gain over its operating range,
the level control circuit is preceded by an input operational

amplifier and an operational amplifier with a gainIOf 100 and the
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whole system fully fed back through a cathode follower as shown
in Figure (13). The loop galn of the system thus varies from
1470 to 13,900 depending on the operating point of the level
control circuit. The gain of this level setting loop is unity

to within less than £1.5 volts error as may be seen from

Figures (14) and (15).
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CHAPTER III

TESTS OF FRROR SENSING UNIT

TEST 1: LINEARITY OF DIFFERENCE AND ABSOLUTE VALUE CIRCUIT

The difference circuilt is theoretically perfect if the
open loop galins of the operatiocnal amplifiers involved are con-
sldered Infinite and drift is neglected.

The absolute value circult is also theoretically exact if
the dlodes have an idealy sharp break characteristic between their
conducting and nonconducting states, and if the inverting amplifier
is perfect. These assumptions do not hold true in practice and
therefore a test was performed to investigate the accuracy of both
th@ difference eircuit, and the absolute value circuit used in con-
junction with the difference circuit.

. The test was performed by applylng constant but different
voltages to the "A" and "B" channel inputs énd measuring the output
voltages of the difference and absolute value circuits.

The test dété, aiong with the calculated outputs to the same
number of significémt figures as could be read from the test
instruments, 4 listed in Tables I and II.

The Qutput of the absolute value circuit for zero input 15

C.% volts since the diocdes are blased to the verge of significant
conduction. Thus, the ocutput of the absolute value circuilt is
corrected for this effset by subtracting 0.4 volts £rom all réadingso
‘The p@ré@nt@g@ error b@t&een the calculated and experimental values
for the difference and absolute value circults are also listed in

Tables I and II respectively.
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As may be seen from the results, the error in both cases
1s less than 1.2 percent and this may be attributed to drift in the

operational amplifiers and to meter error.
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TABLE I
Volts Input Difference Qutput Error Percent Error
Channel Volts (volits)
A B Agtual Calculated _
o o0 0.0 0.0 0.0 0.0
+ 50 0 «6.75 -6.67 +0.08 +1.2
4100 0 A3 -13.3 +0.1 +0.76
+150 0 -20.0 ~ -20.0 0.0 0.0
4200 0 -26.8 -26.7 +0.1 0,37
~50 0 +6.75 + 6,67 +0.08 +1.2
-100 0 +13.4 +13.3 +0.1 +0.76
-150 0 +20.0 +20.0 0.0 0.0
~200 0 +26.8 +26.7 +0.1 #0.37
+100  +100 0.0 0.0 0.0 0.0
+200  +100 -13.4 -13!3 +0.1 +o°76
0 100 +13.4 +13.3 +0.1 +0.76
2200 -160 0.0 0.0 0.0 0.0
-200  -100 +13.4 +13.3 0.1 +0.76

o =100 ~13.4 -13.3 +0.1 +0.76
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Volts Input Absolute Value Qutput Error Percent Error
Channel {Volts): (Voits)
A B Actual Corrected Calculated . .
0 0 +0.4 0.0 0.0 0.0 0.0
<+ 50 o 6.2 -6.6 -6.67 -0.07 -1,05
+100 0  -12.8 -13.2 ~13.3 -0.1 -0.75
4150 0 -19.4  -19:8 -20.0 -0.2 ~1.00
+200 0 -26.2 -26.6 -26.7 -0.1 - -0.37.
- 50 0 -6.2  -6.6  -6.67 -0,07 - -1.05
-100 0 -12.8  -13.2 -13.3 -0.1 ~0.75
~150 o -19.5  -19.9 -20.0 -0.1 -0.50
-200 0 -26.2 -26.6. -26.7 ~0,1 -0.37
+100 4100 +0.4 0.0 0.0 0.0 0.0
$+200 4100 ~12,8  -<13.2 -13.3 -0.1 - -0.75
0 $100 -12.8  -13.2 -13‘3 -0.1 -0.75
-100  -3100 0.4 0.0 0.0 0.0 0.0
-200  -1¢0 ~-12.8  -13.2 -13.3 -0.1 -0.75
¢ -100  -12.8  -13.2 -13.3 0.1 -0.75
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TEST 2: OVERALL GAIN OF ERROR SENSING CHAIN

This test was performed to calibrate the overall gain of
the error sensing chain. That is, the overall gain of the difference
circuit, the absolute value circuit and average error integrator or
peak getector was found.

The test consisted of applying constant but different volt-
ages to the "A" and "B" channel inputs and recording the output of
the average level integrator and peak detector on a Sanborn recorder.
Pulses from the comparator in the complex plane scanner weﬁe used to
regset the error sensing unlt after the 15 second error sensing-sweepg
as in normal operation of the unit; but the level setting chain was
éisconﬁected for this test. Thus, theoretically at the end of the
15 second error sensing swe@pzthe output of the average error
integrator should have been the difference in ?oltage applied to the
AR apg "BY channel inputs minus an offset voltage of 0.4 volts while
the output of the peak detector should be the difference in applied
voltage divided by 7.5 minug an offset voltage of 0.6 volts.,

Tableg IXTI and IV list the test results as read from the
Sanborn recorder paper, the results corrected for offset, the
calculated cutputs and galn constants for the average absolute error
output and peak detector output. From these tables it is seen that
the average absclute error cutput is only 0.96 of the actual average
absolute error and all readings should be corrected by dividing them
by 0.96 after corveciting for the offset voltage. Similarly the peak
abpsolute error ocutput is slightly higher than calculated., Thus to
obtain the actual peak absolubte error the output of the peék detector

should b ultiplied by 7. s » for fset.
ould be multiplie y zggl = 7.2] after correcting for coffse



Volts Imput
Channel
A

4+ 50
4+ 100 .

o o O © O iw

-100

Velts Input

Channel
A B
IR

. @, )
4+ 50 0
+100 0
=50 0
-100 0

Average Absolute Error Voltage

TABLE IIX

4 wMean Gain Constant = 0.962

TABLE IV

Actual Corrected Calculated
+ 0.4 0.0 0.0
+48.1 + 47.7 + 50
+96.3  +95.9 + 100
SRy % S R % + 50
+95.5  +95.1 4+ 100

Peak_ébsglute.ﬁrror Voltage

1.5

Actual @ereéﬁéd Calculated
0.6 . 0.0 0.0

- -T.9 “7.3 6.7

~14.7 -14.0 -13.3
7.5 -456.9 -6.7

-14.% -13.3

Mean Gain Constant

-13.8

= 1.04

39

Gain
Constant

1.0
<953
959
.9k6
951

Gain
Constant
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TEST 3: CURVE FOLLOWER ERROR

The accuracy of the curve follower in following a given
response curve directly affects the accuracy of the ervor sensing
unit in two ways. Obviously, as in any servomechanism, there must
be somé'error in following the response curve in order to actuate
the servo system. If this error is constant for all slopes of the
curve being followed then 1% results in only a slight change in the
average level of the Y axis potentiometer output and is compensated
for by the level setting chain in the error sensing unlt. If,
however, the error varles with the slope of the response curve, large
errors- ¢an be intrcﬁuced in the peak absolute error sensing output of
the ervor sensing unit although the accuracy of the avérage absolute
error output way not be greatly affected., The second possible source
of error results if the error in following the response curve is not
i@@ﬁtical for posibive éné negative slopes of the curve beingvfmllewedo
Tﬁig‘iaAV@wg impﬁwﬁant aince the error sensing unit sets ths average
.lévél of the. two inputs @Qual and calculates the average absolute,
'péé&”&b&@lat@'amé absolute error on alternate sweeps in opposite
f@iréc@ibﬂé_él@mg thé response curve. Thus, the error sensging sweep
mighm‘tagé;plac@ as the curve_f@llcwer sweeps the responéegaurve
from right t@ left while the level setting sweep occurs as;ﬁﬁé.ﬁgrve
f@ll@w@é sWe@psvfrom left to right. It now becowmes obvious that if
the error in Zollowlng the curve 18 not the same for positive and

negative slopes, the level sebting cirecult will not set the average
B , &

0 f&8r as the error sensing sweep 18 concerned. This, of course,

‘would introduce @ servious error into the accuracy of the average
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absolute error output and some error into the peak absolute error
output. In order to investigate the curve follower acgeuracy a
recorder pen was attached t@ the curve follower head and tracings

of the recorder path made as the curve follower was run over

several test curves with varlous slopes. The curve follower X axis
servo was driven by the triangular sweep voltage with a perilod of

30 seconds, used in normal operationvof the error sensing unit so
that the test curves were swept alternately from right to left and
left €o right for 15 seconds. The displacement of the line traced
by the pen on alternate sweeps gave the difference between negative
and positive slopes. This difference in displacement was converted
to a proportional voltage difference using the}fact that 1 inch
displacement in the Y direction of the curve follower head corresponds
to 18.2 volts difference in the recorder Y axis potentiometer output,
This difference voltage was then plotted against the slope of the
test curve in volts per second and degrees as shown in Figure (16)
to yield a useful indication of the curve follower accuracy for |
various slopes of res?onse curve, The slapes in volts per second
were easily compubed since the curve was swept‘at the rate of 1 inch
per second in the ¥ direction, and aé mentioned previously, the Y
axis diapia@ement may be calibrated in ﬁmlts at the rate of 18.2

volts per inch,
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TEST 4: ACCURACY TEST OF ERROR SENSING UNIT

This test was run to give an indication of the overall
accuracy of the error sensing unit and curve follower, A diagonal
line was painted on the X-Y recorder in conducting ink from the
lower left-hand to upper right-hand corner of the recorder sheet
and the curve follower was used to follow this line. Thus the
recorder output was a voltage varying linearly with time from -91
volts to Ol volts and back to -91 volts with a period of 30 seconds.
The input voltage to the "B" channel of the error sensing unit was
held constant for each test while the average absolute and peak
absolute voltages were measured. The results of this test are
shown in Tables V and VI.

| The results of the eabsclute average error test indicate that
the error sensing unit accuracy 1s‘about 4,5 percent low. Also, the
average error due to the curve follower, though approximately the
correct magnitude to account for this érror,}hés no effect for this
particular test because of the linear voltage input to channel "A"
and constant volfage input to chamnel "B". In other words, the
average absolute error is independent of the average level of the »
channel "A" input for the particular tésﬁ voltages used. ane reason
for the apparently poor accuracy is the slow response of the meter
used for monitoring the average absolute error. .The output of the
average error integrator was recorded on a Sanborn recorder and it
was fouﬁd'that the average absolute error for O volts input to
channel "B", as read frow the recorder paper, was 44.5 volts, whiie

the meter reading reached only 42 volts. The‘reading from the



b

recorder, when corfected for offset and gain, yiel@sian aveyagg
absolute error of 45.9 volts or 0.88 percent high. It is thus
concluded that the poor accuracy obtained using thé méter readings
was due almost entirely to the slow response of the meter and that
the overall adccuracy is withiﬁf§2°olpercento

The peak absolute error readings appear to be about

1.6 percent low on the average.



Channel A
input

Volts

0

+ 20

+ 10
+ 60
+ 80
+100

TABLE V

Average Absolute Error Voltage

45

Actual Corrected Corrected Calculated
for offset for gain

42 4+ 41.6 43,4 45,5

Y 51.6 43,4 45.5
¥ 41.6 43.4 45.5
42 41.6 43.4 45.5
32 41.6 43.4 45,5
42 41.6 43,4 45.5
b2 41.6 43.% 45.5
42 41.6 43.4 45.5
42 41.6 43,4 45.5
42 43 .6 43.4 45.5
42 41.6 43.4 45.5
42.5 2.1 43.9 45.5
%3 42,6 by 4 45,5
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TABLE VI

Channel A Peak Absolute Error Voltage
%3%?2 _ Actual Corrected 7°506rrected Calculated
for offset for gain :

0 -13.0 -12.4 -11.9 -12.1

4 20 -13.0 -12.4 -11.9 -12.1

+ 40 -13.0 -12.4 ' -11.9 ~-12.1

$60 -13.0 -12.4 -11.9 | -12.1

+80 -13.0 12,4 -11.9 -12.1

+100 -13.0 ~  -12.4 -11.9 ~-12.1

-20 -13.0 ~12.4 -11.9 ~12,1

-40 ~-13.0 - =12.4 -11.9 -12,1

-60 ~13.0 -12.% -11.9 -12.1

- =80 ~-13.0 -12.4 -11.9 ~-12,.1

~90 -13.0 -12.4 ~11.9 -12.1

-95 -13.2 -12.6 -12.1 12.1

100 -13.6 -13.0 -12.5 -12.1
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TEST 5: WEIGHTING THE ERROR

This test was used to check the operation of the system
used for welighting the average absolute and peak absolute error,

The welghting function used is described by the equation.

wit) = (1-fz)

where ¢ = 0 at the beginning of the error sensing sweep and ¢t = 15
at the end of the sweep. The same test input for chanhelv"ﬁ" was

used for this test as for Test 4. The channel "B" input was held

constant at zero velts for both the weighted and unweighted error

tests., Providing the level setting chain 1s working properly, the
absolute error may then be described by the equation

E = 91 (‘1?‘%)'@‘{&;) + 182 (%’5 w@u{t»?&)

The average ebsoclute weighted error is thus

2 ?{1”{‘ 1o e 182 ? (1.5 \¢ t. _ _
15 v 15 Te5 ‘“1”5";“5&1“15‘ \)(?:"g *1)&: = 22,75

or exastly one-half of the unweighted average absoliute error. The
peal ahs@}ute error divided by Tdﬁ_is theéretically the same as in
the previous test, that is 12,1 volts, since the maximum ctcurs at
the commencement of the @rr@r.samging sweep when the weighting
function has a value of one,

The Sanborn recorder was used to record the output of the

average absolute error integrator, Whil@ the peak detector cutput
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was monitored with a vacuum tube voltmeter.

As in Test 4 when the Sanborn recorder was used, it was
found that for the unwelghted error the average absoclute error
after corrections for offset and gain was 45,9 vclts while the
average absolute error for the weighted funétion was 23.0 volts
after corrections for offset and gain. Thus the average absolute
weighted error was 1.1 percent higher than the theoretical value,

The peak absolubte error divided by 7.5, after corrections
for offset and gain were idehtical for both the weighted and un-
welghted error and equal to the vélue of 11.9 volts found in

Test 4., Thig value is 1.6 percent low as found previously.
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TEST 6: APPLICATION OF THE ERROR SENSING UNIT
TO AN IMMITTANCE FUNCTION

For this test an immittance function

{s+20) (s+10¢J40) {s+10-340)

#(a)
(s+10+320) (s+10-320)

was set up on the complex plane scanner and its log magnitude
frequency response curve recorded on the X-Y recorder. ?his curve

was then péinted with conducting ink and used in conjunction with

the curve follower. Care was Gaken in recording the scanner output

to assure that the tip of the pen was displaced the same amount from
the recorder carriage as is the curve follower head, in order that
there would be no time displacement between the scanner cutput and
curve follower Y axis potentiometer output when they were run
simultaneously. The scanner log magnitude cutput was then connected
to the "B" channel input of the error sensing unit and the error
between the curve follower cutput and scanner cutput measured. The
peak absolute error divided'by 7:5 was found to be 0.46 volts while
the avérage absolute error was 1.81 volts after corrections f@r‘gain
and offset. Both the peak and a&erage errors should, theorstically
have been zero since identical resp@ﬁse functions were being cémparedo
It was assumed that the error was largely due to the inaccuracy of
the curve follower. To verify this assumption, the recorder response
curve was approximated by a2 number of straight line segments and the
average error which the curve follower would contribute was caleulated
frowm Flgure (16). This calculation yielded a value of .78 volts

which would account for about 42 percent of the average error. The
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curve follower error was thus largely responsible for the average
absolute error 2nd in all 1likelihood for a large part of the peak
absolute errvor,

An attempt was then made to find the sensitivity of the
error sensing unit to variations of the pole and zero positions
in both the ¢ and jw directions in the complex plane for the F(s)
used previously. The results were individually Inconclusive due
to the inaccurate operation of the scanner sweep unit which was in
a raﬁher experimental state at the time the tests were performed.
However, by averaging the results it was found that a ﬁi’of 05 |
(where we 1s the original pole or zerc w co-ordinate andew the
change in the cc»@rdinat@) should be easlly detectable in the peak
absolute error measurement, while af—fnf 0.10 (where ¢g 18 the
original pole or zero § c@«eminate énd aé the change in the co-
ordinate) should be detectable also in the'peak absolute error
measurement. The change in average absolute error in response ﬁo
& change in pole or zero position was net nearly as pronounced as

that of the peak absolute error.
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. CHAPTER IV

DISCUSSION AND FUTURE MODIFICATIONS

The test results of Chapter III indicate that the error
sensing unit is sccurate to within 1essf§§$ X 2.0 percent of the
ccrrect value in the measurement of peak absolute and aveﬁagé abéblute
error after the corrections for gain and offset are made. However,
this accuracy can only be obtainéd in the average absolute error
measurement if a2 recorder or voltmeter with a frequénc& respohse in
the order of 50 to 100 cps. is used. The weter on the error seﬁsing
unit and ordinary voltmeters are too highly damped to follow the
average error Integrator output. It is felt that a four channel
recorder can be used in conjunction with the error sensing unit to

excellent advantage. This allows the simultaneous recording of the

ErxTor = <the absolute error, the average absolubte error and the
sZégner output., %ﬁg recording may then be used to find at which .
polints the séanner output is in greatest error with reSp@ct to}the
desired output from the curve foli@wero The pole-zero positions of
the immittance function represented by the écanner may then be
changed, a new recording wmade, and the new récording compared with
the previous one te see how the response curve and errors have
cnanged. In this way, an immittance function with the desired
respoense curve can, in &ll probability, be more auickly obtained
than by using only the error sensing unilt,

The use of a welghting function to emphasize certain
portions of & required response curve is desirable. An egample of
this might be the design of a filter for wnich the break frequency

and rate of attenuatilon in a certain region of the log magnitude
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curve are quite critical. The criticél region could then be
emphaslized by an appropriate weighting function. Weighting is also
advantageous for investigations into the effects of chsnges in pole
or zero positions of an immittance function in certain regions of
its response curve.

Caution must be exercised in the use of the curve follower.
The desired response curve should be drawn on the curve follower
paper to a scale such that theAmaximum slope of the curve does not
exceed 30 volts/sec., (about 60 degrees). Slopes greater than this
value will cause excessive errors due to the inaccuracy of the curve
fellower in reproducing the curve. A rough estimate of the average
absolute error to be expected from the curve follower inaccuracy mway
be made by approximating the response curve with a series of straight
line segm@ntg,émd calcuiating the average absolute error from
Figure (16). It is difficult, however, to estimate the peak absolute
error to be expected frowm the curve follower inaccuracy. Since the
curve follower is the major source of inaccuracy in the error sensing
system, a modification tb reduce this error or the purchase of a ﬁore
accurate curve follower is hignly recommernded.,

In Test 6, it was found that the scannér output VOltagé for
the log magnitude frequency‘response of the immittancé functiqn had
& peak-to-peak variation of only about 45 volts; This, of course,
necessitated recording the response over only about one-fourth of
the available curve follower sheet sinée one inch of the 10 inch
wide sheet corresponds to 18.2 volts. The curve follower error was
then quite large in comparison to the overall swing of the response
curve. If the level setting circuit were modified to supply a

constant 5 instead of 10 milliamperes to the 20 kilohm curve



53

follower Y axis potentiometer, twlce as much of curve follower sheet
could be utilized. This would reduce the felative slze of the curve
follower error and it is recommended that the modification-be

- carried out. It must also be realized, however, that doubl;ng the
-amplitude of the reéponse curve on the curve follower sheet will
alsb_double the sldpeé which the ¢ur§e follower head must follow,
andfif_the slopes bé?ome too‘excessive the curve follower becomeé
inaccurate. In this case the overall accuracy may be poorer than

1f only a small portion of the curve follower sheet is used. The
modification will, however, allow more versatility in the scale to
which the response curve 1ls plotted and with Judicioué use, the
inaccuracy in errvor measurements due to tné curve follower should

be reduced.

Becausge the complex plane scanner was still in a rather
experimental state with the phase and phase slope outputs inoperative
and the sweep unit being wmodifled, more complete tests of the error
sensing unlt could not be carried out. When the scanner is completed,
however, the gain constants of the various outputs in magnitude/Valt,
do/volt, degrees/volt, and izgézzi/@olt may be determined and the
scale to which the response curves for the curve follower are plotted
and corresponding settings of the "B" channel input attenuator
calculated. Several combinations of attenuator setting and scale of
response curve should be computed in brder that excessive slopes of
the r@spﬁnse curve on the curve follower paper may be avoided.

It is felt that upon completion of the complex plane scanner,
further investigation into the sensitivity of the error sensing unit

in detecting changes in the pole-zero locations of immittance
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functions should be carried out.

The tests performed with the error sensing unit indicate
that the unit will perform successfully the operations forvwhicn
it was designed. These operations are outlined in the preface
and are valuable contributions to the usefulness of the complex

plane scanner.
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APPENDIX 1: ALIGNMENT PROCEDURE

The alignwent procedure for the error sensing unit consists
of adJusting the bilas voltages of the Philbrick d.c. operational
amplifiers in the error sensing chain, the bias voltage of the
level setting integrator and of adjusting the t;me delay of the
sampling relay. All of these adjustments may be made from the
front panel and should be carried out after at least a one-hour
warmn-up period of the error sensing unit and complex pPlane scanner,
The scanner warm-up period 1s necessary to assure that the 15 second
period between comparator pulses at the end of every sweep of the Jw
axis in the scanner has stabilized, and thus so the sample delay
may be set accurately, |

Several screwdriver adjustments are also found on the top of
the error sensing unit chassis but these should not need adjustment
in normal usage of the unit.

The alignment procedure should be carried out as follows:

1. Place the shorting cap on the scanner input

co-axial connector,

2. Move the toggle switch found on the top left
side of the chassis to the "off" position and
connect & ground to the test point found beside

the swiftch,

3. Monitor the "Channel "B" Inverter" voltage at
the test point on the front pahel and adjust

for zero volts,
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Monitor the "Difference Output" voltage at
the test point on the front panel and adjust

for zero volts.

Monitor the "Absolute Value Inverter" volt-
age at the test point on the front panel and

adjust for zero volts,

Monitor the "Level Integrator Qutput" voltage
at the test point on the front panel and adjust
for no change in ocutput, indicating that the
bias is correct and no integration is taking‘
place. This 1s most accurately carriled out by
changing the blas control so that the integrator
output approaches zero volts and then using a
sensitive range on the monitor voltmeter, ad-
just the bias control until no integration
takes place. It is noted that the "Difference
Output” must be zero while this adjﬁstment is

made .

Monitor the "Average Absolute Error" and adjust
for zero integration with the absclute error
attenuator set at 1000. Note that this adjust-
ment must be made on the error sensing SwWeep
since on the level setting sweep the average

absolute error integrator capacitor is shorted.



Using a dual trace oscilloscope and a sweep
time of 0.1 seconds per centimeter,
simultaneously monitor the comparator pulse
found at pin number 1 of the 12 pin plug at
the rear of the chassis and the "Sample

Delay" found on the front panel. Adjust the
sample delay so that the pulse which energizes
the sample relay occurs 0,13 seconds before

the comparator pulse.

The "Peak Absolute Error" test point is
connected to the peak detector output while
the adjustment beneath 1t controls the initial
condition voltage on the peak detector hold
capacitor. Thils adjustment should not be
moved unless the "Absolute Error Attenuator"
is not set at 1000. In the latter case, the
initial condition voltage placed on the hold

capacitor snould be
0.4 x Attenuation< 0.4 volts.

To make this adjustment the error sensing unit
must be removed from its rack and an extension
cord used since the hold capacitor can only be

reached from beneath the chassis.

1G. Remove the ground connection from the test

peint on the top left side of the chassis and

move the associated toggle switch to the "on"

prsiti@nc
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APPENDIX 2: LEAKAGE OF THE LEVEL SET HOLD CAPACITOR

To check the leakage of the level set hold circuit the
capacitor was charged first to<+100 volts and then to -100 volts
and the change in the cathode follower output voltage after 30
Seconds measured for each case. The change was 0.5 volts when
The capacitor was charged to-riO@ vblts and negligible when charged
to -100 vol;l;s° Thus for the capacitor charged to +100 volts the

voltage after 30 seconds has fallen to 99.5 volts or :

-

99.5 100 e RC
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®
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"
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30 x 10

R

R = 6 x 10° = 6000 megohms

Thus the leakagé resistance of the hold circuit is in

excess of 6000 megohms.»-“-“~*
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APPENDIX 3: CHARGING PERIOD OF LEVEL SET HOLD CAPACITOR

It is conceivable that whenvtne samplihg relay éloses,
the voltage to which the level set'hold capacitor is charged
would have to change by the maximum swing of the level 1ntegrator
'outputn_ That is, the level Set capacitor voltage would be’
required to change by 210 volts. Since the integrator 1s a
G.A. Philbrick K2-X which is capable of supplying 3 milliamperes

and
' £ av
CI(e) = g TEL g2
dt at
" cCav
Then ot = .
o T ()
10“6x210

= . .07 seconds
3x10-3 |
The sampling relay wust therefore remain closed ror at
least TOImilliseccnds to a&sure adequate time for the capécitor
to charge fuliﬁ“ To allow for delay in the relay closing, the
driver multivibrator for the sampling relay was designed f@r a
’switching period of 10@ millisecomdso This causes the relay to

remaln closed for about 80 milliseconds which is quite adeéuateo’



APPENDIX 4: NOTES ON OPERATION OF THE ERROR SENSING UNIT

The error sensing unit must under no circumstances be
turned on unless the curve follower Y axis potentiometer 1s connected
to the error sensing unit through the four pin receptacle at the

rear of the chassis. The pin connections for this plug are as

follows:
Pin 1 - iow voltage side of 20 kilohm potentiometer.
Pin 2 Potentiometer slider.
Pin 3 - Kot used-
Pin 4 High voltage slde of 20 kilohm potentiometer.

The connections to the main 12 pin plug at the rear of the

chassis are listed below:

Pin Comparator pulse input.

1 -
Pin 2 -~ Multiplier input.
Pin 3 - Not used.

Pin 4 -~ NWot used.

Pin 5 - Multiplier cutput.
Pin 6 - Not used.

Pin 7 - 6.3 volts a.c.

Pin 8 -~ Ground.

Pin 9 - 300 volts.

Pin 10 - 6.3 volts a.c.

Pin 11 - Chassis,

Pin 12 - 300 volts,

The power switch on the front panel controls only the
positive and negative high voltage supplies. The filaments are

turned on when the complex plane scanner is in use.
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