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 SUMMARY

In the design of a. servomechanism it is necessary to compromise

- between conflicting performance requirements. As the relative importance

of these requirements variesfwith“the‘magnitu&ésHbf;ﬂigﬁa15”wifhin'the
system, the response characteristics of.the system would be improved if

the compromise could be made dependent on these signal magnitudes. The

lpr@blem examined here is the applicatioh of thyrite (a-nonlinear resistor)

to a serve-controller te permit such'a.cemproﬁise.'.Thé-cénflicting re-
quirements considered are those-of.low rise-tiﬁe,ilow velo¢itj'lag'errgr,
and small.overéhoot; |

- The éxperimental-system'used_a.synchre error-detector system and
an amplidyne for the major part of the.powef amplificaﬁién, Function

generatersfbased on the neﬁlinear characteristics of thyrite were used

" to make the system gain and the tachometric feedback}nonlinear'functions'
. of the magnitude of the errér.- The genéral-type? of nonlinear functions
" used were chosen on the basis of exanmination of loci for the M point on

“the Bd'versus Bl.curves of Mitrovic's methed, and considerﬁtion of the

characteristics of ‘the linear portion of the system.
- Two nonlinear systems were examined: {1) a system with constant
gain and tachometric feedback decreasing with increasing error, and

(2) a system with saturation on gain and tachometric feedback decreasing

- with increasing error.

It was cenCluded'that-fhe inclusion of thyrite resistors in &

. contrel system permitted a more favorable compromise te be made between




conflicting requirements. The two systems examined both had:lower maximum

velocity lag errors than & linear system with similar overshoot for large

~step inputs. The response of the constant gain nonlinear system to small
‘step inputs was overdamped, however. - The use of a.saturation characteris-
“tic on the gain permitted high gain for small.error.while preventing over-

‘load for large errors. . The higher-gainﬂfor_small error improved the

response of the system to small input sighals and improved the steady-
state acéuracy and resistance to load torques.

The experimental system used thyrite resistors only to medify the
m&gnitu@es of system guantities, The use of thyrité_resistofS“in-re-

sistance-capacitance compensation networks would permit time constants

- to be functions of7signal magnitudes and might be useful in some epplica-

tions.
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CHAPTER T
INTRODUCTION

-~ 'Classification of control systems.--Most autematic control systems now

in use can be divided into.tﬁo mein groups: j(i) systems whichk apply

© no correction unless the error exceeds a predetermined value and

maximum correction if this value is exﬁeeded, and (2) systems which

: apply.a-coffective effort whose magnitude is_a-contihuous‘functiqn of
the error. .- Some major systems not-fitﬁing inte edther clagsification
are those which apply fixéd values of correction for errors between
predeterminediliﬁits, aﬁd dﬁal~mede_systems (whi9h operate as & system
of the first group for error 1§rger than a predétérmined valﬁe an& as

- & system of the second greup for error 1ess than this value).

-~ Linear and_nenliﬁear systems.--All systems of the first group are nen-

1linear. Most systems of the second'group_ﬁpw in use are nearly linear

~in théir-operéting-ranges.--The principle of superpoéitiongholds=for

linéar s?stems,-and they can be described by 1inear-differential equa-

~ tions with coefficients that are not functions of system vafi&blesj@l).l'

As the characteristics of a linear gystem are indeperdent of the input
signal, such g system is useful in applications where the input sigﬁal-
varles widely or is unknown.. A nonlinear system 1s mere speclalized

© than a linear system and can in most cases give faster, more accurate

lReférence'symbols.refer:to-the Bibliogrephy.
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- response than a linear'system-of_the'séﬁe'degree’ef complexity for a

.:specifiC'type of input signal.

:'Statement_of'the'pr@blem.--The problem investigated here is the applica-

tion of & .nonlinear resistor: to the improvement of the rise time, over-

shoot, and velocity lag error characteristics of a.basic contr0l'system _

-: of the second g;oup.-:Circuits containing.thyi'ite2 resistors are used

- to cause the system gdin and the tachometric feedback te vary as chosen

nonlinear functions of the magritude of the error.

- Rise time.--The rise time of a system is a measure of the'time;réquired

- for ‘the system t0~respend-to-aﬁsudden-change~in the input and is Iin-

- versely proportiemal to the system bardwidth.. As the bandwidth of a

.;ceﬁﬁrol gystenr is limited by the inertia-and'viscous friction_of'the

lead and by time lags ‘in the system components, attempts to reduce the
rige time by the-ﬁse of high gains anducdmpensation networks result in
increased energy.storagé-in'the-system.- This stored energy causes

larger overshoot. Rise time is defined in terms of a step input of

pesitien for most control system aﬁplicatiohs and is the time required

for the output to increase from ten per cent to ninety per cent of its

finailvalue3iﬁ respénseuto fhe'iﬁstahtIchangé;Of5ih§ut'p6§ition caused
by the step input. | | o | u

' Step inputs for the experimental system correspond to an instaht
change of the-ceﬁtrol t:aﬂéferﬁwr shaft poSitibnjﬁy an angie-edual io

the value of the step.

FEEETYT ) L S v R I

2"Thyrite"~is a trademarkzof the Géneral Electric Cdmpany.
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- Overshoot.--The overshoot of a conﬁrol system-is the amount by which
the output of the system exceeds the input ﬁhile'responding to a. sudden
change in the inbut. The overshoot of a system can be }educed to any
:.desired'value-by increaéing_the damping. The Increased dampiﬁg-results
in larger rise times and velocity leg errors. Overshoot is usually
defined in terms of a percentage of fhe inpﬁt change or in terms of

the magnitude of the oversheoot for a stated input.

- Veloeity lag error.--The velocity lag.error of ‘a system is the difference

:which exists between the_output_and input positibns when the system is
subjected to & constant veldcity input signal. - The velocity lag errer
may be reduced by decreasing the coeefficient of the "s" term in the
denominator of the open loop transfer function or by.increasing the gain.

. .Bither of these changes will reduce the damping and increase the over-

. shoot.,
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. CHAPTER II

THE NWONLINEAR TUNCTION GENERATOR

- Basic reguirements.f—TB”facilitate’the~moﬂification of the nenlinear

- “transfer functiens used in the experimental system,_1t.wassconsiaéréd

desirable to isolate the nonlinear function génerator as.a separate

circuit. Hewever, a control system designed for a specific applica-

tion would in most cases incorporate the circuits used to generate

~ the nonl)inear functilons ‘inte the-aﬁplifiers*in'the controller. .To

make the experimental reésults more readily applicable te specific

-systems, the use of high gain operational amplifiers'has been avelded.

. Characferistics-ef'thyrite-(2).--Thyrite(is a nonlinear reéistance

material consisting ef silicon'éarbide crystals in a ceramic binder.

- The current in a thyrite resistor is related to the -applied VQltage

by
R I ¢ )

The. constant, K, is detenﬁined by the size and shape of the resistor and

by the characteristics of the crystals used.. The constant, n, is deter-
“mined by the characferistiCS'of_the'crystals and is svailable in values

- between 2 and T in .commercial units.,'Although'thyrité has a. negative
“temperature ceefficient'of approximately one per cent per'degree-centi-

- grade, eqﬁation (1) is ﬁ.direct'relationshiﬁ with no thermal lag in-

" volved.
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: Characteristics of funcfions_generated with thyrite.--The nenlinear varia-

~tion of the current:in a thyrite resistor makes possible the generation

of a wide range efqnoniinear~transfer functions by the use of resistive.

“networks containing thyrite resistors. . The circuits te be considered

here will consist of networks in which eonly one resister is & thyrite

" resistor as variations in cemmercial units make pairs with closely re-

lated characteristics difficult to obtaino

. The circuit equations for a resistive network containing a thyrite

- resistor are algebraic equations having non-integral expenents.. This_

© type of equation.is net adapted.to-analytic.solutidn‘and a point by peint

solution is required. - A number of general.characteristics-of,networks

containing thyrite elements may be noted, however, to assist in the

determination of the posgible functions obtainable.,

. As the'characteristics of a thyrite reéistor are not dependent

on the sign of the applied veltage, a plot of netwerk output as a function

. of input will be symmetrical about the origin.

The current in a thyrite resistor increases at a greater rate than
the terminal veltage for all values of ternﬁhal;voltage,- As the circdit

is linear with the exception eof the-thyrité resistor, the woltagé at one

- of the two.nodes across which the output voltage is measured will in-

- erease at a greater rate than that at' the other noede for all values of

input veltage. . Hence, the 6utput voltage can bé zero for at most one

nonzere magnitude of input voltage.

Previous use of nonlinear functions obtained with thyrite.--Most of the

_previous use of thyrite as a nenlinear element of specified characteristics

T T R R e T T S S MR P P g s
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- hag been in:the.analog comﬁuter'field-where there is a continuing:search
" .for means by which a. square lsw characteristic can,be'previQEd-for-use
- 4in quarter square analeg multipliers. Several ﬁttempts which heve been
made~toiapproximate a sQuare law characteristic-by-the:use of a'iinear
resistive‘nétwork and thyrite'reéistors are of interest.here because of
the insight which they give info'ﬁetheds of producing nonlinear functiens
: with thyrite resigtors. | |
- Kovach anﬁ-domley (3) describe an anaiog multipiier in which
: thyrite_resistors are used to provide square law characteristics. A
thyrite resistor and a linear rgsistor in éeries éfe‘driven by an
operational amplifief and the output voltage is memsured across the
linear resister. . Values of the thyrite resistor at two voltages are
used -in caleculations te determine the correct value-of-theilinéar
resistor. The circuitléquaﬁions are kept in linear form by the use of
‘logarithms Qf-the current end veoltage as.vériables.: In a subsequent
 Ipapér Kovach and Comleyjfh)-dgscribe-a more general~nonlinear fﬁnctien
. generator for analog computer use wilich uses a.n operational amplifier
with.networks containing thyrite resistors which have beenjcorrecfed
- to square law or cuﬁic characteristics by resistive padding. -Ah_experir
“mental method of adjusting'the¥corrective resistoré is deseribed, and .
circuits are given:for:séme ef the basic functiens used in analoé.
: cemputer\werk;

A mere comple#-méthod of approximating a square law characteristic
is -gi&en. by Maslov (5).. In this case, a circult consisting of the

"~ parallel coﬁbination of a 1inear-resistor with the series combination

AW RN T RPN W T i Pl Ittt etetetfeindalle I 2ot Tl el € PoaE e s e T —— e e imimes s =
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of a second linear resistor and the thyrite resistor is driven by the

input veltage. The output voltage is measured across the thyrite

‘resistor. . The characteristics of the circuit are made te match the
_square law characteristic at three points by choice of ‘the values for

'the linear resistors. Design calculations were made on the basis of

golution of the three'simultaneous equations obtained by the substitu-
tion of measured values of the resgistance of the-thyrite resistor at

three voltages into the transfer functien.

- Difficulties encountered in the use of passive cireuits.--In most cases,

~the Input and output gquantities of the nonlinear network are voltages.

Two mzjer exceptions are the use of a nenlinear nétwork as a coupling
network between a'pentode and a following stage, or between a cathode

follower with low eutput impedance and a load with low input impedance

- such ag the field winding of a tachometer or motor. As the nonlinearity

of a thyrite resistor is in the relationship between current and voltage,
it is necessary for the input voltage to control the current in the o
circuit. . The output veltage is then measured across an element or ele-

ments of the circuit through which a pertion of the current flows.. If

- the average'steady-state_impedanqe of the elements which determine the

relationship between the output veltage and the current is large enough

to partially determine the relationship betweeﬁ the current and the:ine

- put voltage, a degenerative effect will be present which will tend to

linearize the transfer function. . As the output voltage is proportiocnal
te this impedance & network with an.appreciably;nOhlinear.transfer-func-

tion will alse have an unavoidably high attenuation. More amplification
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' The comparator adjusts the current, i, to make the voltage, V

would be required in a serve centroller because of this attenuation. The
advantages of increased fiexibility and isolation of the input from:load-:
ing effects of the network can be obtained by incorporating the .additional

gain into the nonlinear network to make 1t an active network.

- An active network to generate a nonlinear voltagé transfer function.--A

‘bleck diagram of the nonlinear function generator is shown in Figure 1.

reference’

equal to the input voltage. 1If the reference voltage is related:to the

current by-

?referenée = fl(i) ' : (2)

and if the output voltage is related te the current by

Voutpus = T2l - .(3)

‘then the output voltage will be related .te the reference voltage by

2 5f3(yreferenéé) ’ (4)

-voutput =T

where~f3(yreferenéé) is the inverse of_fl(i)_and relates the-currgnt to

the reference voltage.

As the circuit from the input to the reference voltage terminals

. 1s basically a unity gain amplifier, the lineariZing;effect of the_large'

amount of negative feedback will cause the reference veltage to closely

-gpproximate the~foﬁm

K Vin v K | -6
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where K, is nearly unity and Ké is very small. - Provision of an adjust-

ment to set the output voltage to zero for zero input voltage should

. make the accuracy of the circuit adequate for comtrol system use even

'if'the'comparator has reiatively low gain.

» Cdreuits used toiimplément aciive portion of the function generator.--A

circuit disgram of the comparator and the source of Figure 1 is given

in Pigure 2a.. In this circuilt one terminal of the source is céommon to
one‘terminai of the reference veltage. To permit the reversal .of the

output voltage while preserving a single-ended form of circuit thé'd-d.-

.voltége-level at -point "2" is maintained at~approximately_125;volts.
jThe direction of current flow in the cireuit then depends on whether:
‘thé voltage at point "1" is less than or greater than 125 volts. The

',voltage'dividers in the grid circuits of*the:ﬁSLﬂﬁbalanced'am@lifier

are needed to permlt the grids of the tube to. operate at lower- potentlals

‘than the plates. - The varldble resistance in the voltage div1der ¢on-
" nected to point "3" permits adjustment for differences in the resistance

-ratios of the two dividers.

There are two possible sources of: error: (l) the loadlng effect

of the voltage divider in the .reference voltage czrcult, and (2). the d- -C.
-'voltage level introduced in the input voltage by current flow from the

125 volt source through the potentiometer used to adjust the input

vdltage level. - Two means are used to minimize the leading effect of

the voltage divider: (1) making its resistance high with respect to

 the resistance levels in the netwefk, and (2) providing an adjustment to
-set the direct-current voltage level at point "3" (whic¢h prevents current

~flow to ground through the nonlinear network due togthe constant 125 volt.
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potential)}. Figure 3a.shows the circuit used'to-provide this. adjustment.

- The circuit used to elimimate the undesired d-c. voltage level in the in-

‘put voltage is quite similar, as is shown in Figure 3b.. Currentuflow

- from the 325 volt source is used. to cancel that from the 125 volt scurce

50 that there is no veltage between points "a" and "b" exceﬁt?that caused

~ by the input signal.

Characteristics of the function_generatof.—-Figure 4 and Figure 5 show

the two basi¢c functions produced by the function generator. A widé

range of functions can be obtained by the addition or subtraction of a.

~linéar component at the eﬁtput of the funection generator and by the use

- of series and shunt resistances to modify the characteristics of the

‘thyrite at large and'smallfsignals,.respectively.--The linear term of

approximately 0.4k volts per volt evident in the functions of Figures L

and 5 is due te the loading of the nonlinear networks by the cecircuits
of the-functioh.generator.- A-linear-term within the function generator

is desirsble as the cireuit will be unstable if £,(i) of equation (2) .

- has zero or negative slope at any peint.

Takindied s

The.pQSSible'fuhctions that could be obfained from the two basic

functions of Figures 4 and 5 by adjustment.gf-fhe linear term may be

‘examined by rotating the axes of the figures-by the angle of the linear

term.
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Figure 3. . Output and Tnput d-c. Level Adjustments
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CHAPTER III.
- EXPERIMENTAL -RESULTS

- Bagic system construction.--The experimental system is shown in Figure'6.

ISténdard components have beeniused wherever possible. . In the usual'sys-
tem of this type employingﬁsyﬁchrbS-és error_defectérs and~an-am§lidyne
for the major part of the power amp1ificatiQn the Sigﬁal.would be kept
ip.a-c};ferm'until the stage proceeding the amplidyne to aveid the need

~ for several stages of direct-coupled amplification. tIn the'system used
here; however,.thé phage sensitive detector-direétly follows the control
trangformer to provide a d4§.;signal:to the.nenlineér function generator.
, Althouéh'the liﬁéaf;portions of - the system are chafacterized’bj the

- roots obtained from open: loop frequency resppnse.meaéurements;’the charac-
-'teriétics Of-the.individual components mast be.ekamined.to determine the
: fypes of signals in each part.of the system. . Characteristics of the

- basic system-components are listed ih Appendixll.

Experimentai procedure.--The circuits used :to measufe-the characteristics
of the experimeﬁtal system are shoﬁn in Figure 7..-The errér vo1tage énd
‘the permanent-magnet tachometer output vo]jége were recorded on parallel
dhahnels of a Banborn recorder for all measufements.- A paper speed of
one hundred millimeters per. second was used for all stép response tests,
and a speed of ten milliﬁeterslper second was usedeor a1l velocity lag
error measurements. . The error channel was calibrated in terms of the
-error angle:to remové the effect.of-the_sinusoidal-variation_of error

 voltage with error angle introduced by the synchros.
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To output of P. M. Tachometer
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- Figure 7. Measurement Cireuit for Nonlinear Systems
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Step inputs-Wéré-simulated by'closing'the leop with an initiall

. érrqr-present.--ﬁs the input position was fixed,ﬂthe permaneﬁt*ﬁagnet

tachemeter -output voltage-ﬁas;prép@rtional'to the derivative of error.

For steady velocity'input signals the system input control trans--

'former-qulreplaced by a centrol tranSformer-dfivenﬂby an gdjustablef

- speed drive.

-Nonlineaf-system with consfant;gain and'tachometrig feedback decreasing
-_withJiﬁtreasigg-error.Q;Figg;e-8<shews thellecﬁs“on the B versus B,
chart which describes this:éYsﬁem; The doﬁnyard mption_bf the 1ocus_fbr :
_large-er;or is cansed by the simusoidal variation of the synchré output-
.voitagé-vith_angle. For comp&risoﬁ, the locus_of a-qea;1y 1inear-s$sfém
'haviné the game'Mnﬁeint for zero error is alsbsshown,; The.poihté on the

~loci are spaced at intervals of five degrees of error. -The err0r'v01tage '

used to drive the ﬂognﬂ_t&chométer was-ﬁeightéd by the’éonlinear function
of'Figurélh-tp cause the taéhaﬁgtrié feedbaék'te'dec?ease mbfe_rapidly
with large error than with small error. - |

T_he vel_ocity'lag- error of the system with, and without, the non-

linear tachometric feedback is shown in-Figure.Q;--The in@rease-in

- 8lope of the curve for the nearly linear system for values of error

greater_than 25 degrees is due to the effective reduction df-gain-at_\

large angles caused by the simusoidal characteristic of the synchres.

‘The lower curve shows the effect of the n@nlinear-tachombtric feedback.
- The nonlinear tachometer_has no_détectable effect at velecities of 1.5

- radians pér second or less bubt reduces the velocity lag-errof-for all

veleci‘éies above 1.5 radians per second, Aj: a: velobity of 7.0 radians
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- per second the velécity’lag-errof is only hB_per cent of‘that of thc
" nearly linear system. At high velocities the:error is'lagge enouéh tq
cause the locus to croésfthe7i§ = 0 curve and the systeﬁ'oscillates
about the input velecity with an gmplitude that.increases.with-velocity.
- The step respénae of the system with,and witheut,the nonlinear
taghometric feedback . is shown in Figure 10.' A step of 45 degrees is
 used fof the comparisen as the effects of the nenlinear tachemeter are
 greater-for-1afge errers. The nearly linear system is-éverdamped.. The.
nonlinear;fﬁchemetric feedback1allows-a higher velocity to Be-attained
and results in an initial overshoot of 1h degreéé%= Figure 11 shows' the -
-output.waveférms for step inputs. The nonlinear tachometer causes the
system to respond more rapidly to large-inputs}--The'rise7fime.ié-limited
: td_a-maximum of 100 milliseconds for step inputé of 45 degfees or less

while the initial evershoot increases with the size of the step to

14 degrees for a 45. degree step. _ o _ o u é

‘Nonlinear system with saturation on gain and techometric feedback de-

creasing with increasigg-error.-QFigure 12 shows the locus on the B0

versus Bl chart-ﬂhich describes: this system.  Figure 5 shows the'transfer

function'of the nenlinear gain in the error channel -and Figure 4 shows

the weighting function used . to drive the wound taChometér'fromrthe error s

- voltage. - These twe nenlinear characteristics are evident in the vertical

and herizental spacing ef the peints en the lecus.
The velecity lag errer as a functien of welocity is.shbwn in
Figure'13. The error is very nearly a linear functien of velecity as the

-

inereage in error due to the saturation of-gain'is canceled by the decrease
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. With Nenlinear Tachometer

- Figure 10. - Effect of Nonlinear Tachometrib Feedback on Responge -

- of Constant Gain System to a 45 Degree Step Input

- (The points are at 50 millisecond intervals)
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iﬁ error caused by the increase_in"the positive_taéhometric-feé&back aﬁ
largé-errors. The system is stable ovef the fuli :énge of velocities
which the moter can provide-within its ratihgs because the ‘downward
‘motion of the M point due to the saturation chéragteriétic prevents-thé
'decréaped_tachemetric feedback frem causing'ﬁhe:1ocﬁs.tq-cross the
T = O. curve. |

- Figure 14 shows the step respense of the-systém for a'h55dégree
step.  The respbnse of the system to smaller steps is simj.lar.-- Figure
- 15 shows the output waveforms for:sfep;inputé. The overshoﬁt_increases
from 28 per.cenﬁ for a.S.O degree step to 36 per cent for a 25 degree

step but then remains less then 37 per cent for steps between 25 and h5

" degrees being 34 per cent for a 35 degree step.
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- Figure 14, Response of Nonlinear System to 45 Degree Step Input

- (The points are at 50 millisecond intervals)
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CHAPTER IV
- CONCLUSIONS

The inclusion of nonlinear function generators in -an automatic
control system penmits system characteristics to be made dependent on
signal magnitudes within the syst?m. A function generator based on the

nonlinear characteristics of thyrite can generate functions of use in

. control systems.

_ The use of a nonlinear function obtained by the use of a thyrite

resistor to reduce the tachometric feedback at an increasing raté-with

increasing error permitted the reduction of the makimum\velocity lag

. error. At the same time this caused less increase in the overshoot and

settling time than would be caused by fixed adjuétment of the tache-

metric feedback for the seme maximum velocity lag error.

. The use of nonlinear funétions cbtained by the use of thyrite

~resistors to cause saturation of the gain for large values of error

and reduction of the tachometric feedback at an increasing rate with

increasing error permitted the experimental system to have high gain

for low error to provide good steady-state accuracy and reSistance to

load torques.- At the same time it prevented thé-large_maximum vélecity

- lag errors usually caused by saturation characteristics.
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CHAPTER V .
- RECOMMENDATIONS

" The system examined in this paper used_thyriﬁe'resistors'only to
modify the magnitudes of system quantities. The use of thyrite resistors
in resistance capacitance compensation networks would permit time con-

- stants to be functions of signal magnitudes and might be of use in some

‘applications.
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 APPENDIX I

- CHARACTERISTICS OF BASIC LINEAR PORTION OF SYSTEM

r /' -I . ) . .
- Brror detector.--The pair of synchres used as an error detector had an

output of 52 volts for an error of 90 degrees, and an output of approxi-
mately one volt per degree for small error when the input voltage was

- 115 volts.  The carrier frequency was 60 cjcles per second.

- Thase sénsitive detector.--The circuit diagram'of the phase sensitive

~detector ie shown in Figure 16, The output voltagé'was one volt direct

" current per mms volt input for a. reference voltagé of 60 volts rms.

' Direct current amplifier.--The circuit diagram of the direct current

" amplifier used to drive the amplidyne is shown in Figure 17.. As the
units vwhich drive this amplifier are all electfically-isoiﬁted, series
- inputs rather than a parﬁllel suming netwbrk'were used, Comparison
of the amplifier transfer fﬁnction in Figure 18 with that of the
-émplidyne in Figure l9fshows the amplifier to be linear over the range

required to drive the ampiidyne.

Amplidyne.--A General Eiectric Amplidyne:Motor Generator was usedufor:

the major portien of the power amplification. The transfer funetion
curve of the machine is showﬁ in Figure 19. The curve shown is reduced
in scale from one drawn by hand over sévera; curves made by an X-Y-

recorder, as noise voltages caused ragged variations in individual runs.
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Name plate data for the machine is reproduéed below.

Tnput voltage ' ~ 78/110 dc.
Amperage - N 9/6.5
r. p. m. | - 3800,/5000
- Output .. 250 volts, 1 ampe're..

- Tachometers,--Two tachométer generatoré were used in the experimental
system. A permanent magnet'tgqhometér having'aﬂ_éutput-of 0.0735 volts
per radién per minute referred to the synchro shaft was~u$éd to produée

" a véltage ﬁropertienal only te veloeity. A tachometer with a wound

© field was used to produce an output porportional to the product-bf
velocity and the @uantity used:ﬁo control the field current. Figure 21 |
.shows the combined transfer function of the tachometer and the amplifier
-used to drive ité field. The increase in gain of ‘the amplifier for
large signals tends to cancel the.effect of 3aturatiqn in the tachameter;
The circuit-diaéram of the amplifier used to driye~the faehemeﬁer is

shown in Figure 20,

- Frequency response measurements.--To determiine the transfer function of
the linear cempénents of phe systém, a-Sinusoidal test signal was used
to measure“tﬁe open leep gain as a ﬂﬁnétion'of frequency. - The circuif
- usually used for this type of,measurement.is shown in Figure 22, A
diagram of the experimental sét-up shpwing_the_modifications required
to overcome eﬁperimental difficulties is shown in Figure-23.-'ﬂs slight
variations in component characteristics caused é drift of the outﬁut

zere positien, a small amount of negative feedback was required to

L oy e o e - e e 1w 4 b o e oy
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-+
| 312 g 110
1 Tachometer 330 Volts
: _k ’i« )
10 3 300 watt
Lemps in series
2 -
——

. : 15% _
- -

- (The vacuum tube is six parallel 6AS7 G tubes with individual:
" ten ohm plate and 1500 ohm grid resistors.)

Figure 20. . Circuit of Amplifier used to Drive Wound
Tachometer '
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provide stability. The resﬁlting system was'fheﬁ a closed loop system
whose characteristics were an apﬁfoximation'to the desired open 1§op
.charactéristics.- As the carrier frequency for the synchro error detec~
. tors was.sixty cycles per sgcoﬁd; some difficulty was caused by stray
: voltagés picked up from the power liﬁes.and other equipment. . These..
stray voltages caused a shift: in the system reference-position. The
effect of this shift of refe;enée position was cempensﬁted for by.the
“use of a separate control transformer_for meaéprement:of tﬁeloutput
8ignal te allew adjustment of the dutput reference positien despite
the effect of the feedback used to provide. stab.ility.. Although the -
: adjﬁstmenf of reference vosition could have.beén mgde:by adjustment
- of the shaft;position of the output contrel transformer,_it was found
more convenient to .lock this.sﬁaft-and obtain-the_necessary disﬁlﬁce—
ﬁent-by the use of a-differentiél.gener&tér which had a-ggared-down

disl to permit smooth adjustment.

- Measurement procedure.-~-To measure the respeth-ef the system to a
sinusoidal variation ef input posifion, it was necessary to supply a
signal_to»the phase-sensitive=de£ector of the same tyﬁe.as woqld bé
| generated by a.Sinuéoidal_vaniation of the input shaft. The requiréd
signai ié a doubleés;deband suppressed-carrierampduiated sign;l, ~This-
" test signal was produced by the circuit Shbwn in Figure éh.- The output
. signal is shown in Figure 25.  The modulation fregquency was determined
for each mesasurement by.measurement of the angular velecity at point
"a" with a Jaquets'lndicator.. Input and output voltages were ﬁeasured

with a Hewlett-Packard Modei 400-D vacuum tube voltmeter. ' The voltages
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- source of d-c. _ Motor d
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- Line

Synchre

Test Signal Output
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The 1800 rpm. Speed of the synchronous motor is subtracted from -

- the speed of the d-c. motor so that the d-c. motor will not be required
- to operate at extremely low speeds.

 The modulation frequency is equal to the speed in rpm at point

- "a" minus 1800 divided by 8T x £0.
. Figure 24. Circuit to Generate Sinusoidal.
© Displacement Test Signal
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recorded are rme values for the modulated wave except at extremely lew
frequéncies.- The rms value of the carrier at the peak of the modulation
waveform wasg recorded~fof these frequencies. - In each case, the synchro

differential generator was adjusted to place the output zero reference

~position at the center of the sinusoidal variation. The correct reference

-ﬁesition wvag determined by the appearance of a double sideband suppressed

carrier medulation pattern on the esc¢illoscepe used to monitor the out-

- put. - Figure 25a shows the correct modulation pattern.

. The frequency respense curve.--Figure 26 shews the gain of the system as

‘a function of frequency.  This curve is plotted from the data 1in Takle 2

and applies to the system shown in Figure 23 with test conditions as

' given in Tsble 1. As the amount of negative feedback used was only two

per cent, the measured frequency regpense is a close approximation to

the true epen loop characteristics of the-system. fAt-frequencies?below

- 0.09 radlans pef second, the velocity of the system was low enough.to
"permit static frietien te arrest the metion'of the output'shaft until

--the error increased to a value-sufficient:ta produce enough torque to

overcome the friction.  These nonlinear friction effects limited the

motion of the eutput shaft at low velocities and caused a flattening of

- the freqdency response curve at the low frequencies.- Figure 25b shows

_the effect of this limiting on the modulation pattern.

- Open leop gain fuhcfion.—-The open loop gain function was obtained. from

-;the_frequency response data by the asymptotic procedures. given in

references (6) and'(T).‘-The low frequency asymptote was started at a

- 8lope of mimis twenty decibels per decade as it was known that the
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: T&ble l.;

Test Conditiens for Frequenﬁ:y Respenee Measurements

Negative feedback:
“-Qutput voltagé:

~Signal voltage:

1.0 volts rms for an error of 90 degrees

26 volts rms for an error of 90 degrees

1.0 volts rms for an angle of 90 degrees between
‘the signal contrel transformer and the generator
- which drives it.. :
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direct-current shunt motor should cause a pole at the'0rigin and that
- the flattening of the frequency response curve at low frequencies was
due to nonlinear frictien effects.. The function obtained,

'G(‘S) _ K&b ' q . (6) |
' ~gls +0.215)(s + ©6.83) -° o

- gshould accurately represent-thé variation of the gain with freguency aﬁ
~ both ef.the-twb;highér frequency poles. are sbove thé regioﬁ;ef.un;
certainty caused by the-nenlinear*friction.- As Kab-sheuld be a cen-
stant, the range of va-:;ia?cion of the values obtained by subs‘titu‘l‘.i.:ag

- the measured values of gain.into the gain funetion giveé a measure of
the accuracy of the approximation. - Figure 26 shows the'variétion Of
b with frequency for the frequencf range frém 0.1 rad;an per secénﬁ

te 1.5 radiasn per second.

- K

]

Ariay




013 S A

50

T\
0.12 . /
0.11 _ _ _ Frequepey
- 0.1 ) o o . 1.0

Figure 27. Variation of K, with Frequency in
. ab
Equation (6) -

(This variation includes experimental error and
the inaccuracy of the asppreximation.)
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- APPENDIX IT

" DESIGN CONSTPERATIONS FOR NONLINEAR CHARACTERISTICS OF SYSTEM

~* Cheice of design methods.--In the experimental.sy%tem nonlinear function_
_generators are used ‘to cause the gain and the tachomctric fceabgck.tq'
vary es functions of the_crrcr'magnitude.u A mcthcd of degign or analysis
must show,tbe effects of continueus variation of these quantities iﬁ a

: fofm which may rcadily be relatcd to. the respcnse characferistics of the_
- system. ‘Mitrovic's ﬁethcd (8) (9) is useful in this case as it defines
the characteristics of the system in terms of the-lecation of_anpaint,
the prcint, with respect to a setfof'cucfes, the B, versus By curves.

. For the case in which the -open lcop.tfansfer function has no_zeres, the
'_B6 versus Bl curves'arc”independent_ofcthe gain and the tachometric
 feedback, and the motions of the M point in the B, and By directions

~ are determined independently by 'ithc_ gain and the tachometric feedback

- respectively.. Ghe zero in the transfer function-wili-nst affect the

"B VEersus . Bl-curves but will cause the gain to affect both the B and
the Bl coordinates of the M- pOlnﬁ.‘ If*the-transfcr function has;mene

than ene zero, the Be versus B, curves would be altered by changes in

1
“the gain, and the use of Mitrovic's method for a system with varying
- gain and tachometric feedback would require excessive-calculationsl
. The accuracy with which~Mitr0vic‘s method.can be applied'to a

--ncnllnear system is dependent upon the accuracy with which censideration

. of only the fundamental cemponent of a: nensinuseldal wavefonn describes
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‘the system (10). The frequency response characteristics of the linear - i

components of the experimental system strongly-attenuateghigh frequency

components, and'the'symmetry of the nonlinear functiens about the origin

insures that only odd hanmonics vill be generated.- As there are neo

sharp breaks in the functions used, the higher frequency compenents
-should be of smalY magnitude. - It may be assumed-fram these considera-
tiens that Mitrovic's method will accuratelywdescribe the charactefistics

- of the experimental system.

eznegigp.eonsideratione;-sAS'all of the polee-of the qpen-lobp tfansfer
Ffunction afe on the negative real axis,zthe'most practical.linear means
- af modifylng the system characteristics would be the use of re31stance-
. capacitanee-compensetlon networks (11).- The transfer function of the
' uncompenseted sjstem_has been taken as the starting point here,?however,
- 1o evaluate the effect offmodificetion of the-syétem by.the inclusion |
. of nonlinear elements.u In addition to the exasminstion of loci for the:
M peint en the B, versus B; curves to determine the veriationfof system
-!cﬁaracteristics.with_eribr'magnitude, cohsideration-of'the ehafacyeris~
- tics of the uncompensatedesystem is of value'in the choice of functions
to determine the mmtion of the M peint aleng the loci. o
Altheugh the pole at the origln in the epen loop- galn function
indicates that the system should have zero steady state error, nonlinear
frictienxeffecﬁs.at low velocities cause error in tﬁe form of & dead
'zene whieh can be reduced by an increase in £he gain.
- Physical characteristics of the céﬁponents limit the signal levels

- which can effectiveiy be used. The signal level at the input of a

e s e s mhmge S A oo A s o g D b e thmie s e« <
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- component should not greatly exceed the walue required to drlve it .to

full eutput to aveid the peossibility of a. temporary loss of effectiveness

"~ of the-cqmpenent due to eoverlead.

. The requirements of high gain for small error and limited signal

" magnitude can be satisfied by the use of a saturation'charecteristic in

the errer channel. - A saturation characterietic'waﬁld result in a velocity
lag error which would increase at a-greater than linear rate with velocity

and weuld'reQﬁire the use of separate compensstion to prevent the velocity

. lag errer from becoming excessive.

- Velocity lag evrer can be reduced by the use of positive tacho-

‘metrie feedbackite provide part of the voltage required to drive the
system at the input velecity.  To reduce the effect on the overshoot, the

© tachemetric feedbaek may be made a function of ‘the error so that_ﬁhe-

- damping is reduced only for large error. - Fer'eny functien,_however,
there will be some-iﬁcreaseein the overshoet because.of the:higher

. velocity attained by the system while ope;ating!inﬁthe;ligﬁtly demped

- reglon.

;’Ioéi on the B versus B':chart.--The B versus B, curves determined from

1 1

'_the open loep galn function are shown in Figure 28 - The effects of maklng

© the gain a functlon of error can be determlned by examlnatien of the

motion of the M-point aleng & loecus of constant Bl.. Such-a locus would

" be a vertical line on the B versus B chart in Figure 28 If the tacho-

netric feedback ig made a function of _error the result;ng Jlecus will be
a line of censtant_Bo.- Th13=locu3'weu1d be a horizental line en the

chart. in Figure 28. - Moxe general loci may be obtained by making both
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the gain énd the tachometrié feedback functions of. error. . The possible
- loci are examined separately to determine their value for fhe:experi-

mental system.

: Vertical loci.--Decreased damping for largeferr®r may.be-obtained by
causing the gain of the sysﬁem to increase-with'érror.- The function

. chosen to relate the ggin te the error would determihe the.rété-at
which the M point moved along the :locus. - Requif-emé_nts o:f‘ low steddy-
state error would make such a. locus undesirable for a typegzero-céntrol
system or systems of type one or higher which have excessive static
friction. The réduced gain fof small error would also perﬁit load
torques to cause larger errors. . Althéugh a-syétem with tﬁis g&iﬁ

géhéraéteristic would have a larger velecity lag error at low velocities
than a system with a.fixed M point and similar o&ershoot‘for large stép

inputs, the error would increase more slowly with velocitj.

- Horigzontal locus.~--As the lines of constant damping on the B0 versus

By chart have_a.large slope for mest valugs of Bl, a horizoptal locus
_wiil.pnovide a greater chaﬁge of damping than a vertical locus unless
extremely  low gains are used and Bl is less ﬁhan QTB.-'For high.gains?
é-horizontal locus might permif-the Mﬁpoinf.to move to the left of the

‘g- = 0 curve and cause-instability;

. Genersl loci.--For applications where the slight increase*in_cdmplexity
is permissible, adjustment of both the gain and the tachometric feed-
- back with error will permit a-widér range of response characteristics

. to be redlized, A greater variation in the location of the M peint is

(T R A A N (T "y T e e e et i e
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- Effect of tachometric feedback on the B

~ -possible as the combination of vertical and horizontal position_ﬁgy vary

- over a wider range in either coordinate if a corresponding shift is made

- in the remaining coordinate .to preserve étability;

1=coordinate,--The Blicoordihate

- 0f the M peint is the coefficient of the S term:infthe-charactcristic

equation of the system.

~8(s +0.215)(s +0.83) "V,
g3+ 1 0&5 £ +0.17855 V. =K_V
’ o b T Téb 'a

. At constant velocity,

. o-t1785 8V, = Ka‘b V.

. With tachometric feedback a new veoltage,

1
va *'Va + vtach

~ will be required to maintain aggiveh:S Vi+

0.1785 8 Vo = Kﬁb‘(va ;”vtadh)

- !
Ff S“Vb = Kﬁb va
X b Kf Va

. _' -a
v'ta.ch_ T T 0.1785

_— meﬂumlm”l cu R PO e e
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K. K V
&bt _a v
K, = 0.1785 —2 X5
| A

Ko =.0.1785 tK K,

~
]

+ Tachometer output veltage per radian per second

" velocity referred te the synchro shaft.

=
[

ab. System gain past point where tachometer is introduced,
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" TABULATED: POINTS FOR FREQUENCY RESFONSE CURVE
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: Table 3. Calculated Points for B versus By Curves
_ .moos.._ub:mnv
_wuob _ __nﬁmife B,=02 # . =0.96
o 2 o3
B, !.u.q@p_..mf.._b - 0..»..&..5
A L >
2 r.owmom.+ba + o.mmrmvs._
ccw ) wo “mu.
- 0.00 0.0 x 1073 0.0 -
. 0.05 2.6 0.013
©0.10 10.3 0.031
©0.15 22.9 0.053
Q.20 o,k 0,080
- 0.25 62.5 0.112
©0.30 - 89.1 0,149
- .0.35 121, - 0.191
0.4%0 155, - 0.237
0.45 195. - 0.289
0.50 238, 0,345
- 9,55 285, . 0,406
0,60 335. 0471
-.0.65 389, _ 0,542
0.70 L52, - - - 0.617
0.75 517. : o 0,697
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‘Table 3. Calculated Points for B_ versus B, Curves
- | "-'"(cc;:(\lfinued_) _
§ =02 #,=-10 P, =0k g, =0.8y
- 3
B, = 1.045 W, - 0.hw -
‘o0 2
. Fl = 0.418 w  + 0.84uw
w n -.BO ',Bl
0.00 0.0 x 1073 0.0
. 0.05 2.6 0.023
0.10 10.1 0.050
©0.15 22,3 . 0.082
1 0.20 38.8 0.127
©0.25 . 59,4 0.157
©0.30 - 83.7 0.201
. 0.35 112, 0.250
~0.bo 12, 0.302
S 0.45 177, 0.359
0.50 213. 0.419
0.55 252, 0.484
0.60 292, 0.553
. 0.65 330. 0.627 .
0.70 378. 0.705
- 0.75 koo, 0:.787
" 0.80 Iy 0.872
0.85 L83, 0,962
0.90 ~ 558, 1,06
(continued)
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. Table 3.. Calculatedll?qints for B o versus Bl-' Curv_'és*
~ (contimied)
; §=03_ %, =-10 : ¢eéoﬁ ¢3=0£h
. 2 . 3
; _%-1o%u%-o£w
| | 2
._Bl=o627wn+06hw
QJ n .B,o Bl
i |
| 1 0.00 0.0 x 1073 0.0
| - 0.05 2.5 . 0.032
| 0.10 9.9 0.069
i - 0.15 . 21.6 0,108
g 0.20 37.2 0.151
0.25 56,2 0.197
©0.30 . 78,3 . 0.246
. - 0.35 103 - 0.298
: 0.40 130 -0.353
. Q.45 158 0412
| - 0.50 187 0. 47k
: 0.55 218 - 0.539
; . 0,60 248 0.606
; 0.65 279 0.678
: 070 309, 0.753
0.75 338 - 0.831
0580 365. ' 00-911
0.85 391. 0,996
0.90 kes, .1.08
0.95 433. 1.17
©.1.00 hys, - , - l.27
- 1.05 Lék, 1,36
‘ g | ' ' (continued)
|
|
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- Table 3.  Calculated Points for Bo versus Bl Curves

1T RIS P PRI T T 0 et Pl L TS EE EEERIEE S

- (continued)
F-o.k #  =-10 %, = 0.2 P = 0.36
e 9 ALE oy & 3
.._Bo -.1.9145 w - Q.8 Wy o
By =0.836 w  + o.36'w§
w By -B_l
0.00 0.0 x 1073 . 0.0
0,05 2.5 - 9,043
- 0010 . 8.7 - Q.087
1 0.15 20.9 C0.13%
L 0.20 - 35.6 0,182
0.25 53.1 0.232
©0.30 72.9 0,283
- 0.35 -9k - 0.337
0.4 117- - 0.392
0.45 . 1ho, - 0.4L9
. 0.50 163. 0.508
. 0.55 185, 0.569
-0.60 205, 0.631
0.65 - 22y, 0.696
0.70 2k, 0,762
0.75 254, 0.830
0.80 262, 0.900
. 0.85 268, 0.971
0,90 267. 1.0k4
- 0.95 262, 1.12
1.00 - 245, 1.20
1.05 222, 1.27
(continued)




Calculated Points for B, versus

%
B. Curves

6l

AR ) A

.Hmdpn 3. . 1
aﬁaoswwﬁcmgu
_w = 0.5 &, = -1.0 B,=1.0 By =
oo 2 3
B, = 1.045 w 0
\ .ﬁr_a B By
- 0.00 0.0 x 1073 0.0
L Q.05 2.5 0,052
0.10 9.5 - 0,105
. 0.15 20.3 - 0,157
C0.20 34,0 0.210
0.25 hg,1 0,262
0.30 67.5 . 0.314
0.35 85.1 0.367
-.0.:40 104, - 0420
--0.45 122, 0.470
0,50 138. 0,523
- 0.55 158. C0.577
- 0.60 162, - 0.630
0.65 169, 0.680
0.70 171, 0.730
- 0.75 169, 0.787
" 0.80 160, 0.8L0
0.85 . 1ks, 0.890"
0.80 121. - 0.940
- 0.95 83.6 - 0.997
~.1.00 - Ls,0 1.05
1.05 =8.0 1.10
Aoonwwdsmmv

e
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Takle 3. Calculated Points for B o VETsus ._“m“_. ocﬂqm_mw
{continied) _
T -o0.6 _ ﬂp = =1,0 _ _aw = 1.2 b 0. M)
e, 2 3
__wo =.1,045 ¢y o 2w by
e e _ 2
w..._. = 1,25 CC n = O.L_.r..ccd
E n By B
0.00 0.0 x 1073 0.0
© 0,05 2.5 0.062
© 0.1 9.3 0.121
0.15 19.6 0.178
0.20 32.4 0.232
0.25 . Lh6.9 0.285
©.30 62.1 0.335
-0.35 77.6 0.384
T 0.40 - 91,2 ©.430
0.h5 10k, 0,473
- 0,50 113. 0.515
' 0.55 118. 0.555
L0.60 119. 0.592
0,65 11k, 0,627
0.70 103. 0.659
0,75 - -85.0 0.690
0.80 . 57.6 0.718
0,85 22.2 0.745
0.90 -2h.8 0.768
ﬁ_oonSEo&
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Table 3. Calculated Points for B_ versus B, Curves
- (continued)
r=0.8 | 9‘1. ~ 1.0 | #,=1.6 ¢ = -1.56
e 2 3. .
B, = 1.0#_5_:.._)11 - 16w
_ . .2 2
By = 1.68 W 1.56w
Wy : .Bo "Bl :
0,00 0.0 0.0
0,05 2.k 0,080
- 0.10 8.9 07152
0.15 . 18.2 - 0.217
0.20 20,2 0.274
0,25 . ho,6 - 0.323
- 0.30 51.3 © 0,364
0.35 60,k 0,397
0.4 67.2 0. 4ho
- 0.50 62.5 0.4350
- 0.55 - 51.0 j 0.452
L 0.60 32.0 0.4h6 .
0.65 - L.0 0.%433
. 0.70 -3k4,5 o.-h_12
{contimed)
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. Table 3.  Calculated Points for -Bo vergus Blzcurs_res*
£ =10 . #y =10 ! $, =20 £, =-3
B, = 1,045 wn - 20w}
B - 2 2
B = 2,09 w n ~ 30w
3.00 " 0,0 Q.0
© 0,05 - 0.097
0,10 - 8.5 0.179
- 0.15 1 16.9 0.246
0.20 . 26,0 _ 0.298
0.25 - 3k.5 0.335
- 0.30 ho.,5 0.357
" 0.35 h3,2 0,364
0.40 ho.0 0.356
C0.h5 30.8 0.333
- 0,50 . 12,5 0.295
v - 0.55 -1h.0 0.2k2
% _ . _ .
: ‘These values were calculated by the procedure given in
. reference (9). '
H
(contimed)
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- Ku, ¥. H., Analysis and Control of Nonlinear Systems, New York' The
“Ronald Press Cempany, 1956, p. 9. '

. General Electric Publications, TY- -101-A, Th rite A Non-Linear :
- Resistance Matérial in which I Varies as BD, and TY-106, The Calcula-

. tion of Circuits Containing Thyrite Varisters, by Theodore Brownlee,
"Magnetic Materials Section, General Electric Company.

. Kovach, L. D. and V. Comley, "An Analog Multiplier Using Thyrite,"
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“pp. 301- 318.
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