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SUMMARY PAGE

THE PROBLEM
The problem was to develop circuitry which would

Improve the performance of carrier-type servo system.
operating from one-speed syndno data.

FINDINGS
A circuit consisting oE a sImple, reliable electrome-

chanical unit with the characteristics of a fase.response,
phase-sensitive demodulator and modulator was devel-
oped. Through its use, the limitations Imposed on servo.
system performance by synchro residual voltage and In-
adequate carrier-system compensation are removed. A
potentially substantial Improvement In the static and dy-
namic accuracies of carrier-type servo systems Is thus
provided.

RECOMMENDATIONS
Pull advantage of the circuitry can be realized only

when it Is associated with precision gear-train assem
blies having a minimun of backlash. Where high degrees
of accuracy are required, gear-train assem ble, should
be precision-adjusted, with antibacklash gears between
the error-sensing synchro sad the prime mover.
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ABSTRACT
- * 

The extensive use of synchios as data transmisslon and error-

sensing dev ices in automatic control systems suggests the need

fori mproved circuitry to decrease the complex ity of carrier -system

compensation and, if possib le, to increase the resolution of the

aynchros themsel ves. Past methods , while affording definite I..

provement in carrier-system performance , have not proved com-

pletel y satisfacto ry because they inevitably introduce an unwanted

don constant into the system. This added time constant often

limits the degree of Improvement that can be provided In the sy.-

tern. An electromechani cal circuit that is a satisfacto ry solution

to the dual problem of carrier-system compensation and synchro

resolution is described. The circuit is es~ ntiall y a fast-response

demodulator and mod ulator unit that I. simple to adjust and tell-

able In It. opplication. Through Its use, carrier systems can

achieve a degree of performance hitherto unattainable.
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INTRODUCTION

In many application s, and particularly in modulated carrier-type servo systems, there is need

for a phase-sensitive demodulator and modulator circ uit having a fast response. It can be readily

— demonstrated that through the use of such a circuit the performance limits of a specific servo system

can be gready extended, and in many cases the complexity of system analysis and deign may be

appreciably reduced.

The analysis of a mod ulated carrier-type servo system in which the band width is a small

percentage of the carrier frequency is generally performed with accepta ble accuracy on the basis of

a continuous system . In such a carrier system, the method of analysi s is not altered by the indu-

sion of the fast-response, phase-sensitive demodulator and its associ ated modula to r circuit. In

systems where the band wid th approaches the usable limit of approximatel y 50 per cen t of the car-

rier frequency, the analysis is carried out with increased validity through the use of the demodulator

and modulator circui t by following the techniques developed by Linvill,1 Ragazzani and Zadeb,3

and others.3 Here, however , some justified approximations to the function s of the demodulator and

modulator circuit are made in order to reduce and simplify the mathematical analysis required to

arrive at the carrier -system transfer functions.

The criteria of system performance in this discussion are based on the system veloci ty con-

smot, K,, and the prescribed response to a step function of position input , although other criteria

coul d just as well have been used. In addition, the circuitry and all components are considered to

be operating in their li near region. Since the descri pt ion and analysis of the demodulator and modu-

lator circuit and its application to a modulated carrier-type servo system is of prime importance in

thia presentation, no attempt is made to introduce the effects of various nonlinearitles on the per-

formance of the system.

IWillima K. Linvill , “Sampled Data Control Systems Studied through Comparison of Sampling
with Amplitude Modulation,” Trasssc:loss of lb. American Instigate of Electrical E.giseers. vol . 70,
1951, p1. Il, pp. 1779-1798.

2J . R. Ragazzini and L: A. Zadeb, “The Analysis of Samp led Data Systems,” Transactions of
she A.I.E.B., vol. 71, 1952, pt. II, pp. 225.234.

‘See G. V. Johnson and D. P. Lindu rf4 “An alys is of S~~~led-Data Cosuol Syseims,” App lic..
lions and Misstry. A.Z.E.E., July 1954, pp. 147-153.
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ThE PROBL EM

Synchro data transmission is used extensivel y in instrument-type servo systems. These systems,

generally classed as those requiring less than 100 warts of power delve, most often employ two-

phase indu ction motors as prim e movers. The advantages of such servo systems include the con-

venience of using AC amplifiers throug hout and the ease and accuracy with which position infor-

mation is transmitted and position error is sensed. However , there are two well-known factors

which impose limi tation s on the performance of feedback control systems operating from one-speed

synchro data: (1) synth ro null residual voltage , composed mainl y of quadearure voltage, which is

presen t in all synchzo data-transmission systems; and (2) adequate carrier -system compensation,

which is a continuing problem. The first factor limits the amplifier voltage gain which can be

introduced between the synchro control transformer and the drive motor, the second factor involves

the coumon use of carrier-type compensating network s, which require that any gain-phase compen-

sat lor be of the phase-lead type. This type of comp ensation , wi th the exception of rachometri c

feedback, is not always desirable , however , because of its suscep tibility to hig her-freq uency noise

components.

The prob lem of carrier-system compensation has been widely treated in the li terature,4 but

so wholly satisfactory solution has been found. Various types of notch network s, including the

bridged.T, the twin-T, and tuned RLC circuits , have been analy zed. All these network s are

very restricted in their range and are subieci to carr ier-freq uency fluctuations. In addition,

many of these networks are comparatively difficult to synthesi ze, and they entail many algebraic

and numerical coi.putauons.’

The process of demodulating the modulated carrier , adding noncarrier-type compensation, and,

subuqaeady, restoring the carrier form of transmission, which is necessary for AC amplification

and motor delve, has been treated in the literature.6 (The two usual methods of demodulation are

4 See H. Elmore Bimima, “Carrier Compensation fo r Servomechanisms,” jo ssrwal of The FranklIn
Iip stitiSe, vol. 250, 1950, pr. I, p. 391; pt. II, p. 525; Donald MacDonald, “ Elect romechanical
Lend Netwo rk s for AC Ser~o.echanlsms,” Review of Scientific Isstrsmetsts. vol. ~~~, November
1949, p. 775.

• ‘S.. H. Ii. James, N. B. Nichols, and P.. S. Philli ps , Theory of Ssnomecbmisrss, McGraw-Hill
Book Co., Inc., New York, 1947, RadIation Laboratory Series, vol. 25, pp. 117- 124.

t See Blarton and MacDonald, op. cit.
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mean rectification and peak rectification. Both require a filter circuit to attenuate the carrier.

frequency component and its harmonics. This filter inevitably introduces unwanted attenuation

and phase sh ift of the modulation.) Although this process elim inates quadrature volt age and

allows noncamer-type compensation to be added, it can be seen that the methods employed intro-

duce an additional time constant into the system , thereby increasin g the complexity of the system

analysis and design.

A more recent development involving the use of the synchronous-vibrator circuit has proved

to be satisfactory in the application of carri er-system compensation, but it does not reduce the

synchro null residual volt age.

Thus, if the advantages of modulated carrier systems operating from synchro data are to be

ful ly realized, some circuitry, preferab ly simple, is required to remove or reduce the aynchro

null residual voltage and permit the unres tr icted use of adequate compensatio n. This circuitry

should not add unwanted complexities to the ori ginal syste m transfer function.

PROPOSED SOLUTION

Quditotiv. Analys is

The proposed solution to the two problems of quadrature-voltage elimination and carrier-

system compensation consists of a comparatively simp le electromechanical circui t having the

properties of a combined fast-response , phase-sen sitive demodulator and modulator wilt. A

schematic diagram of the circuit and its application to a synchr o-data system are shoan in

Fi*. 1. R 
~ CI

L____ 
_ _ _ _

Fl5. 1.  Sch.motlc Diogrom of Bosic App~lco$Io.i of the D.modulseor and Moduloto, Clreul~
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The synchronous vibrators, Vi and V2, are the break-before-make type, the time between

break and make corresponding to a very small percentage of the carrier period, < 5 per cent.

They are so connected that the synchro.error voltage , E~ , is~applled to the RC networks

during alreraate half cycles of the carrier frequency and Is transfe rred to the ispur of the servo

auplifler dur ing successive alternate half cycles. In effect, the second vibrator , V2, samples

and holds, for approximate half-cycle periods, the signals processed via the RC network s during

the preceding half-cycle periods by the first vibrator, Vi.

The functions of the vibrarors and their associated P.C n~twotks are shown in Fig. 2. The
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modulated carrier voltage , E0 , is given as a fun ction of time in Fig. 2A. For purposes of

simplicity, vibrator Vi is considered to be synchronized with E, so that the upper and lower

contacts make and break at the times indica ted in Fig. 2B. In order to determine the voltages

E01 and E02 appearing across the capacitors, a tr ansi ent solution is made , although it will

be shown that a steady-state solu tion is adequate. The transient solution provides the lore-

grating time required to ensure that the voltages E~ 1 and E~ 2 • at the time the contactors

of vibrator V i break , are a maximum for each half cycle of input-error voltage. Voltages

E~ 1 and E,2 are given as functions of time in Fig. 2C for the applied voltage E~ of

Fig. 2A and for a cor recd y chosen integrating time. Represented in Fig. 2D are the contact

periods of vibrator V2 (solid line) and the resultant voltage E0 (dotted line), whi ch is

applied to the input A the servo amplifier. Thus , vi brator Vi and its associated RC networks

effectively demodulate each half cycle of input- si gnal voltage and leave a measured value of

• this voltage across the capacitors until the next contact periods. Vibra to r V2 samples and

holds each last measured value for an approximate half-cycle period and, at the same time,

modulate s this voltage at the carrier frequency. The modulated carrier system is there by

transfonned to a true sampled-data-and-hold system.

The integrating t ime RC, whic h is required to provide maximum voltages E~ 1 and E~ 2

for an input voltage E1 SlO wt, is identical with the time required to provide minimum voltages

E~ , and L~2 for an input voltage E~ cos Wt. Thus, the quadrature voltage is eliminated by

the proper selection of the P.C time constant. Since the integrating time required to supply

these voltages is approximatel y one tenth of the carrier period , the time constant added to the

servo system can be considered negligible. Furthermore, noncarrier-type compensation can

now be introduced , since demodulation occurs within the synch ronou s-vibra to r circuit.

In actual practice , the vi brators are not synchronized with the carrier as sho wn in Fig. 2 but

are phased ei ther to lead or to lag the reference voltage by wI 2 radians. Wi th the reference field

of the two -phase induction motor connected directl y to the reference line voltage , the control field

voltage is thus placed in the proper phase for motor operation. Since the synchro-error voltage

• generally leads the reference voltage by a phase angle of w/6 radians , Fig. 3 is a more accurate

representation of the circuit function. As a result of this phasing procedure, the time constant

required to produce maximum voltages E~ i and E02 is reduced, and the carrier peak voltage is
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FIR. 3. Tim. Function of the Synchvonous .Vibrotor Circuit oft.t Mj ust,n.nt-of- Phes. Co,r.ctlon

almost immediately transferred to the contactor of vibrator V2. The time delay associated with

carrier peak value and actual sampling is thua diminished to a negli gible value.

Maih.motical Molysi $

In the determina tion of the circuit transfer function, it is necessary to treat the half-cycle

perio ds of one polarity only, since the operation of the synchronous -vi brator circu it is symmetrical.

In order to analyze the func uon of synchronous vibrator vi, it is convenient to determine first the

proper time constant required to produc e maximum signal-voltage output and zero quadrature-voltage

output at the instan t of con tactor break. Figure 4A shows the carrier-signal input voltag e

E, sin (wt + 4,) and the quadrature component during one contact period. Figure 4B is the equivalent

simple circuit.

The output voltage E~ in te rms of e~ during the first contact period can be written am

C.

j w R C + l

or, expressed in Laplace transforms , as:

r (S~ + oi 2)(S + 1,’,)’
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where

r - RC

aid

S — Laplace operato r . 
• -

I, a.. (tot + 4,)

(R EF ERENCE ) / T~~~~~~~~~T/2~~~~~~~~~ 

sin (to’ + I
— !~ sin (to t +

(•) (I)

Flu. 4 .  Tim. R.spons. of One-Half C.rrI.r P.riod end Its Equlvei.nt Circuit

The instantaneous value of E
~ is obtained from the inverse transform:

E0(t) — E~ 
[or cos 4, smn 4, Ce” + 

1 sin (to t + 4, — 4,)], u’1 + 021.2 
~/1 + ~~~ra

where

4 , — t a n’or.

During the second and successive contact periods, the Instaitan eous value of E~ is given

EJ t )— E , [or coa~~ _ sln# rt/r 1 ain(0t +#_# )] + k(~~~. (2)
V1+o ,2r2

• where k Is the voltage remaining across the capacitor at each preceding break time.

To determ ine the value of r , which will produce E~~,_, at the end of the first rontac t period,

-- — i__~~~~~~~~
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the rime derivative of Eq. (1) Is equated to zero:

(or cos 4~ sin E
tb~

t
~. (,Jr \f l + o2rt COS (tot b + 4,— 4’) .

This equation can be solved graphically to obtain a solution for r for a given break time, tb.

However, Fig. 4A indicates that for the conditions shown: tot~~+4, — 4’ ~ w/2. It is also evident

that r (<t b. Therefore , a good approximation to the solution for r is obtained from the steady-

state portion of the time solution for E0 given in Eqs. (1) and (2), as follows:

E ,, =E~ SIfl( Otb + 4 ,— 4 ’ ) ,  (3)
+

which, o f course , isa maximum when (oc~ +qS — 4 ’ )  w/ 2. Therefore, since tot b and 4, are

known, and 4, tan ’ or, the solution for r is readil y found:

r — 1/to tan(ot~ +4, — w/2) . (4)

The use of the stead y-state solution for obtaining r is also justified by the following obser-

vation. The time response of the netwo rk during the second and successive contact periods

includes the term kE t tj~. When actual values are substituted for t ,/r , this transient approaches

• a negligible value (0.0004 E1) at each successive break time , indi cating that the peak value of

the carrier has been reached at the end of the first contact period. Also , it should be obvious

from Eq. (3) that when (Wt b + 4, — 4’) — w/ 2 the quadrature component must produce zero vo lt-

age across the capacitor at the break time.

It can, therefore , be conc luded that a good approximation to the transfer function representing

E0(t) vs. E,(t) is unity, including a small time delay which, for all practical purposes, can be

neglected. Ibat is wanted, however , is E~(t) vs. e(t), where~ e(t) is the modulating voltage.

It is obvious that values of e(t) occurring at the carrier nulls have no effect on the modulated

output.’ In fact, where peak demodulation is employed, the only values of e(t) which have any

effect on the syste m output are those which ex ist at the carrier peaks. Therefore , a modulated

camler syste ur can, in a sense , be approximated by * sampled-data system having a sampling

rate which is twice the rate of the carrier frequency. Sasipliag of the carrier peaks Is, In effect ,

• 
‘See Linvi ll, op. cit.

• •~~~. - • ~~~~~~~~~~~~~ •~~~~~~ ~~~~~•~~ •~~ •~_ -__
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sampling of e(t ). The samples , or me*sured values of the carrier peak s, are not, however,

applied to the servo amplifier until they are sampled by the co ntacto rs of vibrator V2. The true

sampler, so far as the servo system is concerned , is v ibrator V2. Vibrator Vi measures and

holds the values of e(t) existing at the carrier peaks; these values are th en sampled and

transferred to the servo drive by vibrator V2. It is hardl y an approx imation , therefore , to con-

clude that the synch ronous -vibrato r network can be represented as a true sampled-data device

which samples and holds the last measured value of the modulation for approximately each half

cycle. In othe r words , the insertion of the vibrator network produces litt le or no change in the

• theoretical gain and usabl e band- width characteristics of the modulated carrier system. The

actual circuit functions and their equivalent are shown in Fig. 5. Since the delay time between

~~~~~~~~~~~~~~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
•• r~~~ ~~~~ ~~~~~~~~

‘0 * 

~ (‘)
vi v2

sin (ot . ~~
,) ONLY HAL1. CYC~1S OF ONE PO LAaIT Y SHOWN

.(t) 
•

Fig. 5 . Circuit Trensl .r Function •0ft )/.(t) end it. Equ lvai .nt Circu it

carrier peaks and sampling can be considered negligibl e, established techni ques for analyzin g

sampled-data systems can be employed in determinin g the system response.

Where system-perform ance specifications cannot be realized because of the limitations

imposed by the synchro null residual voltage alone , insertion of the synchronous-vibrator net-

work, as described above, removes this limitation. Where other limitations are encountered,

compensation networks are required. Noncarrier-type compensation is very effectively intro-

duced within the synchronous-vibrator network, as shown in Fig. 6. (Hall cycles of only one

• polarity are shown.)

L •
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Fig. 6 - Schmnetic Diegrom ShovJi ng Addition of Phas.-Lag Comp .nsetion

Here, R 1R2C2 is recognized as a phase-lag compensation network , and RC is the inte-

grating time discussed pre vious ly. Peak rectif icat ion of the carrier frequency is provide d by

RC, and R 1R2C2 is selected to give the proper phase shift at the low end of the modula ting

frequency. Therefore ,

• (R 1~~ R2)C 2 >> RC.

• It is possible to choose a value of C so that at the carrier frequency :

+ R 2 >> l/oC (greater than 10 x h oC) .

Thus, the two networks can be considered in cascade , i.e.. as thoug h they were isolated

from each other. The transfer function of the lag network is given by:

/ l÷ p o a TE0,E~~— •1 + joT

where

T — ( R 1 +R 2)C 2

and

Eta
R + R

~~~~~~~Ti~i-:_
-_ii -Th
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At the carrier frequency,

oT, oaT>>> 1,

therefore

E0/E~~~ 
R 2 ( a t o — o ~).

R 1 + R 2

Addition of the compensation-lag network introduces no phase shift at the carrier frequency and,

therefore , dues not alter the bas ic function of the synchronous-vibrator network. It dues, however,

introduce a carrier attenuation equal to R 2/(R~ +R 2) and a droop-type hold circui t having a droop

time equal to (R~ + R 2)CC2/(C + C2). Nei ther of these effects are of serious consequence. The

attenuation is easily made up in the AC amplifier , whi le the droop rate is made small by proper

selection of R 1 and R 2.

Phase-lead compensation network s, thoug h less seldom used, are analyzed in the same manner.

Figure 7 showb the vibrator network with added phase-lead compensation. As in Fig. 6, RC is

~~~~~~Ci

• 

Es SiN

(c~~~~~~~~
VJ[

~~~~

_

~~~~~~~~~~~~~ 

~~~~6L~IO

Fig. 7-  Sch.matic Diagram Showing Addition of Pho..-Lsed Comp.nsatlon

the integrating time at the carrier frequency and R j R aC~ is the phase-lead network. In order that

the two netwo rk s can be considered In cascade, it is nece s sary that at the carrier frequeaeyr

(R 1 + R2) 
1 + j amT >>
1+ j oT

L —---—
~~•~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~ -- - -~~~~~~~~~~~~~~~~~~ -~~-~~~~~~~ --~~~~~~~~~~~~~~~
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where

T - R 1C 1

and

• R 2a —• R 1 + R 2

This condi tion is always possible and yields the same results as the phase-lag network, I.e.,

no change in the basic function of the synchronous-vibrator network.

The function of the synchronous-vibrator network is best described by an ex ample of its appli-

cation in a typical position-control system operating fro m synch ro data. Figure 8 is a block diagram

•~ t~~~ K~ J t~~ a-I A ‘~-1 s(Ti~~ +i) j e~ a-

F 
[

0(1( 15 F
Fig. 8 -  Block Diagram of Typical Position-Cont rol Sy.t .m

of a single time-constant control system incorporating tachometric feedback and utilizing one-speed ,

60-cycle synchro data transmission. The control motor is a two phase induction type , and it is

directly connected to a tachometer. The output shaft must be capable of following an input shalt

rotation of 10 rpm, and the error in electrical angular ali gnment of the shafts must not exceed

0.5 degree. The maximum overshoot to a step function of position input must not exceed 25 per

cent. The motor is connected to the load throug h a 200:1 gear reduction ratio so that it may oper-

ate at 55 per cent of synch ronous speed durin g norm al operation.

The transfer f~wction, on the basi s of a noncarrier-type system, is given by:

K,
G(S) _

~~15 1)
where

AJC,K mK,. sec.
l+SMC TK,I,

IT:TTI. ~~~~~~~~~~~~~~ t



U

and

T .  sec. (6)
1 + aAK TK m

Nominal values for this type of instrument control system are:

- 0.1 sec. (time constant of motor-load combination),

rad/ secK , = 0.015 (motor constant referred to output),
vo lt

= 6 ~~~~~~~~ (tachometer constant referred to output),
rad/ sec.

K ~ - ~~ ~~ (synchro control transformer constant),
rad

vo ltA - servo amplifier gain — .

• vol t

The value of amp lifier gain A and the feedback factor (1 + aAK T K,,) required to provide

the desired performance are now determined. Since the synchro uni t itself contains a maximum

electrical position error of approximate ly 0.25 degree , the ve locity error must be held to a

maximum of 0.25 degree in order to meet the specification of a maximum error of 0.5 degree at

I 
• 10 rpm. The velocity constant of the system , K ,, must therefore be:

00 60 -*K, — — — - — — 240 sec.
€ 0.25

The maximum overshoot to a step function of position input is determined f rom the calculated

time respon se, as follow.:

— 1 — 

2V T Y  
~-t /2T 5to V’4K,T — I + tan 1 v’4K.T — ii. (7)

~. UC ,T - 1  L~T • J
The time derivative of Eq. (7) Is equated to zero, yielding

0• ________— (t)~~., — 1 + 
_________ 

. (8)
• 01

5 See V. K. Ahrendt and J. F. Taplia, Aa~~~a:lc Peedhock Cont rol, McGraw-Hill Book Co.,
Inc., New York, 1951.
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Equation (8) is solv ed for 00/01(t),,,,, 1.25 , giving:

K,T = 1.5

and

T = 0.00625 sec.

Substituting this value of T in Eq. (6) and combining it with Eq. (5), we obtain:

( l + a A X T K.) 16

and

A .  (16)(240) 
— 4500 .

(0.OlS)(57)

It is evident that even if it were theoreticall y possib le to obtain a veloci ty constant of 240 sec.~~
from the unco mpensated , 60-cycl e carrier system , the amplifier gain required to provide such a degree

of follow-up accuracy would be impossibl e to use because of the appearance of the synchro residual

• vol tage (approximatel y 0.06 volt) at the system nulls. Elimination of the synchro residual voltage , or

what amounts to an increase in resoluti on of the eiror-sensin g device , is needed.

- In order to determine the maximum obtainable K, of the sing le time-constant , 60-cycle carrier

system , wit hout compensation and with the specified degree of stabili ty, an analysi.s is made on the

basi s pI a sampled-data system. As pointed out above , a carr ier syste m can be approximated by a

samplad.data system having a sampling rate which is twice the rare of the carrier frequency. The

new block diagram appears as Fig. 9, wit h the transfer function , at sampling instants only, given

as:

n = + —

Gq (S)~~~~ (S) EG’(S+ i
~~~). 

(9)

where

G(S)

aid

• I - time of sampling Interval (~ carrier period ) .

It

i 
_ _  _ _

* 
-

L • • _ _ _  _ _ _ _ _  _ _ _ _ _ _ _ _ _
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FIg. 9 - Block Diogrom of lypico l Position -Control Syst .m altar Addition of she
D.modul.tor end Modulator Circu it

Substituting jo for S in Eq. (9), we obtain:

fl — + 00

G,(jcu) - E G
# 

[
~~(oi+~~~~)] .

It is now necessary to compute G(j w) for various freq uencies and Gq(j o ) for various values

of n. The transfer locus on the G-plane, when plotted for these specific $‘alues of o aid a ,

indicate s a maximum obtainabl e K, of 146 sec. ~. Therefore , in addition to the removal of the

synchro residual voltage, compensation must be introduced if the performance specifications are

to be realized. Since the maximum usabl e band width of approx imatel y one half the carri er frequency

• has been reached ( v - = 0.00625 sec.), extension of the system band width through the use of phase-

lead network s cannot appreciabl y improve the sys tew. performance. Provision must , therefore , be

made for the elimination of the synchro residual voltage and for the intro duction of a suitabl e phase-

lag compensation network.

The aampled data analysis given above could have been carried out somewhat more simp ly

by the following method.

A sampled-data system operates as an open-loop system except at samp ling instants. There-

fore, the output response of the system , which is assumed to have a hold circuit, to a step

fsmctioa of position Input can be written as:

0.(S) — [1 
(IS ~~ — (21S 021 — ~ 3TS 031 — .. ..] ~1- , ( 10)

where 8 1  - the angle through which the ouq~ue has moved during the nt~ sampling iaterval ~~~

I - the time of the s~~~liag interval. 

~~~~~~~~~ --~~~ • -
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Equation (10) follows from the fac t that during the first sampling period the output response

fot~that period is:

~ -Ts— E  G(S) .
S

During the second sampling period, the step applied becomes (1 — IT) , where OT is the

angle through which the output moves during the first sampling period. The output respons e for
the second sampling period is then given by:

~~~~~ ~ .2TS
( 1 — 0 T) G(S) .

The output responses during successive sampling periods are determined in the same maimer

and, when all responses are combined , the summation yields Eq. ( 10). (The princi ple of super-

• pos ition is justified because of the assum ption of linear operation throug hout. )
0

The time response of G(S)/S , where G(S) K ,/~~TS + 1), is given by:

O, (t) = K .{t
_ T ( l _ (t/’

T)].

The angle through which the output moves during the first sampling period is then:

9r_ K ~ [t_ T ( 1_ E.t/T)]~~~~. (11)

The angle through which the output moves during two sampling periods is:

- K v [t — T(1 — ~ t/T)~ — OTKv [t  _ T(1 — ~.tI I)] ~~~~~. (12)

Investigation shows that for 1 < lIT < 2.5 , the maximum overs hoo t to a step function of po sition

input occurs during the seco nd sampling period.’ A solution of Eq. (12), with 021 — 1.25, yields

the maximum obtainable K, for a maximum overshoo t of 25 per cent. En the exampl e which is

being discussed,

P —

9 See G. V. Lago and J. G. Tns*al, “Design of Sampled Data Feedback ~~st ems,” A~pUca.
Sines aid lsldashy, A.I.E. E., Novearb.t 1934, pp. 247.253.

I 
_ _  _ _  _ _  _ _ _ _ _  _ _  _ _  _  _ _

L-~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ T •~~~1~ - - --
~~~
-—
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- T 0.00625 sec.

I 0.00833 sec. (
~4 carrier period)

K, (0.00833 —0.00625 (1 — c 1-33 )I — 0.00373 K,

021 - K , (0.0167 — 0.00625 (1 — c 2
~”)] .. [o.00373 K,~

2

13.9 x J0 6 K~ — 1.05 x 10 2 K, + 125 0

and

K — l46 sec. ’ .
m 0*.

This result agrees with the resul t obtained by the frequency-re spon se pethod of analysi s and

involves much less numerical computation. The method described above is practical and conveni-

ent to use, since it is almost always possible, with instrument-type servo systems , to obtain the

ratio l/T within the limits stated above through the use of tachomet ric feedback or phase-lead

compensation. there the system time constant , T, is much greater than the sampling period, it

is obvious that the system analysis is best performed on a noncar rier-type basis.

Introduction of the syn chronous-vibrator circui t converts the carrier system to a true sampled-

data system and makes the samp led-data analysis given above more valid. The synchro residual

voltage is eliminate d, as previousl y described, and it is now necessary to design onl y a proper

phase-lag network, which will allow the system specifications to be met, n*mely, K, ~240 sec. 1

and the maximum overshoot to a step function of position input ~ 25 per cent.

Figure 10 shows the plot of asymp totic gain vs. frequency for K, 146 sec. 1 (43.28 db),

with the zero-db crossover appearing at 0 — 140, which is the plot indicated by the analys is for

the sampled-data system carried out above. Also shown in Fig. 10 is the asymptotic plot of gain

vs . frequency indicated in the analysis made on the basis of a noncarrier-type system. This curve,

-plotted for K , = 240 sec.~ (47.6 db), shows the zeao-db crossover appearing at 0 — 200. In both

cases, the gains indicated provide a degree of stab ility consistent with a maximum overshoot of

25 per cent to a step function of po sition input. In order that the sampled-data syste m have a

velocity constant equal to 240 sec. ~ , a phase-l ag network is introduced as shown, having its

break frequencies located at oi - 3  and to- 10. It is now possible to introduce the amplifier

gain reqitired to yield IC, • 240 sec. 1. The amplifier gain was found previousl y to be 4500, but

since a carrier attenuation of 2 is introd uced into the synchronous-vibrator circuit by the phase-

- 

- lag netwo rk, the gain must be Increased to 9000.

I
• .-. 

‘ 
—- . -

- • -. ~~~~~~~~~~~ ,.~~~
. ~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~--- -~~ ---.-- - -~~- - -
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floe numeri cal solution for the constants of the synchronous-vibrator circuit follow. As shown

in Fig. 4A , and from the discussion of the circ uit function , the period of contact of vibrator Vi

is approximatel y one half the carr ier period or , for the v ibratod actu ally used , the period corre-

spon di ng to 172 degrees. Therefore, in Eq. (4), OCb = 172 degrees. The phase lead through the

synchro generator and the synchro-control transformer was measur ed as 30 degrees. When coup led

wit h a phase lag of 90 degrees introduced in the contac tor periods , this lead yields qS = 60 degrees

(al l phase angles are measured with respect to the reference phase). Therefore:

r= tan ( 172 — 60 — 90)
377

= 0 .0011 sec.

rlie time constants of the phase-lag netwo rk from Fig. 10 are 0.2 and 0.1 second. A suitab le

cho ice of co~nponent values is , therefore:

R = 11,000 Il

C = 0. 1 ~f

R 1 = R 2 = 200,000 t.

C2 = 0 .5 Ø .

t o comp lete the sys tem desi gn, the valu e of a in Eqs. ( 5) and (6) is determined from:

I aA K~ K ,,, = 16

a —--
~
-
~

---- - = 0.037 .
~~

Figure 11 is a schematic di*gram of the final design of the system.

After proper care was taken in the phasing of the synchronous vibrators and in the precision

assemb ly of the gear trai n, perfo rmance tests and measurements of the servo system w ere made.

These tests indicated reasonabl e agreement with the perfo rmance predicted by the system analysis

and design. The maximum overshoot to a step fun c tion of posi tion input averaged 25 per cent for

v arious amplitudes of steps (0. 1 to 10 degrees ), as shown in Fig. 12. The slope of output

velocity as a function of error , Fig. 13, indicates a velocity constant K , 250 sec. ~ . At an

output velocity of 10 rpm, CW and CCW , smooth operation was observed with a measur ed error

of 0.24 degree. The response time was measured at ~ 0.0 35 second. At the system nulls , the
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voltage at the motor-control field terminals did not exceed 7 volts at any output shaft setting.

it should be observed here that this vo ltage is almost wholl y dire to the tachometer residual voltage

(approximately 0.02 volt), which when amplified by the factor aA * 333 must yield 6.66 volts

across the motor terminals at the system null. In systems where greater percentages of

tsch~meuic feedback are required , the feedback can be touted through the synchronous -vib rator

circuit. Since the tachometer must be phased with the synchro -cont rol transformer for proper

operation, its residual voltage will also be eliminated.

cowa..usioNs
It has been shown that the synchronous-vibrator demodulator and modulator circuit can be used

to great advanta ge in the design and aislysis of one-speed synchro data-transmission systems. The

circ uit is comparatively easy to adjust and provides a degree of performance previously unattainable

without the addition of comp lex circuitry. The vibeators are extremely reliable and, when operated

within their stated tolerances , often out 1~st vacuum tubes. Life tests performed on four synchronous-

vibrator units indicate a life span greate r than 20,000 hours of con tinuous operation.

Although the application of he synchronous -vibrator circuit to control system s using AC motors

• was described, the circuit is not restricted to AC motors. A simple rearrangement of the circui t, as

shown in Fig. 14, provides a fast-re s ponse , ful l-wave , phase-sensitive detector for the operation

• R

SYNGHR O 

~~ ~~~~~~~~~~~~~~~~ 

~~~~~ 
C

Fig. 14- Circuit Arrang.m.nt for DC Motor Driv.

of DC motors. The elimination of quadrature voltage and the addition of a negli gible time delay is

retained in the circuit.

Ii shoald also be noted here that, since random noise over a period of time has an average value

approaching zero, the synchronous-vibrator circuit operates equally well in the elimination of random

P noise.

.
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