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I. Introduction

Since tne development of large sources of power, man
has become increasingly interested in its control so that
1t may be made to perform more useful and exacting worke.

In particular 1t is the starting, stopping, and governiné
of these forces that are inecluded in the field of "control!

Systems which regulate the flow of energy may be class-
ed Into four broad classes: open cycle, cloged cycle, dis-
continuous, and continuous. In all of these different types
the amount of control energy bears no relation to the power
releasgsed or governed.

If an electric motor 1is connected to a source of power
and set in motlon or stopped by closing or opening a switch,
we have a simple discontinuous control. The system 1s dis-
continuousg in that the current to the motor is completely
on or of f and there are no intermediate positions poseible.
If we replaced the switch with a rheostat, the system would
become continuous becsuse now the power supplied to the mo-
tor has a range values from fully on to off.
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In the system shown in Figure 1 the switch controlling
the directlon of rotation of the motor is operated by the
difference in position between points A & B and some refer=-
ence. In this system the point C 1s made to follow the point
A by 1etting'the error or deviation control the rotation
of the motor; thus a complete loop or cycle is present.
For this reason the control i1s a closed cycle system and
at the same time discontinuous since the switch either turns
the motor completsly on or off. If a slide wire rheostat,
with tne sliding arm connected to the differential, were
to replace the switch in the above control, it would become
closed cycle and continuous.

A servo mechanism consists of an input member, an out-
out member, a differential device which compares the in-
stantaneous positions of the input and output, a controller
consisting of an amplifier and output drive motor, and a
stabillizing device. These components are so arranged that
i1f the position of the input were x(t) and the output y(t),
x(t) would equal ky(t).

It shall be the purpose of this paper to describe a
typical servo system, develop a mathematical expression for
its performance, determine the constants of the elements,

and to compare the calculated characteristics with those

determined experimentally.

II. Description of System Analyzed

The analysls which follows was made on a closed cycle,

continuous position control 8ervo system. The system was
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manufactured by General Electric and 1s designated as the
"Amplidyne Servo Demonstrator". T

The block diagram of the system is shown in Figure 2.
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Figure 2.

The input shaft whose angular position 1s ®y 1s connected
to a selsyn gemerator is converted to three single phase
60 cycle output voltages whose amplitudes are proportional
to the cosine of the angle between the magnetic axis of
the rotor and stator. The angular position of the output
motor shaft 85 1s connected through a gear train with a
gear ratio of 24:1 to a selsyn transformer. The three out-
put voltages of the selsyn generator 1s connected to the
stator of the transformer and the output of the rotor is a
60 cycle voltage whose amplitude 1s proportional to the sine
of the angle between the generator rotor and transformer
rotor. The combination of the selsyn generator and trans-
former are indicated in Figure 2 as a differential whose
output signal is proportional to the error 8, where 6 is
the difference between 84 and :ﬁa_,

The error voltage is fed into an amplifier of gain
uy; which in turn supplies the field current of the amplidyne.

-3 - Howard E. Gerlaugh
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The complete wiring diagram 1é glven in Filgure 3. The
amplifler is shown to consist of a pair of 6L6 tubes
operating as half wéve grid controlled rectifiers, the grid
potentials being controlled by the error signal. An error
signal of a given A.C. polarity increases the grid poten-
tial and output of one tube and decreases the output of
the other tube by a like amount. An A.C. voltage of oppo-
slte volarity reverses the tube system. The plate voltage
on the tubes 1s supvlied from the same 60 cycle source as
the selsyns since 1t serves as a reference to determine
the A.C. polarity of the error signal. The neon lamps
across the grid circuits of the tube serve to provide
overload protection. The feedback c¢ircuit of the ampli-
fier returns a portion of the voltage across the armature
of the output motor through a differentiating circuit.
Thie provides feedback for the amplifier with a gain of Uoe
The output of the amplidyne is connected to the arma-
ture of the motor. The voltage is a functlion of the error
and also of the rate of éhange in error. “When the rate of
change of error is maximum the degenerative feedback voltage
is largest, decreasing the armature voltage of the motor
and . preventing the output shaft from overshooting the
zero error point as far as it normally would with out feed-
back. The output angle 6, is measured from the motor shaft
and is connected through a step down zear trein to the sel=-

syn transformer.

The moment of inertia of the output is designated.

-4 - Yoward T. Gerlaugh
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Jo and 1includes that of the motor and associated gear train.
The resistor across the terminals of the outout motor armat-
ure permits adjustment of the feedback voltage. The ratio
h represents the ratio of the feedback voltare to the total
armature voltage.

In operation the output shaft, where the anzle 1is _gg,
18 made to follow the input shaft with an angle of 64. The
accuracy of correspondence during transient and steady

state conditions 18 devendent upon the constants of the

system. A quantitative analysis of the system follows.

III. Derivation of Equgtions.

If the input shaft diéplacement is made a sinusoidal
function of time, the output shaft displacement and the
difference bet;eeh the two or efrof'will also be a sinus-
0idal function of time with the same frequency but of 4if-

ferent amplitudes and phase angles with one enother. These

functions are shown vectorially in Figure 4.
‘-*’
N (]
£\ s/ /

= 6.

Figure 4
In Figure 4 we see that
6=6.-g, (1)
and that the output vector 8, lags behind the input vector
63 by the phase angler?. e¢ and 5are the angles between

the error 8 and input 91 vectors and the error 8 and output

-5 - Howard E. Gerlaugh
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©o vectors recspectively. From these geometric considera-
tions, it is seen that the relation between the output dis-
placement and the input disvlacement can be expressed by the

equation
e‘ o

Similarly the relation between the output and error is

o e
S . )
-y Be (3)

and the error and inout

= I (4
%-Ce. )

(2)

Using the above relations

eJﬁ, ﬁ = 5-§ - 95
ES (=] e B e ‘ (5)
from which

.Q.‘: Jﬁ 2_ | - )‘
6 " 1+Be — & Treue =CeX¢ (©

Thus knowing _80_ s 1t becomes possible to calculate

8/8, , and follows that

6 : Aetr: 82y 8 . _Be’
5{' Ae 6 "et | + BelB g

L
The term Be" is given the name of transfer function

of a servo system since it relates the ratio between 8,
and 8. In the derivation which follows the transfer
function will be developed for the G. EZ. Servo Demonstratore.

In the first case the fe=dback ratio h of the system
will be made zero. The relation between the error © and
the total amplidyne field current I, is

R (8)

where uj 1s the gain of the amplifier in ma./radian taken
with respect to the output motor shaft, p is the Heaviside

operator equal to the first derivative with respect to time,
-6 - Howard E. Gerlaugh
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and T1 1s the time constant of the amplifier field Ll/Rl
with the units of seconds. The product of uj and @ give
the resultant field current in milliamperes. 'hen the dif-

ferential equation is solved it has the form
I=q0(1-e" %) (82)

In equation 8 we assume that the amplification of the ampli-
fier u; is constant orer range of error found in the system;
in the tests which follow this 1s found to be true.

The torque of a D.C. shunt motor, such as is shown in
Figure 3 to be employed in this system, is proportional to
the field strength and armature éurfent. ‘In ﬂhis servo
system the field 1s held constant so that the torque is
equal to a constant times the armature current. The output
current I3 of the amplidyne in terms of the field current

I, may be given by the relation

K, I, (9)
I'O'Piz

where K1 has the units of amperes/ ma. and Tp» is the time

I;=

constant of the armature of the amplidyne L,/Rp. The ex-
pression for the torque of the output motor may be immedi-
ately written

T=Kals= .f:-_""i'é_“' (10)

where K, 1s a constant with the units of ft.~lbs./amp.

Let
K:K. Kg, (11)

then

a KI = Ky ©
T ""Pi* (+pT(\+pR) (12)

-7 - Howard E. Gerlaugh
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the torque T having the units of ft.-lbs. Also the torque
of the motor 1s related to the moment of inertia and friction
of the output system by the equation
T=J.p*Ge +Fp6o (13)
Jo having the units of slug-ft.2 and the friction coeffi-

cient F, the units of ft.-lbs./radian/sec. Equating 12 and

13
Ku, © 2
(|+P:i’.i?|+p’fz)_'(J°P +Fplé, (13a)

and solving for the transfer function 82 we have

i - B Wl
ON ~ Be™= Np(1+ pT)(1+ pTe)(Jop*F)  (14)

By dividing 14 by the gear ratio N, measurements of the
output displacement may be taken at the selsyn transformer.
For equation 13 to predict accurately the performance
of the servo the output current of the amplidyne muset be
directly proportional to the field current and the torque
be a linear function of the armature current. These assump-
tions are true until saturation takes place in the former,
in the field of the amnlidyne, and in the latter, in the
armature of the motor.

In the case where h has some finite value giving the
amplifier degenerative feedback, the equation for the trans-
fer function becomes much more complicated. As the first
step, if the voltage across phe armature of the motor 1s
taken as Eo - as shown 1n,Figufe 5, the voltage at the out-
put terminals of the amplifier E due to the feedback hZp

at its input 1s giyen by the expression
E. = hEeua(1+pRC) (15)
2~ '+ pRC-42hpRC ﬂ

-8 - Howard E. Gerlaugh
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where up 1s the amplification of the feedback voltage in
the amplifier with the units of volts/volt and R and C are

the fundamental elements in the differentiating circuit.

- Rmplifier <
4ﬂvwh§yﬂe
Ervor Vottage sk Field
R A2 3
——
1L hE&q
|} .
Figure 5

As before the component of the field current due to
the error voltage 1is
I, = :L\_GT
] \+P. . (8)
The component of the amplidyne field currente due to the

feedback voltage 1s

__ & . _ hEoua(i+pRC) . (16)
Il"R.(H-p‘R Ri(V+pT, l-l-pﬁfux-—-nr\'ﬂ

The component of the output voltage of the amplidyne due to

I, is as in equation 9

Eqi = \Lé_}"ﬁ (9)

and the component due to 12 is

- K‘I
Ebz' l-kf%iz

Using the superposition theorem the'amplidyne'e total

(17)

generated voltage Egt may be expressed in the relation

Eqt = Egi +Ega (18)

-9 - Yoward E. Gerlaugh
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The voltage at the output terminals is scen to be

where I3 is the output current. E, may also be expressed

in terms of the parameters of the motor by

Eo= Ky ®Noy +I3Rq (20)
Let '
K3¢=C| (21)
and
Nm=Cape (22)

8o that C; will have the units of volts/rad./sec. and Co
will have no units if the speed of the motor Nm ié in

radians/second. Rewriting 19 we find that

Ee=2C.C; Peo "'Ig Ra (23)
The motor torque T may be expressed as

or by equations 18 and 22, solving for I3 and substituting

in 22, the motor torque 1is

T= C! Egt - C,CaC3 pSo (25)
) Ro.+ Rz

If now the right hand side of 23 is solved for 13

-

and substituted in 22 and the result used to replace E, in

(16), the component of field current due to feedback 1s

[, o hLSCaG P +TRaJua(1+p RC)
2 = R.(+pT) GO+ pRC(1~42R)]

(26)

Combining 8, 9, 26, and 17 the total generated voltage of

the amplidyne 1is

- 10 = Howard E. Gerlaugh
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Kiu, ©
Eqtz Egq +Eqz= (l"'PtT(‘* Fﬁ{) +

(27)
2 h-‘{g (C|Cg Cs Peo +TRQ)(|+P RC)
RtCS(I+PTo)(|+P lz” i+p RC(\-.«.‘,J\)]

or simplifying

Eqt* Rsca(H'PT +pTID+pRC(I-42h)]  (28)
+ (CiC2C3 p Oo+TRa)(1+pRC)
R\C, (14 pT)(HpTz)[H pRC(1-<4=h)]

substituting the value of T shown on the right side of 24

in 28 and collecting coefficients of © and

o 1K 4. RiG [14 PRC (1~quh) 1} O
{RC3 1+ pT)(1+ pT) 1+ pRC (=2 h ) TJ@zs)

6o {K.-q-;. (l"l‘PRC)EC Ca CgPi‘(J'op"eo*FP)Ra]}@
{RC (14 pT)(14pT2) [+ pRC(1 -2 W1 ] T O

Egt’

The circled number_a beside the brackets will be used in
future expressions to refer to the bracketed quantity on
1ts left. Combining 24, 25, and 29 we have an expression

for the transfer functlion in terms of the system parameters

N ¢, @O} e 0
PO Y |

Equation 30 defines the operation of the system under

translent and steady state conditions. After the constants
of the above expressions have been determined experimentally,

the equation will be solved for a sinusoidal input by sub-

stituting

il (31)
- and then the transfer functlion plotted for valueg of w.

Jet
By use of equations 6 and 7, C&€ana HE may be plotted
-11 = Howard E. Gerlaugh
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glving the complete representation of the performance of
the system.
IV. Txperimental Determination of Syetem Constants

In the tests enumerated below the various constants
of the system are determined. The tests were made over the
same range of values &8s used in the system for a normal
input. Using the resulting curves our assumptions may be
proven to hold or be in error,“as the case may be, and com-
rensating corrections made.

Test No. 1. The output Inertia of the Motor and Gear Trein.

The output inertia of the system is contributed to by
the motor armature amd two large gears connecting the motor
shaft to the output selsyn transformer. The total inertia
Jo will be computed with respect to the motor shaft.

To accurately measure the moment of inertia of the
irregular armature, a fly wheel whose inertia could be com=-
puted was suspended from a plece of long plano wire. It
was set to oscillating as a torsional pendulum and its per-
1od recorded. The fly wheel was then replaced by the motor
armature and its period of oscillation recorded.

Veglecting any damping due to the wire or air resist-

ence, the period of a torsional pendulum 1s glven in seconds

by
T= Z"P% (32)

I being the moment of inertia of the system in slug-feet2
and K the spring constant of the wire. Solving 32 for I anmd

setting up a ratio for two masses using the same wire we

find that
-12 = Howard =. Gerlaugh
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Ta=1Is =
> T (338)
r=2.25mn.
d=z O.75m.

d ws= 3.41b.

Figure 6
The moment of 1nertia of the flywheel deplcted in

Figure 6 1is

-3
Loz 4 §rri=osx3fye 225)% 1.8 62x107 s lug-f1.1(34)

The data taken in determlning Ty of flywheel 1s

Test Noe. of oscillations Time Period

#1 10 123 gecCe. 1203860.
#2 10 . 122 12.2

#3 10 124 12.4

Ty average = 12.3 sec.
The data for Tg of motor armature 1is:

Test No. of oscillations Time Period
#1 10 83.0 gsecCo. 8.3 seCe.
#2 10 82.5 8.25
#3 10 83.0 8.3

Ty average = 8.3 sec.

Ueing equation 34 Iy 1g found to be

I, = .862x1073x &35 = g48 x10™ % slug-f1* (35)

The two large gears Wwere initially thought to contri-
bute a larger amount of inertia than is actually the casee.
Their moment of inertla was calculated since they are of

- 13 - loward E. Gerlaugh
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symme trical shape and difficult to remove from their assem-

bly. The calculations are given below:

Gear A r = 2.05 in. density of steel a = 0.284 1b/in3>
d = 0.1875 in.
Vo . Ir¥da ; g0216 slu
M= -3 3 g (36)

Tea= Lt Mrt:z o.5x00216 u(z—;%i)t: 0.313x10"% lug- f1* (37)

3,03 in.
0.1875 in.

Gear B. r
a

M= 3.14x 3.03%0.1875 x%‘% = 0.0415 slugs (38)

(39)
1633 O.SI0.0‘15X(1':?); = . s“x‘o'aslug_ f-t‘

The moment 0f inertia of the'gear‘as gseen from the motor

shaft is
Len

(]
Lea= (39a)
with a similar expression for I'GB. The gear ratio of the

train is shown above each peair of

1:6 e - -
gorpt [ .Q e e
JSe/syn :
sb.’}r Q Motor Shayf?
Figure 6 |

gears and the number inside each gear represents the number
of teeth on each gear. The total gear ratio N is the pro-

duct of the two or 24. The total inertia referred to the

motor shaft 1s

- 14 - Howard E. Gerlaugh
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J.=848x107¢ _ 033x10°% isuxic™

<ttt

(39 b)
J"‘a (848 -1-22)00"6 a 870 % 10°° slug- f‘l’.‘

Test No. 2. The Time Constants of the Amplidyne.

In order to determine the time constant of the ampli-
dyne field a Westinghouse oscillograph was used to record
the transient current when the circuilt was.closed. The set-
up employed is shown in Figure 7. From the curve of the tran-
sient, the length of time for the current to reach 62.3% of
its final value was determined. The final current was limi-
ted by the resistor to 20 ma. The resistance of one half
the field R, was found to be 830 ohms and that of the resis-
tor Rhn to be 300 ohms. Using the familiar expression for

an RL circuit - St
[
) (40)

L=—E(|-e

the inductance of the one half of fhé field was determined.

ﬂmﬁ//dgnc :

+
Em=110v0/ts dec.
Ry 300 Lz 20maq

2 S

Timimg ‘; A
oscillogra p
éo~" wave Element
. Figure 7
A series of three oscillographs were taken, one of which

is shown in Figufe 8. The average of the three time constants

was found to be T{ = 0,0262 seconds since
- 15 = Howard Gerlaugh
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] l-. -L\
1: R? 2 830 + 300
L, = 29.6 henriecs (40a)
The‘fime constant of the field alone is found by

1 ’
Rr T\

= - 1130 40b
_'.-R-' = T. 4“-33?“0‘0262:0'0557 sec.( )

\

In Figure 9 is shown the circuilt diagram followed
in obtalining the oscillograms of the amplidyne armature
current when the field is suddenly applied.

——---A---_-.-,‘A—-..v-.--——-———¢-—;-7

L

Conro/ Field /

Srlotor

dc

‘ﬁ1zuﬂg
woove

Osci//e raph :
19?7:Zn1' ' eﬁ?

- Figure 9
The resistors Rn and R8 were set to give an Iy of 20 ma.
and I3 of 1 ampere respectively. When measured R, was
found to be 300 ohms and Rg, 260 ohms. The resistance of
the armature R, measured by the volt-ammeter method while
the motor was running had the value of 54 ohms.

A series of six oscillographs were méde, two of which
were disgarded because the motor voltage Ej varied from 110
volts. The time to rise to a value of armature current e~
qual to 0.634 amperes was scaled from each one and found to

have a value of 0.0333 seconds. A typlcal oscillograph 1is

shown in Figure 10. ,
- 16 - Howard E. Gerlaugh
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The current 13 follows the equation 1
-__)t
. K6 (41)
I3 R\Ra |+ ....) LsR-a. -\
1.L\ R Ly

When the values taken from the oscillograph and the above

circult constants are substituted in 41, the resulting trans-
cendental equation may be solved by trial and error for Ls.

Tne value found for Lo is 1.9 henries and the equation 41

appears as 03383

- - 314%.0333
 FCTR W e ‘%286z .9

+ S
[ 1.9 _‘) +(,oze.2x 314 _') (42)
\02e2x 314 1.9

With Rg in the circuilt the time constant 1is

T;_z ::: = ;.2 = 0.0060OS s€ec, (43)
2
and of the armature alone
Te = ls__‘?_ =20.0352 sec, (44)

Test No. 3. Speed=Torque Curve of OCutput Motor with Input
From Lab Supply

In thls test the voltage across the motor armature was
obtained from the la2b outlet as shown in Figure 11. The
motor was coupled mechanically to 2 small one-eighth horse-
power generator with adjustable shunt field which served as
a dynamometer. The motor was loaded by increasing the gen-
erator fleld while its outpuﬁ was dissipeted in resistors.
The torque of the mutor was measured by a spring balance
connected to the generator and the sveed of the motor by a

stroboscope. The resistance of the armature Rg ig 23 ohms.

- 17 - Howard E. CGerlaugh
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Shunt Freld
[ Motor Data
oc 1
‘E/ oencrator E Vess25vde.
i ‘ Motor ta=2%50vdc.
barm Vahp -/a
| /8001'/91’7.
o : o —
tiov.
AAAAAAL E“* o o o 4c¢.
Dymnamometer Strobo scope
Figure 11

The data taken in the test is as follows:
Part A .= Va = 260 v. Ve = 109v.

~o
N‘I'pm F =0Z. T" ftolbo
1966 0.5 10.0156
1940 4.0 0.125
1900 8.0 0.250
1870 12.0 0.375 .
1840 16.0 0.500
1800 20.0 0.625
1780 24.0 0.750
Part B Eo = Va '—'A 180V0 Vf = 1@'0
1445 0.5 0.0156
1420 4,0 0.125
1385 8.0 0.250
1342 12.0 0.375
1320 16.0 0.500
1290 20.0 0.625
Part C Eg5 = Vg = 120v Ve = 109v

910 0.5 0.0156
870 4,0 0.125
840 8.0 0.250
820 11.0 0.344

and 1is plotted in Figure 12. Of interest is the observation
that the speed tordue relationship is linear since curves
are straight lines. The curves are parallel and thelr dis-

tance from one anothef are proportional to the armature

- 18 = Yoward E. Gerlaugh
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voltage. Data could not be secured for higher values of

torque becéuse of the low rating of the generator.

Test No. 4. Speed- Torque Curve of Output Motor with
Input from Amplidyne
This test 1s a duplication of Test No. 3 except that
the armature voltage i1s supplied from the amplidyne. The
amplidyne field current was held constant in each part.
The circuit used in the test is shown in Figurel3. The

torque and speed of the motor wére measured by the same

method as used in Test No. 3.

109, v
oc Lavwvwwu o 89
Figure 13 Dynamomerer
The data taken in the above test is as follows:
Part A Vm - 109 v 11 = 20 ma.

N - rpm F- oz. : T-ft.1lb.
2710 0.8 0.025
2580 4,0 0.125
2420 8.0 0.250
2220 12.0 0.375
2100 16.0 0.500
1960 20.0 0.625
1815 24.0 0.750
1670 28.0 0.875

0 2.05

- 19 = Howard E. Gerlaugh



: “ b 1
B . . M H
(rmcm e o Y i
N
«l. N v
\
A
i .
’
-~
)
:
,
R
)
i Tt
.
S
. .
SPR - N
< 4 .
A -
. ¢ ‘u
- - . . e
Lo o
’ EEEFE | -
- . L -
P'S ~ \\
3 : 7
: . ~ a
. - [3
: ) ~ ]
. : . w .o e
\ . PR -
. . .
- : 4
. , i ;
. [ - N
NS
* e
Ty H .
i .
N z .
- * [




......

.....

PRI S,

. . . i .

( H i Lo N
: ARSI I EE e S

. i . .

m | .Tx._u_ Lo
T B Sor ) G R e

1 + N .. N
L B I e
S S LASTRU SESES SESES SESL. | SENREESE
I . “ ) . D

4

[ S

| |
; s — L
! . ; B RS
: e IO SRS S S
: : i Lo ‘_l N
; ! : , ” . : g\
. K i . . . m N
o ! . i i i : ; -9
e EE T e e R e AN T
! 1 i . ! : ’ :
. 0 i |#wrx : . H - .
. SRR | : | .
T enid e * w et S IH:. X G - -
! : | ! o . : .

L SR ool ! ; S :
..... USRS DR S w» IS 455 - - . S s B SRR N
H ! : i oo : H i : !

N ' i i N R B - . . . !

. B N w i

S ) T R IS DA Dl
| R _ . Q :
. ) T i . .
! . . 4 i
SEUNN DU SOAD FESESEE JOFSS CHTEY EETHISONES UURN SO IESRTINNL - JAELEO IOEN ! _ I EONE R R
SR S . Q
m | Do
+ —_ -4 - - -
1




Part B Vm = 109 v 17 = 10 ma.

N= rpm F - oz T - ft. 1b.
1620 0.4 0.0125
1500 4,0 0.125
1375 8.0 0.250
1245 12.0 0.375
1185 16.0 0.500

0 1,425

Figure 14 shows the curves plotting the sbove data. The
points showing the blocked rotor torque are to the left of
the values indicated by the extended dotted lines because

of the gaturation in the motor armature. There 1s a greater
decrease in the blocked rotor torque at 20 ma. because of the
saturation in the amplidyne fileld.

From theése curves the K of equation 11 was determined

and i1s found to be
K=138 =2 0156 £+ 15 /ma. (45)
In equation 13 and 24 the motor torque 1s equal to
the force due to inertia and the frietional force which is
proportional to the speed of the motor shaft. The torque

necessary to overcome the friction is given by

T= FpOo (46)
or
-
F= pa. (47)

This 1s the inverse of the slope of the motor's speed-

torque curve; the frictlon coefficient becoming

1630 « .28
[

- 20 = Howard E. Gerlaugh






Test No. 5 Saturation Curve of Amplidyne

A saturation curve of the amplidyne was run in order
to determine 1f there was a linear relationship between the
field current and terminal voltage and to determine the
constant K7 of equation 9.

The circuit 1s shown in Figure 15 and the data taken

in the test follows.
Amplidygne€ .

@ o D D D AP W W S D @ WP TP M D D W WD D W B = - S ’

- Con?ro/
Field
80v.
dc.
Figure 15
1; - ma Egt - volts
0 5
2 32
4 69
6 109
8 151
10 189
12 229
14 266
16 298
18 326
20 348
The data is plotted in Figure 16 and K; 1s determined to be
K.=-ga°—°4_— = 19.22 volts fma. (49)
10,

The voltage 1is shown to be linear up to gbout 17 ma.

-2] - Howard T. Gerlaugh
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Test No.6. Amplidyne Output Voltage vs Current
In studying further the characteristics of the ampli-
dyne a current vs. voltage curve was taken. The circult

diagram 18 shown in Flgure 17 followed by the test data.

e e o S S Gn G - e e e e G G e e e e o - -p

l l MoTor

Emn
gov
dc

C'a‘n'fro/ Fie/d ﬁm/b//dyﬂe

Figure 17

Part A Ej = 109v 1; = 10 ma.

Eo = volts 1, - amps
216 0
191 0e33
175 0.50
154 0.75
137 1.00
118 1.25

Part B Ep = 109v 17 = 20 ma.

Eo - volts 1> - amps
362 0
310 0.52
286 0.75
260 1.00
236 1.25

In ﬁhe curves plotted in Figure 18, we see that there 1is
not quite a linear function between the field current and
armature current because of the saturation in the field at
20 ma; The curves are not exactly parallel; whether this

1s due to the fact that the machine wag cold during the 10

ma run or to plotting is not known.

- 22=0 Howard E. Gerlaugh
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Test No. 7. Curvéd of Armature Current vs. Torque

In order to determline the constant Cz 1in equation 24
a curve of armature current vs. torque of the output motor
was made. Also a check as to linearity of the torque and
armature current can be made. The same equipment was employ-
ed as in Test No 3 with the addition of an ammeter in the
motor circuit to measure the armature current. The data
~taken in the test is plotted in Figure 19. The armature vol-
tage was taken from the lab supply and held constant at the

valuee indicated.

Part A E, = 108v Er = 108 v
1z - amps F- oz T-ft. lbs.
0.14 0.6 0.0188
0.20 2.2 0.0688
0.27 4.0 0.125
0.36 6.0 0.1875
0.43 8.0 0.250
0.50 10.0 0.312
0.52 11.2 0.350
Part B Ey = 220v Ef = 108 v
1z - amps F = oz T- ft. 1b.
0.14 0.5 0.0156
0.21 2.0 0.0625
0.28 4.0 0.125
0.38 6.0 0.1875
O.44 8.0 0.250
0.52 10.0 0.312
0.58 12.0 0.375
0.75 16.0 0.500
0.91 20.0 0.625
1.06 24.0 0.7590
1.20 28,0 0.875

The constant 03 which is the inverse of the slope
of the curve is found to be

Cg= -oo-%oé- = 0.834 ft Ib./a-m P

- 23 - Howard E. Gerlaugh
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Test No. 8 . Gain of Amplifier Without Feedback

| In this teet we will determine the relation between

the angular error and the resultant field current at the
output of the amplifier. The rotor of the selsyn trans-
former on the outout shaft was blocked, making the angular
displacement cf the selsyn gererator on the input shaft

the error. Filcure 20 shows the arrangement of the equipment
in making the test. The feedback voltage was zero.

Selsyn

Trans former - .4h@bﬁagﬂnc
”mf// fl er Freld
- ®

®igure 20

8 - teeth V4 -volts,ac 17 -ma ig-ma ©-degree (11-15)-ma
1.0

-10 17 0 -19° -41.0
"8 1308 0 41.0 -1502 —41.0
-6 1006 1.0 4005 -1104 —39.5
"4 7.1 2.4 39.0 -706 —36.6
=3 5.2 Se& 3Te3 -5.7 -31.9
-2 3.4 10.7 3344 -3.8 -22.7
‘1 1.7 16.8 2707 "'109 ‘10-9
-% 0.9 20.0 24.8 -0.95 4.8

0 0.08 23.9 21.3 0.0 2.6
3 0.23 26.1 19.2 0.95 6.9
1l 1.04 29.8 16.0 1.9 13.8
2 2.8 364 9.2 3.8 27.2
3 4.4 41.0 4,6 5.7 36.4
4 600 4305 204 706 41.1
6 9.5 45,0 1.0 11.4 44,0
8 13,2 45,0 0.5 15.2 44 .5
10 16.3 45,0 0.0 19.0 45,0
Equilibrium position:

Vi 3 0.32v ; 17 = 24.2 ma; 1p = 23 ma.

190 teetnr in gear.

- 24 - loward E. Gerlaugh
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The curve in Flgure 21 shows that the resultant field
current 18 nearly a linear function of the error up to
about 5 degrees. The humps on either side of zero are
due to the error voltaée flattening out. The gain of the

amplifier uy 1is

G-t .
| .q,:ﬁ-%—zl = £2.3228 ;5732 388 mayfrad. (50)

A graph of individual field curreat components vs.

error voltage is shown in Figure 22.

Test Noe. 9. Gain of Feedback Circuit of Amplifier

The feedback voltage 1s applied to an RC differ-
entliating circuit which feeds a signal to the grids of
the tubes which 1s proportional to the rate of change of
the error. This circuit effectively increases the damping
of the gystem without increasing the steady state error to
any appreciable extent.

In ﬁhe test the rotor of thz selsyn transformer was
blocked and the input shaft set at a fixed error for each
part of the test while the feedback voltage was variled.
The circuit is shown in Figure 20, The values of R and C
used in equation 15 are: R= 1.2 megohms and C= 2 mlcrofarads.
The data taken in the test 1s as follows:

Part A e =0

hEg=- volts 1, - ma 1,-ma (11-15)= ma.

O 25'1 2-&05 106
5'2 2102 27.1 —5.9

10 18.1 29.8 -11.7
15 15.0 32,4 -17.4

20 12.0 402 -2202

2409 10.0 509 "2509

30 709 3702 -2903

- 25 - Toward ©T. Cerlaugh
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Part B 6 = 2.50

hE; -volts 1y-ma is-ma (11-15)-ma
0 Li1.o %5.0 15ta)
5 40,1 6.1 34
10 3905 708 31.7
15 38.0 10.0 28.0
20 35.8 12.2 24.6
25 34.9 14.8 20.1
30 31.9 18.2 13.7
Part C 6 = -2,50
hEg=-volts 1y-ma. 1o-ma. (17=15)-ma.
0 1802 3508 1'2 06
5 602 3606 -30v4
10 409 3702 -32-3
15 3.6 3801 "3""‘05
20 207 3805 "'3508
25 200 38.9 "36.9
30 1.5 39.2 =3T.7T

The curves in Figure 23 are not parallel because of
the fact that the tubes draw appreciable grid current and
the input transformer becomes saturated at higher values
of feedback voltage. In the determination of the gain

us in equation 15, an average value was determined to be

M= —45(:;;3)-R‘= 162932 . 0,462 volts fuolt  (51)
. .

IV. Calculations and Performance Curves.

In the last section the constants of the servo system
with and without feedback were determined. As th2 next
step we will make the substitutions and draw a polar plot
or Nyquist diagram of the transfer function. A sinusoidal
input will be assumed and it follows that the error and
output will also be sinusoidal functions of the same fre-
quency but differing in phase and amplitude. Since this is

to be a sinusoidal analysis, the differential equations will

be solved by makilng

- 26 = Howard =. Gerlaugh
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p=dw (52)
Equation 14 represents tae transfer function of the
servo without feedback; when the constants have been

gubgtituted it becomes

Be'8: o . _2,300,000
ON° p*rcGeTp +1238ptFB350p (O

Letting p become Jw we have

2.52 ~ (54)
fwlusiex 0.001092w*]+)[915-0.0708 wﬂ} 1o®

In table A are given the computations for the polar plot

Be 3’33

of 3 and the resulting curve is shown in Figure 24, When
w =z O, the vector B is at minus infinity and as the fre-
quency 1is increased swings into the third quadrant. Since
the plot crosses the real axls to the left of the point
(-1,0) the system 1s unstable. . This was confirmed when the
gervo was operatéd without any feedback signal.

faking the case witﬁ fe}dback voltage and letting
h= 0.33 we shall plot the Nyquiét diagram of the transfer

function. Upon substitution of the constants, equation 30

becomes PN
pel. _(119.8 + 364 p)io?’ . c (55)
24p (1.115p3+100.9p*+1453 p+ 089)
and when p= jw | o
79.8 +) 364w)103
(179.8 +) w) (56)

Ao =TSt ‘

The computations are shown in table B and the curve 1n

Figure 25. The two curves shown are from the same data

- 27 = Howard R©. Gerlaugh
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but are drawn to different scales in order to bring out

1ts general shape and to see its cheracteristics when
crossing the real axis. It crosses at the point (-0.196,0)
and the servo 1s therefore stable,

The radius of the circle with center at the point (=1,0)
and téngent to the transfer locus is a measure of the sta=-
bility of the system and its dampening constant. Tt is
interestine to note that no matter what type of damping
the system employs, all systems with the same damping coef=-
ficlent will have the stability circle tengent at the
same point. 'With a radius of 0.€15, the damping coeffi=-
cient is 0.45.

Scme period of time was spent in trying to obtain the
curve in Figure 25 experimentally. The loop was opened
by blocking the rotor of the selsyn transformer on the out=-
put ghaft and disconnecting it mechanically from the out-
put motor. Selsyn generators were connected to the input
and output shafts so as to obtain an A.C. voltage proportional
to their respective angular displacement.

The input shaft was then driven back and forth about
the zero reference point sinusoidally. This was done by
mounting a long rod eccentrically on the shaft of a drive
motor and connecting the other end of the rod to the outer
rim of the flywheel geared to the input shaft . As the
motor revolved the inout was moved with a sinusoidal motion
of about 2.5 degrees amplitude and with the same number of

cycles per second as the motor made revolutions per secornd.
- 28 - Howard E. Gerlaugh






The speed of the motor was varied for each test and an
ésclllograph used to photograph the voltages from the
input 2nd outout selsyns.

The amplitude of the error was constant and the am=-
plitude and phase of the output could be then measured
from the oscillographs. Using this data the polar plot
of the transfer function could be made.

The difficulty encountered in the above procedure
was due to the fact that the output shaft of the servo
did not oscillate about one point but slowly "crept".
This was caused by not having the input vibfating about
the exact zero error point of the gsystem. This point is
very critical and changes with small fluctuations in line
voltage and operating temperature.

Further investigations into experimentally obtaining
this polar plot of the transfer function might use the
output voltage of the amplidyne and convert it into the

output displacement by certain derived expressions.

- 29 - Howard T. Gerlaugh
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