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INTRODUCTION

The frequency response approach to the design of automatic
controls is the dominant one téday. This approach in a strict
sense may be said to have started with a paper in 1932 by Dr.
H. Nyquist, a physicist at the Bell Telephone Laboratories. 1In
this paper Dr. Nyquist was concerned with the stability of
feedback amplifiers. This work can be said to have made pos-
sible the transcontinental telephone as well as modern radio
and television. Dr. Hendrick Bode, mathematician at the Bell
Laboratory, extended the results of Dr. Nyquist and obtained
some simple design criteria that enabled even technicians with-
out much mathematical training, to determine whether or not a
system is stable.

In the study of physical devices one is generally concer-
ned with inputs and outputs to the devices. As the inputs
are varied the outputs are affected. This study is often
reduced to that of the relation between one input and one
output.

In a broad sense the frequency response approach to the
design of a physical device, may be said to be that in which
use is made of the response of the output of the device to
sinusoidal oscillation of the input.

The needed information about the system is visualized
easier from the frequency response curves, than from the

differential equations. In writing down the differential



2

equations for a physical system the dominant factors need to

be considered. Except for errors in measurement, the experi-
mental frequency response curves for a physicalldevice truly

represent this device.

The system frequency response is much affected by the
behaviour of its components with variation of the frequency.
The frequency response of each component should be on hand
before the overall frequency response has to be predicted
theoretically. Experimental frequency response will give
more accurate results, because a simple analytical approach
does not involve the nonlinear effects of the components

characteristics.



CHAPTER 1

ANALYTICAL DETERMINATION OF FREQUENCY RESPONSE
D-C SYSTEM
General Relationship for Separately Excited Shunt Motor
For a d-c machine as shown in Figure 1, the following

relationships exist:

dI
Armature circuit: Ve = Eg + Ity + LﬁQEE (1)
Field circuit: Ve = IgRp + LeSiL ... (2)

dt

Eg-':"-Kew oo o0cectoveonsoe (3)
Electromechanical coupling: ‘

=KtIm @eoeneecoeoose (4)

where - armature voltage, volts

=

- armature current, amperes

armature resistance, Ohms

- armature inductance, Henries

o O W OH <
B B
]

g~ back emf, volts
If - field current, amperes
Rf - field resistance, Ohms
Lp = field inductance, Henries
w - angular velocity, sec™l
K, = torque constant, in-oz/amp.
K_ - back emf constant, volt-sec.
-~ T - developed torque, in=-oz.
The accuracy of the above equations is limited by nonlinearit-
ies in the various circuits. For example, the brushes in the

armature circuit obey Ohm's law only at low load. But as the

brush resistance i8 small compared to the overall armature
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resistance this nonlinearity can be neglected. The main cause
for nonlinearity in the motor is the relationship between the
air-gap flux and the field current, which can be shown by the
magnetization curve in Figure 2. If the operation of the motor
is kept below the knee of the magnetization curve, approximation
of a straight line can be made. If a strong field that saturates
the magnetic circuit is applied, these nonlinearities have no
influence. Actually; the field of highly-saturated d—-c machine
remains quite constant.

The effect of armature reaction in reducing the main field
is cancelled as much as possible by means of compensating fields,
On the other hand, if the motor is controlled by varying the
field current, non-linear operation of the motor is expected.

A good example for this is the series motor (which will not be

discussed here).

The Moteor Transfer Function 1,2,3

Assuming that the flux remains constant and substituting

equations (3) and (4) in (1),

. Ly 4T
T+rtm L BB B BB B BN K B AN B Y B 3 (5)

With the conditions of constant applied voltage and zero rate

Vp = Kow + g

of change of torque, corresponding to steady state condition.
of the speed-torque characteristics, we obtain equation (6)
K¢
= - 000000000000 OCOSOSOLOSNOGIEBSIOGES 6
T (Vg Kew)-—ﬁ; (6)
Equation (6) is a family of straight lines whose constants

may be found from the torque -speed characteristics:

1. All references are in bibliography.
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K¢ 2T

mme D emmmmt e ece0ccs0cecccescctossseces (7)

Rpy  Vy

KeKg _ T

R O
T T

USing eq. (7) T = etuoem V‘ + = W ceecececececccconcs (8)

Wy ow

If the mechanical load on the motor consists of inertia J.

and viscous friction f, . thenhuv=

dw
T=J~+f' ® 0 ® 0000 0000000800000 00 0 (9)
dt
using eq. (8) and substitute eq. (7) =z have
K KekK
T-’-‘-Vm'ﬁ"'-‘;'&' t00000ce0000000000 (10)
Rm Rp
By the method of Laplace transformation and remembering that
a6
W"-"""zpe 00..0‘..00.‘000....‘0.0.0(11)
dt
=
xhenbia Vm\Rp
9= 0.'0...0..0.....(12)
KeK
p(Jp + £ + .3—2)
Rm

where J and f are the combined motor and load moment of inertia

and friction. Or in the usual form:

e K
eame T 2 0000000000000 00000 0 (13)
Vm P(Tmp + 1)
K¢
where Ky =
KeKt
Rm
J
Tt
£+ -2t

Rnm



The Motor Moment of Inertia4

The retardation method was used to find the motor moment

of inertia. The Kinetic energy of the rotor is equal to

W= th 000000000000 000000000000 (14)

where W, w, and J are the kinetic energy, the angular velocity

and the moment of inertia of the motor.

Differentiating with respect to t

dw dw
and the power P = e = Jw =
dt dt
®00e0000000000000o0 (15)
or P = Jwa

The no~-load loss at any speed is equal to the frictien,
windage, core and a small armature copper loss, at the same
speed. Using those values of power, speed and retardation
(evaluated from the retardation curve) the motor moment of
inertia can be found. The motor speed~time characteristic,
when retarded from 2000 rpm with closed field circuit was
recorded directly by means of the Brush Recorder and a small
tachometer. The recorded response is shown in Figure 3. A
larger scale is used in Figure 4 in order to calculate the
retardation values. The corresponding values of power were
taken from the no—-load characteristic of the motor given in

Figure 5.
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TABLE I 10

NO LOAD TEST OF THE D-C MOTOR

n I \ P
rpm . amps e vVvVOlts . watts
600 0.100 60 6.0
800 0.107 86 9.2

1000 0.114 109 12.4
1200 0.118 132 15.6
1400 0.127 146 19.0
1600 0.141 170 24,0
1800 0.151 186 28.0

Using the values of power from Table I and the values of re-
tardation evaluated from Figure 3, we obtain Table II, where
n - motor speed, rpm
w - motor speed, rad/sec
- no load power input, watts

retardation, rad/sec2

o P Y
{

-~ motor moment of inertia, in~osz. socz.
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TABLE IX

CALCULATED a AND J FROM FIGURE 3

r:m s;:c"1 sZc"’2 wazts in-—oz‘.’aec2
600 62.8 89 6.0 0.152
800 83,5 107 9.2 0.143
1000 104.0 121 12.4 0.140
1200 125.0 130 15.6 0.136
1400 l46.0 138 19.0 0.134
1600 167.0 147 24.0 0.139

Several values of inertia were calculated from which the value
J = 0,140 in«0%.5€C2 .cccccccccsccsses(l6)
is the average value of the motor moment of inertia. The main
sources of error in finding the moment of inertia is due to:
(1) Pressing a tachometer to the motor shaft causes another
friction force. ‘
(2) This foree is not comstant, (in 1).

(3) Nomnlinearities in the tachometer characteristic.
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The Motor Constants 2657

Using Figure 6 and equation (7), it can be shoﬁ that:
a) Damping constant.
P KeKy T
w Ry Wno-load

b) The back emf constant.

2Tm o ke = 1.15 vol
o = Ke = 1. volts=sec.

¢) By plotting the torque as a function of the armature current

the motor torque constant is obtained from Figure 7,
tanol= K_ = 123 in-oz/amp.
and from Figure 6, it is easily confirmed that

»T
K¢ = == Rp = 5.33 x 23 = 122.6 in-oz/amp.
Wy

d) The motor gain.
Substitute the above values in equations (13) and neglect

the motor viscous friction, then
Ke

= Rm(f + KeKi/Rm)

e) The motor time constant .

1 -1
K = == = 0,87 (volt.sec)
Ke

§
T

m=F 4 KoKy /Ry = 0.0228 sec

Substituting the above values in equation (13) would result

the motor transfer function:

g 0.87
|/ p(0.0288p + 1)

60000000 corcccoe (17)



TABLE III
LOAD TEST OF THE D-C MOTOR

Vv I n T
volts amps rpm ft-~1b
30 - 0.20 240 0.84
30 0.48 : 170 3.00
30 0.64 150 4.20
30 0.72 130 4.80
40 0.20 330 0.72
40 0.42 300 2.40
40 0.60 250 4.00
40 0.90 200 6.60
50 0.18 400 0.66
50 0.38 390 2.10
50 0.54 360 3.60
50 - 0.80 310 5.70
50 1.20 300 7.80
60 0.30 500 1.68
60 0.66 430 4.62
60 0.98 360 726
60 ‘ 1.18 330 9.00
60 1.31 310 10.20
70 0.24 600 0.96
70 0.55 550 3.6
70 0.74 510 5.16
70 1.08 450 8.10
70 1.30 410 9.30
80 0.20 710 1.20
80 0.60 640 3.48
80 0.80 600 5.51
80 1.06 540 7.80
80 1.32 500 10.10
100 0.26 200 1.20
100 0.56 850 3.60
100 0.83 800 5.87
100 l.12 750 8.40

100 1.33 700 9.90
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Open-loop Characteristics of Amplidyne and Motor 7

When an amplidyne is used to excite a d=c motor in a
control system, (Figure 8), a transfer function can be found
using the motor chafécteristics previously determined, but
remembering that the motor armature circuit impedance is
changed because a source of power having a certain amount of
output impedance is applied. |
a) The motor-=load transfer function:

The voltage applied to the armature of the motor is the gen-
erated voltage of the amplidyne V4.

Vd‘--ImR(Tap"‘l) +Kep9m ©ec0ec0c0000cee (18)

where R =R4q + Ry
" _Ld.',. Lm eev0cccc000ccccccccccccoos (19)
® Rq Rnp
From equation (8)
Vg = K
Im-_—.__d____g_ped 00c000csve0ccccsesssnce (20)
R(Tap + 1)

The torque results from the motor armature current I, will be
consumed in accelerating the inertia J,; of the motor, the in-
ertia of the gear train Jg’ and that of the load J;, reduced
to motor shaft; it also will be dissipated in overcoming any
viscous friction in the fearing and bearing. Thus the torque

equation is

Jp2 Opt+ fpOp = Kl = K¢

R(Tap + 1)

cececse (él)

Usually, and here,

—'»'B IE R R RN R Y REIEEERWIRIRY IR IR IY
=>1, (22)
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and with this approximation 19

J K¢ K K
f(;—-p + 1)pey + f—-‘-pem = Eﬁ A

K KeK
"EVd= (Jp + £ + ==—)pey,
R R
K K¢ K
or Ly = (T p+1) (£+ I-;P-E)pem ceevsccasease (23)
R
1 T J (24)
wnhnere TS e o 6 6 6000000000000 0000000000000000
ma K¢Ke
£ +
R

and the motor=load transfer function will be
O _ K¢/ R(f + KyKe/R)

Va P(TpaP + 1)

@000 0000000000000 c000000 (25)

b) The amplidyne transfer function

- The amplidyne constants as measured (see Figure 9)

are:
Control field circuit: Re = 1660 Ohms
(F1-F4) Le = 90 Hy
Direct axis circuit: Rq = 56 Ohms
(C1=C4) L3 = 0.83 Hy
Quadrature axis circuit: Rq = 26 Ohms
(Armature circuit) Lq — 2 Hy

Data were taken for the no-load curwve of the amplidyne
when a full and a half field was: excited (Table 1IV).
The control field circuit (Figure 8)

Ve
If = 0008000000000 0cosce (26)
Re(Tep + 1)
The quadrature circuit
'f N % ! L |
vq == quf - Kg‘ e of\o‘;q ’omo"-of"‘f!;’u':t 0{8 olei 0800000000 0e (27)
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View looking at back of terminal board

Ll L2 | F1 F2F3 F4 Cl AlC?2 C4
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- Series ﬁ
eSS &
: @
. Control Field £
Shunt A : 8 .
Shunt
Series
Drive Motor ; Amplidyne Generator
'FIGURE 9

THE AMPLIDYNE SCHEMATIC DIAGRAM
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Substituting equations (26) in (27)

KqV
Iq= ‘gf ® 0000 0s 000D OGOGESEPOSOOSOEOSOIEOSES (28)
ReRq (Tep + 1) (Tgp + 1)
Kv
dexdlqz f 000000000000 (29)

where K = KqKq

The unloaded amplidyne transfer function is therefore,

Va _ K/ngg;

Ve (Tgp + 1) (Tgp + 1)

When a current source is used to excite the amplidyne, the

....,....O.......‘...... (30)

following expression will be found by substituting equation
(26) in equation (30)

Yj = “ﬂ'a's- ©000000000 0000000000000 000e (31)
Ir Tgp +1

From the no-load test, Figure 10, it is shown that for

zZero frequency

K. v
R If

= 41.5 VOltS/ma e0ee0vocecccoce (32)
q .

W =o0
substituting values in equation {31), then

Vg _ 415
I 0.077p + 1

XXX EREXEENERREERYRREREN ¥ (33)

L

where T =3 = 0.077 sec
1 g
qQ

knowing the constants and making use of

kg = 123 in-oz/amp
Ke = 1.15 volt.sec
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R =Ry + Ry = 56 + 23 = 79 Ohms

J = 0.140 in-oz.sec?

it is found that by neglecting the motor friction,

K 1 -
£ = w= = 0,87 (volt.sec) 1
R(f + K. K./R) K.

J _0.140

£+ K Ke/R  1,15x123
79
and the motor-load transfer function would result

= 0,078 sec

en — 0087

-— =

Vg p(p.078p + 1)

The overall transfer function of the amplidyne-motor com=-

® 006006060008 00606000000 (34)

bination is

6 v 36.
&zlx.gz L ®0eccevocee (35)

I Vg If p(0.078p + 1) (0.077p + 1)




NO LOAD TEST OF THE AMPLIDYNRE

TABLE IV

Full field Half field
!JI:i{ vogga l{lg. voxgs
0.0 5 0.0 8
1.0 33 1.0 20
1.3 40 1.6 34
1.6 50 2.3 48
1.8 60 3.3 70
2.3 76 4.1 87
2.6 88 5.0 104
3.0 102 545 120
3.3 113 549 130
3.7 130 646 149
4.1 146 7.4 167
4.4 160 8.0 181
4.8 176 8.5 194
5.2 194 9.0 206
5.6 210 9.7 223
6.5 245 10.5 244
6.7 260 11.3 258
7.0 278 12.2 280

23
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A=C SYSTEM

Operating Characteristic of 2-phase Induction Motor

The operation of two-phase induction motor differs
from that of conventional induction motor, principlly
because the voltages applied do not constitute a balance
polyphase set. The type of induction motors for servo
work have very high rotor resistance and hence very low
operating efficiencies. But on the other hand, the motor
torque characteristic is fairly linear. Speed-=torque
curves for different values of control voltages were app-
roximated from the characteristic given by M. A. Steinhacker

and W. E. Meservee. Those are given in Figure 1ll.

TABLE V

CHARACTERISTICS OF THE MOTOR (DIEL MFG.)

Style’number cosssscee FP 25=2

Power output eececeeees 2 watts

POleS ccoccsccccccececs 4

Frequency, cycles/sec. 60

Volts per phase ..ces0.20

AMpPEresS .cceccccecesee 0.85

Inertia, in-oz.sec? .. 0.508 x 1073

Discussion of Torque Coefficients
Since the motor is of 2-phase type, it is very sen-
sitive to harmonics in the applied voltage wave. The

expression of motor torque characteristic which can be
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used in servo system

2T T
T-“=‘—'W+-V 0000000000000 c0c00 00000 (36)
w wv

where w is the motor speed, and V is the control voltage.
The use of the above equation involves determination of

the coefficient 9T/7w in the neighborhood of the operating
speed, and %% in the neighborhood of the operating control
voltage. Observation of Figure 11 shows that for speeds
below 1000 rpm the speed=-torque curves are of fairly con-
stant slope. Therefore, the assumption that ?T/%w is a
constant value over the normal range encountered in zer-
oing operation gives fairly accurate results. Since during
the zeroing period, the speed-torque curves are fairly
parallel, and indication of the value 2T/?V can be obtained

by using the blocked or zero speed values.

System Damping Factor
The system damping factor consists of the motor damping
constant and the system friction. The system friction is

determined by the following method:

A very light and small wheel (made of wood) was
attached to the shaft of gear Z,, as shown in Figure 12-a.
A weight of 200 grams was suspended on a string wound
on this wheel, shown in Figure 12-b. By letting the system
be free of any external forces except F, the weight will
move downward due to gravity. The system will come to a
steady state condition when the torque produced by F will
be equal to the torque due to the friction of the system,
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(a)
M
MOTOR 3 21 21 = 18 Teeth
. Z, =143 n
— "
Ke = ap/ny = 1/3 %3 <2
Z4 Za = 72T
”l 25 = 54 "
_ i
TACHOMETER [ (
d = 1.,5"
(v)

Z3

FIGURE 12
A=C SYSTEM GEAR TRAIN
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and the dragging force of the tachometer. The steady state
velocity is measured by recording the tachometer output

as shown in Figure 13. The force F reduced to the motor
shaft is

the torque on the motor shaft

r) r3

!‘4 1'2

Tl'—'-'FI‘

the motor angular velocity
rs
W, = W_ —
b |
Remembering that the radii of the wheels are proportional
to the number of teeth, we obtain, after substituting the

values of Z's given in Figure 12, and the following values

F 200 gr. = 7.06 oz,

0.75 in.

r

wg = 400 rpm = 42 rad/sec

it can be shown that

18 23
Tl = 7.06 X 0,75 X w=e X o= = (0,213 in-oz
72 143

the motor angular velocity
54
W, = 42 — = 126 rad/sec
18
By approximation, assuming that the friction constant
reduced to motor shaft is

T
£, = -} = 0.0005 in-oz.sec
w1
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The Motor Load Transfer Function3’9’10’ll-12

The motor-load system consists of a 2=phase inductinn
motor running a d-c tachometer through a gear train as shown
in Figure 12=-a. Knowing the motor speed torque characteristic,
the motor torque constants can be determined, for 2 volt rms,
applied to the control field. From Figure 11 and equation (10)
we obtain | |

a) The motor démping constant

T Tstall 0.6 60
- = X = = 0,0095 in-oz.sec.
600 2%

m = e o= T

W VY,o-load

b) The motor torque constant

AT T 11 0.6
K = — = o2 - = 0.3 in-oz/volt
W Vepplied 2

Equation (10) can be rewritten as
T+m=kv ® @@ O 0 00 0 06 0 8 00009 00000 OO O OO OO GOS0 00 o (37)

Using Laplace transform, the motor-load differential equation

would be given by

J p29 + fp@ = kV - mp@ 000000 0poer o000 000000000 (38)

which is rearranged as follows:

k
g"": 00 0000000000000 0 0000000000000 (39)
v p(dp + m + f)
k
or 9‘.=-—‘L— 000000000000 00000000600000000000s0000 (40)
' p(Ep + 1)
where kp = k/(m + f)

..........QO..O...‘O0...00.0....000(40&)

T =J/(m + f)
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Substituting the known values, Equation (40a) becomes

ky, = 9:3 =30 (volt-sec)™1
0.01
0.508 x 10~3
= - == 0,508 sec.
0.01

Substituting the above in Equation (40), the motor load

transfer function is

e 30
¥ T p(0.0508p + 1)

00000 c00c0scevccoe (41)




CHAPTER 2

GRAPHICAL DETERMINATION OF FREQUENCY I?.ESPOI‘ISI'JL3

Because of the difficulty in analysis of rotating com-
ponents, magnetic amplifier, pneumatic and hydrodynamic systems,
and the like, an analytic expression for the transfer function
may be difficult to obtain. Determination of a component
transfer function usually means determination of gain and
phase relationship between the input and output signals to
the particular component or sysﬁem. Frequency-response data
obtained experimentally present two problensf errors in
measurement and unexpected factors in the transfer function,
due to nonlinearities in the components* characteristics.
Phase shift measurements, for example, are usually less
accurate than attenuation measurements. On the other hand,
the phase shift angle at the high-frequency end of the data
is often greater than that expected from the attenuation
characteristic by more that can be attributed to experimental
error.

By making approximations with asymptotes to the actual

responge, a transfer function can be determined.
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D=C_SYSTEM
Description of System Tested
In order to take data for the frequency response and in the
same time eliminate errors as much as possible; & simple posttion
control system was built. The schematic diagram of this system
is shown in Figure 14.
The principle components are:
1) Pair of synchros for detection of position errors
of the output of the system.
2) Electronic Amplifier (Figure 17).
3) Amplidyne, to supply the command signal to the
motor.
4) D-c shunt motor, the actuator unit.
Figure 15 is the block diagram of the control system. Figure 16

is the schematir setup for measuring the frequency response.

Principle of Operation

When an error input signal is given to the electronic
amplifier while the amplidyne is rotating, a voltage will be
built up, applied to the motor and an output shaft position
will occur. by fixing a synchro generator rotor with 110 volts
rms applied to it, a suppressed carrier amplitude modulated
signal will occur at the control transformer rotor terminals.

A sinusoidal type of signal is gemerated by the function
generator and applied to the input terminals of the electronic
amplifier., By exciting the amplidyne with this amplified signal
a voltage will be generated at the output terminals of the amplidyne

@tia » applied to the motor. The motor will have a sinusoidal

output motion.
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The two signals are recorded by means of the Brush-

Recorder, which has the advantage of recording two signals

at the same time. A use of high persistance oscilloscope is
‘reeommended for checking wave forms before recording them,
in order to have the wave form from which the phase shift and
gain will easily be calculated, and a great deal of recording
paper will be saved.

The unbalance of the amplidyne field which can be com=—
pensated by the electronic amplifier will cause a net rotation
of the motor in one direction. This will gppear. on. -
the recording paper by unsymmetrical wave form, a fact that
has to be taken care of if more accurate results are needed.

This is done by adjusting the cathode resistance.

Frequency Response from Experimental Data

The gain variation can be found by measuring the input
and output voltages of the system. As for the phase shift,
it can be determined by using the proper multiplying constant
for the different frequencies. An example is shown in Figure
18. As it is shown, it is easier to measure the two peak-
to-peak values of the signals, and calculate the gainj;
the phase lag in mﬁ is measured between two peak points on
the two wave forms. Care should be taken in measuring the
phase shift in the low frequency range. Up to about 2 cycles
per second the control transformer will have more than 180°
change in shaft position, and it will appear on the record

as more than one cycle of output voltage for one cycle of

input voltage.
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From Figure

4]
18 we obtain:

Frequency (f): 0.4 c/sec

Chart velocity (v): 25 mm/sec

Input signal (Ejp): 17 mm = 17 x 0.2 = 3.4 volts

Output signal (Ey): 19 mm = 19 x 5 = 95 volts

Phase shift (8): 19 mm = 109.6°

The constant multiplier for phase angle calculation is:

k

= 360 x f/v = 360 x 0.4/25 = 5.76

the phase angle ® = 5,76 x 19 = 109.6°

the gain

|KG|= Eo/Eijn = 140/3.4 = 28 volts/volt

Table V shows the calculated frequency response from the ex-

perimental data. Where

f, w =

Eqnl -
E{n2 -
Ein3 -
Eol1 -
Eg2 =
Eoz =
= -
kGl -
xkGl -
KpAKgKs
Kpn -
K, =

frequency

recording chart speed

scale used in recording input signal
peak=to-peak value in mm of the input signal
peak-to-peak value in volts of the input signal
scale used in recording output signal
peak=to~peak value in mm of the output signal
peak=to-peak value in volts of the output signal
phase angle (shift between output and input)

system gain

the amplidyne-motor gain

amplifier gain
gear ratio

synchro transfer function



TABLE V
D=C SYSTEM FREQUENCY RESPONSE - EXPERIMENTAL DATA

Ry SIS,
vy fia ko
c/sec  sec m/sec 1) @ (@) (6  2010gkG e

vm m o volt m degre Filghy
M

03 L8 25 02 17 34 500 5.0 150 23 <100 800 3.4 19,80
04 251 25 02 1T 34 500 19,0 950 19 <109 000 289 1500
06 A7 B 02 17 34 500 12,0 600 W <121 60 250 9.4
08 502 25 02 17 34 200 240 480 1 <17 B0 20 7.0
L1060 25 02 17 L4 200 15 B0 8 -1 300 203 55
L5000 15 01 B2 32 L0 240 240 34 L9 500 175 2.6
20 1255 15 02 17 L4 100 20,0 200 29 <68 %00 154 2,08
30 1680 125 02 17 %4 050 2,0 105 2 <185 10 %8 L0
G0 B0 15 02 19 38 050 M0 T.0 18 98 80 53 Qi
50 40 125 02 19 38 020 16,0 %6 15 216 950 =05 033
60 L0 15 0.2 2 42 020 150 30 13 -5 T 29 0.2
20 MO0 125 02 B 46 020 1.0 26 12 42 %5 =49 01
0.0 5650 15 0.2 2 46 020 60 L2 10 2% 26l -l 0,09
10,0 680 125 02 32 64 005 150 L2 9 %0 15 <2 007
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Table VI shows the caleculated frcquency response from the

theoretlcal transfer function, equation (35) on page 22.

Transfer Function from Frequency Response

Figure 19 shows the actual frequency response of the
d-c'system. Fitting series of straight lines as asymptotes
will determine the corner ffequencies. In Figure 19, two

straight lines are fitted with a double corner frequency at

= 27 rad/sec.
this gives the two time conétants of the overallitransfer‘
function. In order to obtain thetransfer function of the
amplidyne-motor Set; the overall transfer function was divid-
ed by the gain of the amplifier, the gear ratio and the gain
of the synchro.
a) The amplifier gain is

K, = 2.86 ma/volt
b) The gear ratio (Figure 20)
Ke = 1/60

c)vFor the synchro; two different gain constants were

used: One for the high frequencies, and one for the low
frequencies. The reason for that is the fact that for low
frequencies the control transformer has a larger change in
shaft position compared to ttat for high frequencies. The two
gains are chosen from Figure 21 on page 49.

(Low frequehcies) Kg; = 39 volts/rad

(High frequencies) Kgp = 59 volts/rad

A new asymptotic approximation to the frequency response is



e

TABLE VI

D=-C STSTEN FREQUENCY RESPONSE = THEORETICAL DATA

44

c/f.c wl 0 [0 41| oo s? gn H 2legl
0 L8 0.4 1,010 1,020 A0 18,600 255
04 251 0.9 102l 108 A 180 2.8
06 AT 092 LU0 Lo A6 B80 19.0
08 502 0389 1,071 L1 AR 620 159
Ll 60 053 L% 1.290 Q6 L0 10
L5 940 0,73 1,238 1,533 2624 2,500 8.0
20 155 0974 13% 1,950 A LA 3
W0 1880 L4 Lm0 110 AL 06l - 42
W B0 1950 2.290 5,20 a0 -l
50 A0 240 2,625 6861 a8 00T 155
G0 AT 2,90 3,090 0,551 and 000 200
10 M0 340 1,565 12,700 20 006 208
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obtained in Figure 19, after subtracting the proper gains,

(a), (b), and (c). This is the frequency response of the

amplidyne=motor set, and the transfer function is of the form

Kma
2 .....‘Q.................0.. (42)
p(Tp + 1)
K
where Kma =
KAKng
substitute the values
R S
T = & = 0,0455 gec.
22
Kng = 38

we oi.gnd the amplidyne-—motor transfer functionis

38
p(0.0455p + 1)°
Plotting the variation of the phase shift with frequency

®©0 00 0000000000000 00000 (43)

as given in Table VII (page 46) in Figure 19, shows how
close this compares with the measured phase shift. Figure

22 is a polar plot of the frequency response obtained analy-
tically and experimentally. Figure 23 is the high-frequency
portion of the frequency response. A negative phase margin
is seen, which has to be taken care of by means of compen-
sation for a stable closed=loop control system. The compari-
son of the analytical and the experimental frequency response

is given also in Figure 24 on page 52.
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TABLE VII
PHASE SHIFT VARIATION OF DETERMINED TRANSFER FUNCTION

- A / (0.04555w +1) | 1 2
. degree [ Jw(0.04554w + 1)
degree
3 0.131 7.5 ' -105
5 0.228 13.0 -116
7 0.138 17.5 -125
10 0.412 22.5 -135
15 0.682 34.0 ’ -158
20 0.912 42,5 -175
30 1.310 52.5 ~195
50 2.280 66.5 ~223
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A~C _SYSTEM
Description of System Tested
The system designed consists of the following main com=
ponents (Figure 25, page 58).
1) A pair of synchros for generating a modulated carrier
signal
2) Electronic amplifier to amplify the input signal
(Figure 28, page 61,62)
3) 2-phase induction motor of which the fixed phase is
excited by 60 cps, 20 volts rms
4) A d=-c tachometer as the output measuring device of
the system
The block diagram in Figure 26 shows the system components
as faf as the overall transfer function is concerned. Figure

27 is the schematic set=-up for measuring the frequency response.

Principle of Operation (Figures 25,26,27)

A d=c motor turning an excited synchro generator will
cause a sinusoidal modulated signal to appear between the
generator fixed phase terminals. The voltage is induced in
the control transformer variable phase which was applied to
the system input terminals. An amplifier amplified the signal
and applied it to the control phase of the a=c motor. A
tachometer, coupled to the motor through a gear train gave
an indication of the output shaft variation (tachometer
constant is 2 volts/100 rpm).

The phase shift between the control phase voltage and

the reference phase voltage was adjusted to 90°, by means
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of the phase shifter (Figure 28a, page 61)

After applying voltage to the d—=c motor the calibrated
dial was adjusted to indicate zero degrees, for minimum
phase shift of the modulating signal between the fixed and
the variable phase of the control transformer. Variation
of the modulating frequency was made by varying the speed
of the d=c motor. The a=c motor oscillated back and forth
due to the fact that the sign of the control signal depends
on the polarity of the carrier signal. In the region where
the signal amplitude approaches the origin, (Point A on
Figure 29, page 63), the carrier signal reverses polarity.
As a consequence, the tachometer output is of a sine wave
form.

The input and output signal to the system were recorded
by means of the Brush-Recorder, and the gain and phase shift
were determined using the same method that was described
before.

For the high-frequency range the phase shift was de-
termined by adjusting the variable phase position of the
control transformer to give zero phase shift pattern on the
scope (Figure 30, page 64). For low-frequency operation,
the frcquenby was determined from the recorder chart, and
for high-frequency by knowing the constant of the integrally

mounted tachometer on the d=-c motor, which was found to be

1.6 volts per cycle per second.
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Frequency Response from Experimental Data

The phase shift and the gain variation were calculated
from the recorded information and tabulated in Table VIII.
The amplifier frequency response data were measured in the
same method and tabulated in Table IX.

The system and amplifier frequency response are given
in Figure 31 on page 65. In order to obtain the motor fre-
quency response for the purpose of determining its transfer
function, the amplifier response was subtracted from the
overall system response for the gain as well as for the phase,
Figure 31 and 32.

Figure 33 on page 67 shows how the motor frequency
response was determined by subtracting the tachometer and
the gear train transfer function from KG/K,. From Figure
33 it is easily seen that the transfer function of the motor
is

45
p(0.0333p + 1)

e0e0ccocoecvsscee (44)

Figure 34 on page 68 is the comparison between ane-

lytical and experimental results.



TABLE VIIX
A-C SYSTEM FREQUENCY RESPONSE - EXPERIMENTAL DATA

s:c'l vgig vlo;?.t degree |6 20log |KG|
0.70 8.50 22.0 3 2.60 8.30
1.32 8.50 22.0 - 10 2.60 8.30
1.92 8.25 22.0 - 14 2.60 8.30
3.00 8.25 22.0 - 20 2.60 8.30
6.28 8.00 22.0 - 37 2.60 8.30
13.50 6.80 19.0 - 62 2.50 8.00
19.50 6.80 16.0 - 75 2.33 7.00
26.20 6.80 13.0 - 85 1.90 5.56
34.10 6.80 10.5 =100 1.55 3.80
39.20 6.80 9.0 -110 1.33 2.48
49.00 6.80 7.4 -120 1.09 0.80
59.00 6.80 6.0 =130 0.88 ~1.20
70.40 6.60 4.4 -147 0.67 -3.50
84.00 6.40 4.0 -160 0.60 -4,40
100.00 6.20 3.0 -172 0.48 -6.30
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TABLE IX
THE AMPLIFIER FREQUENCY RESPONSE DATA

gain e

rad}sec Ky degree 20logKy
0.523 2.74 0 8.75
1.54 2.74 0 8.75
2.04 2.74 -5 8.75
6.53 2.74 -10 8.75
13.50 2.66 -25 8.43
20.70 2.48 -30 7.90
29.10 2.48 =36 7.90
39.20 2.28 =44 7.16

60.30 2.10 =60 6.45
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Gy = 0,005 MFD, paper, 40 VDO Ry = 100000 ohms, potentiometer
07 Cs = 30 MFD, paper, 150 VDC Ry R = 850 ohms, 5 watts

O3 C4 = 0,25 MFD, paper, 400 VOO Rq = 7500 ohns, lwast

G = 0,1 MFD, paper, 400 VD Rg = 0,1 megohm, potentinmeter
Ty= vt ey,

/

T) = Driver transformer, pri, to sec, ratio 2,5:

FIGURE 28(a)

A=C SISTEM = SCHEMATIC DIAGRAM OF THE
VOLTAGE AMPLIFEER

e

1ANndLnNo

61
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6L6

o 1
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> VD 71
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Rg —3
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6L6

Cy € = 0.05 MFD, paper, 400 volts
C3 C4 = 0.5 MFD, paper, 400 volts

Ry Rp = 200000 ohms, 1 watt
R3 = 250 ohms, 10 watts
Rg Rg = 15000 ohms, 2 watts

Ty = Output transférmer for matching control field of 2-phase a=c
motor impedance to 6000=ohm tube load

FIGURE 28(b)

A=-C SYSTEM - SCHEMATIC DIAGRAM OF THE
POWER AMPLIFIER
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FIGURE 29

THE RECORDED INPUT AND
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CHAPTER 3
SUMMARY AND CONCLUSION ‘
SUMMARY
By analytical investigation of a d=c motor it was

found that the motor transfer function is (equation (17))

0,87
p(0.0228p + 1)

The motor constants were measured and calculated from the
speed-torque characteristics (Figure 6, and 7).
The open loop characteristics of amplidyne and motor
where calculated by using the above values and the measur-
ed constants of the amplidyne. It was found that the

amplidyne-motor transfer function is (equatiom (35))

36.1
p(0.078p + 1)(0.077p + 1)

In order to simplify the calculations for frequency
response determination, an assumption has been made that
a double pole.:, at 1/0,0775 determine the two time
constants of the system.

The transfer function of the 2-phase a=c induction
motor was calculated from the speed-torque characteristics

given in Figure 1l. This transfer function is given in

equation (41) as

30
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For graphical determination of frequency response,
a simple d-c and a=-c systems were designed. Two amplifiers
were designed to supply the necessary power, using the
system specifications. A function generator was used to
supply the input signal, of a sine wave form, to the d-c
system. For the a-c system, a suppressed carrier modula-
ted signal was supplied by a pair of synchros.

By considering the proper components transfer function,
the amplidyne-motor transfer function was found and given

in equation (43)

38 i
p(0.0455p + 1)°

For the a-c system the motor transfer function was found

and given in equation (44)

45
p(0.0333p + 1)

The Equipment Used in Measuring Experimental Data
1) 202A Low Frequency Function Generator
Frequency Range: .008 to 1200 cps in five decade
ranges with wide overlap at each
dia% extreme.

f Within #2% from "1.2" to "12"™ on
DAL SaSHEREY dial; 3% from ".8" to "1l.2".

Output Waveform: Sinusoidal, square, and triangular,
Output System: Can be operated either balanced or

single~ended. Output system is
direct=-coupled.



2) Brush Recorder Mark II
Sensitivity:

Sensitivity steps:

Measurement range
Single<~ended input:
Balanced input:

Frequency Response:

Trace linearity:

Chart speed:

71

10 millivolts per chart line (mm)
Fullscale deflection from chart
center +200 millivolts.

.01, .02, .05, .1, .2, .5, 1, 2,
5, and 10 volts per chart line
(mm). Maximum sattenuator error
1% with balanced input.

«010 volt to 400 volts.

<010 volt to 400 volts, side to
side, allowable voltage off-
ground.

The recorded peak-to-peak ampli-
tude of a constant voltage sine
wave will be within %1 chart line
(mm) of a nominal 10 lines from
d-c to 100 cps.

D=c within 1% full chart width.
A-c within 2% full chart width,
any frequency within limits of
maximum amplitude for ink writtrg. .

l, 5, 25, 125 mm per second.

3) Du Mont Cathode-ray Oscillograph, 304-H

Frequency response
DC Amplifier:
AC Amplifier

Deflection factor

10% response point at 100 kc.
10% response point at 100 kc.

Y Attenuator at 1:1; Y Amplitude Max.=10 rms mv/inch
Y Attenuator at 1:1, Y Amplitude Min.=115-190 =
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CONCLUSION

Experimental study have corroborated the theoretical
prediction that it is practical to determine the system
frequency response from the components characteristics.

In the d=c system, the different time constants obta-
ined analytically and experimentally, cause the unmatching
of the polar plots (Figure 22).

The response of 2-phase induction motor to low fre-
quencies match very nearly that which have been found
analytically. At high frequencies, however, the phase sh-
ift increased beyond 180 degrees. Such a system can be
represented by more than one time constants. A more prob-

able transfer function for the form

K
" p(Typ + 1)(Tpp + 1)

KG
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