Chapter Two

Servomotors

Servomotors:

Servomotors ( control motors) are motors which are designed and built for use in
feedback control systems. They have high speed of response and they are made for
d.c. as well as for a.c. operation. These motors usually fractional horsepower motors
having low efficiency.

Two-phase servomotors:

An a.c. servomotor is an induction motor with two primary windings mutually
displaced in magnetic position from one another by 90° electrical degrees. It has low
inertia and high-resistance rotor, thus, giving a speed-torque curve that is linear in

shape from no load speed to stand-still.
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It is designed for operation with a constant voltage applied to one of the windings ,
called the fixed phase , while a time-displaced adjustable voltage is impressed on the
other winding which is called the control winding.

The two phase induction motor is the most important machine which is used as a
servomotor. This is because:

1- No brushes and slip-rings are used. Thus, less maintenance is required and the

motor is rugged and robust in construction.
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2- The motor requires only a simple control amplifier.

Construction:

contfol phase
i
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The stator is similar to that of the split-phase inducti'on motor. It has two windings
called control winding and reference winding displaced by 90° electrical angle with
each other. The two windings may be identical or not depending on the applications.

Rotor:
There are three different rotor types. The squirral cage rotor, the solid iron rotor and

the drag cup rotor. L>>D

I < L
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squirral cage rotor

solid iron rotor
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The squirral-cage rotor is usually small in diameter to keep the mechanical inertia
as low as possible and the rotor has high resistance in order to obtain linear speed-
torque characteristics. The rotor winding is skewed in order to:

1- make the motor run quietly by reducing the magnetic hum.
2- reduce the locking tendency of the rotor, the tendency of the rotor teeth to remain
under the stator teeth due to direct magnetic attraction between them.

The solid iron rotor consists of a solid cylinder of steel without any conductors or
slots. The motor operation depends upon the production of eddy currents in the steel
rotor. Thus , the rotor must have, in addition to good magnetic properties, high
conductivity so that sufficient eddy current can flow in the rotor. No skewing is
required since there are no teeth. The torque developed by this motor is lower than that
of the squirral-cage rotor.

The drag-cup rotor consists of a cup of a nonmagnetic conducting material such as
copper. This rotor is used for low output motors (few watts) in order to minimize the
moment of inertia. The drag-cup rotor can be described as a special from of squirral-
cage rotor in which the rotor teeth are removed, the rotor core is held stationary and
the squirral cage bars and the end rings are replaced by a cylinderical cup,.

Principles of operation:

Two phase balanced operation:

The two windings have equal number of turns of the same cross section, i.e.,

symmetrical two-phase windings. Balanced two-phase supply is applied.
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Val A

Reference phase

90°

[ >

Vp v

«— Vy, —
Control phase
. R; X1 I, R, X,
—>—MN—TT - WW—— oo
T I, Y
V{ <3 2 —E
equivalent circuit

i Ry X1 I Ry/S X;
—>—MN S LLA - VWW—T0 e

Z1=R;+jX; = stator impedance.

Z, = % + jX5= rotor impedance.

_ RoiXm

o TR o1 =magnetising branch impedance.
o tiXm
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7. =7 +

ph- =™ 7+ 7,
Vi

[, = —

I, =1 0

27 +17,

rotor copper loss =2I#R,
rotor input=P, = 21;R,/S
mechanical power developed =P, = 2I; R'Z(Q)

output power =P, = P; —(mechanical losses +rotor iron losses)

power input =2V;I; cos ¢, = P

0 :5*1
% D 00

developed torque = T; = 1;—‘1 = gross-torque
where: w = 27r = o LN S)N = (1-S)w,

T= output torque (useful torque)=Tg - Toss

where: T IS the friction and windage torque

' ’ 1 - S
217 R, <)

Td == o
' 1_S
2 Ry( ) v Zo
= [ 1°
A—Sos 7 1 %ly 7,47
1 Y7, +7Z,
. _iR_’Z Zo 2772
wTq = ws S [lez+zlzo+zzzo] Vi
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Unbalanced operation of 2-phase servomotor:
The 2-phase windings are assumed to be balanced. i.e., the two windings have the

same number of turns with the same conductors cross section area and they are

displaced by 90° electrical angle in space.

Unbalanced voltages are applied:

< Va >
V
1 Reference phase
v — T —
9 T
unbalanced Control
supply phase Vp
0 # 90° ‘ l
Va# Vb

This unbalanced supply can be analysed into positive and negative balanced voltages:

Val A Vb2 Ar
90° - 90°
{/bl i/a2
| Var | = | Vo | | Va2 |= | Viz|
+ve sequence voltages -ve sequence voltages

The negative sequence voltages will produce rotating field in the backward direction
and thus producing backward torque.
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V2 —jVaZ """"""""""""" (4)
Va + ij
a1l = — 5
Vi — i
Va2: & >
Vb1 = —j Va1
Vb2 = j Va2

Determination of machine performance using the seguence components of
voltages:

Control phase

A

From controllef Amplifier Vp

Reference phase

— T

«— Vo, —

Reference voltage
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< Vb 0

o

+ve sequence -Ve sequence

Using symmetrical components to analyse the 2-phase servomotor leads to a very
useful and interesting physical interpretation of the analysis of the unbalanced two-
phase servomotor. The unbalanced voltages are replaced by positive and negative
sequence voltages. The positive sequence components in each phase (Va and Vy; )
produce revolving magnetic field which interacts with the rotor winding to produce a
positive sequence torque T;. At the same time the negative-sequence components in
each phase (V4 and Vy,) produces revolving magnetic field which interacts with the
rotor winding to produce a negative sequence torque T,. The rotor responds to the
resultant torque which is the difference between T; and T,. The techniques of balanced
operation can now be used to determine T, and T, and the results can then be

superposed to obtain the resultant.
la; Ry X1 I,

T | |

é R,/S
Va1 X
l X,

+Vve sequence equivalent circuit

Equivalent circuit:
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|a2 Rl le 1'22

V .
a2 Jxmg

- Ve sequence equivalent circuit

I\

S _ Ng—N + -ve

= N ve sequence Ns

N +N +ve
S, = . - Ve sequence
N

_ Ny + (Ng —SNg) 2Ny — SN

B N, N
=2-S

+ Ve sequence response.:

o R, .
) G 3).6)
thl =R1 +]X1+ T

R ,
iXm + &+ X,

S
L, = Va1
1=
: thl
, iX
I1 = La1. RI'Z ,
12 RIZ
Pgl = 2121 ?
T, Eél Fo1
® Ny
2T 50
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- Ve Seguence response:

!

: R .
]anc‘if%§‘F]X2)

thz = R1 + ]X1 + R ,
iXm +5—2< + X,

2—S
I _ VAZ
5 =

: thZ
: jX
I =1a Rr': ,

Xm + 525 + X2

12 R’2

2
T, = wis
“T=T —T,
input power = input to phase a + input to phase b.
=V, 1, c0S @z + Vp Ip COS @5 ! @, "Va
Output power =w T ®b I

output power
% = — * 100
input power

Example:
A 5 watt, 60 Hz, two-pole, two-phase servomotor has the following parameters:
R, =2850 , R,=8500
X, =600 , X,=60Q
X, = 995 Q
when it is operating at a slip of 0.6 , determine:
(@) the resultant torque in synchronous watts.

( b)) the stator phase currents.
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( ¢) the efficiency.
Assume the servomotor operates with the following unbalanced two-phase voltage :

V, =120 £0° volts and V, =75£-60° volts. Neglect mechanical losses.

a
(2) .
_ VatiW /60°
al 2
120£0° +j 75/—60° vV
= > = 94.358 £11.42°V b
Vo=V
V,, = aT
120£0° — 75/—60°

= 5 = 33.304 £—34.264°V

!

o Ry
Xm (- +7X2)

th1 = R1 +]X1 + R
. 2 !

j995(% +j60)

: 850 | .
j995 + 06 +j60

=1028.723 £44.437°

Zon1 = 285 +j60 +

[ Ve _ 94358 Z1142° 00917 /329759 4
T Zony 1028.723 £44.437° 7 '

, iX
I1 = la1. Rr'n ,
X, + ?2 + X,
j995
= 0.0917 £—-32.975°. ]850 = 0.0517 £20.35° A
j995 + 5 + 60

P,, = 217 R, = 2(0.0517 2850

= 7.5732 watts.
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P
T, = -8 = 2222 — 20.089 mN.m.

w m—
§ 60

N = 120f 120 x60 3600
s = op > = r.p.m.

!

R,
X (725 +iX2)

Xm +5—=<

Zonz = Ry +jX +
75tk
850

0.6
850

— 0.6

j995 (=g ¢ + 160)

= 285 + 60 +
j995 + 525 + j60
= 774.332 £26.877° 0

[ _ Va2 _ 33304 /-34.264 ° 0.04301 /—61141° 4
2 7o 774332 £26877° '

, iX

Iz = Iaa. Rr'n ,
Xm + 525+ iX;
j995
= 0.04301 /—61.141°. ]850 = 0.0352 /—31.221° A
]995+2 06+]60
_ 2 _
Py = 21 - s = 2(0.0352)? 57— = 15045 watts.
T, =2 = ;5306‘2‘3’ ~3.991 mN.m.
s m—

60

The resultant torque in synchronous watts= Py - Py,

=7.5732 - 1.5045= 6.0687
(b) 1= Ly + 1,p = 0.0917./-32.975° + 0.04301/-61.141°
=0.1312£-41.877° A
b= Tps + lb2 = -j laz +] laz

=-j 0.0917./-32.975° +j 0.04301/-61.141°
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=0.05752-102.295° A
/ o,
(c) Pb
(0 = 41.877° I,
Iy
=102.295°-60°
Pa Vi
= 42.295°
input power =V, |, cos @, + Vy |y, COS @y,
=120* 0.1312 cos 41.877° + 75* 0.0575 cos 42.295°
=14.9126 watts.
T=T,-T, = 20.089 *10°-3.991*10°
=16.098 m N.m.

output torque =T (neglecting Tjoss)

(1-0.6)*3600

output power= Tw= 16.089 * 1073 * 2m =

=2.4275 watts

output power 2.4275
PUL POWeT 100

0 — 00 = ——
o input power 149126 *

=16.2782 %

Balanced operation:

Z;
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Zoh
, Z, V, Z,
vl =1 —=—.-+%
Z,  Zon 7y
V, Z, R,
“R=2 g P
ph 2

Unbalanced operation:

+ ve seguence:

R;
la1 R le 121 S ]XZ
T"’—\/W\f—‘ (AL > M — T —
Va ix
Vi Zpi, R
Po1 = 2[ L -Ll 22
Zon1 Zy17 S
- Ve _sequence: '
R, ,
lz R X I, 2-s X
> ANN—TT - WW—TTn
Va2 jX 3
l m
P _ Va2 Zp2, Ry
2 .
g thz Z,," 2—S
Val
Po1 = [_]Zpg




— 2p’
P2 [V_a] s
where
, vV, Z R.
p =2 [ a pZ] 2 2

P .
where: Tgq :w—g denotes the developed torque at slip S for balanced two-phase

S

operation at rated voltage.

P, .
Tg, = & denotes the developed torque computed at slip 2-S for balanced two-phase
s

operation at rated voltage.
The importance of this equation lies in the fact that the resultant torque at any slip
and for any condition of unbalanced two-phase voltages may be computed in terms of

the torque for full-voltage balanced operation. This information is usually supplied by

the motor manufacturer. Hence, the torque-speed characteristic for various values of
the control winding voltage can be determined without needing the equivalent circuit
parameters.

Example: Compute the resultant torque of the servomotor of the previous example

using the last equation.

Ia Rl jxl 1'2 S
——WW— T ——WW— V" —

!
) 3
|

- 46 -



Zoh

= 120 20° =0.1167 £L—44.437° A

©1028.723 £44.437° '

, X j995

I, =1,. = = 0.1167 £/—44.437 °, S50
ij+?2+jX'2 j995 + 5 ¢ +i60

= 0.0657 £8.8877° A

R2 , 850
P, = 217 —= = 2(0.0657) = 12.2301 watts
S 0.6
Vai., 94.358 ,
P —]“P, = [ 1% *12.2301 = 7.5618 watts

w1 = Iy 1R = g0
To find Pé , the motor is assumed to be operating at a slip of 2-S=1.4 with balanced

two-phase voltages applied.

I, = Ya 120 = 0.15497 /—26.877° A

* " Zpna 774332 £26.877°

I =1, ])I:‘,“

X + 52 + X,

= 0.15497 /—26.877 °. j?:;% = 0.12668 £3.043° A
j995 + —+ 14 +j60

2P =20 —2== 2(0.12668)2@ = 19.4866 watts.

2-5 1.4
Py = [E]ZPB; = [33'304]2 * 19.4866 = 1.501 watts
v, 120

1

T=0 [Py1 — Pp2] = 3600 [7.5618 — 1.501]

60
= 0.01608 N.m.
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Servomotor torgue-speed curves:

The torque-speed curve of a two-phase induction motor supplied by a balanced two-
phase voltage has a shape similar to that of the three-phase induction motor as shown

in curve "a".

Torque

A

high R,
(b)

low R,

()

s=> s=0  slip

S=1

This characteristic is not suitable for control systems because of the positive slope
over most of the operating speed range. The positive slope represents negative
damping in the control system which in turn can lead to a condition of instability.
Therefore for control systems applications the motor must be modified in a way that
ensures positive damping over the full speed range. The usual way to achieve this
result is to design the motor with very high rotor resistance. The torque-speed
characteristic then will take the shape shown by curve "b".

In many applications of the servomotor in feedback control systems , phase a is
energized with fixed rated voltage (reference voltage), while phase b is energized with
a varying control voltage that is usually obtained from a control amplifier. The control
voltage is usually adjusted to be exactly 90° out of phase with the reference voltage.
Thus, the unbalance operation is only because of the unbalance in voltage magnitude.

Assume 90° phase shift between V, and V,, we can define the quality K such that:

Vy
Va

“Vp = —jKV,

K =
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_ Va + ij _ Va + j(_jKVa)
‘Gl - 2 - 2

v,
Var = 2 (14+K)

similarly:
_Va—=iWp  Va —j(=jKV,)
V2="5 = 2

\@7

1000 2000 3000 4000 5000 6000 " Speed

The above figure represents the torque-speed curves for a two-phase servomotor for
various values of the control voltage expressed as a fraction (K) of the reference
voltage. K=1 means balanced operation.

If the information about the torque-speed characteristic of the servomotor is
supplied by the manufacturer for balanced rated operation over ther full range of slip
from zero to 2, then the torque-speed characteristic for any value of K can be easily
determined without using the equivalent circuit by the following equation:
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Torque
A
Tg2 7\
E Te1
S=2 2.5 5=1 S S=0 Slip

Thus, to calculate the speed-torque characteristic for K=1/2:

2 2
1 1 )

1+§ 1—? 3 1 2
T=| =2 ) Ty = (2] T =(5) T - (3) o
9 1
T=12Ts1 — 75 Ts2

Taking a set of values for S and evaluating Tg; and Tg, from the given speed torque

characteristic, when K=1 , it is possible to determine T for these values of S and thus

to draw the torque-speed characteristic.
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Torque

m

A

%

K=1 +ve sequence

S=2

S=1

-~
~__

VaZ:l/4 Va

K=1 -ve sequence

$=0 Slip

Ty and T g, can be calculated as follows using the equivalent circuit parameters:

]2

2 Ry Zo 2y
Tqg=— < | 17Vi
(VY S Z1Z2 + leo + Zzzo
2 R, Zo 2
2Ty =—.— | 1°V;
Wy S ZZ (Zl + Zo) + leo
2Ry ZyV, 1 )
_(L)s. S [ZI+ZO 7. + leO ]
2T+ 7
let 22 =R +jX
YARYAY
2 R, ZyV 1
Ty =——I7 +; ]Z[R' —
; PTR 24X, + R+ X
1
S
" TBI - C R' ! ! !
(F+RI*+ (X +X)?
similarly:
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_1
.'.TB2 =C y Z_S

R I ! I
G2 +R)2+ (X +X)?
where:
2 ., ZyV,
C =—.R, [——?
(L)S 2[21+ZO]

Two-phase servomotor transfer functions:

Rp Iy squirral cage rotor
wWW >
A
v Control .
b i H b
winding —_ L oad
v ‘ I:L
Reference
winding
— C
Torque «— Vo —
S
> Speed

Typical torque-speed
characteristics of servomotor
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The servomotor is assumed to be operated at a fixed reference voltage. The variable
input is the control winding voltage V,. The torque-speed curves are assumed to be
linear. Thus, an increase in motor torque results either by an increase in control
winding voltage or by decrease in speed for fixed Vy,.

Thus,

doe
T - KMVb - FME

where: T=motor developed torque.
Kwm = motor torque constant (Nm/volt).
Fm =motor equivalent viscous-friction constant (Nm/rad/sec).

It can be seen from the torque-speed curves that Fy is the slope of the torque-speed
curve at constant V,,. Also Ky, is the change in torque per unit of change in control
voltage V,, at constant speed.

Equating this torque to load torque gives:

KV, — F _d26+Fde
Vo —Fugr =g t g

where: J=rotor inertia + load inertia referred to motor shaft.
F_ =viscous friction of load referred to motor shaft.

viscous friction = friction which is proportional with speed.

2 de
KuVpy =] ==+ (Fu + F) =
dt dt

d
KMVb = ]T + F—
where: F=Fy + F_
Taking Laplace transform yields:
Km Vi, (s) = Js20(s) + FsO(s)

6(s)  Ku/F
Vo(s) s(1+s]/F)
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6(6) _ _ Knm
Vy (s) - s(1+sty)

J .
Ty = 3 = motor time constant.

Vi (s) K, 0(s)
s(1+sty)

v

\ 4

Effect of the control winding time constant:
In the above derivation of control motor transfer function the control winding time

constant was neglected. A more exact description of the servomotor transfer function
can be obtained by knowing that the control winding voltage produces control winding

field current 1, which in turn produces the flux that enables the motor to develop

torque. Thus,

T =KbIb_FME

lba> lpz> lp2> |
los b4 > 1p3 > lp2 > o1

> Speed

d?e de
~ Kply —FME=]F+FLE
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d?e do d?e do
Kolo =J G + (Fu +FL) g = Tga T F g

where: F=Fy + F_
Taking Laplace transform yields:
Kply (s) = Js20(s) + FsO(s)

o) _ _Ke/F 0
Iy (s) s(14+tys)

where: Ty = % lo Ro Lo
—— AM\N— T
Ry, + Ly b !
Vb = Rplp bt Vb
Vp(s) = RpIp(s) + Ly, sl (s) !
Ib (S) 1
e Sl @
Vu(s) Rp(1+T1,s)
where: T, = ;—b = control winding time constant.
b
Multiplying equations (1) and (2):
de
Ky T'=Kuvp, =Fu 3¢
6(s) FRy 0
Vb(s) S(1+TmS)(1+TbS) T:Kbe_FME
From this equation E—b = Ky Kmvp = Ky Iy
b
Vv
8(s) K., f = Ry, (steady state)
Vo(s)  s(1+1,s)(1+Tts) Ky
KM = -
Rp
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Motor characteristics in the presence of finite control-impedance:

Eb =Vb+Ibe — Vﬁ1 — >
Assuming that
E, =—-jKV, b 2

Vb1 Vi
I =1 thhy=—"+—
Z, 1,

Z, = + ve sequence impedance ( at slip s)

Z, = - ve sequence impedance ( at slip 2-5)

_jval jVaZ
sy = +
b Zq Z,
Va = Val + VaZ VaZ = Va - Val

C L = —jVa1 & . Va1
o Zq Z, 17,

Eb = Vb + Ibe
Vi =V 4+ V2 = =jVar +jVaz = =jVag +j(Va — Va1)
= _Zjval + jva

_jVal n jVaZ . jVal]

~ Bp = —jKVy = =2jVyy +jV, + 7 Z Z, 1,

v( K—1 Zb)—v ( 2 )
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Va ZZ
=
Zl ZZ

Lo
VaZ_Va_Val_Va Va[ 7 ZZ
2+72+ 70
1 2
Zy,
V., 1—K+Zl
V. Ly Iy
© 24P
Va12 VaZ2
T=(3) - (30 T
V. B1 V. B2
2 2
1+K+§—b 1—K+§—b
2 1
BT e P B
Z, 1 VAR,

if Zb:0

1+ Ky\? 1 — Ky\?
Tz(z )El_(z )%2

Damped AC servomotors:

servomotors are used in feedback control systems. The servomotors are used to actuate
something directly or indirectly. Now, for successful operation of a control system, the
servomotor must fulfill at least the following two things:

1- The motor must have high response to changes in control phase voltage.

2- The motor must be stable, i.e., it must not oscillate or overshoot.

Fast response can be achieved by having high torque to inertia ratio. Overshooting is

minimized and stability is achieved by the use of damping or retarding torque that
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increases with speed. The damping torque can be developed by the motor itself or
viscous damper or an inertia damper or a tachometer.

D.C. servomotors:

D.C. motors are used in the power output stage of large class of servomechanism. In
high power applications, the d.c. motors are preferred over a.c. motors because of the
ease of control of the speed and direction of rotation.

1- Armature-controlled d.c. motor:

Ra La |
—\Nv\,_rm'\_i_l
T T w Mechanical
Vv Eo( M}
la la JF T Load
Ry L+ field

circuit

where:

J = The combined inertia of the load and the rotor of the motor.

F = The equivalent viscous friction of the motor and the load.

T. = The opposite load torque.

L, = The armature leakage inductance.

Ra = The armature winding resistance.

w = The angular speed of the rotor.

R¢ = The field resistance.

L¢ = The field leakage inductance.

Assume we wish to find the manner in which the motor speed responds to changes in
the applied armature winding voltage for constant field current and negligible
armature leakage inductance.

The electromagnetic torque of the motor T is equal to:
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T=K. 0.,
where @= airgap flux
- l¢ = constant

~ @ = constant

E,=Kd.w=K,. o

where K, =K,

LR, =V, — Ky 0 ———(2)
from (1) in (2)

Ra
T2=V,- K, .o

Kt

K K, K
~T= - a4 — w: 't

R, R,
Taking Laplace transform for this equation gives:

K, K, . K;
T(s) = R, Va(s) — R w(s) ————(3)

Vi)t~  laRe 1 l, K, T(s)
VT | R ’

At the motor shaft, the electromagnetic torque at the motor must be equal to the sum

of the opposing torques. Thus,
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dw
T = ]E +Fw+ T,
Taking Laplace transform gives:
T(s) — T, (s) = Jsw(s) + F w(s)

. w(s) B 1
TT(s) = T.(s) F(1+sty)

-

where t,,, = % = mechanical time constant.

TL(S)

() 1

Va(s) + LR. | 1 | 1.9 -
O— &, = < F—0O—| Fa+sw)

A

v

From this block diagram and for T, equal zero:

K¢ /R,
w(s) = (Va(s) — K, w(S))m
() F(Il{J’—/;T“‘) + K, w(s) = V,(s)
sy + Kl
w(s)[ K —] = V,(s)
R,
w(s) K¢ /R, _ K¢ /Ra
Va®) B2 4 s1,) + KtRK‘” F+st,F+ KtRK‘”

" FR, + KK, + st,,FR,
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K¢

(FR, + K K, )(1 +s

Tm FR,
FR, + KK,

w(s) B K, 1
V,(s) FR, +K.K, 1+ st

twFR, _ JR,
FR,+K.K,  FR,+K.K,

where T, =

It is possible to derive the desired transfer function without first developing the block
diagram.

From equation ( 3) and (4 ) for T,.=0.0 gives:

K, K. K,
w(S)[F(1 +s1)] = R—aVa (s) — R w(s)
Ke Koy 1 K
w(s) [F(1 + sty,) + R, |~ R—aVa(s)
w(s) B K K

V,(s) FR,(1+st,)+K.K, FR,+K.K, +st,FR,

w(s) K, 1
V,(s)  FR, +K.K, '1+sT,,

What is the dynamic response of the motor speed to a step change in the applied

armature voltage V,?.

v, voI"Eage
Va(s) = ?
Va

oo VK 11
O T ERR, KK, s 1+ sty
= Vaky 1 1 "time

Tn(FR, + K K,)'s o, L

Tm
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Cls + C1¥]"—_ C2$
m

— C1 Cz —
> s+¥1r: s(s+%;)
Cis—Cys=0
~Cp =Gy
Cli: | VaK¢
™m Tm(FR, +K(K,)
V,K
fh=G= " Ktt K,
. B V, K, 1 1
“ 008 = R K, s L
TI'Il

The time solution for this equation is:

VK, ,

w(t) = [1— e t/™m]
FR, + K. K,
At L#0
dl,

LR, + LaE-F E, =V,
E, =K, w
LR, + Lad—§+wa =V,

Taking Laplace transform:

[L(s)R, + L;sl,(s) + K, w(s) = V,(s)
L(s)(Ry + Las) + K, 0(s) = Va(s)
Substituting for 1,(s) yields:

T(s)
(R +18) + Ky 0(5) = Vi (5)
T(S) — [Va (S) - Ko) w(s)]Kt _____ (5)

R,(1+ 1,9)

L .
where 1, = R—"‘zarmature time constant.

a

From equations (4) and (5):
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Va(s) + 1 la(s) T -
— O xares [ =0~ Fa+sw

TL(s)

(5) X 1

w(s)

From equations (4) and (5) and neglecting T yields:

[Va(s) — K, w(s)]K;
R,(1 + st,)

w(s)F(1 + sty) =

w(s)[FR,(1 + st,)(1 + st,) + KK, ] = KV, (s)

w(s) K./FR,

Va(s) KKy + (1 +st,,)( +st,)
FR,

2-Field controlled d.c. motors:

Ra La I
a
WW—TT—
T T w Mechanical
\Y/ Eaf M -~
la la JET, Load
WW
| Rt L field
f circuit
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Armature applied voltage & armature current are assumed to be constants. The

armature current is applied from a suitable current source.
Vo= LR, + Ly
f — D f dt

Ve(s) = Ig(s)R¢ + Lesle(s) = I¢(s)(R¢ + sLy)

) If(S) _ 1

T Ve(s)  Re(1+ sTp)
L¢

where t; = = =field time constant.
f

-——-

T=K.®.1, = K,I;

T(s) _

e T T
T = do F

=g e

=~ T(s) =Jsw(s) + Fu(s)

RAON 1
" T(s) F(1+sty)

i ©)

multiplying equation (1), (2), (3) yields

I(s) T(s) w(s)  w(s)
Ve(s) "Ig(s) "T(s)  Vi(s)

S w(s) Ka/FR¢
TVe(s) (1 +st)(1 4 sTy)
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D.C. Generator Dynamics:
If Ra L, switch

| W
T z-
G Ea
| l -
constant
) speed
Prime
mover

How does the armature induced e.m.f. of a d.c. generator respond to a change in field
current? How does the armature winding current of the d.c. generator respond to
changes in field current? These are questions that are treated here.

a-No external generator load:

dl;
Vf = RfIf + Lfa

Ve(s) = Relg(s) + Lsle(s)

Ii(s)  1/Rg

Vi) T (Tst) ~
L¢

where t; = R

E, =K.®.w = K;.I[; (neglecting saturation)

Ea(s) = K¢.Ig(s)

E.(s) _
If(s)

from (1) and (2)

Ea(s) I(s) _ K¢/Rg
Ie(s) = Vi(s) 1+st¢

Ki—— -~
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Ea (S) _ Kf
Vi(s) B Re(1 + s1¢)

----(3)

Vi(s) 1 HO)

Ea(s)
| R;(1 +5s7))

Kt

b-Generator dynamics including the effect of the load:

d, dl,
2 dt dt
E.(s) = I,(s)(Ry + R)(1 + sTy4)

E, = LR, +L,—+,R+L

L,+L . .
where T, = Ra+R = armature circuit time constant.

a

. I,(s) B 1
“E,(s) (R, +R)(1 +sTy)

from (3) and (4)

[,(s) Eu(s) I,(s)
Ea(s) "Vi(s)  Vi(s)

Ia(s) _ Kf
Vi(s)  Re(R, + R)(1 + st4)(1 + sT¢)

Vi () 1 I+(s) Ea(s) 1

" R,(1+st) | Ry +R)(1+5T1,)
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Example: A d.c. generator has a field winding resistance of 40 Q and a field
inductance of 8 H. The generated e.m.f. per field ampere is 100 and the magnetization
curve is linear. The armature winding resistance and leakage inductance are
respectively 0.1 © and 0.2 H. The load resistance and inductance are respectively 5 Q
and 2.35 H. Determine the time solution for the armature current when a field voltage
of 102 V is applied to the field winding. Assume that the prime mover is running at

rated speed and that the load switch is closed.

Ia(s) _ Kf
Vi(s)  Re(R, + R)(1 + st4)(1 + sT¢)

K = 100
L 8 1
TR 20 5

CL,+L 024235 1
"WTR, ¥R 01+5 2

Ve 102
W =5=7
Lo loz 100 11
T T T 001 +45) 148 142
2 5
500 C C C
_ _G, G G
52+s)(5+s) s 2+4+s 5+s
. = 500 _ =5
=l TG T
C, = 500 = —83.333
2—[5(5—+S)]s=—2—— :
Cy = >00 = 33.333
3—[5(2—+S)]s=—5— :
I()_50+33.333 83.333
a\s) =7 5+s 2+s

~ 1,(t) = 50 + 33.333e7°t — 83.333e %t
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Generator-motor set dynamics:

Re I Ry L Lm
N - I A o
/
-
/
L L' ] g S—
/ n
} constant
Prime lm A
mover ’?'

—i[i]—

Load

A method of speed adjustment that is employed in industry whenever control over a

wide range is required is shown above. The armature voltage is controlled by

controlling the field current of the generator.

dl¢
Ve = Relg + L — It

) If(S) _ 1

h Vf(S) B Rf(]. + STf) - _(1)
where T¢ :L—Z

Eg(s)

o= K WA - @)

dl, dl,
Eg = IRy + Ly ==+ LRy + Ly ==+ Eny
Eh, =K,w
dl,
Eg—me=Ia(Rg+Rm)+(Lg+Lm)d—

Eg(s) — Kyw(s) = I,(S)R + (Lg + Ly )sI, (s)
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I,(s) 1

oo = —_— — = 3
Eg(s) = K,w(s) R(1+5s14) 3
_ Lgtlp
where T, = Ry R

T = K,I, (constant motor field current)

CT(s) L
Lo T ®
T=12  p

_]E-I_ w

S w(s) 1 e —(5)

" T(s)  F(1+sty)
where t,,, = % = mechanical time constant.

from equation (1) and (2):

Eg(s) _ Ky
Vi(s)  Re(1+ stp)

O

from equation (3), (4) and (5):
w(s) _ Kt
Eg(s) — Ky, w(s) ~ FR(1 + sty)(1 +s1,)

w(s)[K(K,, + FR(1 + st4) (1 + 5Tp))] = K(Eg(5)

Cw(s) K¢
N Eq4(s) ~ [KK,, + FR(1 + s14)(1 + st)]

from equation (6) and (7):

w(s) K K¢
Vi(s)  Re(1+ stp)[KK, + FR(1 + stp)(1 + sty,)]
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Vi(s) 1 l¢(s) Eq(s) , 1 12(S) T(s) 1 w(Sz
> =>4 K - K > >
Ry(1 + st f 2 R(1+ stp) F(1+ sty)
K(A)
The Amplidyne generator:
Ig Load switch
— —
Drive
motor
\ compensating
Rec I N\ winding
\
> d
\ . .
T Dy quadrature axis series w
Control field
v, field 1 Load
winding —¢

— ;N

motor field winding

The amplidyne is basically a d.c. generator. It is driven at constant speed by a suitable

motor which serves as a source of energy for the unit. The magnitude of its output

voltage is controlled by the amount of field current through the control winding. The

principles of operation is as follows: A small current flowing in the control winding

creates a flux @y with the direction shown. This flux will induce e.m.f. E; between
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brushes qq due to armature rotation. This e.m.f. will cause large short circuit current I
to flow producing flux @, which in turn will produce e.m.f. E4 between brushes dd.
The transfer function of the amplidyne without load: E4 is the output and V. is the
input.

dl,
Ve =Rele + Lo —*

. I.(s) B 1
) Ve(s) - Re(1 + st)

-

where t. = — = the control winding time constant.

= |0L—

C

Eq = Ki®4 E, = K®gw

where K; = A function of the armature speed.
~ Eq = Kgle  (neglecting saturation & assuming complete compensation for the

armature reaction in the d-axis)

Eq(s)
KO @)
dl,
Eq = IgRq + Lq—
() 1 @)

h Eq(s) B Rq(1+sty)

where: R, = total resistance in the quadrature axis circuit.
L4 = total inductance in the quadrature axis circuit.

I, = current flowing in the quadrature axis circuit.

q
L
Tq=i
Ed:Kqu
Eq(s
ORI,
I4(s)

Multiplying equation (1) , (2) , (3) and (4) gives:
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Ed(S) _ Kqu 1
V.(s)  ReRy (1+st)(d+sTy)

Amplidyne transfer function with connected load:

dly
dt
where:  R4= total resistance in the direct-axis circuit.

Ed - Ide + Ld + Eb

L4 = total inductance in the direct-axis circuit.
dly
dt

. I4(s) B 1
T Eq(s) —K,o(s)  Rq(1+stq)

Ed = Ide + Ld + wa

-——-®

where t; = l];—d= direct axis path time constant.
d

T =K,y

T(s) B
i(s) K

dw
T=]E+Fw

w(s) 1
T(s) F(1+ st,)

)

Multiplying equation (6) , (7) and (8) gives:
w(s) _ K¢

Eq(s) — K, w(s) FRy(1+sty)(1 + sty,)

w(s)[KK, + FR4(1 + stq) (1 + st,,)] = K(E4(s)

~w(s) K¢

T Eq(s) KK, +FR4(1 +5s19)(1 +51,)

Multiplying equation (9) and (5) gives:

-72-



w(s) B

KoKqKi/RRRGF

Vi(s) (1 +st)(1 + 5T¢) [(1 +st) (1 + sty) +

Kth]

FRy,

In applications required displacement rather than velocity:

do
T dt
w(s) =s6(s)
2 0(s) 1

w

Tw(s) s

Vel(s) 1 |c(§)l

R.(1+ st.)

Kq

Eq(SZ 1 |q(§)|
Rq(1+ stq) !

Ed(S) +

Kd—»()—»

1

la(s)

T(s) 1

Rd(l + S'[d)

Ki 7 F(1 + st,,)

w(s)

V(s) Kqu/Rch

Ed(S) +

(1 + st )(1+s19)

Ki{/FRq

w(s)

(1 +stg)(1 + sty)
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Servomotors & T.F.
Sheet NO.5

1- A two-phase, four-pole servomotor is energized by an auxiliary winding voltage
that is 90° out of phase with the main winding voltage. The main winding voltage
rating at 60 Hz is 75 V. The motor parameters are as follows:

rn=>50Q r, = 100 Q

X1 =120 Q Xy = 100 Q
The rotor leakage reactance is negligible. Compute the developed torque at a slip of
0.4 when the auxiliary voltage is 37.5 V.

(17.89 m Nm)

2- Appropriate no-load tests on a two-phase servomotor rated at 115 V, 60 Hz, two-
poles, give the following parameters:

rn=302Q r, = 1380 Q

X; =385Q X, = 385 ()

Xy = 6950

This servomotor is operated with V,=11520° and V,=80£-90° V, and a rotor slip of
0.25.
a- Draw the appropriate equivalent circuit for the positive- and negative- sequence
voltage sets. Show the proper applied voltage in each case.
b- Compute the developed torque, expressed in synchronous watts and Nm.
c- What is the r.m.s. value of the current that flows through the control winding?
d- Compute the torque developed by this motor at a slip of 0.25 when it operates as a
balanced two-phase motor, i.e., V,=11520° and V,=115.2-90° V.
e- Compute the developed torque when the motor operates as a balanced two-phase
motor at a slip of 1.75.
f- By using the results of parts (d) and (e), compute the torque developed by this motor
at a slip of 0.25 when V,=11520° and V,=80.£-90° V.
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g- When this motor operates at a slip of 0.5, the positive-sequence current is found to
be 80.5/-51.1° mA and the negative-sequence current is 38.52-98.4° mA. Determine
the voltages applied to the main and control windings. Find the control winding
current.

(97.5V; 17.5V; 1.10506 W; 2.9312 m Nm; 0.0682 A; 4.6207 m Nm; 16.8546 m Nm;
2.9311 m Nm; 115.209£-0.6777° V; 75.52062.2-50.838° V; 61.31.£-113.6164° mA)

3- The servomotor is problem (2) is operated with the main and control winding
voltages always in quadrature.
a- Compute the starting torque when the control winding voltage equals the main
winding voltage, i.e. , K=1.
b- Determine the starting torque for K=0.5.

(13.8734 m Nm; 6.9367 m Nm)

4- A two-phase servomotor has 11520°V applied to the main winding. At a particular
point of operation corresponding to a control winding voltage of 75./-80°V, the
positive- and negative-sequence impedances are 220£67°Q and 175/£57°Q
respectively.

a- Determine the positive and negative sequence components of the main and control
winding currents.

b- Find the total values of the main and control winding currents.
(0.4302479,-63.055192°A; 0.1232904 /-74.56636°A; 0.4302479./-153.05519°A;
0.1232904 £15.43364°A; 0.55161 /-65.61165°A; 0.3104138.£-148.50905°A)

5- A two-phase, two-pole, a.c. servomotor equipped with a drag-cup rotor has the

following parameters at 60 Hz:
r, =360 Q r, = 260 Q
X; =50Q X, = 50 Q
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X, = 890 Q
The main winding is identical to the control winding , and both are rated at 115 V. The
source of the control winding voltage is arranged to provide a quadrature voltage at all
times. The internal impedance of this source is negligibly small.
a- Determine the developed torque in synchronous watts for K=0.8 and S=0.3.
b- Calculate the power supplied to the main winding in part (a).
c- Calculate the power supplied to the control winding in part (a).
d- Calculate the motor efficiency for the conditions in part (a).
e- Determine the developed torque in synchronous watts for K=1 and S=0.3.
f- Repeat part (e) for K=1 and S=1.7.
g- Find the developed torque in Nm for K=0.7 and a rotor slip of 0.3.
(10.534639 W; 13.5433 W, 6.7832835 W; 36.2788 %; 13.175 W; 13.70481 Wi,
24.4317 m Nm)

6- Determine the transfer function that relates the voltage E; to the input voltage E; in
the system shown below. The system parameters are as follows:

Generator: Li=50H, Rf=50Q ,R,=1Q,L,=1H.

e.m.f. constant: K,=100 V/field ampere.

Low-pass filter: L=1 H, R=1 Q.

—

E>

~
~
—

Low-pass
filter

constant
/ speed

Separately-excited
d.c. generator

B 1
Ei(s) (1+s)(1+s)
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7- The motor shown below is operated at constant field current. The motor parameters
are 1R, =05Q;L,=0; K,=2V/rad/s ; K =6 .78 Nm/A , and F=1.356 Nm/rad/s.
The equivalent inertia is 56.952 N.m.s’.
a- What is the numerical expression for the transfer function that relates the motor
speed in radians per second to the voltage applied to the armature circuit?
b- If the applied armature voltage is a step of 200 V magnitude, find the steady state
speed of the motor.
c- Obtain the complete expression for the motor speed from the instant the voltage of
part(a) is applied to the time that steady-state reached.
d- Draw the block diagram of this system using the numerical values.
e- The application of 100 V to the armature of the motor at no load gives a speed of
47.6 rad/s.

1- If a load torque of 54.24 N.m. is applied to the motor shaft, find the new

operating speed.

2- How long does it take for the new speed to be reached?

f- Repeat parts (a) to (e) using L,=0.05 H.

Ra La

T T w Mechanical
‘ 1®3 | ond

Ry Lt field
circuit

— y, —>

8- Determine the different equation of the system shown below in terms of the system
parameters. Consider that the armature leakage inductance of the generator and motor

are both negligible. Take the generator voltage constant as Kgy in volts per field
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ampere, the motor speed constant as K, in volts per radian per speed, and the motor

torque constant as K; in Nm per armature ampere.

Ry It Ry Rm

Amplifier

gain, K, L Kg )_ -

Load

9- A 10 h.p. armature controlled d.c. motor drives a load whose viscous friction
coefficient is 2.712 Nm/rad/s and whose angular inertia is 23.73 Nm.s®. The field
winding is separately excited and maintained fixed. The corresponding motor
parameters are then as follows:

R.a=0.3Q

K, =1 V/rad/s

K; = 2.034 Nm/arm. amp.
The armature winding inductance is negligible.
a- Compute the steady-state speed corresponding to a step applied armature voltage of
210 V.

b- How long does the motor take to reach within 95% of the steady-state speed of part

(@)?

10- The motor of problem (9) is now used as a field-controlled d.c. machine. The
armature is assumed to be energized from a constant current source. The field winding
parameters are: R¢= 50 Q ; Lf =20 H. The motor torque constant K; = 81.36 Nm/field
amp.

a- Draw the block diagram of the transfer function.

b- Calculate the value of steady-state speed for a step applied field voltage of 100 V.
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c- Approximately how long does it take the motor to reach within 95% of the final

speed in part (b).

11- A two-servomotor has a standstill torque at full control winding voltage of
28.248*10° Nm. Also , at full control voltage the no load speed is 100 rad/s. The
motor torque constant is 0.7062*10° Nm/V or 28.248*10° Nm/control ampere. The
control winding inductance is 6 H. Assume linear torque-speed curves and a rotor
inertia of 3.531 Nm.s.

a- Determine the complete numerical expressions relating motor displacement to
control winding voltage.

b- If the control winding voltage is taken from an amplifier having a voltage gain of
200 , write the total transfer function expression.

c- Place a unity feedback loop around the transfer function of part (b) and find the
closed loop transfer function.

d- what is the time equation of the system of part (b).

e- what is the time equation of the system of part (c).

12- An amplidyne generator is used as a power stage that drives the d.c. motor of
problem (9). The amplidyne has a control winding resistance of 400 Q , a quadrature-
axis circuit resistance of 0.1 Q, and a direct-axis circuit resistance of 0.5 Q. The
voltage induced in the cross-axis for each milliampere of control current is 0.1 V, and
the voltage induced in the direct axis for each ampere in the quadrature axis is 5 V.
The inductance of the control winding is 50 H and that of the quadrature axis is 2 mH.
a- Determine the transfer function that relates motor output speed to amplidyne
control winding voltage.

b- For a control voltage of 5 V, compute the steady-state speed of the motor.

c- ldentify the predominant factor in establishing the dynamic response of this

amplidyne-motor system.
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