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ABSTRACT

A
E¥

In this paper the torque and speed of an induction
motor is controlled using a chopper circuit on the rotgr
side. An experimental control system is built and tested.
Detail design of the chopper control circuit and the

circuits associated with the control system are reported.

It is shown that the torque can be kept constant
over a wide speed range. Simplified models are used ;
the torque-slip characteristics and the harmonic content
in the a.c. component ©of the rectified current are pred-
icted and compared with test results. It is also shown
that dynamic braking can be performed using the rectified

rotor current.

A closed loop control of the motor speed is also ?
performed. Calculations have been carried out in orderk
to predict suitable system parameters for acceptable ’?
response. The control system stabilizes the speed :
against load torque variations using a proportional- 2
plus-integral controller. Computed response is compared

with results obtained experimentally.

-215-



-216-

LIST OF SYMBOLS

F Friction coefficient.
k =1 /I_ . .
max’ “min
n Number of operating cycle.
I3/1.,4 Average and rms value of the rectified rotor

current, respectively.
I ’Ish Steady-state rectified current when the chopper
is "OFF" and "ON" all the time, respectively.

J Moment of inertia for the motor with its load.

R1 Resistance of external inductor.

Req Effective resistance of chopper-controlled
resistance.

RSh Current sensing resistance.

r1,r2 Stator and rotor resistance, respectively.

T Developed torque.

Tch Chopper period.

X 1%, Stator and rotor reactance, respectively.

x;,xé Stator and rotor reactance referred to rotor,
respectively.

X Stator magnetizing reactance.

Wy Synchronou§ speed.

Duty cycle of the chopper circuit.

1. INTRODUCTION

With the recent advancement in power semiconductor
technology, induction motors are being widely used in
variable speed industrial drives. The speed of an induc-
tion motor is determined by the supply frequency and
rotor slip. In practice, the slip of an induction motor,
and accordingly its speed, can be tontrolled by drawing
electrical power from the rotor circuit. Conventional
methods employ variable resistances in the rotor circuit
which imply energy loss. With the advent of power semic-
conductor devices a stepless rotor resistance control can

be done using a chopper switch [1,2]. The chopper is a



-217~

power switch electronically monitored by a control
circuit, which varies the effective rotor resistance
as designed in stepless and contactless manner. It can
be used to control the torque/current and to achieve
an improved power factor. It can also be used with

closed loop speed and current controllers [3,4].

In this paper a chopper circuit is built and tested.
The Schmitt trigger control is used to build a control
and firing circuit [5]. The system performance at cons-
. tant torque operation is studied. Also the experimental
and calculated results of the torque control operation

are compared.

A closed loop speed control, with a proportional-
integral (PI) controller is built and tested. The dynamic
performance of the closed loop system is also studied and

compared with the experimental results.
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2., PRINCIPLE OF ROTOR RESISTANCE CONTROL

The system under consideration is shown in Figure(1).
The rotor power is rectified by a three-phase diode-bridge.
and an additional resistor R

1 X
are connected in series across the diode bridge. A chopper

A smoothing inductor L

switch is used across the resistor Rx to perform control
of the rotor current, e.g. to switch RX in and out of the

rotor circuit.

When the chopper is "ON" the additional resistance in
the rotor circuit is nearly zero, and the rectified rotor

current rises to its maximum level Im When the chopper

ax ,
is "OFF" the additional resistance in the rotor circuit

is Rx’ and the rectified rotor current drops to its minimum
level Imin; this mechanism is shown in Figure (2). Accor-
ding to the desirable average rotor current, the two limits
I and I_, are set in the firing and control circuits to
max min

determine the ON and OFF periods of the thyristor chopper.

Imax

Imin. R P
on —kﬁ
mqb'm
i
|

|
[:j?n—“df
Teh

Fig.{2) The waveshape for current limit conirol-

|
|
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A voltage proportional to the rectified current is
used as a control signal to the firing circuit. The
control circuit must be capable of supplying a firing

pulse to the main thyristor TH, when the rectified curr-

1

ent reaches the required minimum level, Imin' It should
be also supply a pulse to the auxiliary thyristor TH2 when

the current reaches the maximum level, Imax' In order to
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perform the above requirements, the Schmitt trigger

circuit is employed.

The control circuit logic is shown in Figure (3).
It consists of the Schmitt trigger circuit, different-
iator, and pulse amplifier. Those are described in

Appendix A.

from current
sensor . _k'_L
JUL [ditterentiator T jpulse  amphtier

ischmitt circut

——nrentynd

reference
voltage

[rosea——
noy noy —— to th

LS ])s],k
Hitterentiator ovrplfierf—
noy %

inverter

Fig.{3) Firing circuit logic-

3. MATHEMATICAL ANALYSIS

In the system under consideration the rotor circuit
resistance of the motor is subjected to a modulation
process and so it may be difficult to follow an exact
methods for analysis. The rotor resistance modulation
and the rectifier effect cause distortion of the motor
currents. Acéordingly, development of an exact model
considering the above effects may not be possible. Since,
the rectifier-chopper circuitry adds nonlinearities into
the equations of the system. A simplified model for the
system is developed using the conventional per phase
equivalent circuit and a satisfactory results have been

obtained.

The system can be represented using the motor model
referred to the d.c. side and the following simplifying

assumptionsare made :
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1] The stator power loss is neglected.
2] The voltage drop across stator impedance is neglected,

e.g. E, =V but the effect of the stator leakage

1 1’
inductance on rectifier operation is considered.
3] The rectified current is considered smooth. Accordingly,

the rotor current is a rectangular wave of %l duration.

The rotor rms current, I is thus given by [6]

2/
_ 2
I, =/ 3 I4 (1)
The power loss in the rotor resistance for all three phase
is
= 2 = 2
Pr loss - 3 I2 T2 2 Id T2 (2)

Then, the rotor resistance is represented by (2 rz) in
the d.c. side for the three-phase system.

From the conventional theory of rectifiers, it is
known that presence of reactances on the a.c. side of
the bridge cause current overlap during change over (i.e.,
commutation) of conducting diodes. This results in loss
of voltage during commutation period, and its average
effect over a cycle is to produce an equivalent d.c.
voltage drop given by [6]

-3 '
Vcl == S(x1 + Xz) Id (3)

Hence, as far as the effect of overlap on the rectified
voltage is concerned the term % (xi + x2) can be treated

as a resistance and so Equation (3) becomes

Vcl =5 Rm Id
Then, the equivalent circuit of the motor referred to
the d.c. side is set as shown in Figure (4), the output

voltage of rectifier bridge at standstill is given by ;
E _ 3/6

do b1
Ege = 5 Bgo-
expressed as

E% and at slip S, the output voltage becomes

The developed torque at slip S is therefore

P
- _cu _ - 2
T = (Edo Id Rm Id)/wS (4)
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Fig.(4 ) Motor equivalent circuit referred to d.c. side.

3.1. Modes of Operation

Considering Figure (2), two modes of the circuit
operation are studied. Those are as follows
a- The "ON" Mode : n T, t £ (n +8) T,

<
.
At the instant t = nT

h

ch’ the rectified current 147
Imin and the main thyristor is turned to the "ON" state.
The waveshape of the d.c. current can be predicted as
follows

From the circuit model

did
Eqe = (SRy *+ 2ry, + Ry) 14+ Ly qp
The solution for id(t)=i {t) is thus
on
lon(t) = Ish+(Imin—ISh)Exp[—(t-nTch)/Ton] (5)
where v
L E
1 dc
T = and I =
on SRm+2r2+R1 sh SRm + 2r2 + R1
b- The "OFF" Mode : (n+8)Tch <t s (n+1)Tch
At the instant t = (n+8) Tch’ the rectified current
id = Imax and the main thyristor is turned to the "OFF"
state. The rectified current can be predicted as follows:
ai
_ . d
Bge = (SRU¥2r +R+R Jiq + Ly 3%
The solution for 1d(t) = loff(t) is thus
loff(t) = Iop+(Imax—Iop)Exp [—{t—(n+B)TCh}/Toff] (6)
where L

E
off = SR +2; Ror. 4 I 7 5R 7 3; IR
m 2 1 X op m r2 1 X

T
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3.2. Minimum External Resistance and Critical Slip

During steady-state operation the system control
operates such that, the levels for currents must be

satisfied, e.qg.

i ((n+8)Tch)

on ((n+B)Tch) (7)

Toff
and

lon (n Tch

)

ioff((n+1)Tch) (8)

From Equations (5) and (7), the upper current limit can

be obtained as

Imax - Ish +(Imin"Ish)EXp(—BTch/Ton) (9)

From Equations (6) and (8), the lower limit is obtained
as :

I in = Iop+(ImaX—IOp)Exp[—(1—8)T

/T ] (10)

ch’ off

From Equations (9) and (10), the chopping period is
obtained as

I .-1I I -1
_ sh "max min “op
Ten = ~[toptnl =T Mrigeetnl g )1 (1)
sh "min max -~ op
The critical slip S for a given I , 1s determined by
cr max
g - Imax(2 r2+R1) (12)
cr  Ey -1 (R )
0 "max m

The minimum value of the external resistance, for a given

I is given by equating Iop to I_. at standstill,

min’ nin

where the rectified rotor voltage is at its maximum([5].
Then E_
( . _do

R .
ex min I

-(2 r., + Rm + R,) (13)

2 1

min

4. SYSTEM PERFORMANCE

To obtain the system performance a computer program
to calculate the system equations has been developed for

the following
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4.1. Constant Torque Operation

A direct control of torque can be used to achieve
rapid acceleration and retardation such as in cranes

and traction system.

Using Equation (4) with Id = Ish’
characteristic for different levels of Imax to Imin can

be obtained as shown in Figure (5). From which it is

the torque-slip

obvious that, the spike in the characteristics decreases
as the ratio k is decreased. This is due to the fact
that, the chopper stays "ON" all the time for speed
higher than the critical speed.

Also the experimental results were obtained at Imin=
5.75 A and K = 1.29. Figure 5, indicates also the experi-
mental torque-slip characteristic, where close agreement
between computed and test results is achieved. Figures
6.a, b and ¢ show oscillograms for the rectifier, rotor
and stator currents. The third oscillograms indicate that,
the effect of the chopper controller on the stator current
waveform is small. The machine parameters and other

necessary data are provided in Appendix (B).

4.2. Ripple Factor

The current ripple factor is defined as

C.R.F. = / C.F.F. -1
Where C.F.F. is the current form factor = Irms/Id’ and
from Egquations (5) and (6), IrmS and Id can be obtained.

Figuré (7) shows variation of the rectified current ripple
factor with slip at different values of K. It is shown
that the current ripple factor decreases as this ratio

is decreased.

4.3. Harmonic Content

The Fourier algorithm [5] is used with Equations (5)
and (6). The harmonic content in the a.c. component of

the rectified current is obtained. Figures 8.a and b show
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Fig.6. Oscillograms for (a) Rectified current. (b) Rotor current.

(c) Stator current.
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variations of the relative amplitude of harmonics with
slip for different values of K, and the average rectified
current, Id’ is constant, from which, levels of different

harmonic components are decreased as K is decreased.

4.4. Dynamic Braking

If the induction motor terminals are disconnected
from the supply, the motor will come to rest under natural
braking, and the braking time will be large as shown in
Figure (9) (braking time = 5.7 sec.). For faster braking,
the motor terminals are disconnected from the a.c. supply
and connected to a d.c. source. The machine operates as a
generator, and part of kinetic energy of the rotating
system is converted to electrical energy and dissipated
in the rotor circuit. The braking time as a function of
d.c. current excitation to the stator windings is shown
in Figure (10). If the rectified rotor power is fed to the
stator windings, no separate d.c. source is required for
the braking operation. Therefore, a capacitor, C1 = 100 uF,
and a diode, D1, are used across the diode bridge to hold
the voltage for stator excitation immediately after the
stator terminals are disconnected from the a.c. supply.
The proposed circuit is shown in Figure (11-a). Figure
(11-b) shows that, the motor experiences a hard brake and
comes to rest at 1.1 sec., compared with the natural bra-
king at the same condition which lasts 5.7 sec (Figure 9).
Thus faster braking is obtained using the proposed arrange-

ment.

-

5. SPEED CONTROL

With open loop control, the motor has very poor speed
regulation. However, in many industrial applications,
speed regulation of the drive is essential. In such cases

it becomes necessary to employ closed-loop speed control.
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For closed loop operation, a tachogenerator mounted
on the motor shaft is used to obtain a speed feedback

signal (Figure 12). Also, the rotor current is sensed,

using a small resistance on the d.c. side of the recti-

fier: The voltage signal (e3) (the output of the current
sensing resistance) is used to control the switching
frequency of the chopper circuit. The duty cycle of the
chopper circuit is varied with (ez), that is the output

of the speed controller. A simple arrangement of proport-
ional-integral speed controller is used for giving improved

speed regulation. The complete block diagram of the system
is shown in Figure (13).
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5.1. Transfer Functions

To study the transient response of the closed-loop
system around the given operating point, the transfer
function of each part of the system is developed aé?
follows : %g

5.1.1. Motor and i1ts load

Using Equation (4), with neglecting the voltage

drop due to commutation, the torque developed by the motor

becomes E
T(s) = -92 1 _(s)
[J)S d
and
G4(s) = T(s)/Id(s) = Edo/ws (14)

The transfer function of the mechanical system can be

written as

. _ w{s) _ 1/F '
L I
where
1, = J/F is the mechanical time constant. L

5.1.5. Chepper and itse control circuit é?

To develope the transfer function of the chopper
and its control circuit, the following simplifying assum-
ptions are used
a- The chopper switching frequency is much greater than

that of the rotor circuit (fc >> fr)

b= Id = (Imax * Imin)/2

"With the above assumptions, the response due to Schmitt

h

trigger and triggering equipment as well as chopper
response are obtained in approximately zero time ( see

Appendix A).

e3 = (V1 + VZ)/2 {16)
and
e3(s) = G3(s) ez(s) + K3 V(s) | (17)
_ _ _ 1
where K3 = K3/(R1+R3), G3(§)-R3/(R2+R3) and G3(s) = ﬁ;;
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5.1.3. Tachogenerator and its filter

The overall transfer function of the tachogenerator
and its associated filter could be written as

e1(s) K

_ _ 1
= G1(s) =

1 + ST (18)
1

K1 is the combined gain of the tachogenerator/filter

combination, and T1 is the time constant. This time

constant is very small and so it can be neglected.
Thus

w(s)

G1(s) =z K1 (19)

5.1.4. Speed controller

P.I controller was used to eliminate the steady-
state error in the system response. The transfer function
of the controller is given as

K1(1 + 8 T2)

G2(s) = 3 T1 (20)
5.2. System Response
From Figure (13), it can be shown that, the system

is a second order. The characteristic equation of the

system is given by

R
1 B 1 1
52 + (1 + =—— K!) s + 7 K! =0 (21)
Th RA 1 T CCR 1
where
K' = k.. & Eao R3
1 i* F w Rsh(R2+R3)
Equation (21) is used to predict the controller parameters,
Cc and RB.
Hence,
T(1+ 2 k')ana /) — L x:
26w = —\1+ = an w = —_— ==
n T RA 1 n T CcRA 1

The response of speed to a step change in Vref and/orx TL

is



-Sw_t A3—5mnA2 -fw_t
w(t) = A1+A2 e cos wdt+ oy e sin mdt
... (22)
where ' . '
A= : v .. A v A, = “a
= , , =
1 RAK1 ref 2 RAK1 ref 3 RAK1r ref
T F
m
= R 7
and w4 /wn (Gwn)

'Also, the response in the rectified current, Id' due to

a step change in Vr and/or T. is obtained from :

ef L
—6wnt B3—6wnB2 —Gwnt
Id(t)=B1+B2e cos wdt+(——ag————)e sin wdt (23)
where p.pq © K!'FR R'F o
1=(RAK Viet*Ty) 5 - BZ=[(K1R 2 - RAK WVeee ) T
a1 IE® do 1°a at1 I€ do
K'F R'F T w
= 1 . A _ _L s
and By = [(ggxe R R 1 Vret ~ 7. | E
m do

1"A ¢ A1l m

The parameters of the closed loop system are given in
Appendix B.

5.3. Results

The calculated results of speed and current response

for a step change in Vr are shown in Figure (14). The

oscillograms of speed aig current response are shown in
Figure (15). Second-order response, and good damping
assumed in the design procedure are obvious. Figure (16)
shows the calculated speed and current response for a

step change in T_ .'The oscillograms of these responses

L
are shown in Figure (17). The speed returns back to its
initial value in about 1 sec. and the difference between

I and I . is constant for different levels of the
max min

average rectified current,
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6. CONCLUSIONS

A practical constant torque system for a slip ring
induction motor using chopper in the rotor circuit has
been built and tested. The system is simple, and inexpen-
sive. The torque is easily controlled and can be kept

constant over a wide range of speeds.

In the control circuit of the chopper, current
settings can be independently adjusted to reduce the
motor losses due to harmonics of the rectified current
fluctuations. Simple models for the study of system
performance at constant torque are presented. The torque
slip characteristics show that, the circuit model gives
satisfactory results of this current control scheme.

Also, the spike in the torque-slip characteristics, and
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the harmonics content in the a.c. component of the recti-
fied current decreases as the ratio k is decreased. But
in practical controllers, a decrease in k is synonymous
with an increase in the switching frequency, resulting
in higher switching losses, rating of components increa-

ses, and consequently the cost is increased.

A closed loop speed control using chopper in the
rotor circuit has also been examined. The system acts
to regulate the speed. Also, the difference between the
two levels of the rectified current is kept constant and
then the harmonic losses due to the rectified current

fluctuations are kept approximately constant.

Calculations have been carried out to predict system
paramgters for acceptable response. The control system
stabilizes the speed against load variations using a PI
controller . The method of dc dynamic braking resulted
in an extremely rapid braking of the drive system. It

also eliminates the necessity of a separate d.c. source.

APPENDIX A

Schmitt trigger circuit The employed Schmitt trigger

circuit exhibits a hysteresis loop where the hysteresis
voltage is VH = V1 - V2. The operational amplifier

(LM 324 N) was used as an inverting Schmitt trigger for
its high speed and also, it needs only positive voltage
power supply. The input voltage (ei) is applied to the

inverting terminal 2 and the reference and the feedback

voltéges to the noninverting terminal 3, as shown in

Figure (A-1). In case of e < V1, ey will be equal to V.

Then, using superposition where R3 << R1 or R2,
Vz'ﬁ%’"vf"R_’?%“VzW (A=1)
r 2773 f° 1773

Where V1 is the maximum limit for the value of ei.

If ei is now increased, then e remain constant at V and

o)
Vr = V1 = constant until ei = V1. At this condition the

output regeneratively switches to e, ~ 0 and remains at
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this value as long as e, > Vr'

The voltage at the noninverting terminal for e, = 0 is

v_ = 3 v =V | (A-2)
r R2+R3 ref 2
Where v, is the minimum limit for the value of e, .
R, is chosen such that the loop gain HfAe is greater
than unity, where He = (R3)/(R1+R3) and A is the ampli-

fier gain,

Figure (A.2) shows the expected waveforms of the

chopper control circuit.

The differentiator Conventional RC circuits with small

time constants are used to differentiate the output of

the Schmitt and inverter circuits.

Pulse amplifier .
p Two transistors are connected as a

Derlington-stage to amplify the differentiator output

pulses, so that become sufficient for thyristor firing.

APPENDIX B

Motor Tests have been carried out using a 3-phase, 50 Hz,

4-pole, 1.5 kw, 220 V., slip ring induction motor having
the following parameters : r, =3.09 @, r, = 0.196 @,

x, =7.099, x,=0.29,x_ =180 @ and the turns ration

N = 5.95. The external rotor resistance Rx = 28 @

Fllter parameters : ;= 230 m.H. and R, = 2.4 @

Control circuit parameters

R1 = 100 k &, R2 = 10 K @,

R3 = 120 q , R4 = 700 X @, R5 = 5K¢Q, R6 = 10 @ and

C = 0.047 uF.

Closed loop parameters =0.01q,

K1 = 0.024 V/rad./sec., Rs

h
= 1/62 N.m/rad./sec., Ty = 2 sec. , R! = 100 K @ ,

F A
RB = 1.34 M@, and Cc = 0.2 uF.
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