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ABSTRACT

In this paper, the speed of an induction motor is controlled by controlling its slip energy using a chopper circuit
on the rotor side. Analysis and simulation consider the induction motor equations from the rotor side where
a diode bridge is connected. The open-loop control has a very poor speed response. Therefore, it is essential
to employ a closed-loop speed control. A closed-loop control system is suggested, where a permanent magnet
tachogenerator is mounted on the rotor shaft to provide a dc signal proportional to the rotor speed to the
feedback control scheme. The advantage of the new method of analysis is that it allows the study of system
dynamic response associated with large signal perturbations. The system response was studied by varying the
feedback closed-loop gain. Also the effect of varying the load torque was taken into consideration.

NOTATIONS

AB,C Suffices indicating stator variables as in v,
ab,c Suffices indicating rotor variables as in v,
$ Suffix indicating stator quantity as in L

r Suffix indicating rotor quantity as in L,

qd Suffices indicating q and d axes respectively
lisids q,d axes equivalent stator currents

iqr,idr q,d axes equivalent rotor currents

VesVds q,d axes equivalent stator voltages

VorVar q,d axes equivalent rotor voltages

R, Resistance of stator phase winding

R, Resistance of rotor phase winding

L, Stator self inductance per phase

L, Rotor self inductance per phase

Mutual inductance between stator and rotor
windings per phase

Rotor angular speed

Angle Dbetween stator phase A and rotor
phase a

Rotor moment of inertia

Electromagnetic torque developed

Load torque

Damping torque

Added resistance to rotor side

Filter resistance and inductance respectively
The chopper chopping period
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Ton The chopper on period

A The chopper duty cycle (4 = Ty / Ty )
Link Instantaneous link ( filter ) current

p Operator d/dt

Note : all quantities are in per unit
INTRODUCTION

Connection of resistors to the slip-rings of an induction
motor can improve starting conditions and give speed
adjustment. Different attempts have been made to use
SCR’s in different configurations in the rotor circuit to
have continuous and contactless effective rotor impedance
control [1-4]. In references [2-4] the effective rotor
resistance is controlled by varying the duty cycle of the
chopper. This technique is easy to use for closed loop
control systems. Figure (1), shows the system suggested
for study. In this system, the filter is used to minimize the
harmonic contents in the ac component of the rectified
rotor current.

In reference [2] the dynamic response based on a dc
circuit model was obtained for this particular drive which
can be used for studying closed-loop drive performance.
However, this dynamic model was only for a small signal

B 119



ABDELFATTAH: Feedback Operation Of Chopper-Controlled Induction Motor

perturbations.

In a previous paper by the author [5], the analysis of this
system has been studied. However, the system
performance was only studied with open-loop controller.
The open-loop control showed a very poor speed
response. Therefore, it is essential to employ a closed-loop
control to improve the system response. The analysis used
in [5] considers the induction motor equations from the
rotor side where a diode bridge is connected and where
these equations are solved taking the nonlinear devices
(diodes) into account. This analysis gives us precise
calculations for all system states without any
approximations. Therefore, the system dynamics with the
present of a closed-loop controller can be studied for
small or large signal perturbations.

A proposed closed-loop controller is suggested, and the
system response was studied for this controller. The
system performance following a large signal disturbance
was studied by varying the feedback closed-loop gain.
Also, the effect of varying the load torque was taken into
consideration.

A.C. Supply

Induction

Figure 1. Chopper-controlled induction motor.

INDUCTION MACHINE EQUIVALENT CIRCUIT
REFERRED TO ROTOR USING D-Q MODEL

The study of the transient performance of three phase
induction motors and their behaviour on non-sinusoidal
supplies is much easier with transformation of the machine
variables to a reference frame in which there is a
stationary reference frame. They are called the direct and
quadrature, axes [6]. Since the choice of time-zero is
arbitrary, it is most convenient to choose time-zero at the
instant when q,A and a axes are all coincident as shown
in Figure (2). Choosing an instant when the a-axis of the
rotating two phase axes (a,f) makes an angle 6 with the
stationary gq-axis, and assuming no Zzero-sequence
components, one form of transformation of rotor
quantities between rotating three-phase (ab,c) and
stationary two-phase (q,d) is :
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Also, we can define the (d,q) stator voltages as:

Ves 1 0 0 ||

= 1 1 VB

Vds /;J; Ve

The above transformations do not give invariance o
power, but this is not important in this case since variabl
are ultimately expressed in the three-phase referen:
frame.

Using per-unit quantities, the differential equalion
describing the behaviour of the machine when referred
the stationary frame can be written in the form :

- A _ o S
Vas R, 0 0 il o
Vgs 0 Ry 0 0 136
= +
o 0 -oM R, -oL./|i,
_vdr i _w rM 0 @ J“r Rr h'dr_
1 ()
-L 0 M 0T [ ]
s ‘qs
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M 0 L 0 »
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Figure 2. Different machine phase axes.
which is in the form :

V=[R]i + [L] pi
and can be rewritten in the form :

=L {V-[R]i}
from which we can get the following derivatives :
piqs = [Lrqu-qur-a)erids-corMLridr
L Ryigs + MR ig,)/(L,L-M?)
Plgs = [LyVas My, + @M%+ 0 ML i,
LRyigs + MRyig ]/(L LM
©)
piqr = [-qus+stqr+a)rLsMids+a)l,].,eridr
+MRige LR g J/(LL-M?)
pig, = [-Mvye+ stdr'wrMLsiqs'ereriqr
+MRig-LR iy /(L LM%

In per-unit quantities the electromagnetic torque Tg
becomes :

Tg = M [ gy gg - igg igs | (6)

The conventional form of writing the balance between
input and output in per-unit is in the form :
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TE=2HWT+TD+TL

where H is the motor inertia constant in seconds.
However, according to the selected base quantities given
in Appendix (A), this equation will be in the form :

Tg =Jpo, + Tp + T (N
Equation (7) can be rearranged as :

po, = [Tg-T-Tp ]/ (8
po = o ®)

Substituting equations (4) and (5) into equation (1) and
then substituting for iqr & 14, using equation (2) we get :
Va = [Rp+pLegliy +[0(Leg-Lig0Miy-(MR /Lo

+(M/Lvgslcosd [0 (L-Leg)ig, + o Mi g
-(MR/L)iy  + (M/L)vysind (10)
Vo = [Ro+pLeglip + [0 (Leg-LyigroMig-(MR /L )i
+(M /Ls)vqs]cos(8+ 120')-[a)r(Lr-L¢q iqr +oMig
-(MR/L)iy, + (M/L vy Jsin(6+120") (11)
Ve = [Rp+pLglic +[@(Leg-Lp)igoMig-(MRy/L)iy
+(M/ Ls)qu]cos(O-lﬂ]') -[a)l,(Lr-ch)iqr + a)rMiqs

-(MR_/L)iy + (M/L v, ]sin(6-120") (12)
where;
Leg = (LL-MY)/L (13)

Equations (10)-(12) can be represented by the equivalent
circuit shown in Figure (3), where;
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Figure 3. Equivalent circuit for an induction machine
referred to rotor side.

Yo, = [wr(ch’Lr)idr'wrMids'(MRs/Ls)iqs

+(M /Ls)vqs]cose -[a)l,(L,-Leq)iq,+a),.Miqs

(MRy/LYig + (M/Lvgglsind
it = [0 Leq L Yig0,Migg-(MR/Lig
- (M/Lvoglcos(@+ 120°) {0, (LyLegliy +0,Migs
(MRy/Ligs + (M/LvggJsin(8+ 120°) as
= [0LegrLigr 0 Migg-(MRy/Lig
(ML vegJoos(0-120") {0, (L L+ 0, Migs
(MR/Ligs + (M/LvygJsin(0-120') (16)

Zeg = [ R, + pleg) an



[2,+22,, 2,42, 2, 22, 2,
2,42, 3422, 2 Z, 2Z
Lo = | ZL - Mpr. ey o ¥
22, Z, 0V .  -Z,
| Zeg Wenets 0. Loy il

-

(21)

Equation (18) represents five independent equations if
le six diode are conducting. However, when only two
diodes are conducting, these equations are reduced to only
oe equation. If only three diodes are conducting these
tquations are reduced to omly two equations, etc. [8-9].
The situation of rectifier bridge can be defined in an array
mmed rectifier state-array S having six elements, the
ndividual elements being 1 or 0 depending on whether

the diode is conducting or not respectively [7]. The matrix
wnnecting the existing loops with those if all diodes are
wnducting is C . The construction of C_ is obtained from
lhe previous knowledge of S [7]. The transformation
process gives the voltage and currents vectors for the new

networks as:

The new impedance matrix is given by:

Z, = Cnt Zloop Ca

from which the following equation can be written:

Therefore,
V,=[R, + pL] I
and

4
pIn = Ln [vn ki Rn In]

(22)

(23)

(29)

(25)

(26)

which may be calculated at any time t giving the current

derivatives at this instant.

When all six diodes are conducting the voltage drop
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across each of them is zero, and equation (18) holds good.
However, if any diode is open, then a voltage will appear
across it. It is necessary to calculate this voltage to check
whether a new diode is to be included in the conducting
pattern or not. To calculate this voltage, equation (18) will
be modified to the form:

Vi ® Eloop i Z!oop Iloop (27
From the previous choice of links, we find that diode
number 6 is the dependent diode; then V, is expressed as:

[ v, +Vg ]
V,+ Vg
V3+V (28)

-V4+V,

[ -Vs+Vs

where V. is the voltage across the jth diode.
Figure (5) shows a simplified flow chart for the proposed
system analysis.

CONTROL SYSTEM

The block diagram of the feedback control scheme is
given in Figure (6). The rotor speed of the motor gets
adjusted with the variation of the duty cycle A of the
power switch. The tachogenerator output voltage is
proportional to rotor speed @, and is compared with a dc
voltage of fixed level which represents the set speed v, .
The error voltage is fed to the controller.

The simplest form of control is one in which the error
signal e(t) is multiplied by a constant K_ to give a signal
called the manipulated variable m(t) which is the input to
the process. This arrangement is called proportional
control, and by varying the value of K , the dynamic
behaviour of the overall system can be altered [10]. For
very low values of K, the response is likely to be sluggish.
As K increases the response of the system for the same
magnitude of error becomes more rapid and, if K _ is very
large, instability is likely to result, or the oscillatory
response would be so lightly damped.

Figure (7) shows the functional block diagram of the
chopper-controlled drive using proportional control.
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START

INITIALIZE SYSTEM STATES i.e. lqr'idt'lql'iﬂt'u'e
CALCULATE A (Eqs. 14-16)

[ﬁm LOOP IMPEDANCE MATRICES R, & L, = (Ea. 21)J

e
CONSTRUCT RECTIFIER STATE ARRAY S
CONSTRUCT TRANSFORMATION MATRIX C

|rom NEV LOOP IMPEDANCE MATRICES R & L (Ea. 25)]

N,
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[APPLY NUMERICAL INTEGRATION]

Yes

CALCULATE mq,.pxdr.pi“.pxds.w.pe

(Eqs. 5.8.9 respactively)

i

INCREMENT TIME

Figure 5. Simplified flow chart
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Figure 6. Block diagram of closed-loop system.

Figure 7. Functional block diagram.

NUMERICAL RESULTS

For the simulation results, Euler method of numerical
ntegration was used. The time increment for numerical
ntegration At was chosen to be 0.01 p.u. for the computer
program execution. The system parameters in per-unit are
gven in Appendix (A). Figure (8) shows the relations
between the speed of motor @, and chopper duty cycle 4
for constant load torque T at steady-state. Figure (8) is
etracted from reference [5].

The constant K; depends upon the operating point and
is determined from the steady-state characteristic of the
sstem. From Figure (8) it is clear that at steady-state the
relationships between duty cycle and machine speed is
nearly linear. Therefore, for a load torque T; = 6 N.m
the constant K, is found from:

K, = (0.75 - 0.6) / (1023 - 941) = 1.8292 x 10” r.p.m.”"
and in per-unit :

K, = 1500 x ( 1.8292 x 10%) = 2.7439
The system was studied for two different strategies:
Constant Speed Drive:

by changing the load torque from 6 N.m to 8 N.m while
the speed demand is 941 r.p.m. with 4, = 0.6

Variable Speed Drive:
by fixing the load torque at 8 N.m while the speed

command was changed from 718 r.p.m. to 833 r.p.m.
with 4, = 0.6.

u! i /// (he)

-

Figure 8. [Duty cycle/Speed] for different load torques
at steady-state.

For all cases the machine was allowed to run for some
time, here about 2 seconds, to reach steady-state before
applying the disturbance at a time of 2.15 seconds.

Figures (9-a) and (9-b) show the system response for the
first strategy for K, =15 and K, =10 respectively, where
the system in this range gives more satisfactory dynamic
response. Increasing the gain from 10 to 15 reduces the
error from about 19 r.p.m. to about 10 r.p.m. but with a
corresponding increase in system oscillations. Figure (9-a)
shows the case where duty cycle reaches its saturation
value (A = 1.0) and remains there for some before
starting to reduce. Figure (9-b) shows the situation where
duty cycle just reaches 1.0. Table (1) shows comparison of
response specifications for the two cases for the first

startegy.

where,

M, : percentage maximum overshoot
e, : percentage steady-state error

t, : Rise time

t, : Peak time

ty : Delay time

Figures (10a) and (10b) show the system response for the
second strategy for = 6 and = 1.9 respectively.
Figure (10a) shows the case where duty cycle reaches its
saturation value (A = 1.0) and remains there for some
time depending on the system reaching its peak speed.
Figure (10b) shows the case where duty cycle just reaches
1.0. Table (2) shows comparison of response specifications
for the two cases for the second strategy.
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Table 1. Comparison of Response specifications for first startegy.

K, =15 K. =10
M_ Css L { ty M_ e L4 T t,
4% 1.08% 337ms 101.7ms 15.7ms 34% 2% 548 ms 1197 ms 22.7 ms
Table 2. Comparison of Response specifications for second startegy.
K, =6 K, =19
M, Esc t, = iy M_ e 1& [ ty
9.6% 1.56% 266 ms 335 ms 155.8 ms 0 3.77%
Time (s0e) / MWTY CPVQLE
Time (sec) 7/ WYY CYQLX
sy LR
LR e
" 'l
.55
i N 1. 1. Y L
e im T aw o awm e DI Tt ] Time (Ses) 7 Link Casvont (hups)
: Tine (Sec) / Liak Currest (fups) 1
1.9 4.0
+ 1.
LI4 1}
1.1 1.0y
" i v e Te 1 T oam Tie
o 18 e 1w 1. 1 Tiee ol Time (Ses) 7/ Speed (r.p.W
Wt Time (S06) / Speed (r.p.0
1.0 » ™
1 o
1.4
" TR 1 1w 1 T am T
T MR e L " i Vime
Figure 9b. Dynamic response for first strategy -
Figure 9a. Dynamic response for first strategy [Kp = 10]

K, = 15].
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Figure 10a. Dynamic response for second strategy -

K, = 6]

Toemphasize the effect of feedback control on the system
response, an open-loop operation was studied for the sake
of comparison. Figure (11) shows the system response for
the open-loop operation. These results were for the case
where the system was working as a variable speed drive
vith load torque Ty = 8 N.m and chopper duty cycle
changed manually from 0.6 to 0.75 at a time of 2.15 sec.
o chieve a steady-state speed of 833 r.p.m. Figure (11)
shows a very poor response for open-loop operation when
wmpared with Figures (10a) and (10b) using the closed-
loop controller.

CONCLUSIONS

The system studied previously in reference [5] was the
scope of this paper by introducing a closed-loop controller.
Analysis and simulation consider the induction motor
equations from the rotor side where a diode bridge is
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Figure 10b. Dynamic response for second strategy -

K, = 19]

connected and where one should find the convenience of
solving these equations taking the noinlinear devices
(diodes) into account. The analysis used gives us precisc
calculations for all system states without introducing any
approximations.

The system response with a closed-loop controller
following large signal perturbations was predicted. A
proportional controller was used for this study. An
improved system response was achieved. However, stcady-
state error was present. This steady-state error was due to
the fact that the system is of type 0, one with no factors
of s in the denominator of the transfer function. To
climinate this steady-state error an integral action can be
added to the controller. Also, to increase the effective
damping, a derivative action could be incorporated in
conjunction with either a proportional or proportional plus
integral controller.
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— per-unit are:
Time (see) / MTY CYCLX RS = (.0541 Rl’ =0.0984
| L, = 227 N
M = 20788 =109
o Ry = 067240 Esii=23.1§
o Rugg = TSR

Maximum supply voltage per phase = 0.7368

. T e T em Y ) . L
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