Motors

INTRODUCTION

se induction motors are widely
industrial drives. This is due to
and robust construction. Also,
ed with DC machines, they are
and have a high power-to-
fatio added to lower manning cost.
3 methods have been employed to
the variable speed operation of those
- Stator voltage control as well as
. supply frequency have replaced
' classical schemes efficiently. Apart
complexity of such drives, the
advantage of these systems is the
nic distortion which they introduce on
the motor input and the power supply

- simplest and more reliable speed
ol scheme for a wound-rotor induction
r is achieved by using external variable
' esistance. This method can provide
g performance and variation of
over the whole range (4-6]. However,
this method, the system becomes poor
efficiency particularly at lower speeds.
ertheless, a variable speed operatiorn can
‘achieved by recovering the slip power
n the rotor circuit to the supply [7]. The
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ABSTRACT

In this paper a new approach to the speed control of the wound
rotor (W.R) induction motor is presented. The speed can be varied
from zero to the rated value but not on the expense of extra power
loss in the rotor circuit. Unlike the slip power recovery control
system, which gives limited speed range, switched capacitors in the
rotor circuit are used. The speed can be varied smoothly by varying
the duty cycle of the fast acting switches. The switching operation
results in three phase voltage source in the rotor circuit with
voltage levels which vary with the duty cycle and of the same rotor
frequency. Theoretical and experimental results for open and closed
loop operations are presented and shown to be in good agreement.

Keywords: Switched capacitors, Variable speed drives, Induction

major disadvantage of this system is that,
the speed range is limited and the power
factor is low, especially at low speeds. Many
attempts have been made to improve the
performance of the slip power recovery
schemes. These schemes enabled the overall
power factor of the drive to be improved but
on the expense of increased complexity and
cost [8-10]. However, controlling the speed
of the wound-rotor motor can be achieved by
resonating the rotor circuit using reactive
rotor networks [1]. This system provides
high starting torque and improved power
factor, but the capacitance needed to
resonate the rotor circuit is exceptionally
large. Using a fixed inductance, the per
phase capacitance can be reduced to a
practical value, but on the expense of using
extra components and sharpening the
torque-speed curve. In addition, closed loop
speed control may not be possible due to the
large capacitance required [1].

The recently developed field oriented
and/or vector control approaches, although
efficient in controlling the speed, but the
final action is applied upon the inverter
feeding the motor [l1land 12]. This implies
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that, those techniques have the same
drawbacks, e.g., the harmonic effect on the
motor performance besides the need for an
ac / dc converter at the input mains, as well
as the complicated inverter control circuitry
[11land 12].

This paper proposes a new approach of
speed control for wound rotor induction
motor. The speed can be varied smoothly
from zero to the rated value using external
capacitors in the rotor circuit. Small
capacitance controlled by electronic
switches can be used to vary the speed.
High starting torque and improved power
factor can be achieved. Also, an
improvement in efficiency can be obtained
compared with the conventional speed
control by variable rotor resistance or slip
power recovery. Motor speed can be
controlled and varied using simple control
circuit. Performance characteristic and
analysis of this system are given together
with results of an experimental set up.

SYSTEM DESCRIPTION AND OPERATION
Figure 1 shows the circuit diagram of the
proposed system. It consists of a three
phase wound rotor induction motor and
three equal capacitors (C;,C2 and Caj)
controlled by four IGBT switches. The
three capacitors are star connected to the
rotor winding as shown in Figure 1.
Parameters of the employed motor are
listed in Appendix A. Four IGBT switches
(S1,52,S3 and S4) of type”25Q101” are used.
In order to conduct in either directions,
each transistor is fed through a fast
recovery diode bridge. The switches are
arranged to connect or disconnect the
capacitors in the rotor circuit. Therefore,
the switches (Siand Ss) operate
simultaneously. Also switches (Szand Ss)
operate together such that when (S:;and
Ss) are ON (Sz2 and Ss) are OFF. If (S; and
Ss) are continuously ON the motor rotates
at its maximum speed (rated value). While
when the switches (S28S4) are
continuously ON the capacitors are
permanently connected to the rotor.
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Figure 1 The proposed diagrammatic representatiol
capacitor controlled three-phase inductiol
motor

Varying the pulse duration (ON
each switch) the motor speed is chang
order to vary the motor speed over the wh
range, the value of the capacitors C;,Ca ¢
C; is chosen such that by varying thed
cycle of Sz and Ss: from zero to 100%,
motor speed changes from its rated valug
zero. For the employed motor this value
about 22 puF/phase.

The switching operation of the fo
switches is at frequency much higher th
that of the rotor. Effectively the capacite
can be considered as a voltage source in i
rotor circuit and of the same frequen
Accordingly, the higher the voltage acro
the capacitors i.e., the higher the duty
of Sz and Ss+ the lower the rotor speed. Th
action is similar to that of S charage moto
However, super synchronous speed isng
possible with the proposed system. Thisi
because the polarity of capacitor voltage
always opposes that of the rotor.

THE CONTROL CIRCUITS

Gate signals to the transistor are adjuste
to suit the gate requirements. Each dnv
circuit receives a train of pulses from th
open loop (or closed loop) control an
produces the required gate pulse
accordingly. Figure 2-a, shows the open looj
control circuit. The comparator comparessé
triangular signal of frequency 1kHz witha
dc reference voltage (Vier). This frequency
can be higher but faster diodes are then
required. Its output is fed to the drive circuit
through a NAND latch circuit. Such a circuit
ensures that, any group of switches (S; and
S3) or (S2 and S4) is turned OFF just when
the other is ON. Each switch is switched at
frequency much higher than that of the
rotor (twenty times the supply frequency).
However, the relative pulse duration to the
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d S4) determines capacitor
ative to that of the rotor and
ape tor voltage requu'ed
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Proportionall v/,

i —
Inlt:e?!iai connect to the
comparator
shown in
Fig. 2a
(b)

- a) Open loop control; b) Closed loop control

X the motor speed at any value (from
0 its rated speed), the circuit shown in
 2b is used. The motor speed is
d and converted to a voltage signal
hich is compared with a voltage signal
representing the desired speed. The
fence between (wref) and (o) isfed to a
ortional + Integral (P-I) controller. The
t of the P-I controller is fed to the
tor shown in Figure 2-a to
e the duty cycle which achieve the
sired speed.

MATHEMATICAL MODEL
sidering the per-phase equivalent
t of the proposed capacitor controlled
iduction motor referred to the stator shown

) Figure 3, the following motor equations
can be written:

v, =i,R, +L, di /dt +i,R_ (1)
= Lm dim/dt (2J

i =i, -(L,/R,)di,/dt-i_ (3)
iR, =i RS /s +L%, dif/dt+v, (4)
v, =0 ifSaOnand Sp OFF (5)
However,

Vo=V, =Vc /S, (6)

s:C®dv, /dt =if if Sa OFF and S» ON (7)

The developed motor torque is given by,

T, =3I5°R3 [s6, (8)
The electromechanical equation is given by:
do/dt = [T, - T, -fo]/J 9)
where, the slip “s” is given by;
s=(cos -0)/o, (10)
R 1 L (]:’ g/
A -"". f"- r_./‘ V 1 N —
. ]m; fIR |. g
T L 4 II d.s-
4 [ S =\
Vi ]_ﬂ} R Sw=v ;

Figure 3 Per-phase equivalent circuit.

To obtain the motor performance under
the new technique of control, Equations 1 to
10 listed above were solved using the
MATLAB Simulink.  Calculated and
measured results are reported and
discussed below.

RESULTS AND DISCUSSION

An experimental set up for the proposed
system shown in Fig.1 has been constructed
and tested. The suitable capacitance was
chosen according to the test results shown
in Figure 4. This figure shows the possible
speed variation with the duty cycle atno
load using different capacitor values.
According to the test results a capacitor
value of C=22uF was found suitable for the
full range of speed and duty cycle variations.
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Figure 4 The effect of capacitor value on the speed
range. Ca =11pF, G, =22uF, C.=33pF.

Figure 5 shows the motor voltage and
current waveforms at no load and duty cycle
of 12%. Figures 5-a and b, show *he
measured waveform of the capacitor voltage,
rotor and stator currents. However, the
calculated waveforms of the stator current,
rotor current and capacitor voltage referred
to the stator side are shown in Figure 5-c.
Due to switching at frequency much higher
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\ .;/.,.‘1.\. //_\\ i }.’,‘_..\%. : /,\ i 'J’\'Vc ;/\\. : . | =
\ b : y L) L \ I i
,I\l\l lz 2 H
J\ ‘M‘ ‘uf e 0% 0565 057 0575 0S8 0585 05 056 06
02 T T T
(a) \Icasured
Ch.1) 50 v/div Ch.2) 0.4 Avdiv
2 i 1 i i i i i
LS.00v 2z.oov . —-20.09 50.0p ﬂ_nq 056 055 057 055 058 0585 0% 0565 06
| : ¥ 1] T T T P —— T S
f j\l ANAARRARNERRARAAAN i\ AN /\ /\ws
\““‘\ ’\{\A‘ "I-"Ilf\ii!-;{-hl 11'“11111![ F! !1“[1']': ok
vy L 'I.-Lnr L.lq.!’ VR “" ARy \-/ v
oot eed crod ' .
m m 12 056 Q&% l15? 055 058 Q&E!S 059 05@5 06
i e
i M %w (c) Calculated
fl‘l)\Ieaqured
Ch.1) 1.0 A/div. Ch.2) 0.4 Ardiv
Figure 5 The moior voltage and current waveforms at no-load and dutv cvele 12%

B 78 Alexandria Engineering Journal Vol. 38, No. 3, May 1999

than that of the rotor, the capacitor vol
is nearly sinusoidal. However, apart fi
the small high frequency ripples, the 1t
current is sinusoidal. Those high freque
ripples do not appear in the stator curt
due to the inductive nature of the motor,
the same duty cycle the motor was loat
with 2.0 N.m load torque. At this operat
condition calculated and experimer
waveforms are shown in Figure 6. Compa
with Figure 5. The stator current has b
reduced due to the reduced motor spe
and accordingly the increased
frequency. This action would increase |
capacitance effect on improving the mol
power factor.

At no load and at 2.0 N.m load, simi
results were taken at duty cycle of 28%
shown in Figures 7 and 8 respectively. It ¢
be observed that, varying the duty cy
would vary the speed but the motor currer
are maintained as long as the motor
unloaded. However, when the motor ¥
loaded with 2.0 N.m load torque the spe
was reduced from 1115 rpm to 450 rpm bi
the motor currents are nearly sinusoidal.
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Figure 7 The motor voltage and current waveforms at no-load and duty cycle 28%
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Figure 8 The motor voltage and current waveforms at 2.0 N.m load torque and duty cycle 28%

Steady State Performance

Theoretical performance characteristics of
the capacitor controlled induction motor of
App.endix A were calculated using the
equivalent circuit of Figure 3 at various duty
cycles of switch Sp. Figures 9 to 11 illustrate
the variation of torque, power factor and
efficiency respectively, against speed at six
values for the duty cycle (Dsy). Considering
Figure 9 it is evident that, the duty cycle is
the control parameter for speed variation.
The higher the duty cycle the higher the
pull-out torque and the lower the speed
corresponding to the pull-out torque of the
motor. However, the motor operation at duty
cycles higher than 20% is stable with load
torque variation up to the zero speed. Also,
Figure 10, shows the power factor variation
with speed. It is seen that, at zero duty cycle
(normal operation) the maximum possible

B 80 Alexandria Engineering Journal Vol. 38, No. 3, May 1999

I

-C:.ﬁ 0565 057 0575 058 0585 05 0565 06

i h i i i {
5 05685 057 05/ 058 0585 059 055 06

oL

! T

'i’r 15

055 0565 057 0555 058 0585 059 055 06
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power factor which can be achieved is 0.72
However, increasing the duty cycle th
capacitors are effectively introduced in thi
motor circuit and so improved power fact
is obtained. Figure 11, shows the measured
and calculated efficiency curves at differen
duty cycles. The presented results show th;
the higher the duty cycle the lower the
speed at which maximum efficiency occurs.
Losses in this system are the natural losses
of the motor and those due to the IGBT
switches.. In Fig.1lb  efficiency was
calculated assuming ideal switches.
However, the proposed method of speed
control would give overall system efficiency
better than the alternative methods app.lied
to either rotor or stator circuit. This can be
attributed to the much lower harmonics
encountered with the proposed system.
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Figure 10 Power factor/speed characteristic at different duty cycles
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Closed Loop Operation

For the closed loop operation, a voltage
proportional to the motor speed (o) isfed
back and subtracted from the reference
speed (oref). The error signal is fed to a P-I
controller as shown in Fig.2b.

However, a simulation program using
Matlab-Simulink was prepared to study the
system response. According to the dynamic
behaviour of the system about a certain
operating point ( at 1000 rpm), parameters
of the P-I controller were determined as
given in App.endix B. The shaft speed and
stator current for motor starting at no load
and reference speed of 1000 rpm (orr =1.0
volt) is shown in Fig. 12a. The motor speed
follows the reference and the steady state
error is nearly zero. The speed response due

to a step change in speed reference froi
0.625 volt to 1.0 volt (Awwer = 0.375 volt)!
shown in Figure 13-a. It is obvious that, th
system can follow the speed reference
reasonable overshoot and within 100 mse
Figure 14-a shows the action of the
controller due to motor loading by 2.0 N.
load torque. The output of the P-I controll
(Veer )y has increased so that the duty cycl
is reduced to enable the motor to follow th
reference speed at load. According to Fig.14
the motor follows the reference speed withi
200 msec app.roximately. The calculate
system response corresponding to th
experimental results of Figures 12-a, 134
and 14-a are given in Figures 12-b, 13-b ant
14-b respectively. It is clear that, calculate
and experimental results are in goo
agreement.

b&au‘wm-\)
'I ‘ EIIQFJ ALK liiﬁ;l 1
LL’& \ 1 l\i]hl'\'l)‘M Fn[n 1 Wrr%.lm%
7 i'
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E i |
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(a) Measured i
Ch.1) 1.0 A/div Ch.2) 500 rpm 'div - e
o Time (sec) |
1 15
(b) Calculated
Figure 12 No-load stator current and speed during starting
1500 - - . )
IN: (rpm) 2
1000} - . :
.00V 2 4100V 0.00s  50.0%  Srglfp STOP |
N_“___l 0 . . Time (sec)
S ._...._,_/‘ + 3 35 4 45 i)
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s T 4
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Figure 13 Speed response due to step change in speed reference
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Figure 14 Speed response due to sudden load application

3 CONCLUSION

v approach to the speed control of
- rotor induction motors has been
and examined. It has been shown
he speed can be varied smoothly from
o the rated value. Open and closed
control are possible with simple
ts. The cost of the proposed control is
| less than that of the inverter or slip
r recovery system. It has been shown
high starting and pull out torque could
ieved. Also, an improvement in power
and efficiency has been obtained.
losses with the proposed control
expected to be much less than those
tered with the use of variable rotor
ce or the slip power recovery system.
lculated and experimental results have

en shown to be in good agreement.

APPENDIX
Details of the motor tested
1e motor nameplate
=220 volt, Ipn = 1.16 Amps
=4 f = 50 Hz
= 1340 rpm Powr = 0.25 Kw
/Y connection cos ® = 0.72

No load and locked rotor tests were
rmed on the motor to determine its
ivalent circuit parameters. An open
it test (i.e. with the secondary side
n) was performed to determine the

primary / secondary transformation ratio.
Appropriate calculations gave the following
results in ohms/phase.

Rih =35 Q L =017 H
Ry =21 Q L2 0.0106 H
Rm = 3400Q Lm =0.99H
np/ns= 4

f = 0.00075 N.m/rad/sec.

J = 0.00035 N.m/rad/sec2
B. Closed loop parameters

[l

The gain of the speed sensor (G)is 0.001
volt/rpm.
The transfer function of the P-I controller is
given as:

G.(s) = M}_
sT;
where,

ke =6 and T: = 0.08 sec.
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