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Abstract— The paper presents a novel secondary
reactance control technique in the rotor circuit of
a three phase wound rotor induction motor
(WRIM). The problem associated with the
conventional rotor capacitive reactance control is
the demand of exceptionally large capacitance
requirement for enhancing the performance of
the motor in wide operating range. In the
proposed technique, a three phase bridge rectifier
with a dynamic capacitor is used in the rotor
circuit. The dynamic capacitor is H-bridge circuit
with a capacitor in which the duty cycle of
switching elements is varied for emulating the
capacitance value dynamically and to be used as
capacitive reactance control. A TMS320F2407
Digital Signal Processor (DSP) controller is used
for delivering Pulse Width Modulation (PWM)
pulses  for appropriate  switches.  The
performances such as speed, torque, power
factor, efficiency, harmonics of the motor are
analyzed for different speed and loading
conditions. The feasibility of the proposed
system is verified by simulation and
experimental results.

Keywords: Wound Rotor Induction Motor
(WRIM), DSP Controller, Dynamic Capacitor
(DC), Secondary Reactance Control, Rotor
Capacitive Reactance Control (RCRC), Pulse
Width Modulation (PWM).

1. INTRODUCTION

It is known from the literature and energy saving
points that more than 60% of total electrical
energy consumed worldwide is by Induction
motors. Although Induction motors, specifically,
squirrel cage types are widely used in electrical
drives, wound rotor induction motor (WRIM)
has some distinct applications like high torque,
starting with high inertia loads, adjustable speed
drives and Soft starts. Hence the utility of
wound rotor induction motor has also been

increased on par with squirrel cage types of
motors. In recent years, more attention has been
given for efficiency and power factor
improvement of these motors for significantly
saving electrical energy. Several methods have
been proposed for performance improvement of
WRIM by rotor control. These can be
distinctively classified as rotor resistance control
and rotor impedance control. In rotor resistance
control, if equal resistances are included in each
secondary phase of three phase induction motor,
the speed, starting current and torque can be
controlled. However speed decreases as the
secondary resistances increase. At the same time,
if the rotor circuit is added with additional
resistances, the losses increase which in turn
decrease the efficiency of the motor. There are a
number of chopper controlled rotor resistance
control methods which have been presented and
their performance were analyzed in [1]-[5].

In order to overcome the problem faced
by rotor resistance control, instead of varying the
rotor resistance alone, the rotor impedance
variation and control have been proposed in the
literature to control the speed, torque and
performance of the motor in [6]-[11]. A novel
method for controlling the speed of WRIM by
operating such a motor close to its resonance has
been introduced in [12]. In this method, the
induction motor produces maximum torque
when the rotor resistance is approximately equal
to the slip times of the rotor reactance. In order
to get the resonant condition, a capacitive
reactance has been introduced in the rotor circuit
for cancelling the inductive reactance of the rotor
circuit. Speed control of an induction motor is
possible by having a resonant rotor circuit, which
is adjusted according to the slip frequency. The
main drawback of this method is the requirement
of high value of capacitance (order of Farad)
required to operate the machine closes to rotor
resonance conditions.
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In order to overcome the problem faced
in [12], a switched capacitor concept has been
adopted forthe secondary control of an induction
motor to improve the efficiency, power factor
and torque in [13]. It utilizes the concept of
switched capacitor [14] which makes use of four
thyristors as switches to form H-bridge circuit
and a single capacitor in the middle of the H-
Bridge which are connected in each rotor phase.
The complementary switch pairs are switched
using a PWM strategy. This paper describes the
improvement of various performance parameters
and speed control of the wound rotor induction
machine. The main drawback of this method is
that the speed is varied by varying the duty cycle
of four fast acting switches (IGBT) and eight fast
recovery diodes for each phase of the rotor
circuit. Additionally, this technique requires
three capacitors suitable for
continuous motor operation.

Another technique [16], in which the
speed control of WRIM is obtained using
chopper controlled external resistance enhanced
with a dc capacitor. The efficiency of motor is
significantly reduced due to the external rotor
resistor control. The double capacitor, double
switch switched capacitance topology were
proposed in [19] in which the range of
capacitance value that can be varied is between
the two capacitor’s capacitance values.

This paper addresses a novel method to
overcome losses due to rotor resistance control
and dynamically controlling the performances of
the motor. To solve this problem, the present
technique introduces a dynamic capacitor in the
rotor circuit as shown in Fig.1 Since the rotor
employs bridge rectifier circuit, the induction
motor secondary windings can be operated at any
induced voltage and variable frequency with
respect to different slip conditions. The
performance of the motor such as power factor,
efficiency, speed, torque and the order of
harmonics are measured. The experimental and
simulation results as function at different load
and varies emulated rotor capacitor conditions
are analyzed and presented in this paper.

2. MODELING OF THE INDUCTION
MOTOR WITH ROTOR CAPACITVE
REACTANCE CIRCUIT

For the theoretical analysis, the following
assumptions, regarding the induction motor, are
made.

1) That the stator and rotor are cylindrical with a
Smooth air gap and symmetrical three-phase
windings displaced by 120 electrical degrees.
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2) That the magnetic circuit is assumed to be
infinitely permeable with a radial flux density in
the air gap.

3) The effect of iron losses and end-effects are
neglected.

The equivalent circuit of the WRIM with rotor
capacitive reactance circuit is shown in the Fig.
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Figure.1 Power Circuit of Proposed Control
Scheme
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Figure 2. Equivalent circuit of induction motor with
external capacitive reactance

= JHm

The insertion of equal capacitors in each phase
of the rotor circuit and the use of the space
vector theory give the following equation set to
model the dynamic behaviour of the WRIM [13]
& [15]

Us=Ris+Ledig/dt+Lodi /dt 1)

U=Ryi+Lodi+Ldin/dt @)
duge=i"/Ce 3)
Te-T;=Jdw,/dt +D,w, 4

When the induction motor is operating under
steady state condition is,i,Uc, and r, are
constant. With a rotor capacitive reactance
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circuit as supplementary supply in the rotor
circuit, (1) and (2) become

Us=Rgis+jw, LgisHjw, L, )
Uce=Ryir+jWoL i +jw, L mis (6)
ic=ceduce/dt (7

Using equations (5) and (6) and the expression
for apparent complex power is written

$=3/2U,i,S* (8)

From (8), formulae are deduced for the active
and reactive power absorbed by the motor from
the supply as a function of the motor parameters
and the set load torque and they are
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Thus, the power factor estimated from (9) and
(10) 1s

Cos@=— (11)

3. PROPOSED ROTOR CAPACITIVE
REACTANCE CONTROL SCHEME

In [14], the paper describes the switched
capacitor concept which is used to improve the
power factor of the inductive circuit. It consists
of ac capacitor in the middle of an H bridge with
bidirectional switches as shown in Fig.3 and
Fig.4. The complementary switch pairs (S1, S4)
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and (S2, S3), respectively, are switched using
pulses generated using DSP controller.

During time interval, when the switch
pair (S1, S4) is ON the capacitor is charging and
a serial RLC circuit is modelled. In the time
interval, when the switch pair (S2, S3) is ON the
capacitor is applied with reverse polarity to the
Rr-Lr circuit and the capacitor starts discharging.
The time period is given by

3.1 Dynamic Capacitor concept:

PWM pulse from
DEp cont]roller

|
51 J_ 53
e —|}
g2 | s4

Figure 3. Basic H-Bridge switches with Capacitor
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Figure 4. Bidirectional switch 5,

T=T,+Ty (13)
Ton

d=— 14
T (14)

In this way, the effective value of the rotor
capacitance 1s given by

Ce=—C (15)

(2d-1)°

The switched capacitor concept is adopted in the
proposed method to change the capacitance
value dynamically in the rotor circuit. The
effective value of capacitance with respect to
duty ratio for C=100uF is shown in Fig.5.

3.2 Theory of rotor capacitive reactance
control:

In rotor capacitive reactance control, the
rotor circuit is added with an external capacitive
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reactance circuit in such that the rotor impedance
is varied. By alteration of rotor impedance, the
performance characteristics of the motor cane be
changed [6]-[11].

The secondary impedance/reactance control can
be classified as rotor resonant control and non-
resonant control schemes.

e In Fapad

] it i [ (B
Dy ity

Figure 5. Ce s Duty ratio for C=100uF

3.2.1. Rotor resonant control:

In [12], the rotor circuit is operated by
resonating at slip frequency by adding external
rotor capacitive reactance which cancels the
rotor inductive reactanceThis method is
effectively used for controlling the speed. This
method has also shown improvement in power
factor at about 5%. This technique has also
proved large torque at starting
and low speed conditions. The drawback of this
method is large capacitance required to operate
the rotor at resonant conditions and no control
strategy has been adopted for speed - torque
control and performance improvement. A fuzzy
controller based rotor resonant control has been
investigated for the performance enhancement
WRIM in [18].

3.2.2. Non-Rotor resonant control:

In non-resonant control scheme, the
rotor circuit is added with controllable capacitor
in open loop mode. In this method, rotor
capacitance value is varied in discrete steps in
order to vary the secondary reactance value at
different operating conditions. This method
requires a large value of capacitance for control.
In order to overcome the large capacitance
requirement and avoiding the usage of discrete
capacitance for control, dynamic capacitor
concept has been suggested in each phase of the
rotor circuit as described in [13] and [14]. In
[13], a open loop control scheme by using
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dynamic capacitor has been introduced for
performance enhancement of WRIM. The
drawbacks of this method were usage of more
number of switches used in the three H-bridge
circuits in the rotor circuit which in turn
produces pulsating torque and time harmonics.
The pulsating torque produced by this method
has been described in [18].

In the proposed scheme which is a non-
resonant control, only one H-bridge dynamic
capacitor along with a bridge rectifier circuit
shown in Fig.l is employed. The rotor
capacitance value is varied by varying the duty
ratio of the dynamic capacitor.

3.2.3. Modes of Operation of Proposed
scheme:

The switched capacitor is connected to
the dc side of the rectifier. The rotor equivalent
rotor resistance and reactance per phase is
represented by Rr and Lr in series as shown in
Fig.6. In Fig.l.the diodes are numbered
according to the sequence in which they begin to
conduct. Out of the diodes 1, 3 and 5 with
common cathode connections, the diode
connected to the highest positive phase voltage
would conduct. Similarly, out of the diodes 2,4
and 6, with common anode connections, the
diode connected to the most negative phase
voltage would conduct. If the three phase voltage
waveforms are drawn and examined, it will be
easily seen that the diodes conduct in the
sequence 1,2,3...and so on. Each diode conducts
for 120 degrees per cycle, and a new diode
begins to conduct after a 60 degree interval. The
output voltage waveform, V¢, which consists of
portions of the line-to-line ac voltage waveforms,
repeats with a 60 degree interval making it a six-
pulse rectifier.

The per phase equivalent circuit of
during conduction and non-conduction periods
are shown in Fig.6. The H-bridge switched
capacitor acts as filter well as a negative
reactance voltage source control. The equivalent
rectifier model of rotor circuit during conduction
period is illustrated in Fig.5.
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Fig.6. Rotor side Rectifier model during
conduction

4. SIMULATION AND EXPERIMENTAL
RESULTS

4.1Hardware
Scheme:

A three phase wound rotor machine
with rating and parameters shown in Table 1
(appendix) is used for experimental setup. The
capacitor used for H-Bridge circuit was 100uF
and the switching frequency was of 4 kHz. A
TMS320F2407 Digital Signal Processor (DSP)
controller was used for generating PWM pulses
for appropriate switches.

The pulses from DSP are given to
switches through opto-coupler which isolate the
control circuit from power circuit. The pulses
generated for duty ratio d=0.55 is shown' in
Fig.8. A power spectrum analyzer was used. to
measure the input active, reactive power, power
factor, voltage, current, order of harmonics and
monitoring the THD level. Initially the motor is
run as squirrel cage induction motor and
performance parameters are measured for
different loading conditions.

Implantation of Proposed

4.1.1. Variable torque with constant emulated
capacitor:

In the second instance, the tests were
conducted for obtaining the power factor and
efficiency, variation of speed at different loads
with varying duty ratio. The measured readings
are presented in Table 2 (appendix) and the
performances of the motor are shown in Fig.9 (a)
and 9 (b).

4.1.2. Constant torque with variable emulated
capacitor:

In this case, the variation of power
actor, efficiency, and speed as function of duty
ratio at different load torque were analyzed. The
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experimental results are presented in Table 3
(appendix) and the performance curves are
shown in Fig.9 (c), and 9(d).

4.1.3. THD analysis:

The harmonics due to influence of
rectifier circuit and switching were analyzed
using power spectrum analyzer as function of
load. In this case, the test results show that the
higher order harmonics were very small at
loaded conditions than no load condition. The
experimental results for order of harmonics and
THD level are shown in Fig.10 (a) for rotor
shorted, Fig.10 (b) and Fig.(c) depict THD of
different load conditions of proposed method.
The voltage across capacitor and bridge rectifier
voltage are presented at Fig.11 (a) and Fig.11 (b)
respectively. The speed characteristics are shown
in Fig.12.
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4.2. Simulation of Proposed scheme:
The three phase Induction motor for the
same machine parameters were used for
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simulation  using  Matlab/Simulink.  The
performances such as Efficiency, power factor,
speed and torque were studied. The simulation
results are presented in Fig.13 (a), Fig.13(b) and
Fig.13 (c). The performance is improved at
starting and running. The starting torque is high
compared with the results of short circuited
operation of the motor. The torque ripples are
minimum compared with the results presented in
fuzzy controlled rotor capacitive reactance
control [18].
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Fig.13. Simulation results (a) Efficiency Vs
speed (b) Power factor Vs Speed (c) Torque Vs
Speed

4.3 Discussion

The experimental results with respect to
proposed scheme are analyzed at different
loadings and various emulated capacitor
conditions. The proposed scheme at variable
torque shows the efficiency improvement of up
to 10% and the power factor improvement of 7%
as illustrated in Fig.7(ad) and Fig.7(b)
respectively. These results show good agreement
with simulation results as shown in Fig.10 (a)
and Fig.10 (b). At constant torque instance, by
varying the duty ratio of H-Bridge circuit, the
emulated capacitor values are changed. In this
case, the efficiency and power factor variations
obtained are 15% and 8% respectively which is
shown in Fig.7(c) and Fig.7(d). However, the
speed variations are only 2% for different duty
ratios. With the inclusion of Rx in the rotor
circuit, the speed profile can be improved in
wide range. The THD levels as a function of
order of harmonics are analyzed when the rotor
circuit employs bridge rectifier circuit and H-
Bridge switches. In the proposed technique,
higher order harmonics are present at light loads
as in Fig. 8(b). However, these higher order
harmonics are decreased to very small at loaded
conditions as in Fig.8(c). In overall performance,
as the rotor circuit along with the emulated
capacitor acting as a series tuned filter, the % of
THD is less as compared to the operation of
rotor short circuited motor.

5. CONCLUSION

A novel dynamic rotor capacitive
reactance control scheme with hardware
implementation using DSP controller and the
experimental results obtained were presented in
this paper. Compared with conventional rotor
impedance control, reduced number of switches
has been used and hence the control strategy is
very simple and easily realizable at low cost. The
simulation results obtained were compared with
experimental  results which show  good
correlation between them. The higher order
harmonics for the proposed scheme are very
small under loaded conditions and torque ripples
are also minimal compared with existing
methods. The proposed technique can be used
for speed control, high starting and running
torque, ability to operate the motor with high
efficiency and power factor. The future work
should include the minimization of harmonics
due to diode bridge rectifier and switching
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circuits at all loading conditions. As a future
work, a three phase controlled converter with
expert system such as fuzzy closed loop control
for controlling the dynamic capacitor in the rotor
circuit can be tried for minimizing the torque
ripple which in turn may improve the
performances of the motor. A neural network for
optimal efficiency and fast operation of motor
can also be suggested.
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Nomenclature

Table 2. Measured readings for rotor short civeuit

U’y Space phasor of rotor voltage ey D Oupt  Speed  Torque Eff  Power
- Power(W)  powar(W) (BPM) (Nm) (M)  factor
U7; Space phasor of stator voltage —
—_ RCHUJ. 5 et
Uec, Space phasor of rotor capacitive voltage 5 s o o, , 0108
R, Stator resistance per phase 313087 74052 190 cg7 gssy 0908
R, Rotor resistance per phase 35 M5 a3 B0 7gg gssg 0657
L. Stator self inductance per phase 4 91323 14382 1B 4015 g726 078
L, Rotor self inductance per phase 45 019 qyerms B0 1097 719 07T
Ce Rotor effective capacitance
(Value of dynamic capacitance value) Table 3. Measured readings for constant duty ratio
X; Rotor mductive reactance I Ioput Chutpt Speed Torque Efi  Power
. (A} Power(W) power|( W) (BPM) (Nm) %) factor
X .. Rotor capacitive reactance :
¥ Rotor short coent
i Space phasor of stator current 13 e 0 Lo 0 o 0108
iy  Space phasor of rotor current i e m g0 53 6833 0508
iy Angular velocity from the stator circuit 35 1735 116435 1370 812 675 0657
@,  Angular velocity from rotor circuit 4 21323 1497.78 1350 106 7025 078
@, Angular speed of rotor circuit 45 24919 179193 130 1297 719 07
. DUTY RATIO=0 [
D, Damping factor ) 25 1818 0 B0 0 0 012
J Mopmut of Inertia _ 3 1109.01 71 1390 53 6952 035
P.Q Active power and reactive power
35 15718 116435 1370 812 7407 0703
Cos@ Power factor
- 4 19843 148657 1340 106 7493 074
S Apparent complex power
. 45 MR 1791.93 1320 1297 T3 0%
P Pole pairs DUTY RATIO=0 2
Ce Effective rotor capacitance value — ; = - ; P—
C  Capacitance in the H-Bridge circuit - ' - ’
d  Duty ratio of the H-bridge switch 3 11123 765.5 1380 53 6883 0593
35 17924 115585 1360 812 645 06963
APPENDIX 4 20309 149722 1350 106 TiTA 073
45 22569 18055 1330 1297 8005 0783
Table 1. Specifications for Simulation and experiment DUTY RATIO=0.3
. 25 1854 0 40 0 0 0108
It name! .
Componente @ Rating values 3 1m2 7766 400 53 6921 053
Motor rafing R
by . 1RW - 415V
(Power, Voltage)
(hequecy 35 16867 1172.85 1380 812 6953 068
J:.B Pﬂ]ﬂ] 5(Hz-4 4 2108.53 1520 1370 06 721 0.73
435 23607 1819 1340 1297 7707 0763
i Stator resistance 560 DUTY RATIO=04
25 2123 0 1420 0 0 0123
Rotor resistance
& 100 3 1079 771 130 53 7145 03531
LD Stator and rotor 17 35 15877 116435 1370 812 734 0689
' inductance - 4 19186 14977 1350 106 7805 0723
In Mutua] indhuctance 2] mH 45 22777 1791.93 1320 1297 7866 0757
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Table 4. Measured readings for constant load Torgue

Dty Rafio  Speed Input Chatput Efficiency  Power
@  (pm) Power(W) Power(W) (%) factor
Load Torque Ty=5.3 Nm (I:=3A)
0l 1390 1119 Tl 689 054
015 1350 1119.5 TT4.59 69.25 0.539
02 1360 1087 THA43 68.88 0.524
025 1370 11215 T59.98 678 0.533
0.3 1340 10938 4334 68 0.531
0.35 1360 11052 73443 68.23 0.53
04 1390 10862 T 71 0.528
045 1370 11052 T59.98 638 0.538
0.5 1380 11022 T65.5 69.5 053
Load Torgue T;=8.1 Nm ({Is=3.54)
0.1 1350 1530.48 1147.3 74.86 0.652
015 1330 1547 43 1150.3 73 0.653
02 1350 156761 114735 73.2 0.654
025 1360 154773 115585 747 0.655
03 1370 1513 116435 76.93 0.633
035 1380 1502 1172.85 78.1 0.634
04 1350 15229 114735 753 0.631
045 1360 1517.5 1155.85 76.2 0.634
0.5 1340 1507.8 1138.85 75.6 0.63%
Load Torgue Ty=10.6 Nm (I:=4 A)
0l 1350 2459 149778 73.25 0731
015 1340 197838  1486.68 74.16 0.725
02 1350 191125 149778 78.38 0.714
025 1330 1980.9 1475.6 74.54 0.727
03 1310 19703 14534 T3.75 0.724
0.35 1320 19158 1446.5 T6.45 0717
04 1330 195232 14576 75.56 0.734
045 1340 195734 1486.68 75.98 0.7
0.5 1330 1962 98 14756 772 0719
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