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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.  

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. 

2. 

 

 
 

Figure.1 Power Circuit of Proposed Control 

Scheme 

 
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=Rsis+Lsdis/dt+Lmdi

ꞌ
r/dt                   (1) 

 

Ur=Rrir+Lrdir+Lmdim/dt    (2) 

 

duce=i
ꞌ

r/ce     (3) 

 

Te-Tl=Jdwr/dt +Dwwr     (4) 

 

When the induction motor is operating under 

steady state condition is,,ir,UCr and rw are 

constant. With a rotor capacitive reactance 
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circuit as supplementary supply in the rotor 

circuit, (1) and (2) become 

 

Us=Rsis+jw1Lsis+jw1Lmir   (5) 

 

Uce=Rrir+jw2Lrir+jw2Lmis                                             (6) 

 

ic=Ceduce/dt                             (7) 

 

Using equations (5) and (6) and the expression 

for apparent complex power is written 

 

S=3/2UsisS*                                                 (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  
 

 
 
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) 

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 

 
 

 
 
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=100μF 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. 

 

 
 

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 

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.1 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.1.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, Vc, 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 Implantation of Proposed 

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 100μF 

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. 

 
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 

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. 
 

 
 
Fig. 8. Pulses for switched capacitor at d=0.45 
 

 

 
 

   (b) 
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   (c) 

 
 

 

 
 

 

 
4.2. Simulation of Proposed scheme: 

The three phase Induction motor for the 

same machine parameters were used for 

International Journal of Engineering Research & Technology (IJERT)

Vol. 1 Issue 9, November- 2012
ISSN: 2278-0181

6www.ijert.org

IJ
E
R
T

IJ
E
R
T



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]. 

 

 
   (a) 

 

 
 

              (b) 

 
   ( c ) 

 

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(a) 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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