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Abstract—Multilevel inverters continue to receive more and 

more attention because of their high voltage operation capability, 

low switching losses, high efficiency and low output of Electro 

Magnetic Interference (EMI). Induction motors are most 

commonly used motors in industrial applications, control systems 

as well as in main powered home appliances. Simple and rugged 

construction, low-cost, good efficiency, low maintenance, 

simplicity of control and direct connection to an ac power source 

are the main advantages of induction motors. Speed control of 

slip ring induction motor (SIM) has major role in controlled 

speed drive applications. The power semiconductor technology 

has played a crucial role in the advancement of variable speed 

induction motor drives employing slip power recovery scheme 

(SRS). SIM drive operates at limited speed range and has slip 

power a smaller part of motor power rating, hence low rating of 

converter and lower cost.  This paper presents the performance 

characteristics of IGBT chopper and inverter-controlled SRS 

based IMD. The simulation model of IMD using IGBT based 

buck-boost chopper and pulse width modulated voltage source 

inverter (PWM) have been build up in MATLAB 2013b for 

performance evaluations. The performances of IMD have been 

investigated by taking in to account the parameters viz. power 

factor, efficiency and total harmonic distortion (THD). The 

simulation results signifies that the IGBT chopper and PWM 

voltage source inverter controlled SRS based IMD has higher 

power factor, efficiency with lesser THD in comparison of SRS 

with SCR inverter control.  

 

Keywords— efficiency, power factor, slip power recovery 

scheme. 

I.  INTRODUCTION  

A three phase induction motor is basically a constant speed 

motor so it is somewhat difficult to control its speed. The 

speed control of induction motor is done at the cost of 

decrease in efficiency and low power factor. Now a days, 

about 70% of industrial loads are run by induction motor 

drives. Induction motors are extensively used for smaller loads 

such as household appliances like fans, blowers, compressors 

and in the field where drive operation is intermittent i.e. hoists, 

cranes, conveyers, and lifts because the slip power can be 

easily controlled by slip rings. The slip power recovery 

scheme (SRS) controls the speed of SIM by sending back the 

feedback power to the supply mains thereby improves the 

efficiency of the SIM drive [1]. Slip ring induction motor 

drive works at limited speed range and has slip power a 

smaller part of motor power rating, hence low rating of 

converter and lower cost [2]. Because of advancement in the 

static converters technology, the researchers are drawing more 

interest in field of renewable energy sources [3-4]. The major 

demerit of slip power recovery scheme has been found to be as 

i) poor power factor of the supply, ii) requirement of higher 

reactive power and iii) high harmonic content [5-6]. Due to 

presence of harmonic contents there is a production of 

harmonic contents in the supply. In this literature survey, a 

number of methodologies [7] has been reported to enhance the 

performance of slip power recovery drive (SRD). A 

methodology employing buck chopper has operated the 

inverter at more secure firing angle and  decrease consumption 

of reactive power. In this way, there is improvement in power 

factor and efficiency of Slip ring induction motor drive [8].  

To control active and reactive power and also to decrease the 

harmonics content, various circuit configurations of PWM 

inverter and boost chopper have been utilized in the DC link 

of SRS in the rotor side [9, 10]. The utilization of buck-boost 

chopper has replaced one of the insulated gate bipolar 

transistor (IGBT) converters from the rotor circuit side by 

silicon controlled rectifier (SCR) converter and decrease the 

cost of SRS with the same performance parameters of 

induction machine [11]. Theoretically, the mathematical 

model has been shown to evaluate the DC link of SRD [12]. A 

twelve pulse SCR inverter with IGBT boost chopper has been 

modified to enhance the power factor, while SRD utilizing 

voltage source inverter (VSI) and boost chopper applying 

voltage controlled technique and current controlled technique 

reduces the total harmonic distortion (THD) of the source and 

also provides improved power factor [13-15]. A SRD system 

using buck converter and inverter with three PWM techniques 

in the intermediate circuit has been used with LC filter to 

decrease the harmonic contents of supply source [16]. The 

inverter configuration with step-down and step-up/step-down 

chopper has enhanced the power factor and efficiency of the 

SIM drives and quality of power supply [17, 18]. 

II. MATHEMATICAL MODELING OF SRS 

Mathematical modeling of conventional SRS has been given 

in this subsection. 

A. Model of the conventional SRS 

In the diagram of slip power recovery scheme shown in 

“Fig.1”, the three phase full-wave diode bridge rectifier 

connects to the windings of the rotor through slip rings. A part 

of slip power is converted in to DC by bridge rectifier and 

inverted into AC by a three-phase SCR inverter and feedback 

to the supply mains. The feedback power can be controlled by 

controlling the inverter voltage
2dV , by varying the firing angle 

of the inverter. The DC link inductor dL   has been provided to 
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reduce ripples in DC link current
dI and the transformer to 

match the voltages
1dV and 

2dV by taking appropriate turn’s 

ratio. 
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Fig. 1. Diagram of SRS utilizing SCR Inverter 

Neglecting stator and rotor drops, the values of rectifier and 

inverter output voltages and slip can be described by equation 

(1)-(3) below [19]. 
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where 
1dV and 

2dV represents diode-bridge output voltages and 

inverter-bridge output voltages,  = the inverter firing angle, 

m = the turns ratio of transformer from source to converter 

side, n = the turns ratio of induction motor from stator to rotor 

side, s = the slip, V = the input voltage.  Extreme value of    

is enclosed to 165  for safe and secure commutation of 

thyristors. The desired and particular speed can be obtained 

with proper selection of firing angle [19]. 

 The equations for DC link current, air-gap power, and 

electromagnetic torque are given by (3), (4), (5) and (10) 

below [18] 
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 From equations (4) and (6) 
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The electromagnetic torque is given by 
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From equations (7) and (10), electromagnetic torque can be 

expressed as 
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where, dcI  = DC link current, '

sR = rotor side referred stator 

resistance, 
rR = rotor resistance, 

dR = DC link inductor 

resistance, gP = air gap power, dT = electromagnetic torque,  

mP = mechanical power at the shaft, 
m  and 

r are the synch. 

speed and rotor speed in rad/sec, p = no of poles [20]. 

Equation (11) depicts that the torque is directly proportional to 

DC link current and the magnitude of which depends upon the 

voltage difference between the 
d 1V and 

2dV .  Consequently, 

the torque speed curves of IMD are approximately linear like 

separately excited DC motor for any particular value of 

inverter firing angle. 

B. Proposed SRS Model with IGBT based Buck-Boost 

Chopper control technique 

The demerit of the conventional SRS is high reactive power 

drawn from the source by the inverter when firing angle varies 

above 90°, which reduces power factor and quality of supply 

by increasing the THD.  To overcome this problem, the 

proposed scheme has utilized the buck-boost chopper control 

technique as shown by “Fig.2”, controlling the speed of the 

induction motor by duty ratio control at fixed value of α taking 

minimum reactive power from the source.  Therefore, this 

technique will be able to reduce the reactive power 

consumption of the inverter thereby improves the power factor 

of the supply.                                                                                               

Taking in to consideration the DC link equivalent circuit of 

“Fig.2” the DC voltage of inverter, slip and DC link current 

can be written as [18] 
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where,   = duty ratio of chopper and
dcR = the DC link circuit 

is resistance which can be expressed as [13] 
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Air gap power, motor torque, and power factor are given by 
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Fig. 2. Diagram of SRS employing SCR Inverter and buck-boost chopper  
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where 
sX  = reactance of stator referred to rotor side and 

rX = 

reactance of rotor respectively. 
sP  = active power and 

sQ  = 

reactive power consumed by inverter and motor from the 

supply source. 
rP  = active power recovered by inverter and 

rQ  = reactive power taken/recovered by the inverter from the 

supply source and is written as  
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Equation (20) shows that the reactive power drawn from the 

source can be decreased by decreasing duty ratio keeping 

firing angle fixed which in turn increases the power factor as 

represented by equation (18).  Hence the proposed scheme 

improves the power factor. 

III. MODELING AND SIMULATION OF SRS 

SRS employing the SCR inverter as shown in “Fig. 3,” has 

been simulated in the MATLAB 2013b. The measurement 

blocks like Fourier block, and discrete block have been used to 

measure the speed, rms value of current, power factor of the 

current and the active and reactive power drawn from the 

source.  The model of Induction motor drive having 2 hp, 

415V, 50Hz, 1430 rpm has been simulated employing SCR 

inverter bridge. The model is running on MATLAB and 

different observations are plotted as shown in “Fig. 5,”-“Fig. 

9,” at various firing angle α of the inverter bridge.  The 

efficiency and input-output powers can be given as in (22)-

(25) below. The percentage efficiency of SIM can be 

expressed as  

1 100out

in fb

P

P P
  


                                                               (20) 

  The Fourier block has been connected to measure the speed, 

rms value of current and power factor of the current. Discrete 

block has been connected in the circuit to measure the active 

and reactive power.  The proposed model used a 2 hp, 415V, 

50Hz, 1430 rpm SRM for simulation and line commutated 

thyristors for the inverter bridge. 
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Fig. 3. Circuit Diagram of SRS Employing Natural Commutated SCR Inverter 

 By running the model on MATLAB and varying the firing 

angle of inverter the speed and other observations have been  

plotted as shown in “Fig. 5,”-“Fig. 9,”.  The efficiency, output 

powers, and rotor speed are given by (21) - (23) below [18]. 

The efficiency (%) of the motor is given by: 

1 100out

in fb

P

P P
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
                                                               (21) 

where, 
1  = the %age efficiency of IMD, Pin = power input 

(W) and Pfb = power feedback (W) are the power measured by 

the measurement blocks and 
outP = the mechanical power at 

the shaft (W) expressed as 

out r LP T                                                                          (22) 

where 
r is the rotor speed in rad/sec given as [20]                                                

2
60

r

r

N
                                                                          (23)   

where, 
LT = load torque in Nm , 

rN = rotor speed (rpm). 

The proposed model of SRS shown in “Fig. 4,” using IGBT 

chopper and inverter configuration is simulated in MATLAB. 

The speed of IMD is varied by varying duty-ratio of chopper 

(δ) from 80%-30% at an interval of 3% at fix value of inverter 

firing angle at 91°.The observed results of all the inverters 

configurations with IGBT buck-boost chopper have been 

plotted as shown in “Fig.  10,” – “Fig. 14,”. 

 

 
Fig. 4. Circuit Diagram of SRS Employing IGBT Based Buck-Boost Chopper and  
Inverter configuration  

IV. RESULTS AND DISSCUSSION 

The following simulation results have been obtained on 

MATLAB for IMD.  The results of “Fig. 5,”–“Fig. 9,” show 

the curves of IMD using SRS with SCR inverter control 

technique. 

 
Fig. 5. Graph between firing angle and speed 

 
Fig. 6. Graph between speed and source power factor 

 

 
Fig. 7. Graph between speed and efficiency 
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Fig. 8. Graph between speed and THD 

A. Firing angle vs. speed    

Simulation has been carried for one second and constant of 8 

Nm was applied to the IMD.  The variations of speed by 

varying the firing angle obtained from simulations have been 

shown in “Fig.5,”. where the Nr-1 indicates the rotor speed of 

induction motor with SCR inverter controller.  The simulation 

results have shown that with the increase in firing angle of 

inverter the rotor speed decreases and vice versa. 

B. Speed vs. source power factor    

The graph of speed and source power factor has been shown in 

“Fig. 6,” where the cosφs-1 represents the source power 

factor.  From the graph it is clear that there is decrease in 

source power factor with decrease in rotor speed.  From the 

simulation results the average value of power factor is found 

to be 0.67. 

C. Speed  vs. efficiency   

The graph of speed and efficiency has been shown in “Fig. 7,” 

in which η-1 represent the efficiency of IMD.  From the graph 

it is evident that with the decreases in rotor speed the 

efficiency of IMD also decreases. The average value of 

efficiency has been recorded as 86.5%. The increase in firing 

angle increases the feedback current which in turn increase the 

power loss in the feedback circuit hence slightly reduces the 

efficiency. 

D. Speed vs. THD 

        “Fig. 8,” shows the variations of the THD for different 

rotor speed where the THD-1 indicating the THD of supply 

source.  It has been observed from the graph that with the 

increase in firing angle or decrease in rotor speed, THD of the 

supply increases in case of inverter control.  Because the 

increase in firing angle above 90° increases the reactive power 

consumption of inverter resulting in the increase in THD of 

the supply source. 

E. Duty ratio vs. speed    

The graph of duty ratio and rotor speed Nr33 for IGBT chopper 

and inverter configurations has been shown in “Fig.9”, From 

these curve it has been observed that with the increase in duty 

ratio of chopper, the rotor speed increases and vice versa. 

F. Duty ratio vs. source power factor 

The graph of duty ratio and source power factor for IGBT 

chopper and inverter configurations has been shown in “Fig. 

10”, From these curve it has been observed that with the 

increase in duty ratio of chopper, the source power factor 

improves.  

 

The results of “Fig. 10,” and “Fig. 11,” show the curves of 

rotor speed and feedback power of IMD using SRS with IGBT 

chopper and PWM inverter control technique. The variations 

of source power factor, and THD w.r.t. speed have been 

shown in “Fig. 12,”–“Fig. 14,”. 

 
Fig. 9. Graph between duty ratio and speed 

 
Fig. 10. Graph between duty ratio and source power factor 

 
Fig. 11. Graph between duty ratio and total harmonic distortion 

 
Fig. 12. Graph between duty ratio and efficiency 

G.  Duty ratio vs. total harmonic distortion 

      The graph of duty ratio and total harmonic distortion for 

IGBT chopper and inverter configurations has been shown in 

“Fig. 11”, From these curve it has been observed that with the 

increase in duty ratio of chopper, distortion reduces. 

 

H. Duty ratio vs. efficiency 

      The graph of duty ratio and efficiency for IGBT chopper 

and inverter configurations has been shown in “Fig. 12”, From 

these curve it has been observed that with the increase in duty 

ratio of chopper, the efficiency improves. 

   

The comparative curves of SRS with IGBT chopper and 

inverter configuration obtained from the simulations have 

been shown in “Fig.13”–“Fig.15”. The results have been 

compared based on the equal speed range and load torque for 
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IMD.

 
Fig. 13. Comparative graph of speed vs. source power factor 

 
Fig. 14. Comparative graph of speed vs. efficiency 

 
Fig. 15. Comparative graph of speed vs. THD 

I. Speed  vs. source power factor 

“Fig. 13,” shows the comparative graph of speed vs. source 

power factor employing SPRS with SCR inverter control and 

IGBT chopper control techniques having the average values of 

power factors viz. 0.67 and 0.9 respectively. The power factor 

decreases in both the cases decreases however the rate of 

decrement in the chopper control method is less therefore has 

higher power factor with a margin of 34.3% than that of 

inverter control. 

J. Speed  vs. efficiency 

“Fig. 14,” shows the comparative graph of speed and 

efficiency of IMD using SPRS with SCR inverter control and 

IGBT chopper control techniques having the average values of 

viz. 82 and 86.5 respectively. From the graph it is seen that the 

rate of decrease of efficiency has low in case of chopper 

control method. The chopper controller has higher average 

efficiency of 5.09% than inverter controller.  

K. Speed  vs. THD 

“Fig. 15,” shows the comparative graph of speed and 

efficiency of IMD using SPRS with SCR inverter control and 

IGBT chopper control techniques having the average values of 

i.e. 42.92 and 4.9 respectively. Hence chopper control 

technique has reduced the THD by a margin of 29.8% that 

from the inverter control. 

V. CONCLUSIONS 

The due study of IMD has been proposed in this paper 

employing IGBT chopper controlled SRS with IGBT chopper 

PWM voltage source inverter. The proposed IMD has been 

simulated in MATLAB 2013b employing SCR inverter 

control and  IGBT chopper control with MOSFET inverter 

configuration. The power factor, efficiency and THD of 

source have been taken as parameters to examine the 

performance improvement of induction motor drive. From the 

above analysis and simulation results it has been observed that 

the IGBT chopper controller based SRS has improved the 

power factor of the source and  less reactive is drawn from the 

source circuit. The efficiency of IMD is increased by a 

difference of 5.09% and THD of the supply source is reduced 

by a difference of 29.8% from the SCR inverter control 

method. These results have suggested the application of SRS 

using IGBT chopper and PWM voltage source inverter control 

method for  better performance of IMD than SCR inverter 

control method. From all the above conclusions, by using 

boost chopper topology all the three characteristics i.e. power 

factor improves, efficiency gets higher and total harmonic 

distortion gets reduced. 
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