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The speed of a wound rotor induction motor can be controlled using chopper controlled 
external resistance. However, this results in poor efficiency especially at low speeds where 
the external resistance must be increased extensively. In this paper a new approach is 
adopted where the speed can be varied continuously using chopper controlled external 
resistance enhanced with a dc capacitor. With the presence of the additional capacitor the 
speed can be varied from zero up to the rated value without sacrificing the efficiency of the 
drive system. The switching operation of the Pulse-Width Modulation (PWM) circuit alters 
the equivalent resistance in the rotor circuit. It also varies the effective value of the 
capacitor, which can be considered as a voltage source placed in the rotor circuit. 
Theoretical analysis is carried out for the drive system. Theoretically obtained results are 
compared with those obtained experimentally. 
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1. Introduction 

 

Induction motors are the workhorses of 
industry because of their low cost and rugged 
construction. They are used in the process-
control industry to adjust speed for fans, 
compressors, pumps, and adjustable-speed 
induction motor drives used for electric 
traction. When operated directly from line 
voltages, induction motors operate at a nearly 
constant speed. However, by means of power 
electronic topologies, it is possible to vary their 
speed efficiently [1]. 
It is possible to adjust the induction motor 

speed by controlling only the magnitude of the 
line voltages applied to the motor [2]. Although 
simple and inexpensive to implement, this 
method is extremely energy inefficient if the 
speed is to be varied over a wide range. 
There are various other methods as well, 

which apply to wound rotor induction motors. 

Variable speed operation can be achieved by 
recovering the slip power [3-4]. This method of 
speed control is useful in large power 
applications where variation of speed over a 
wide range involves a large amount of slip 
power. Also, controlling the speed of the 
wound rotor motor can be obtained by 
resonating the rotor circuit using reactive 
rotor networks [5]. The problem associated 
with this technique is the need for 
exceptionally large capacitance to resonate the 
rotor circuit.  
Another technique, which is similar to that 

mentioned in ref. [5] is suggested in ref. [6], 
where switched capacitors in the rotor circuit 
are used. The speed is varied by varying the 
duty cycle of four fast acting switches (IGBT) 
and sixteen fast recovery diodes. Furthermore, 
the technique requires three capacitors suit-
able for continuous ac operation. 
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The simplest method used for controlling 
the speed of wound rotor induction motors is 
to convert a fraction of the energy transferred 
to the rotor circuit into heat through external 
resistance [7-9]. This method can provide high 
starting torque. However, using this method, 
the system becomes inefficient especially at 
low speeds, where large external resistance is 
to be added to the rotor circuit. To solve this 
problem, the present paper proposes a new 
approach to this technique. An additional dc 
capacitor is added to the rotor circuit as 
shown in fig. 1. to enhance the controllability 
of the drive system as presented in the next 
section of the paper. 
 
2. System description and simulation 

 
Fig. 2. shows a modified circuit for the 

chopper controlled wound rotor induction mo-
tor. The circuit is referred to the rotor side. 
The parameters indicated, and the simulation 
technique used, for the modified model shown 
in fig. 2, are given in full detail in reference [8]. 
However, for completion, a quick review for 
the simulation technique used will be given. 
 

 
 
Fig. 1. Chopper controlled induction motor enhanced with 

capacitor. 

 

 
 
Fig. 2. Modified circuit for chopper controlled induction 

motor. 

Using stationary reference frame, the three 
voltages VG , VH and VK and equivalent imped-
ance Zeq shown in fig. 2 are given in per-unit 

quantities by: 
 

VG = [ωr(Leq-Lr)idr - ωr Mids – (MRs/Ls)iqs  
+ (M/Ls)Vqs] cosθ - [ωr(Lr-Leq)iqr + ωr Miqs  
– (MRs/Ls)ids + (M/Ls)Vds] sinθ ,   (1) 

 
VH = [ωr(Leq-Lr)idr - ωr Mids – (MRs/Ls)iqs  

+ (M/Ls)Vqs] cos(θ+120o) - [ωr(Lr-Leq)iqr  
+ ωr Miqs – (MRs/Ls)ids + (M/Ls)Vds] sin(θ  
+ 120o),           (2) 

 
VK = [ωr(Leq-Lr)idr - ωr Mids – (MRs/Ls)iqs  

+ (M/Ls)Vqs] cos(θ-120o) - [ωr(Lr-Leq)iqr  
+ ωr Miqs – (MRs/Ls)ids + (M/Ls)Vds] sin(θ 
-120o) ,         (3) 

 
Zeq = Rr + pLeq ,                 (4) 

 
Leq = (LrLs – M2)/Ls.       (5) 

 
The rotor phase voltages Va, Vb and Vc are 

given by: 
 
Va = VG + (Rr+pLeq)ia ,       (6) 

 
Vb = VH + (Rr+pLeq)ib,            (7)         
 
Vc = VK + (Rr+pLeq)ic.       (8)   
 
The (d,q) stator voltages Vqs and Vds can be 

defined as; 
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The (d,q) rotor voltages Vqr and Vdr can be 

defined as: 
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The rotor phase currents ia , ib and ic are given 

by; 
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The above transformations do not give 

invariance of power, but this is not important 
in this case since variables are ultimately 
expressed in the three-phase reference frame. 
The differential equations describing the 

system are given as: 
 

piqs = [LrVqs-MVqr-ωrM2ids-ωrMLridr 
-LrRsiqs+MRriqr]/(LrLs-M2),       (12)  

 
pids =  [LrVds-MVdr+ωrM2iqs+ωrMLriqr 

-LrRsids+MRridr]/(LrLs-M2),        (13) 

 
piqr = [-MVqs+LsVqr+ωrLsMids+ωrLsLridr 

+MRsiqs-LsRriqr]/(LrLs-M2),                  
 (14) 
 

pidr = [-MVds+LsVdr+ωrLsMiqs-ωrLsLriqr 
+MRsids-LsRridr]/(LrLs-M2),            

 (15) 
 

pωr = [ TE – TL – TD ]/J,              

 (16) 
 
pθ = ωr ,             (17) 

 
where in per-unit quantities the electromag-
netic torque TE is given by: 
 
TE = M[idriqs-iqrids].           (18) 

 
Here, the chopper electronically alters the 

effect of the R-C series combination in a 
continuous and contact-less manner. The 
duty cycle of the chopper is controlled by a 
PWM firing circuit. With the presence of the 
additional capacitor with the resistor the 
speed can be varied from zero up to the full 
rated value. 
During ON/OFF operation of the power 

switch the equivalent impedance ZL seen by 
the rectifier bridge varies from [RF + pLF] to [(RF 
+ R) + pLF], respectively. Also, VEX varies from 
0 to +VC, respectively. Choosing branches 

(diodes) 1,2,3,4 and 5 as links, we obtain five 
basic loops. Each basic loop contains only one 
link. When the power switch is ON an 

additional loop exists which is the R-C series 
combination shorted by the power switch. The 
equation governing the shorted circuit is, 
therefore,  
 
C(dVC/dt) = - VC/R.           (19)  

 
When the switch is OFF the equation 
governing the capacitor voltage is, 
 

C(dVC/dt) = ILink .           (20) 
 

The basic loops voltage array described in 
ref. [8] is now redefined as: 
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The performance equation of the network 
in the loop reference frame can be written in 
the form: 

 

Eloop = Zloop Iloop  ,           (22) 
 
where Zloop is given by: 
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    (23)    
 

Eq. (22) represents five independent  equa-
tions if all six diodes are conducting. However, 
when only two diodes are conducting, these 
equations are reduced to only one equation. If 
only three diodes are conducting these 
equations are reduced to only two equations, 
etc.[10]. The situation of rectifier bridge can be 
defined in an array named rectifier state-array 
S having 1 or 0 depending on whether the 
diode is conducting or not respectively [10]. 
The matrix connecting the existing loops with 
those if all diodes are conducting is Cn. The 
construction of Cn is obtained from the 

previous knowledge of S [10]. The 
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transformation process gives the voltage and 
current vectors for the new network as: 
Vn = Cnt Eloop,                (24) 

 
Iloop = Cn In.            (25) 

 
The new impedance matrix is given by: 
 
Zn = Cnt Zloop Cn ,           (26) 

 
from which the following equation can be 
written: 
 
Vn = Zn In = [Rn+pLn] In,         (27) 

 
from which we get the new current derivatives 
at any time t as :   
 
pIn = Ln-1 [ Vn – Rn In ].          (28)    

 
When all six diodes are conducting, the 
voltage drop across each of them is zero, and 
eq. (22) 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, eq. (22) will be modified to the form: 
 
Vx = Eloop – Zloop Iloop .          (29) 

 
From the previous choice of links, we find 

that diode number 6 is the dependent diode; 
then Vx is expressed as: 
 

Vx 
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where Vj is the voltage across the jth diode.                                                              

 
3. Theoretical and experimental results 

 
The system parameters used are as 

follows: 
1- Induction motor : 380V, Y-connected, 6.5A, 
2.2kW, 50Hz, 4-pole, wound rotor. The 
parameters are : 

Rs = 1.83 Ω ,   Rr = 0.275 Ω,   Ls = 243.9 mH,   
Lr = 20.2 mH 

M = 234 mH     J = 0.06 kg-m2 

Nr / Ns = 78 / 271   

2- Filter :  RF = 1.145 Ω ,   LF = 57.22 mH. 
3- R-C series combination: R=5.65Ω,C= 240 µF. 
The system has been tested and evaluated. 

During the operation, the chopper frequency  
fCH was adjusted to fCH = 200Hz, and the 
supply line voltage was 280V. This supply line 
voltage, (280V), was chosen because of the 
constraint imposed by the forward voltage for 
the transistor used (Vceo max. = 160V). For 

simulation purpose a computer program 
written in Pascal language was prepared.  
For current measurements during 

experimental tests a standard shunt 
resistance having a value of 0.11Ω was used. 

Accordingly, when a current is to be 
calculated the vertical scale for this current  
has to be multiplied by (1/0.11 = 9.1 
Amp/Volt). 
The following tests were performed: 

Test 1: This shows the steady-state perform-

ance for the drive system with chopper duty 

cycle λ = 0.64 and a load torque TL = 6.5 N.m. 
Fig. 3 shows the actual system performance, 
(experimental results), while fig. 4 shows the 
predicted performance for the same condi-
tions. The steady-state measured speed is 633 
rpm, while the predicted speed is 639 rpm. 
Several measurements were taken for the 

system at steady state. Fig. 5 shows the 
relationship between the speed of the motor 
and the load torque for different duty cycles. 
 Fig. 6 shows the relationships between the 
speed of the motor and chopper duty cycle for 
constant load torque. Figs. 5 and 6 indicate 
the possibility of achieving high starting 
torque. For example, a starting torque of 9 

N.m. can be achieved with duty cycle λ = 0.59. 
It should be noted that fig. 5 is extracted from 
fig. 6.  
Test 2: This is a comparison test. The speed 

range of the proposed approach is compared 
with the case using additional resistance alone 
[8]. The drive system was tested for the same 
load torque TL = 6.5 N.m. As fig. 7 indicates, 

the speed range is zero rpm to 1239 rpm for 
duty cycle varying from 0.463 to 1.0 for the 
proposed approach. The speed range is 320 
rpm to 1239 rpm for a duty cycle varying from 
zero to 1.0 for the case using additional 
resistance alone. So, the proposed approach 
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provides a wider range of speed variation for
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Fig. 3. Experimental results for test 1. 
            

Fig. 4. Simulation results for test 1.                                              
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Fig. 5. [ Load torque / speed ] for constant duty cycle. 

Fig. 6. [ Duty cycle / speed ] for constant load torque. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 7. [ Duty cycle / speed ] for test 2. 
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the same load torque when compared with the 
case using additional resistance alone. 
Test 3: This is a transient test. The duty cycle 

is adjusted to λ = 0.64. The load torque 
applied to the rotor shaft is given by : TL = 

10.32 × 10-3 nr N.m where nr is the motor 
speed in rpm. Fig. 8 shows the actual system 
performance, (experimental results), while fig. 
9 shows the predicted performance for the 
same test. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             

Fig. 8. Experimental results for test 3. 

 

 
 
 
 
 
 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 
 
                Fig. 9. Simulation results for test 3.  
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4. Closed loop operation 

 
To investigate the possibility of the new 

configuration to work on closed loop control 
strategy, two types of controllers are sug-
gested. These are, proportional controller (P), 
and proportional + integral controller (PI). The 

transfer functions of the suggested controllers 
are as follows: 

.ControllerPI)
sT

1
1(K)s(G

,ControllerPK)s(G

i
PC

PC

−+=

−=

 

Many approaches have been developed to 
tune these controllers [11]. Ziegler-Nichols 
open-loop tuning method is used here. The 
parameters for these two controllers according 
to this tuning method are as follows: 

for P–controller :     KP = 9.60 × 10-3 /rpm, 

for PI–controller :    KP = 8.64 × 10-3 /rpm, and 
         Ti = 222.8 msec. 

Fig. 10 shows the suggested closed-loop 
control system. 
The closed-loop control system was 

theoretically investigated for variable speed 
drive operation, as well as for  constant  speed  

 
 

Fig. 10. Controller feedback system. 

 
drive operation. Fig. 11 shows the predicted 
performance, using the simulation technique 
described in section 2, for variable speed 
operation. While the motor is loaded with TL = 

6 N.m and the duty cycle λ = 0.5, the reference 
speed was changed from 287 rpm to 850.6 
rpm.  
For the P–controller the speed reached 

only 830.8 rpm, with a steady-state speed 
error of –19.8 rpm. This steady-state error is 
zero for the PI–controller as expected. 
Fig. 12 shows the predicted performance 

for constant speed operation. While the motor 

is loaded with 9 N.m and duty cycle λ = 0.75 a 
speed of 607.1 rpm is observed. A sudden 
change is made to the load torque so that TL = 

6 N.m. For the P–controller the speed changed 
to 622.3 rpm, with a steady-state speed error 
of +15.2 rpm. This steady-state error is again 
zero for the PI–controller. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 11. Variable speed operation for p- and pi-controllers.
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Fig. 12. Constant speed drive operation for P- and PI-controllers. 

 

5. Conclusions 

 

A new topology for chopper controlled 
wound rotor induction motor is presented. The 
new approach is characterized with simplicity, 
low cost, high efficiency, wide range of speed 
control, possibility for satisfactory closed loop 
operation, possibility for high starting torque 
operation, and above all the requirement of 
only few number of switching devices. Only six 
power diodes and one power transistor are 
used, which contributes very much to the high 
efficiency operation. Comparison between ex-
perimental results and those obtained 
theoretically shows good correlation between 
them. The percentage error between measured 
and simulation results for maximum stator 
current, maximum rotor current, maximum 
capacitor voltage, and maximum transistor 
voltage are 6.3%, 8%, 9.5%, and 10.7% 
respectively. Figs. 11 and 12 showed that the 
proposed approach works satisfactorily with 
closed-loop feedback systems. For zero steady-
state error the PI-controller is suggested.  
 

Notations 

 
A,B,C  Suffices indicating stator variables as  

in VA, 
a,b,c  Suffices indicating rotor variables as in  

Va, 
s   Suffix indicating stator quantity as in  

Ls, 

r  Suffix indicating rotor quantity as in  
Lr, 

q,d  Suffices indicating q and d axes,  

respectively, 
iqs,ids q,d axes equivalent stator currents, 
iqr,idr q,d axes equivalent rotor currents, 
Rs, Rr Stator and rotor Resistance / phase, 

respectively. 
Ls, Lr Apparent three phase stator and rotor  

inductance / phase, respectively, 
M  Apparent three phase mutual  

inductance / phase, 
ωr  Rotor angular speed, 
θ  Angle between stator phase A and rotor 

phase a ,       
J  Moment of inertia, 
TL   Load torque, 
TD  Damping torque, 
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R  Added resistance to rotor side, 
RF, LF Filter resistance and inductance,  

respectively,  
Nr / Ns Rotor to stator turns ratio, 
fCH  Chopper frequency , 
TON  Chopper on period, 
TCH  Chopping period (TCH = 1/fCH) , and 

λ  Chopper duty cycle (λ = TON/TCH) . 
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