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Abstract In this paper the dynamic performance of the wound rotor induction 
motor operating with synchronized modulator is considered and analyzed. The 
proposed modulator employs a PWM transistor-controlled capacitive network 
in rotor circuit with a carrier fiequency proportional to the rotor voltage 
frequency. This modulator can reduce the harmonic current components of the 
motor and consequently improve the motor power factor. The reduction of 
these components is achieved instantaneously with no need for sensing or 
computing the harmonics current in motor current, thus simplifying the control 
system. Simulated and experimental results obtained from closed loop 
O.5KVA prototype confirm the feasibility and features of the proposed system. 

1. Introduction 

Adjustable speed control of induction motor (IM) via static power converter is 
increasingly based on real time digital generation of PWM waveforms. 
Different strategies for optimizing PWM for voltage source inverter in the 
stator side of IM such as synchronous, asynchronous PWM and regular 
sampling have been proposed and analyzed [I-81. However, controlling the 
speed of wound- rotor IM can be achieved by using external variable rotor 
resistance or by resonating the rotor circuit using uncontrolled reactive rotor 
network [9]. These systems provide high starting and braking torque, improved 
power factor and also reacts favorably to non-sinusoidal supply voltage. For 
smooth variation of motor speed, the reactive rotor networks have been 
controlled using thyristor switches [lo- 121. Also, transistor switches strategy 
has been proposed using non- optimal PWM techniques [13-141. These 
switches lead to significant increase of harmonic distortion in machine 
currents. Such high power PWM electronic switches are generally operated at 
low-switching frequency, owing to limitation of the semiconductor switches. 
This needs an optimization for the PWM switching sequences, aiming at a 
reduction of harmonic components of the machine currents, and a reduction in 
torque harmonics. 

Manuscript received from Dr. M, E. Abdel-Karim 
Accepted on : 26 / 3 12002 
Engineering Research Journal Vol25, No 2,2002 Minufya University, Faculty of 
Engineering, Shebien El-Kom, Egypt, ISSN 11 10-1 180 



, _, -----,-,,, uururvL pLVyVJGU Iul U ~ G  CICGLTUIUC swtcnes 
of the capacitive rotor network to control the speed of the wound rotor 
induction motor. This synchronized modulator is extended over a 111 
fundamental period of the rotor voltage so that the switching of the capacitive 
rotor network is in synchronism with the rotor voltage frequency. The 
resulting pulse sequence exhibits quarter wave symmetry. Synchronized pulse 
sequences are advantageous in -that the harmonic spectrum does not contain 
sub-harmonic components and minimize the low order harmonic distortion on 
the machine currents. 

2. System Description 

2-1; Power circuit 

The schematic-for the proposed synchronous PWM control for wound rotor IM 
is shown in Fig 1. Three capacitors are star connected to the rotor via a three- 
phase power controller using four IGBT switches. TI and T3 are shunt switches 
while Tz and T4 are series switches. Each transistor is fed through four fast 
recovery diode bridge to act as ac switch as shown in Fig 1. 

Fig. 1. Schematic diagram of the PWM with a synchronized carrier wave. 

The switching process is to disconnect the capacitor (series switches are OFF 
while shunt switches are ON) or connect these capacitors (shunt switches are 
OFF while series switches are ON) in the rotor circuit. The motor rotates at its 
rated speed when shunt switches are continuously ON. While when the series 
switches are continuously ON, the capacitors are permanently connected to the 
rotor. To vary the motor speed over the whole range, the value of the 
capacitors is chosen by varying the duty cycle of the series switches from zero 
to 100% (i.e. fiom 100% to zero of the shunt switches), motor speed changes 
&om its rated value to zero. 

2-2. Control circuit 
- . .--.. 

The control circuit of the system can be subdivided into synchronized 
modulator (for open and closed loop) and PI controller for closed loop speed 



regulation as shown in Fig 1. The synchronized modulator consists of a 
triangular carrier signal generator with output frequency f, which is 
synchronized with rotor voltage frequency f, by a fixed frequency ratioN. 
PWM comparator compares the synchronized-frequency carrier signal with a 
modulating signal v, (open or closed loop). The comparator provides atrain 
of synchronized pulses with a duty cycle inversely proportional to v, 'and its 
frequency is the carrier fiequency. The output of synchronized modulator is 
fed to the drive circuit through a NAND latch circuit. This circuit 
complements the synchronized pulses and ensures that, any group of series or 
shunt switches turned OFF just after the others are ON. The relative duty cycle 
of the series switches determines capacitor voltage level relative to that of the 
rotor and hence achieving the desired motor speed. The capacitor voltage 
increases due to increasing the duty cycle of series switches by reducing v, 
(open loop) or oref(closed loop). 

PI controller circuit for control of a power transistor, which operate in a high 
fiequency chopping mode, such that the duty cycle can be smoothly controlled 
the motor speed a, to the desired speed o,f in the range 0 to 100%. 

3. Synchronized Modulator 

Two mathematical models have been proposed for modeling the switched- 
control through the rotor of the induction motor [l5,16]. These models are 
only restricted in time domain analysis. The frequency domain analysis will be 
used to study the motor behaviour with the proposed synchronized modulator. 
In the present study, the structure considered in Fig 1, is open loop feed 
forward system. Effectively, the capacitors can be considered as a voltage 
source v, connected to the rotor circuit and has the same rotor voltage 
frequency. Accordingly, the capacitor voltage v, is sinusoidal. The switch-on 
duration T,, Fig 2, of v, across the rotor circuit is va. Due to high switching 
frequency, the switched voltage Va can be approximated by a sequence of flat- 
topped pulses with sinusoidal shape amplitude of v,, since the variation of v,(t) 
in the switching duration will not be significant. Then, va(t) can be written as, 

v (kT ) for k~  I t < k T  + T  

i o  

c s s s on 
v (t) = 

a for kT + T I t < (k + l)T 
s on s 

where, k = 0, 1,2,. . . . . . . . . . . . . . . . . . .. 
Ts is the period of switching fiequency f,. 

The switched voltage v: (t) can be expressed as an infiiite series, 

where us (t) is the unit-step function. 

Taking the Laplace transform, S-domain, on both sides of eq (I), it follows 
that, 



The term e-TOnS can be agprbximated by taking only the first two terms of its 
power-series expansion, then, 

Thus, eq (2) is simplified to, 

In the Z-domain, eq (3) is equivalent to, 
v, (z) Ton v c  ( 4  (4) 

For the sinusoidal waveform, the Z-transform of v,(t) is [I 71, 
zsinorTs 

vc (z) = 
z2 - 2zcos wrTs + 1 

Accordingly, eq (4) becomes, 
zsin orTs 

va (z> Ton 
z2 -2zcoso,Ts +1 

- eSTs sinorTs 
= 

e2STs - 2eSTs cos o , ~ ,  + 1 
where or = 2zfr and fr is the rotor voltage frequency. 
For steady state S = j a r  and T, = 1 / f, then eq (5) becomes, 

For fixed-fi-equency carrier, varying v, will vary each of motor speed Om, rotor 
voltage frequency fr, and switch-on duration Ton. Accordingly, both the phase 
and magnitude of V,(z) will be varied. This leads to obtaining variable 
harmonic current components for each motor speed. 

For the proposed modulator, with a fixed frequency ratio N= fs/f,, eq (6) 
becomes, 

ejZxfN sin 2n / N 
Va(z)-TOn e j l n i N  -2ej2niN cos2n/N+1 

The phase and magnitude of the division term in eq (7) become fixed with 
speed variation. However, the variation of Ton with motor speed will be 
studied as given below. 



Fig. 2. Timing diagram of PWM with a synchronized-frequency carrier signal. 

Figure 3, shows the speed variation versus the reference voltage vm at certain 
capacitance (c=14p.F) for fixed and synchronized-frequency. carriers with 
constant load torque. Such variations was measured primarily to evaluate the 
behaviour of motor speed with vm. It is noticed that the motor speed is linearly 

1 

varied with v, i.e. om = k (vm - 0.4) (8) 
Accordingly, and from Fig 2 using triangles uniformity rule, 

since, fsl = Nf,, = Nsl f 

0 0 

where, the slip 'sl' is given by, sl = ( a - o m l ) / a ,  and f is thesupply 
frequency. 
From eq (8) and by considering the synchronous motor speed 

o = kl(vmmm - 0.4) for simplicity, eq (1 0) becomes, 

and eq (9) becomes, 

0.4 
where, 5=1-- 

Vm max 
For a step change of speed reference voltage to Vd at steady state, eq (12) 

becomes, N vm2 
-(I-- Vm2 )fTon2 = I -  --- (1 3) 
5 v m m m  vmmm 

- Dividing eq (1 2) by eq (1 3) gives, Tml - TOn2 = 5 /(Nf) (14) 

This means that, for the variation of speed reference voltage v, with constant 
load torque, the switch-on duration Ton remains unchanged, while the relative 
duty cycle vary to ensure capacitor voltage required to achieve the desired 



murul spew. w im ztlls result and tor constant frequency ratio N, the phase and 
magnitude of eq (7) remains unchanged for wide range of motor speed. 

So, the purpose of the proposed modulator is, 

- to maintain the number of switching pulses for the rotor voltage always 
fixed, i. e. the switching frequency f, is in synchronism with the fundamental 
frequency of the rotor voltage f, by the frequency ratio N. The resulting pulse 
sequence exhibits quarter wave symmetry such that the harmonic spectrum of 
the rotor voltage does not contain sub-harmonic current component, especially 
at lower switching frequencies. 

- to change the naturally variable phase and magnitude of the switched 
capacitor voltage v,, eq (6), to fixed phase and magnitude, eq (7) for wide 
range of motor speed. With this property of fixed phase and magnitude, the 
effect of the capacitor c, which can be optimally chosen at a certain speed and 
switching frequency to give minimum low order harmonic currents, remains 
valid for a wide range of motor speed. 

4. Mathematical Model 

Considering the per-phase equivalent circuit of the capacitor controlled IM 
refereed to the stator shown in Fig 4, the following motor equations can be 
written, 

v, =isrs+Ls(dis/dt)+i,rm (15) 

i,r, = &,(dim Jdt) (16) 

I I I t 

i,rm =i,r,/s+!,(di,/dt)+v, (18) 
1 

a 
= O  i f  T, ON and Tb OFF (1 9)  

, I 

Hence, v, =v,/s,  

i; . = s2c'(dv; ldt) i f  T, OFF and Tb ON (20) 
'2 ' The developed motor torque is given by, Tm = 3(I, r, / o m )  (21) 

The electromechanical equation is given by, 
J(~UI, / d t ) = ~ ,  -TL - p  u), (22) 

Equations (15) to (22) have been used in ref (13) to calculate the motor 
performance under the condition of fixed-frequency carrier. In the present 
study the same equations are reprogrammed along with the following equations 
to simulate the system with the proposed modulator. The triangle carrier signal 
ec(t) of the synchronized PWM can be expressed by Fourier analysis as, 

8 " 1  (n-l) 
e, (t) = [1 + - 7(-1) sinnost]Ec/2 

n2 n=l,3,5, ... n 
(23) 

Where E, is the peak value of the triangular carrier signal and o, = 2n; N s f is 
its angular frequency. The maximum value V,,, of the modulation degree is 
adjusted to be equal to E, to provide modulation degree M= Vm,/Ec=l. 



Comparing e,(t) with v,(t) yields the switching pattern and PWM comparator 
VPW as, 

VpWM = Vcc for e, (t) > v, (t) > 0 T, OFF and Tb ON (24) 
=O for ec(t)<v,(t)>O TaONandTbOFF (25) 

Generally, with synchronized PWM modulator, VPMW(t) will be a periodical 
function with the fundamental frequency. 

Figure 3. Measured motor speed w, Fig. 4. Per phase motor equivalent circuit. 
variation with the speed reference 
voltage v,. 

5. ExperimentaI Setup 

The experimental setup is illustrated in Fig 1 and was developed to test the 
proposed synchronized modulator for controlled wound rotor IM. The 
synchronized modulator is a very simple replacement of the conventional 
analog triangle regulator by triangular generator of FET type. The shunt (TI 
and T3) and series (Tz and T4) switches are IGBT switches of type 254 101 
(VcEo=1500 V, Ic=50A). An analog current controlled separately excited dc 
motor provides the required load torque. Parameters of employed induction 
and dc machines are listed in the Appendix. A PC Pentium is used to program 
the Lab-pc 1200 I10 card using the LabView software to display experimental 
data. The interface between the I/O card and the system was done via a Hall 
effect sensors (LA25 and LV25 from LEM) for measuring the stator and rotor 
phase currents and voltages, respectively. A tacho-generator with a gain 
2V/1000rpm is employed for measuring the instantaneous motor speed as well 
as for the feedback signal. The tacho-generator output is directly connected to 
the 110 card. The parameters for the PC controller (kp + kils) were adjusted 
empirically by means of computer simulation for a certain operating point (at 
66% of rated speed =1000r.p.m). The constant k, for proportional controller 
was adjusted to 20, and the integrator ki=80s-' was used to obtain 5% overshoot 
of motor speed within 100 m-sec. 

6. Simulation and Experimental Results 

Several computer simulations and experiments were run with different 
operating points in order to check the performance of synchronized modulator 
with closed loop system. Equations (1 5) to (25) listed above were solved using 
software Matlab-Simulink to obtain the motor performance under the proposed 



modulator. Figures 5 and 6 show the simulated motor speed and current 
waveforms at the same conditions without and with the synchronized 
modulator, respectively. These results were taken using PI controller at 
different step reference voltages at 0.75 N-m load torque. The motor speeds 
follow the reference voltages and the steady state error for each reference is 
zero as shown in Figs 5a and 6a. Figure 6a ensures that the synchronized 
modulator makes the motor speed arrive rapidly to the reference than in Fig 5a. 

Figures 5b and 6b show expanded waveforms of the applied voltage v,, stator 
current is and referred rotor current i,' before the sudden change of the speed 
reference coref from 1200 to 800rpm. It is seen kom these figures that the 
currents is and i, are sinusoidal due to the used synchronized modulator. 

Fig. 5. Simulation results for closed loop 
motor control with fured-frequency 
switching. 

frequency in Hz 

Fig. 6. Simulation results for closed loop 
motor control with synchronized-frequency 
switching. 

Linear scales plot of I,' and I, spectra without and with the synchronized 
modulator are shown in Figs 5c and 6c7 respectively. The results clarify the 
effect of the synchronized modulator in reducing the motor current harmonics 
produced by the fixed-frequency switching. 

Figures 7 and 8 show the experimental waveforms of v,, is, v, and i, at closed 
Ioop motor control for a sudden change of speed reference oRf and constant 
load torque. In Fig 7 the speed changes fiom 1200 to 1040rpm with fixed 
switching frequency fs is 900Hz. This low switching frequency is chosen at 
1200 rpm, i.e. f, is 1 OHz, and the stator voltage vs is reduced to 190V to have 



significant current harmonics and small-sustained oscillations in the motor 
current waveform as shown in Figs 7b and 7d. These harmonics and 
oscillations are increased dramatically when the speed is decreased to 
1000rpm, i.e. f, increased to 16.667Hz while the switching frequency remains 
without change at 900Hz. 

Stator voltage v, 
I Stator voltage v, 

400 1 I 

Stator current L 
1.2 1 I 1 

Stator current i. 

time (S) 

Switched voltage v, Switched voltaae v. 

- 1  , , , , , I(d 4 
rotor current i. rotor current I, 

' I (a 
0 0.5 I 1.5 2 2.5 3 

time (S) time (S) 

Expanded v, and is for m,,=1200 rpm Expanded v, and is for m,,,=1200 rpm 
I 1 

Expanded v, and i, for ~,,=1200 rpm 
I 

Expanded v. and i, for %=I200 rpm 
I I 

I 1 (9 
0.25 0.3 0.35 0.4 0.45 0.5 . 

time (S) 
0 0.05 0.1 0.15 0.2 0.25 

time IS1 

Expanded v, and i, for ~,,,=1040 rpm Expanded v, and is for ~ 1 0 0 0  rpm 
I I 

1 (9) 
Expanded v, and i, for q,,=l040 rpm Expanded v, and i, for ~~,,=1000 rpm 

I I 

time (S) 

Fig. 7. Experimental results for closed loop 
motor control with fixed-frequency switching 
for speed reference variations at constant 
load and Vs=190V. 

Fig. 8. Experimental results for closed 
loop motor control with synchronized- 
frequency switching for speed reference 

variations at constant load and Vs=220V. 



In Fig 8, the synchronized modulator with fixed frequency ratio N of 90 is 
used. This ratio can be changed to the values with only a small adjustment in 
triangle generator shown in Fig 1. Figure 8 shows the system response, since 
the motor speed is varied &om 1200 to 1000rpm with v, 220V. Accordingly, f, 
is varied fkom 10 to 16.667 Hz, consequently the synchronized modulator 
adapt f, fkom 900 to 1500Hz respectively. As expected from the analysis of the 
proposed modulator and referring to eq (7), where the phase and magnitude of 
v, remains &changed, the moth current waveforms remain sinusoidal in the 
steady state for both speeds of 1200 and 1000rpm. This is true except with 
high switching ripple super-imposed on the motor currents 

Figure 9 shows the experimental waveforms of i~,,~, w,, v ,  and &for closed 
loop &j4?3t6r control wit% syn~hronized switching frequency with step'change of 
load. *torque at constant reference speed. Figures 9e to 9h show that, the steady 
state motor currents remain nearly sinusoidal before and after loading. These 
results according to eq (7) where only the phase of v, remains unchanged while 
its magnitude, is continuous variation due to the dependency of To, on load 
value.. , ~ - 1 e a d s  to the &ady sinusoidal appearance. 

Load reference IL, - 
Motor speed m, 

1500, I 

Switched voItage v. 
4 ( 

Rotor current [, 
2 1 

Expanded v, and i, for ihFO.ZA 
I 

Expanded v, and i, for ih,=0.2A 
r I 

I .  
0.12 0.14 0.46 0.18 0.2 0.22 0.24 0.26 

time 1s) 

I 
Expanded v, and i, for ih,=0.3A 

Expanded v, and i, for i,,&.3A 

time (S) 

Fig. 9. Experimental results for closed loop motor control with synchronized switching 
frequency for load variation with constant speed reference at VS=220V. 

7. Conclusions 

The present paper deals with the implementation of a synchronized PWM in 
conjunction with closed-loop control of wound rotor IM. The synchronized 
modulator has employed a PWM transistor-controlled capacitive network in 
rotor circuit with a carrier frequency proportional to the rotor voltage 
frequency. It has been shown that, the modulator maintain the number of 
switching pulses for the rotor voltage always fixed which exhibit quarter wave 



symmetry and reduce the sub-harmonic current component, especially at lower 
switching frequency. The mathematical analysis shows thaf the naturally 
variable phase and magnitude of the switched capacitor voltage has been 
changed to fixed phase and magnitude for wide range of motor speed. With 
this property, the effect of the rotor capacitor, which can be optimally chosen at 
a certain speed and switching frequency to give minimum low order harmonic 
currents, remains valid for a wide range of motor speed. A power factor 
improvement is necessarily obtained by this hannonic content reduction. 
Simdations and experimental results have been shown to be in good agreement 
with the mathematical analysis. 

The proposed modulator is also valid for the PWM inverter feeding the stator 
of the ac drives recently developed with vector control, direct torque, and space 
vector techniques. These techniques have the same drawbacks of the system 
under consideration when using a fixed-frequency switching that affects the 
drive performance. 
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Appendix 
- Specification of tested induction motor: V,=220 V, 2p=4, 

f =50 Hz, nm=l 34Orpm, IS=1.16A. 
Appropriate calculations of no load, locked rotor tests, and open circuit tests gave the following 
results: rs=35Q .t ~ 0 . 1 7 ~  r,=2.1!2 

f ,=0.0106H rm=3400Q l,,,=0.99~ 
Primary 1 secondary transformation ratio4 
P=0.00075 N-m Irad Isec. 
J (motor-load inertia)=0.00035 N. m had I sec2 

- Specifications of separately excited dc machine: 220V, 1.2A, 1500rpm and field voltage 
is 220v. 






