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= ABSTRACT - In this paper, the performance characteristics of a variable-speed drive system with a wound rotor induction
motor incorporating a 3-phase diode bridge rectifier - thyristor chopper with a modified commutation circuit system on the rotor
side were studied. A DC equivalent circuit was used in the analysis of the motor-rectifier-chopper system and suitable equations
have been derived for the determination of the system performance. The analytical results obtained are compared with those obtained
experimentally to ascertain the validity of the system in practical applications. The results obtained indicate that a true variable
speed drive system based on a thyristor chopper-controlled induction motor is successfully implemented. It is shown that the
thyristor chopper control using the Hitachi commutation circuit permits the realization of a slip-ring induction motor as a variable
speed and improved power factor. Also, the torque level obtained by the chopper control was found to be three times that obtained
from conventional rotor resistance control at the same conditions.
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Different practical cases are studied, such as varying the
chopping frequency and keeping the duty ratio of the DC
chopper constant and vice versa. Theoretical results from the
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#1. INTRODUCTION

With the commercial availability of thyristors of medium and
high-power ratings, static power conversion techniques have
increasingly been used for speed control of induction motors
because of their large power handling capacity, compact size,
reliability, and ease of control [1,2].

The use of thyristor switches for control of stator voltage is
restricted to small-size motors only [1]. For control of induction
motors, especially of medium and large sizes, the air-gap flux
must be constant. In the rotor control, the stator voltage and
frequency are kept constant, therefore, the control of the rotor
currents to obtain variable speed is preferred [2-6].

The chopper chopped the rotor current at different instants to
get variable torque-speed characteristics. The works in [7-10]
were limited to some extent regarding the range of the chopping
frequency and the speed. The present work is based on the same
thyristor chopper system but the commutation circuit of the
chopper is replaced by a circuit model called the Hitachi
commutation (resonance) circuit used in the analysis of the
motor-rectifier-thyristor chopper system, which permits a wide
range of chopping frequency and speed variation, to get
improved performance, such as high motor torque and power
factor.

conclusions.

= 2. THE RECTIFIER-CHOPPER
SYSTEM

The complete system used in the rotor side of the motor is
shown in figure 1, which consists of two main parts, a three-
phase bridge diode rectifier and a thyristor switch as a chopper.
The rectifier rectifies the AC rotor voltage while the chopper
controls the resistance effectively connected to the rotor by the
switching action of the chopper.
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Figure 1: The complete motor-bridge rectifier-thyristor chopper
system

2.1 The Rectifier Circuit
The rectifier circuit is a three-phase bridge diode rectifier [11].
It converts the rotor AC voltage into DC and then it is fed to the
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DC chopper. The output DC voltage of the rectifier is given as
[11]-[14]:

Vi=S(3V6)E1lm 1)

Where E'1 = VL /3)/(N1/Ny) is the stator phase voltage (r.m.s)
referred to the rotor side, V. is the line supply voltage (r.m.s),
(N1/Ny) is the stator to rotor winding ratio, and (S) is the motor
slip.

2.2 The Chopper Circuit

The chopper circuit connected to the rotor external resistance
(Rex) is shown in figure 1. It consists of a thyristor (TH) and its
commutating circuit. The commutation circuit is used to
provide a very wide range of chopping frequencies. It consists
of the main thyristor denoted Tm, an auxiliary thyristor denoted
Ta and two diodes denoted D7 and D8, along with a resonance
circuit consisting of inductor L and capacitor C, as shown in
figure 2.

Figure 2: Hitachi commutation circuit of the thyristor chopper

The operation and analysis of the chopper circuit are presented

and explained in detail in references [9-10] under the following

assumptions:

a. The thyristors are perfect and identical switches.

b. The reverse recovery voltage of the thyristor is
instantaneous.

c. The resonance circuit of the commutation circuit (L-C) is
lossless.

Due to a small leakage inductance in the rotor circuit, the time
constant during the ON/OFF periods is very small. Hence, the
current reaches a steady state quickly and so the rotor winding
currents may become discontinuous. This high rate of change
of current produces voltage pulses across the thyristor-chopper.
This problem was solved by introducing a smoothing
inductance (Ls) in the rotor circuit [12], as shown in figure 1.
The inductance (Ls) is desirable to limit the ripple of current
flow in the D.C. link between the diode bridge rectifier and
chopper. This inductance makes the rotor current continuous.

##3. THE CHOPPING FREQUENCY
There are some important points regarding the selection of the
chopper frequency, as follows [10]:

1. With higher values of chopping frequency, the size of
smoothing inductance can be minimized and the motor
vibration is also reduced.

2. A very high value of the chopping frequency increases the
failure probability of commutation, due to the finite
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minimum ON and OFF times of the thyristor. The minimum
and maximum width of both ON and OFF periods are
therefore defined in this case between (40 - 1.67) msec,
which corresponds to a chopping frequency between (25-
600) Hz.

i 4. ANALYSIS OF THE MOTOR-
CHOPPER SYSTEM

4.1 The System Description

The schematic diagram of the slip-ring induction motor-
chopper system is shown in figure 1. The induction motor is fed
from a standard 3-phase mains supply. A 3-phase bridge diode
rectifier is connected to the rotor slip-ring terminals, and the
output is fed to the chopper circuit through the smoothing
inductor and external resistance (Rex). Due to the presence of
the chopper in the rotor, an effective resistance (Ref), which
depends on the duty cycle ratio (y ), will appear across the
bridge terminals.

The duty ratio (y) depends on the control circuit. If no gate
signals are given to the thyristors, almost no current flows in the
rotor circuit, because of the highly effective rotor resistance.
This condition is equivalent to that of an open circuit rotor and
no torque is developed. If the thyristors are triggered the current
will flow in the rotor circuit. This current is controlled by
varying the conduction period of the thyristors. When the
thyristors are allowed about full conduction (y =1.0), the D.C.
side resistance will be minimal due to the effective resistance
(Ref = (1- y) Rex) being zero. This condition is almost
equivalent to that of the short-circuited rotor [10]. Thus, the
rotor current and motor torque are controlled from a minimum
to maximum value and the motor speed will vary too.

4.2 Steady-State Model
For the formulation of machine equations, the thyristor
operation is assumed to be an ideal switch.

3.5+ X/
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Figure 3: The system equivalent circuit model transferred to the rotor
side

Figure 3 shows the system equivalent circuit model with all
quantities transferred to the rotor side, and the equivalent circuit
parameters are given in appendix-A. The rotor current is
approximately composed of alternating square pulses of (27 /3)
duration [12]. The average rectified current (l4) is related to the
rotor r.m.s. phase current I, by:

= E 2:2 2
Ir \ﬁld or Ir 3 Id (2)
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The total copper losses in the stator and rotor resistances (Pcu)
of the three phases are calculated from the system equivalent
circuit and equation 2 above, as:

Pcu :3|r2 (SRS‘ +Rr) = 2 Id2 (SRS‘ + Rr) (3)

Hence the term 3(SRs+R/) transferred across the rectifier
bridge, appears as 2(SRs+R;) on the D.C. side. Due to the
leakage reactance (S.Xs) and (S.X;), the commutation of current
between the bridge diodes is no longer instantaneous. There is
a period of current overlap where two phases carry current
simultaneously. This causes a voltage reduction (Vg from the
terminals of the rectifier bridge, which is given as [1]:

Var = SS(XS +Xr) lg/ 21 (4)

Therefore, from the equivalent circuit of figure 2, the DC (lg) is
obtained as [1]:

Va

(5)

lg= <
S | 9 (SRy+Ry)+Rogm+Re

Where (Rsm) is the resistance of the smoothing inductor, and Res
is the effective external rotor resistance, which is given as [10]:

Rer = (1']/) Rex (6)

By adjusting the parameter (y) in the range (0<y <1.0), the
effective resistance Rer will vary in the range (0<Rer <Rey).

From the DC equivalent circuit, the average output power (Pay)
of the rectifier is calculated as:

Pav. = |d2 (2Rr + Rsm + Ref) (7)
This power represents the copper loss in the rotor circuit.

But the mechanical output power is given as [10]:

_ Rotor copper loss

Pn=— (8)
Also, the mechanical power is given as [10]:
Pm = Tm. WS (9)

Where T, is the mechanically developed torque and W; is the
synchronous speed in radian/sec.

From equations (8) and (9) the developed mechanical torque
can be drived as:

= 1.2 BRr¥Rsm+Ref)

Tm= Id A (10)
The practical mechanical torque is measured by the torque
meter or by using the relation [11]:

—_ Pout
Tm = (27N;./60) (11)

Where Pout is the output power of the motor (watts) and N; is
the rotor speed (r.p.m).

5. RESULTS AND DISCUSSION

A laboratory experimental set-up is introduced to study and
verify the performance characteristics of the motor-thyristor
chopper system and a comparison between the practical and
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theoretical results is presented. At the same time, a comparison
is made between the chopper controls systems investigated in
this work with the conventional rotor resistance control method.
The test 3-phase induction motor is directly coupled to a
separately excited DC generator as a load, as shown in figure 1.

Details of the induction motor system, as well as the DC
machine are given in appendices A and B. The trigger control
signals of the thyristors are obtained from a thyristor board. The
characteristics obtained experimentally and theoretically are
presented together in the same figures to facilitate visual
comparison of the predicted and experimental results.

The performance characteristics for y = 0.8 and chopping
frequency range from (25-600) Hz are presented. Figure 4
shows the theoretical and practical results of torque-speed
characteristics under the same conditions. As the value of
frequency decreases, the torque level decreases too. The
corresponding characteristics of the conventional rotor
resistance control at a constant value (R,=37) are shown in the
same figure. It is similar in shape to the chopper control but
much lower torque level. Figure 5 shows the power factor-
speed characteristics for y = 0.8. The power factor is improved
by increasing the chopping frequency. The characteristics are
identical in shape to that obtained from the conventional rotor
resistance control, which is shown in the same figure, except
that in the chopper control method the power factor is improved
by more than 50%.

Figures 6 and 7 show the torque-speed and power factor-speed
characteristics, respectively, for variable duty ratio (y =0.05 to
0.95) and fixed chopping frequency at (25) Hz. The torque and
power factor become higher for higher values y, due to the
reduction in the effective rotor resistance.

The duty ratio parameter (y) is limited between 0.05 to 0.95 and
the chopping frequency is between (25-600) Hz. The limitation
of the duty ratio is due to the commutation time loss which is
high at high frequencies. The general performance of the system
within the limits is improved at high values of y and chopping
frequency. The experimental readings are slightly different
from the theoretical calculations due to the assumptions
imposed in the analysis. The close agreement between the
predicted and measured results confirms the validity of the
analysis.
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Figure 4: Torque-speed variation at the different chopping
frequencies
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Figure 5: Power factor-speed variation at the different chopping
frequency
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Figure 6: Torque-speed variation at different duty cycle ratios
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Figure 7: Power factor-speed variation at different duty cycle ratios

6. CONCLUSION

The implemented speed control drive system was found to give
a smooth and wide range of speed control under various loading
conditions. The obtained torque level by the thyristor chopper
control with the Hitachi resonance commutation circuit was
found to be approximately three times that obtained by the
conventional rotor resistance method at the same conditions.
According to the results, also, the input power factor is
considerably improved by more than 50% compared with that
obtained by the conventional rotor resistance control method
under the same conditions.

= APPENDICES

A. Details of the induction motor:
3-phase, slip-ring, Y-Y connection, 50 Hz

POWER FACTOR

International Journal of

Electrical and Electronics Research (IJEER)
Research Article | Volume 10, Issue 4 | Pages 1154-1158 | e-ISSN: 2347-470X

Stator rotor
380V 120V
45 A 10 A

Stator/rotor turns ratio (N1/N2) = 3.16
Output power = 1.8 Kw, full load speed = 1390 r.p.m

The per-phase parameters of the motor equivalent circuit
transferred to the rotor side, except for Xm, are:

R,= stator resistance =0.4350
X,= stator leakage reactance = 0.69 2
R = rotor resistance =0.314 0
X = rotor leakage reactance = 0.501 2
Xm= magnetizing reactance =99.1 0

Rex = external rotor resistance = 175 2

B. Details of DC Generator
Type: ASIA company machine

Rated speed =1250r.p.m
Rated power =2.3 kW
Rated current =13A
Rated Voltage =220V

Armature resistance = 4.81). The rotational losses
of the D.C. machine at constant flux are obtained from
Swinburne's test. The relation between rotational losses and
armature speed (Nr) is obtained as:

Rotational losses = 25+ % (Nr-400) watts
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