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Abstract

To improve Wound Rotor Induction Motor (WRIM) drive system performance, this work offers a
comprehensive literature assessment of an adjustable speed drive with a variety of control
approaches of rotor impedance variation. It begins with a synopsis of the key elements of the
WRIM drive system control approaches and moves on to discuss other control strategies, such as
non-static impedance control, static rotor resistance control, dynamic capacitor in rotor circuits,
and optimal controlling like artificial neural network, fuzzy logic control, PSO and genetic
algorithms have been reviewed in this paper. It also looks at how these strategies affect motor
performance, efficiency, simplicity, reliability, economically, dependability, and operational
flexibility. The results highlight how important rotor impedance control is to maximizing WRIM
performance and how continuous innovation is being made to make them more useful in a

variety of industrial settings.
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1-Introduction

Induction motors are a type of AC motor that are commonly used in industrial operation
sectors. In general, induction machines are significant in the field of electromechanical energy
conversion systems (IM) , (Hannan et al., 2020). (Duc et al., 2023)stated that are over 60% of
the electricity utilized globally by induction motors. IM has special benefits such as low cost,
high resilience, and slow maintenance, this qualifies it for use in industrial settings (Algamluoli
and Abbas, 2021). The WRIM is used in numerous applications that call for high starting torque,
wide variable speed drives, and high inertia loads. Resistance and reactance are two of the rotor

control techniques used to enhance WRIM performance.

There are two types of rotors of induction motor, which are slip rings or wound rotors, and
squirrel cage rotors (Bakshi and Godse, 2009) and (Altaira, 2018). The wound rotors are
commonly used when high starting torque is required. There are several methods and techniques
used to control the speed of induction motors. (Mahapatra et al., 2015) used the PSO-ANFIS
hybrid technique to speed control IM, and (Kumar et al., 2017) used the software of graphic user
interface (GUI) to maximize the efficiency of squirrel cage IM. Figure 1 depicts the WRIM
connected to external resistance. Three slip rings installed on the rotor shaft are connected to the
three terminals of the WRIM windings. Using slip rings allows the rotor circuit to be connected
electrically to three phase external resisters via carbon brushes. The purpose of this electrical
connection is to regulate rotor speed, maximize starting torque and lowering starting current. A
slip-ring motor's speed can be reduced and adjusted to 25% of its rated speed. A further reduction
may greatly diminish the cooling effect and reduce the output in a much larger proportion and

will not be worthwhile.
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Figure 1: The WRIM connected to external resistance (Altaira, 2018)

The advanced and economical scheme of the speed control of WRIM can be obtained by
dissipating the rotor slip power into external resistances, or by recovering the energy and
returning it to the ac grid through line voltage commutated inverter as in Kramer scheme. The
characteristics of speed control improved by adding further circuits to the rotor terminals giving
WRIMs better than other commercial SCIMs. The general control scheme of WRIM controlled

by rotor impedance variation is shown in Figure 2.
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Figure 2: The Classification of WRIM Drive System Control by rotor Impedance Variation

(Dubey et al., 1975) presented that WRIM may be change its torque slip characteristic. It has
been known that you may modify a motor's rotor circuit by adding external resistances
technique, some of the input power that is supplied to the stator is taken out of the rotor and lost
as a result of external resistance, which causes the speed to decrease. Maximum torque can be
attained at the beginning and throughout acceleration by selecting an adequate resistance and

adjusting it accordingly.
2-The Control Techniques of WRIMRIM Drive System:

Based on the literature that has been published to date and their notable contributions, this

section addresses the control strategies employed for WRIM performance enhancements by rotor
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impedance variation. Variations in control methods and rotor impedance variation model types

are categorized as:
2.1 Non-static Conventional Rotor Impedance Control:

Rotor resistance control, rotor reactance control, rotor capacitance control, or a combination of
these can be used as the WRIM speed control method based on the rotor circuit impedance
variation. The rotor losses will rise with this strategy. Reactive circuits in the rotor allow the
motor to be operated near resonance, which results in high breaking and starting torque. Due to

the rotor resonance's relationship to the fluctuating motor speed, this approach has limitations.

As shown in Figure 3, a straightforward technique for WRIM speed management involves a
mechanical adjustment of the rotor circuit resistance. According to (Ameen and Aula, 2020)
approximate equivalent circuit model of a three-phase induction motor, the electromagnetic

torque created can be expressed as:

a2k
S

fe= ws[(Rs+%)2+(XS+XT)2]

(1

Where, s is the slip, R’=Rex TR, ®s is the angular velocity in rad/sec, R is the stator resistance,
R is the original rotor resistance referred to stator side, Rex is external resistance, ( Xg + X,.) are
the stator and rotor leakage reactance referred to stator side and the voltage per phase is V.
Variations in the external resistances at the rotor terminals govern the speed of WRIM. Equation

1 can be expressed as follows at high rotor speed or low value of slip:

Te = — )

Consequently, as rotor resistance increases, speed decreases. The stator current and speed drop
when using the traditional resistance control of WRIM, as illustrated in Figure (3), by increasing
the rotor circuit resistance. The advantages are the absence of in-rush starting current and,
availability of full-rated torque at starting, absence of line current harmonics and the smooth

range of speed control.
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For every rotor circuit, (Lesan et al., 1996) developed a resistive network controlled by a
thyristor. The successful firing of thyristors across a wide speed range was one of the major
issues with the experimental realization of the drive. Over the whole range of thyristor firing
angles, the motor performance characteristics of output power, stator current, power factor, and
efficiency were derived as functions of speed. (Mer et al., 2014) Used non-static rotor resistance
control to control the speed of WRIM. (Aljaism, 2014) Used conventional rotor resistance

control for comparison between the WRIM and Squirrel Cage IM with variable speed.
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Figure (3) (a) Conventional Rotor Resistance, (b) Five-step resistance Control of WRIM
(Ameen and Aula, 2020)

A slip-ring motor's speed can be adjusted by up to 25% of its rated speed. As seen in Figure (4), a
further reduction may significantly lessen the cooling effect and reduce the production in a much

higher proportion, making it unwise.
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Figure (4) Torque-slip curves of WRIM with increasing rotor resistance (Aljaism, 2014)

Table (1) shows the non-static conventional rotor impedance control that some researcher

used in their papers.

Author

Methodology used

Found

(McFarland and Alvarez, 1948)

Application of the liquid
rheostat is for acceleration
and speed adjustment of
WRIM.

Design of modern liquid rheostats
and the basic data on types of loads
and control systems.

(Badr et al., 1995)

Developed a plan to use a
phase balancer that is
correctly chosen to get
maximal beginning torque to
start the motor from a single-
phase supply.

It has been discovered that this
beginning strategy can cut start-up
times significantly—up to 80% for
large motors.

(Badr et al., 1996)

When the stator and rotor
windings are shunted across
the supply for a pre-defined
brief duration, the motor
generates a very high initial

The motor developed an extremely
high starting torque which was
sufficient to start the motor at less
than 20% of the normal starting
time.

torque.
(Hamouda et al., 1999) Provided a comparison of The findings suggested that the
three phase WRIM starting electromechanical resonance effect

performance under various
beginning conditions.

might occur when the motor is
started against load, even a modest
load.

(Lesan et al., 1996)

Thyristor-controlled resistive
network.

Speed control and increasing
performance of WRIM.
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(Abdel-Halim et al., 1997)

Suggested a novel approach
that involves paralleling the
addition of capacitance,
inductance, and resistance to
the rotor circuit.

According to the suggested scheme,
an external impedance made up of a
parallel combination of
appropriately chosen capacitance,
inductance, and resistance.

(Badr et al., 1998)

The development of
mathematical models and the
associated computer
simulation is done, and the
theoretical conclusions are
also verified experimentally.

Slip-ring induction motors have
been found to operate as series-
connected motors as long as the
rotor winding is linked in the
opposite order as the stator winding.

(Aljaism, 2014)

Conventional rotor resistance
control.

Comparison between the WRIM
and Squirrel Cage IM with variable
speed.

(Mer et al., 2014)

Non-static rotor resistance
control.

Controlling the speed of WRIM.

(Mohammedsaeed and Karrar,
2016)

Design of a liquid-rheostat
reduced-voltage starter using
the finite-element approach
for three-phase squirrel-cage
IM, which are usually used to
drive irrigation pump loads.

The liquid rheostat impact of the
material of the electrolyte tank on
the starting resistance.

(Sarwito et al., 2017)

Seeking to understand the
performance of a three-phase
asynchronous slip ring motor
in both loaded and unloaded
conditions. Under certain
conditions, the resistance
varies between 0 and 25 Q.

According to the torque formula, a
decrease in motor torque has been
associated with an increase in motor
speed. The other result indicates that
when the load increased, efficiency
increased as well.

(Ameen and Aula, 2020)

Variations of the external
resistances of rotor chopper
resistance control.

Controlling the speed of WRIM
drive systems.

2.2 Static Rotor Resistance Control

In the basic structure of Static Rotor Resistance Control(SRRCC) in WRIM, the rotor windings

within slip rings are directly connected to a full-bridge diode rectifier in which the rotor slip

power is rectified and then fed to a chopper circuit with external resistance and a smoothing

inductor as shown in Figure (5a) shows the parallel chopper of static rotor resistance control,

while Figure (5b) is a series chopper of static rotor resistance control. The purpose of connecting

the DC link inductor is to reduce discontinuous connections and eliminate DC link current ripple.

The SRRCC offers several advantages over the traditional rotor resistance control method, such

7
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as smooth and stepless control, fast response, low maintenance costs, compact size, simple
closed-loop control, and resistance that is evenly distributed across the three phase rotor
windings at all operating speeds. (Nasir, 2022) Controlled the speed and performance of the
WRIM using the static rotor via the thyristor chopper control in conjunction with the Hitachi
Resonant Commutation Circuit for the parallel chopper circuit, and contrasted it with the

conventional rotor control.

Three Phase AC Supply

Power ]nPIS Three Phase AC Supply
Power Input
Shaft power %
WRIM . .
Smoothing Inductor stator Shaft power Switch
——» (BT} WRIM
[ Ly 0| Smoothing Inductor
ny o f666+
P Iy Ly
S A A A
I Roc ,'?;
—> S l—} o i
@ § I Roc
— : Rex — —
Tt W W Y 2
Rex
T W W
Rectifier Chopper
Rectifier Chopper
(@) (b)

Figure 5: Control Scheme of SRRCCIM Drive System (a) Parallel Chopper Circuit,
(b) Series Chopper Circuit (Ameen, 2011)
(Kumar et al., 2017) used the single thyristor at the rotor side of WRIM by the
MATLAB/Simulink. The rotor resistance of a wound rotor induction motor increases when
external resistance is added, resulting in low rotor current and high starting torque during

starting.

(Ameen and Aula, 2021)presented the SRRCC and Slip power recovery (SPR), of wound rotor
induction motors for speed control and increasing performance. (Sen and Ma, 1975) used a rotor
chopper-controlled external resistor. This control scheme provides continuous and contactless
variation of rotor resistance and thereby eliminates the undesirable features of the conventional

rotor resistance control method.
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(Ameen, 2007) examined how the properties of SRRCCIM were affected by the duty cycle and
chopper switching frequency. The researcher concluded that with increasing chopper frequency
the torque pulsation and speed ripple had been reduced. Also, the amplitude of harmonic levels
depended on the slip, duty cycle, and chopper frequency. (Ameen, 2011) suggested introducing a
third harmonic method into the SRRCCIM rotor circuit. The goal of this technique was to
minimize the rotor current distortions, torque pulsation, and ripples in the speed. The proposed
technique reduced the THD in rotor current from 25% to 3%, and the power factor of the motor

increased by 3%.

(Porate and Kochar, 2014) Used Series chopper resistance to minimizing the power loss in
WRIM and the simulation by MATLAB/Simulink. (Prasad et al., 2014)utilized a single thyristor
that acts as an ON/OFF switch at the rotor side of the slip ring induction motor to control the
motor's speed. One can run the slip ring induction motor from the rotor side or the stator side.
The main method of controlling this high-power machine is to use a single thyristor to directly
alter the load current or the rotor side current after a three-phase rectifier bridge consisting of six

diodes has converted the available load side current into a DC current.

Table (2) Shows the methods of static Chopper rotor resistance control of WRIM that some

researcher used in their papers.

Author

Methodology used

Found

(Sen and Ma, 1975)

Used a rotor chopper-

controlled external resistor.

Removed the drawbacks of the
traditional rotor resistance
control approach by offering
continuous and contactless
rotor resistance fluctuation. It
also speeds up WRIM.

(Joshi and SK, 1980)

Capacitor in series with
external resistance are
connected.

Increasing the control range of
speed.

(Wani and Ramamoorty,
1977)

Have used a thyristor
controlled chopper and the
problem of excessive
voltage across thyristor .

By adding a filter to the rotor
circuit, discontinuities in the
rotor current are removed, and
by combining a capacitor and
resistor, the speed control
range is extended.

(Wani and Ramamoorty,
1977)

A dynamic model of tiny
signals was created for a

The dynamic performance was
significantly enhanced by
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driving system that controls
static chopper resistance.

current feedback loops and
speed.

(Crowder and Smith, 1979)

Presented a system that
combines the stator-voltage
control regulator WRIM
with the rotor chopper
resistance control.

Results from analyses and
experiments indicate that
steady four-quadrant operation
is appropriate for applications
using hoists.

(Gupta et al., 1985)

Have used rotor resistance
control in a closed loop to
improve the dc dynamic
braking performance of
wound rotor induction
motor.

Both braking time and energy
losses considerably reduced

(Lesan et al., 1996)

Used resistive network
controlled by a thyristor in
every rotor circuit.

The successful firing of
thyristors over a wide speed
range.

(Amin, 2005)

Design a high chopper
resistively frequency drive
System.

The harmonic in rotor current
and torque pulsation are
reduced.

(Ameen, 2007)

Examined how duty cycle
and switching frequency

Torque pulsation and
harmonics of stator and rotor

affected SRRCC current waveform are reduced
performance. with increasing chopper
frequency.
(Ameen, 2011) The use of the third The suggested technique's

harmonic approach to the
chopper resistance control
rotor circuit.

power factor and THD both
increased by 0.84 and 3.12%,

respectively.

(Porate and Kochar, 2014)

Used Series chopper
resistance.

Minimizing the power loss in
WRIM.

(Prasad et al., 2014)

Utilized a single thyristor on
the rotor side of this slip
ring induction to function as
an ON/OFF switch.

Change the rotor side current
or the load current directly to
regulate the high power
machine.

(Kumar et al., 2017)

Used the single thyristor at

Causes the rotor resistance to

the rotor side of WRIM by increase during starting, which
the MATLAB/Simulink. results in low rotor current and
high starting torque.
(Nasir, 2022) Used the Hitachi resonance | Control the speed and
commutation circuit in performance the WRIM and

conjunction with the
thyristor chopper control to
operate the static rotor.

compared with the
Conventional Rotor control.

(Ameen and Aula, 2021)

Described the Slip power
recovery (SPR) and
(SRRCC) under unbalanced

The rotor speed and power
factor are reduced with
increasing the degree of

10
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supply voltage conditions. asymmetry of supply voltage.

(Ameen, 2023) Looked into the effects of Finding the relationships
harmonics produced by the | between torque, rotor currents,
power semiconductor and all harmonic order
devices in SRRCC of frequencies, as well as the
WRIM running in a voltage- | stator frequency and rotor
asymmetric rotor circuit. speed.

2.3 Dynamic Capacitor in Rotor Circuit

There are several techniques for dynamic capacitor in rotor circuit that several researchers
developed in their researches we discussed and reviewed some papers. In order to increase the
inductive circuit's power factor, the switched capacitor concept was explained by (Rajinith and
Palaniswami,2011). As illustrated in Figure 6, it entails putting an ac capacitor in the center of a
H bridge equipped with bi-directional switches. Fuzzy control pulses are used to switch the

complementary switch pairs (S1, S4) and (S2, S3), respectively.

Pulses
Using Fuzzy control

il gy <
Bi-directional S, J// _ S,
switch >~ , Zaf .
H-bridge
I circuit
vs WN— i — = | 6—— S,
Rs iXs i T

Figure (6) Basic H-Bridge switches with Capacitor (Rajinith and Palaniswami,2011)

11
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(Suciu et al., 2002) presented a mathematical Algorithm to predict the control of induction
motors by inserting the capacitance in the secondary circuit that improved the efficiency, power

factor, and torque for induction motors.

In comparison to conventional rotor impedance control, a lower number of switches have been
employed in the dynamic rotor capacitive reactance control scheme by (Kumar et al., 2012),
which has been implemented using a DSP controller. As a result, the control strategy is very
straightforward and inexpensive to execute. The suggested method can be applied to high
beginning and running torque, speed control, high power factor, and high efficiency motor
operation. (Kumar et al., 2010) enhanced performance metrics, such as the induction motor's
efficiency and power factor, by using the dynamic capacitive control method, which involves

adjusting the duty ratios to simulate the dynamic capacitor values.

According to (Ibrahim et al., 2016) , an ANN controller is used to predict the efficiency and
power factor of a three-phase WRIM. A dynamic capacitor, which is an H-bridge switch with a
fixed capacitor connected in each phase of the rotor circuit, is used to control the rotor
impedance. The capacitance value of the H-bridge circuit is dynamically adjusted by varying the
duty ratio. By dynamically adjusting the capacitance value, the power factor, efficiency, and load

torque of varied loaded conditions were enhanced.

Table (3) Shows the method of Dynamic Capacitance control of WRIM that some
researcher used in their papers.

Author

Methodology Used

Found

(Suciu et al., 2002)

Exhibited An algorithmic
approach to forecast the
regulation of IM through the
incorporation of capacitance
into the secondary circuit.

Improved the efficiency,
power factor, and torque for
Induction motors

(Kumar et al., 2010)

Changed the duty ratios in
order to simulate the dynamic
capacitor values using the
dynamic capacitive control
approach.

Improved performance
parameters such as efficiency
and power factor of induction
motor.

(Kumar et al., 2012)

Used a hardware-
implemented dynamic rotor
capacitive reactance control
technique with DSP.

High starting and running
torque, power factor and
efficiency when operating the
motor, speed control.

12
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(Ibrahim et al., 2016) Controlling the rotor By dynamically adjusting the
impedance with an ANN capacitance value, increased
controller and a dynamic power factor, efficiency, and
capacitor, which is an H- load torque of different
bridge switch with a fixed loaded circumstances were
capacitor connected in each achieved.
phase of the rotor circuit.

2.4 Optimal Control Techniques of WRIM

There are several Optimal techniques for controlling WRIM like Genetic Algorithm, Arterial
Neural Network (ANN), Particle Swarm Optimization (PSO), Fuzzy controller, and neural PID

controller. That some researchers used in their papers we discussed some of them in this article.

(Saed and Ameen, 2011) provided a thorough analysis and design of the input filter, boost DC-
DC switching converter, and three phase bridge rectifier components for the static chopper
resistance control in order to satisfy the demands for low current distortion and address the issues
brought about by the harmonics introduced by the rotor rectifier circuit. WRIM speed control
with chopper resistance in the rotor circuit was accomplished using fuzzy logic control by
(Ameen, 2011). The rotor circuit's duty cycle of the chopper rotor resistance is adjusted to limit

the speed at a range of sub-synchronous speeds.

(Mahapatra et al., 2015) created a prototype model to use the PSO-ANFIS hybrid technique to
manage the speed of an induction motor. They explain how to develop an ideal fuzzy logic

controller for an induction motor using Particle Swarm Optimization (PSO) and ANFIS.

(Dakheel et al., 2020) applied two controllers, one based on an artificial neural network
(NARMA-L2) and the other on a traditional proportional integral derivative (PID) controller, for
WRIM as illustrated in Figure (7). These controllers have been compared to one another. It has
been demonstrated that, in comparison to its conventional counterpart, the neural network

controller improves the motor's starting torque.

13
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Figure (7): Block diagram for PID controller

(Etemadi and Haghighian, 2019) has been suggested to use a genetic algorithm to manage the
WRIM with objective functions that include motor weight and power losses. Following
Magnetic Equivalent Circuit (MEC) modeling, various parameters are first chosen using
sensitivity analysis, and a sample of 4.3 MW, 6 kV, 1000 rpm is used to carry out the
optimization procedure. In addition to significantly lowering the air gap and magnetic current

and increasing power factor, this modification reduced copper losses by about 18%.

The approach of sequential searching with respect to the selected design variables was presented
by (Ghosh et al., 2018). Additionally, an additional design that combines synthetic and analytical
methods has been created. The designers' experience guided the selection of the design variables.
The researchers employed these techniques to improve WRIM's overall performance, efficiency,

and starting torque.

Table (4) Shows the method of optimal control of WRIM that some researcher used in their

papers.
Author Methodology Used Found
(Ameen, 2011) WRIM speed control with By modifying the duty cycle

chopper resistance in the
rotor circuit was achieved
using fuzzy logic control.

of the chopper rotor
resistance in the rotor circuit,
the speed is restricted to a
range of sub-synchronous
speeds.

(Saeed and Ameen, 2011)

Presented a method based on
(ANNSs) for managing the

The controller circuit
was simulated and operated

14
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rotor side of the WRIM's
external chopper resistance
circuit.

on both closed and open
loops.

(Mahapatra et al., 2015)

Used the PSO-ANFIS hybrid
technique.

Control the speed of an
induction motor

(Ghosh et al., 2018)

The process of conducting
consecutive searches with

Increase the starting torque,
efficiency, and overall

respect to the selected design | performance of WRIM.
factors and analytical
methods has been used.

(Etemadi and Haghighian, Using a genetic Algorithm to | Reduced the air gap and

2019)

control the WRIM with
objective functions including

magnetic current, enhanced
the power factor, and reduced

power losses and motor copper losses by about 18

weight. percent.
(Dakheel et al., 2020) One based on an artificial Improved Starting torque.
neural network (NARMA-

L2) and the other using a
traditional proportional
integral derivative (PID)
controller.

From the previous work to minimize current ripple and corresponding torque pulsation, the
switching frequency must be increased. Furthermore, high frequency is required to avoid any
interaction between the chopper frequency and the output frequency of the rectifier for all slip
values. Increasing frequency tends to increase the probability of commutation failure of forced

commutated thyristor.

3. The Latest Trends and Future Developments in WRIM by Rotor
Impedance Variation Drive System

The WRIM drive system is used in several applications for machine capacities ranging from a
few kilowatts to megawatts. Advanced power electronics components, including reactors, rotor
rectifiers, DC link smoothing inductors, chopper circuits, external resistance, capacitors, and
reactors, are used in various combinations and configurations in this system. To further enhance
their performance, dc-dc converters have undergone new advances such boosting, buck boost,

and increasing the smoothing inductor value in addition to increasing chopper frequency. These

15
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converters improvement provide WRIM drive system performance like a power factor, THD,
efficiency of the system, speed, and torque pulsation. Given the importance of energy efficiency,
research is still required to determine how these disruptions affect WRIM drive system
performance. Furthermore, in order to establish a connection between disturbance and
modification in WRIM drive performance, the previously mentioned researchers assessed
extremely specific imbalance and harmonic distortion circumstances. Based on the
aforementioned experiments, we have determined that more research and inquiry are necessary
to analyze the WRIM stator resistance chopper control and SPRDS when supplied by a distorted
and unbalanced supply voltage simultaneously. In addition to the poor-quality supply, the rotor
bridge rectifier and inverter caused increased power derating and IM insulation degradation.
This survey aims to provide an overview of the SRRCC performance study of the WRIM drive
system. Numerous studies have been conducted in this area utilizing optimization strategies to

regulate the system's torque, speed, steady state, and dynamic stability.

4-Conclusion

After reviewing most publications, a thorough literature study on WRIM by rotor impedance
variation offers a detailed examination of the several techniques and technologies utilized to
regulate and enhance the performance of WRIM drive systems. Different techniques and
methods have been reviewed and discussed in this paper to improve the performance of WRIM
by rotor impedance variation such as, static rotor resistance control, dynamic capacitor in rotor
circuits, and optimal controlling like neural network control, fuzzy logic control, PSO and
genetic algorithms. The review discusses historical patterns, practical applications, theoretical
foundations, and recent advancements in the field. It highlights the benefits, challenges, and
possible applications of rotor impedance variation to enhance WRIM performance in various

industrial applications.
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