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I. INTRODUCTION

The various market research analysts predict that the
global VFD market is growing steadily at an annual
growth rate of nearly 8%. The development of medium-
voltage (MV) drives started in the mid-1980s along with
the development of high-power converters [1]. The
power electronic switching devices have rapidly evolved
into the key areas of high-power applications due to
excellent switching characteristics, reduced power
losses, ease of gate control, and snubberless operation.
The high power drives have found extensive
applications in various engineering and manufacturing
sectors. These are used in the petrochemical industry,
fans, pumps, compressors, conveyors, traction,
robotics, electric vehicles, elevators; rolling mills etc.
which is about 85% of the total drive share in the
market, remaining 15% are non-standard drives [2-4].
Investigations show that hardly 3% of the total drives
are controlled by VFDs while 97% of the presently
installed MV motors still operate at a fixed shown in
Fig.1 and 2. The VFD has numerous advantages over
the fixed speed drives which can be quantified as:

• Controlled Initial Current
• Reduced Power Line Disturbances
• Lower Power Demand on Start
• Adjustable Operating Speed
• Adjustable Torque Limit
• Energy Savings
• Reverse Operation
• Mechanical Drive Components are

completely eliminated
• Controlled Stopping
• Controlled Acceleration

Induction motors are primarily used as VFDs or
adjustable speed drives (ASDs) which consume a
considerable portion of nearly 60% the total energy of
the plant. Before the advent of power electronic
switches DC drives ruled the industry. DC drives though
deal with high torque applications, but at the same time
requires high maintenance. Consequently, DC motor
drives were essentially replaced with AC motor drives in
the past few decades.

Fig. 1. Load types for the MV drive. Fig. 2. Fixed Speed vs VFD Drive Share.
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Fig. 3. VFD Block Diagram.

This replacement by the AC drives is equally supported
by the unprecedented development at a remarkable
pace in the inverter technology [2]. The complete block
diagram of the VFD is shown in Fig.3.The solid-state
inverters can be categorized according to circuit
arrangement into two categories depending on the input
source on the DC side (either voltage or current) as a
voltage or a current source inverter. Generally, Voltage
Source Inverters (VSIs) have high capacity
capacitorconnected across the DC source to keep the
input voltage constant. They provide voltage with
required control over the magnitude, frequency and
phase and type of application decides the nature of
voltage and frequency whether constant or variable.
Voltage source inverters have proved to be a boon in
the field of medium and large power segment industrial
applications by increasing the reliability and faster
dynamic response despite the presence of other circuit
topologies. This notable rise was supported by the
initiation of fast switching devices with elevated ratings
as well as expansion of sophisticated control techniques
[5-6].
As stated earlier threephaseinduction motors (IMs) are
largelyused inindustrial sector, consumingas large
as60%of total electricity of the plant. Therefore, it is
mandatory to use motors of high efficacy  thus providing
reliable operation, thereby providing extensive saving in
energy.Theemployed control strategy also decides the
performance of AC drives.Thebest possible parameters
of the drive can be extracted by selecting a specific
controlscheme.Thechoice of a specific controller also
depends on the simplicityof thecontroller. The
controllers are predominantly divided into vector and
scalar based controllers [7-8]. The scalar control
strategies have promising advantages out of which few
can be enumerated as modeling not depending on
parameters, stable controlling in medium to high speed
operation, simple design and structure, better steady-
state performance, lesser cost and hence, motivated
researchers to utilize the scalar control strategy along
with DSP [9-11,15]. The vector control technique has
emerged as a promising alternative because of
exceptional controlling performance for induction motor
drives, which can be utilized for position control of flux,
current and voltage vectors [12-14, 16-18]. Although the
vector control scheme has coupled flux and
electromagnetic torque and at the same time the
controller shows sensitivity to induction motor
parameters which are the two main drawbacks. Hence
to overcome these issues direct field oriented control
(DFOC) and indirect field oriented control (IFOC) were
developed by researchers [8].

Induction motor drives have witnessed the
evolution of numerous control techniques. The
chronological development was observed with the
Proportional Integral Derivative (PID) controllers. Due to
their simple design, cost effectiveness they showed an
encouraging development. On the other hand, rigorous

parameter estimations are required for the PID
controller [36-37].

Continuous research and development in the
domain of artificial intelligence and optimization
techniques has given new dimensions to the controller’s
altogether.  Out of which, controllers based on fuzzy
logic became very popular. These have the potential of
adapting according to the unexpected changes
occurring in the system and are suitable for both linear
and non-linear systems. Fuzzy theory is the basis of
such controllers and it is based on linguistic rules
emulating human brain [25, 39, 41].The fuzzy controller
is designed in three steps: 1) fuzzification: converting
the inputs into fuzzy sets 2) inference engine: defining
the fuzzy rules relating output with input and 3)
defuzzification: combining the results of the fuzzy rules,
and deduces the decision, which is then converted from
fuzzy sets to a crisp value.

Another controller that has attracted many
researchers is the sliding mode controllers (SMC)
[31].Sliding mode control (SMC) is a nonlinear control
method possessing higher degree of accuracy,
robustness, and fine tuning and implementation. SMS
systems are devised in such a manner, driving system
states onto sliding surface. On reaching the sliding
surface, states are kept on the close vicinity of the
sliding surface. Hence the sliding mode control designs
the controller in two parts. In the first part sliding surface
is designed so that the sliding motion satisfies design
specifications. The second is associated with the proper
control law selection thereby attracting the system state
to the switching surface. However, chattering
phenomenon makes the SMC less desirable. To
overcome this issue, few researchers have suggested
the fuzzy sliding mode controller (FSMC). Although, the
FSMC drastically improves the stability and robustness
and has the capability to handle the chattering effect but
designing the rules of the FSMC systems is the key
challenge in the use of FSMC.

Another technique commonly used in induction
motor control is Pulse width modulation (PWM) driving
three-phase voltage source inverter [32, 36, 37]. The
VSIs are used to regulate the output voltage (AC) and
frequency from a supply voltage (constant DC). The key
features of the PWM technique are that the output
voltage has minimum harmonics, low distortion, high
efficiency and low switching losses.
Numerous intelligent techniques and algorithms such as
evolutionary algorithms (EA) which are used for the
optimization of the controller performance have been
reported in the literature [24, 25, 33, 34, 38, 41]. The
working principle behind the development of EAs is
natural genetic evolution, the Darwin theory and other
evolutionary theories.
The neural network proves to enhance the performance
of the fuzzy logic speed controller in induction motor
drives [40]. Although, the optimization techniques
discussed above have capability to improve
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performance of the control methods, however, these
techniques have limitations on optima trapping, local
minima, global minimum, trial-and-error procedure and
long computational time to attain best optimization
performances.
In this paper, various control schemes to enhance the
performance and reliability of the variable frequency
drives has been compiled. The advantages and
limitations of each method are highlighted for various
applications of the induction motor drives. Various
optimization algorithms have been suggested to
overcome the limitations of the control schemes for the
development of advanced control system.
Rest of the paper has been structured as follows:
Section II presents review of control techniques based
on sensors and without sensors. Section III provides
review of sensor-less control schemes. Section IV gives
the critical analysis of the literature review and finally,
Section V presents the conclusion of this paper.

II. CONTROL TECHNIQUES BASED ON SENSORS

Variable frequency drive control techniques for speed,
torque, flux, voltage and current control are mainly
classified as scalar control technique and vector control
technique. The classification of VFD control schemes
has been shown in Fig. 4.

A. Scalar Control

The whole induction motor drive systems comprises of
the induction motor, load, motor drive (inverter) and
control system. The interconnection of these parts and
the block diagram of the complete system are shown in
Fig. 5. The scalar control was introduced in 1960 for
Induction Motor (IM) control. The variable voltage and
variable frequency (V/f) control is based on the open
and close loop control system of the IM speed while the
variable voltage and frequency of the IM is a closed loop
control system. The V/f control method is applied to IM
drives to achieve the dynamic response and stable
performance of the IM. This strategy delivers many
benefits including simple design and structure, cheap
price and has a minor steady-state error. The V/f control
keeps the ratio of scalar voltage and frequency
unchanged which maintains the maximum magnetic flux
in the air gap. The actual speed has been measured
through encoder (speed sensor) and has been utilized
as a feedback. The difference of measured speed with
the reference speed has been given as an error signal
to the proportional-integral controller for generating
reference fundamental frequency. The reference
fundamental stator frequency helps to obtain amplitude
of the fundamental stator voltage. Notably, if open loop
control system configuration has been adopted then the
speed regulation will be poor and heavily depends on
the motor load. On the other hand, the close loop
control system can achieve good speed response but
still the system not suitable for precise torque control.

Fig. 4. Induction Motor control schemes.

B. Vector Control
Due to its high performance, the vector control
technique is widely used in many induction motor
control applications. The magnitude and phase of
supply voltages or currents is utilized by the vector
control technique to control induction motors. Due to
involvement of the phase information, the vector control
technique is able to control the position of the flux,

voltage, and current vectors of the induction motor. The
Clarke and Park transformations are the mathematical
tools utilized by the vector control technique for
generating torque and flux, respectively. The main
drawback of these transformations is the coupling
between electromagnetic torque and flux. To address
this issue, field oriented control (FOC) has been
introduced by various researchers [3, 7, 8, 15, 17].
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Fig. 5. Closed Loop Scalar Control of Induction Motor.

Field Oriented Control (FOC). FOC was proposed by
the Hasse and Blaschke. Many researchers have
worked on the improvement of the FOC and now it has
become an industrial standard control strategy shown in
Fig. 6. FOC scheme utilizes the dynamic model of the
induction motor where the fluxes, voltages and currents
are represented in space vector forms. The space
vector representation is valid for both steady and
dynamic conditions and exceptional dynamic response
can be achieved due to this feature of FOC. In the rotor
flux FOC scheme, the quantities which rotate at
synchronous speed appears as DC quantities. In

rotating flux reference frame, the ‘d’ and ‘q’ components
of the stator current represent the flux and torque
component respectively if the flux is aligned to the ‘d’
axis. Thus, in FOC control scheme, the torque and flux
components are decoupled thereby providing control of
induction motor similar to that of a DC motor [7-8].The
FOC can be categorized as: 1) Direct field oriented
control (DFOC), in which the information of the terminal
variables and rotor speed determines the flux position.
2) In indirect field oriented control (IFOC), in which the
summation of the slip position and rotor position give the
information of flux position.

Fig. 6. Direct Torque Control strategy.

Direct Torque Control (DTC). Although FOC was
capable to approve the response of the motor but FOC
has several drawbacks in its implementation as it needs
computationally complex algorithm to transform
reference frame. Dependency on the motor parameters
and rotor speed makes FOC less preferable. To

overcome the challenges posed by FOC, researchers
came out with the new control strategy namely; direct
torque control (DTC) [1]. Recently, direct self-control
(DSC), and classical DTC [13, 19, 20, 22, 23, 26] have
emerged as the solution for upgrading of the
conventional DTC.

Fig. 7. Direct Torque Control strategy.
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The DTC control scheme has an edge over the other
strategies like highly reliable, simple, almost insensitive
to variation in motor parameters and fast dynamic
response. In DTC control scheme, the errors of the flux
and torque status are measured and then sent to the
hysteresis comparator for digitization. The location of
the voltage vector has been identified through the status
of the inverter switches. The status of the inverter
switches is calculated using a switching table. The
principal short comings of using DTC controller are
higher ripple content in motor torque and flux and the
inconsistent inverter switching frequency. The block
diagram of the basic DTC control scheme has been

shown in Fig. 7. The comparison of the various control
schemes has been summarized in Table 1.
Traditional Controllers. There are different categories
of conventional controllers such as PI, PD and PID
controllers to regulate Speed, torque, current and
voltage [36, 37, 41]. Out of these, the PID controller is
considered as most efficient control. PID controller has
a simple structure, easy design, low cost and is
extensively used to control IM in the industrial
application. The structure of a PID controller is depicted
in Fig. 8 that takes measured signal and reference value
to obtain the error signal for controlling signals such as
an error in speed, torque, flux, current, or voltage.

Table 1: Comparison between scalar and vector control techniques.

Control Type Torque
Control

Flux
Control

Response Advantages Disadvantages

Scalar  Frequency
Control

None None Low No encoder
Simple

No requirement of
encoder Simple

Flux Vector
Control (FOC)

Indirect Direct High High accuracy
Good torque

response

Higher accuracy
Good torque response

Direct Torque Control
(DTC)

Direct Direct High No encoder
Moderate speed
accuracy
Excellent torque
response

No encoder
Moderate speed
accuracy
Excellent torque
response

( )teKp

( )∫
t

0
i dtteK

( )
dt

tde
K d

Fig. 8. PID Controller structure.

The output signal of this controller contains the sum of
errors that include proportional, integral and derivative
of that error, as presented in the equation below:

( ) ( ) ( ) ( )∫ ++=
t

0

dip dt

tde
KdtteK/teKtu …(1)

Where e is the error e = (xactual-xmeasured), u presents the
output signal, Kp, Ki,Kd represents proportional, integral
and derivative gain respectively. By wisely selecting the
PID parameters performance of the controller can be
enhanced. Each of the three parameters significantly
contributes in regulating the IM as shown in the Table 2.
Though PID controller has a simple structure, it has
many short comings; like sensitivity of the model

towards variation in parameters and temerature. Also,
the model needs mathematical computation and has a
rapid change in reference speed and load disturbances.
Furthermore, the choice of the suitable parameters for
stability improvement is a tedious process. Hence,
various methodologies adopted for fine tuning of PID
parameters are Cohen-Coon method, Lambda tuning
method, Ziegler-Nichols and visual loop tuning method,
and soon. However, these methods prove to pose some
drawbacks such as need a mathematical model and
some calculation operations, some trial-and-error and
process upset. Therefore, optimization techniques
ascerta into provide the optimal parameters of PID
controller.

Table 2: PID Control Parameters.

Type Rise time Overshoot Settling time Steady state error
Kp Reduces Escalates Negligible variation Reduces
Ki Reduces Escalates Escalates Eliminate
Kd Negligible variation Reduces Reduces No change

III. SENSORLESS TECHNIQUES

In critical applications of induction motor like
compressors, blowers, fans, machine tool, nuclear

power plants, off-shore pumping stations and electric
vehicles; Sensorless controltechniques could achieve
excellent results as far as efficiency and energy savings
are concerned.
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Sensorless induction motor drives operate without
speed sensor and thus are helpful in cost saving and to
achieve high reliability [13, 15, 18, 20]. The terminal
quantities such as current and voltage are used to
estimate the speed. This section of the paper briefly
describe the sensorless control methods for induction
motor drive for the purpose of energy saving and
sustainable reliability. As described in Fig. 9 & 10,
sensor-less control techniques could be divided into two
categories 1) Model based scheme 2) Signal injection
scheme. Details of both schemes have been given
below.

A. Modal based Scheme
Mathematically, induction motor in general reference
frame could be described by Equation (2) to (5). This
mathematical representation of the induction motor
could be used in sensorless control schemes to
estimate the speed of the induction motor provided that
all parameters of the motor are known.

sy
s

sss j
dt

d
IRV ψωψ ++= …(2)

( ) sry
r

rr j
dt

d
IR0 ψωωψ −++= …(3)

rmss ILIL
s

+=ψ …(4)

smrrs ILILr +=ψ …(5)
In open loop speed identification, stator flux can

be obtained by integrating equation (2), and thus rotor
flux can be estimated indirectly. The open loop speed
estimation suffers from the drawbacks of sensitivity
towards the stator and rotor parameters. Any change in
the motor parameters is seriously going to cause
degradation of the motor performance employing open
loop speed estimator [13, 15].  In order to nullify this
impact, closed-loop speed estimator/observer is
suggested. Such types of estimators are: i) Model
Reference Adaptive System (MRAS): The schematic of
the MRAS scheme is depicted in Fig.9. On minimizing
the error signal the estimated speed will equal to the
actual speed. The MRAS scheme gives better
performance within the low speed range of 30-100 rpm
[18, 19].

Fig. 9. MRAS Speed Estimation System.

Fig. 10. SMO Speed Estimation Scheme.

However, the performance of the MRAS gets
deteriorated due to environmental noise and non-
linearity of the power converters, and could not provide

acceptable results for speed less than 30 rpm. ii) Full or
Reduced Order Observer: This is a highly efficient
method for estimating the speed especially during the
low speed operations of the motor drive. iii) Sliding
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Mode Observer (SMO): This method has significant
advantages due to its easy implementation, less design
constraints, simplicity, lesser calculations and less
sensitive to parameter variations [35]. These features
make SMO an effective estimator. However, SMO
performance is affected by chattering phenomenon. The
block diagram of the SMO is shown in Fig. 10.

B. Signal Injection Scheme
A relatively innovativemethod based on signal injection
has gained attention of researchers in recent decade
because the model based speed estimation technique
has issues of performance degradation due to
parameter variations and rotor speed estimation
problem at zero stator frequency. SI method is
established on the injection of low level signals in the
induction motor.The machine will generate the current
and voltage through which the speed information could

be extracted easily. The essential characteristic is the
appropriate selection of magnitude and frequency of the
injected signal. Small signal to noise ratio could be
maintained by selecting smaller magnitude of the
injected signal, though torque ripples would be resulted
on selecting larger magnitude of the signal. Similarly, on
selecting low frequency of the injected signal, it would
be challenging to discriminate it from the fundamental
frequency signal. Thus proper choice should be made in
selecting the frequency and magnitude of the injected
signal. The challenges in this method are to tackle poor
signal to noise ratio, low spectral separation and to
achieve required frequency tracking. These challenges
could be addressed through modern signal processing
techniques [42,43]. The general block diagram of the
SIS is shown in Fig. 11.

Fig. 11. Signal Injection Scheme Block Diagram.

IV. DISCUSSION AND SUGGESTIONS

Induction motor performance could be improved through
various controller techniques. However, there are some
challenges in implementing the control techniques.
Implementation of the traditional controllers like PID and
fuzzy based for induction motor control necessitate
appropriate parameters of induction motor which are
difficult to attain. Additionally, the sensitivity towards the
motor parameters in conventional controllers makes it
difficult to design a perfect mathematical model. Any
unexpected changes in the loading condition, ambient
temperature or reference speed will worsen the
performance of the controller [8, 14, 19, 20]. These
issues in conventional controllers could be properly
taken care by using optimization techniques. The design
and development in the electric vehicle technology has
tremendously pushed the newest developments in the

control techniques of induction motor. The induction
motors are used in modern electric vehicles and it is
important to develop a control scheme to enhance the
performance of the whole system. Although FOC has
been the famous control strategy for induction motor but
it needs rigorous computation, has low torque response
and also produces torque ripples. To overcome these
issues of FOC for electric vehicle applications, DTC
technique for induction motor control could be alternate
choice as it needs simple computation and has faster
transient response [13,15,19,32].Although the scalar
and vector control systems have been proved to be
highly effective control techniques for improving the
performance of the induction motors, however, these
schemes use expensive speed sensor for the
measurement of rotor speed.

Table 3: Summary of the control and speed estimation techniques for improving controller performance.

Reference Control technique Speed Estimation/Optimization technique
3 Vector Control Adaptive
4 FOC MRAS

10,17 Vector Control MRAS
12,34,43 DTC Model Predictive Control

13 DTC MRAS
15 Vector Control Sliding mode MRAS

18,19,20 Direct Vector control Sensorless technique
23 DTC Lyapunov based control

25,31,33 DTC Adaptive neuro fuzzy
27 FOC Adaptive flux observer

29,30 Vector Control MRAS/PI
31 FOC Sliding mode/Predictive control

36,37,40 DTC Fuzzy/PID
39 Vector Control MRAS/Neural Fuzzy
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These speed sensors require access to the motor but
sometimes access to the motor is not imaginable in
some critical application like nuclear power plants, off-
shore pumping stations, blowers, fans. Thus, sensorless
control scheme could be a substitute to improve
reliability, and reduce high cost of the sensors. In
sensorless control scheme, model based control
method is best suitable for medium to high speed
applications while signal injection method is best
suitable for low speed applications. Combination of both
will generate good performance for all variable speed
drives. Thus, after going through the literature an effort
is made to summarize the various control schemes that
can be implemented in induction motor drives, which are
tabulated in Table 3.

V. CONCLUSION

Induction motors have have emerged as the most
powerful machines for energy conversion in industrial
sector. The choice of appropriate control scheme can
improve efficiency as well as enhance performance
significantly and result in considerable power
saving.This paper attempts to review various control
techniques and recognize their advantages and
drawbacks. It has been concluded that choice of proper
optimization technique can minimize the limitations of
the conventional control schemes. It has also been
found from the literature that DTC technique has an
upper hand in control applications where fast dynamic
response is desired like in electric vehicles, turbines and
railway tractions. It has been realizedthat the sensorless
topologies are cost effective and highly reliable
techniques where applications doesn’t allow access to
the motor for speed sensor installation and
maintenance.
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