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ABSTRACT

Optimization methods are widely used in design of electromagnetic devices throughout the years. Moreover,
there are many literature surveys on application of optimization methods to electromagnetic devices. This study is
focused on optimization techniques in design optimization of induction motors to help researchers to gain
background knowledge of most recent studies. In this paper, firstly, induction motor types and optimization
methods are introduced. Secondly, brief explanations on each application of optimization methods are given in
chronological order and according to induction motor types. Lastly, these studies are classified and evaluated.
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1. BACKGROUND INFORMATION

This section has two parts. At the first part,
background information on induction motor (IM)
types are given to describe the problems in literature
precisely. The focus in this study is on induction
motors because of their prominent use and necessity to
narrow the area of study. At the second part,
optimization methods used are shortly explained. All
optimization methods are not taken into consideration
likewise motor types to narrow the area of study.

1.1. Information on induction motor types
studied

Induction motors (IMs) are common forms of AC
motors. They are called IMs because currents flowing
in their rotors are induced by alternating currents. The
induced rotor current then produces a magnetic field,
which is attracted by the field generated in the stator.
Because of the continuously reversing poles of AC
power, the stator field rotates and drags or pulls the
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rotor into a spinning motion. Fig. 1 shows a schematic
representation of an IM. When the voltage rises and
falls in the stator, a current is induced into the rotor.
The induced rotor field acts against the field in the
stator and rotary motion is produced. There are two
principal types of IM in point of getting the rotating
field and construction: single-phase and poly-phase
(Fig. 2). IMs take place in Fig. 2 are the rotating types
[11,[2],[3],[4]. As known, the linear induction motors
are the respective counterparts of rotating induction
motors [4].
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Figure 1. Stylized induction motor schematic[1].
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Figure 2. Classification of single-phase induction motors [1],[2],[3],[4].

1.1.1. Single-Phase Induction Motors

Single-phase IMs require additional components and
special methods for starting, so they are further
classified according to  starting method and
construction: 1) split-phase IM, 2) shaded-pole 1M, 3)
unlaminated (solid) IM, 4) reluctance-start IM and 5)
commutator IM. The three types of split-phase IMs
are resistor - start (RS), transient capacitor - start
(TCS), permanent capacitor-start (PCS). PCS IMs are
single value capacitor motor, two value capacitor
motor (one- capacitor run) and capacitor motor with
autotransformer. Commutator IMs are repulsion-start
IM and repulsion-IM. IMs with unlaminated (solid)
rotor are named according to rotor construction.
These are IM with solid steel rotor, solid iron rotor
with metallic layer, webbed rotor, nonmagnetic
material rotor with magnetic metal layer. Split-phase,
shaded-pole and reluctance-start IMs are of the single
phase squirrel-cage IM type. Also, commutator-type
IMs are of the wound-rotor type. More information
can be found in [1],[2],[3],[4].

1.1.2. Polyphase Induction Motors

Polyphase IMs are the most widely used integral -
horsepower AC motors because they are
simple, ruggedly built, and offer good operating
characteristics. ~ Polyphase IMs are classified as
unwound (solid)-rotor, (squirrel) cage-rotor and
wound-rotor. The former consists of a non- magnetic
core which carries a layer of special magnetic material
or an unwound cylinder of magnetically hard chrome
or cobalt based alloy steel or iron. As seen in Fig. 2,
the classification of the polyphase IM with unwound
(solid) or unlaminated rotor is the same as that of the
single-phase IM with unwound (solid) or unlaminated
rotor. The second one contains conducting bars short
circuited at the end and embedded within it. The last
one consists of a multiphase winding similar to that
used for the stator, but electrically short-circuited.
More information can be found in [1],[2],[3],[4].

1.2. Information on optimization methods
used

A simple optimization problem can be formulated
as in Eqn (1).
Min f(x)  subject to
g(x)20 j=1,2,..,mand hy(x)=0k=1,2,...p (1)

where x is n-dimensional design variable vector, f(x)
is objective function, gj(x) are inequality constraints
and hy(x) are equality constraints [5]. Optimization
problems differ according to type of each element
(Objective, Constraint and Design Variable) of the
problem setup and are classified under different
categories.

Single or Multiobjective Optimization: If the problem
setup has more than one objective, it is called
Multiobjective Optimization Problem. Otherwise, it is
called Single-objective Optimization Problem. For
optimization of induction machines, typical objective
functions are efficiency and motor weight (Cost of
active materials (cam) and global cost (cam + cost of
manufacturing and selling + loss capitalized
cost + maintenance cost))

Constrained or Unconstrained Optimization: If the
problem setup has any constraint, it is called
Constrained Optimization; otherwise, it is called
Unconstrained Optimization. A typical design
variable set for optimization of induction motors are
the number of conductors per stator slot, stator wire
gauge, stator core (stack) length, stator bore diameter,
stator outer diameter, stator slot height, air gap length,
rotor slot height, rotor slot width, rotor cage end — ring
width.

Discrete, Integer, Continuous or Mixed Optimization
Problem: Optimization problems are named as the
type of the variable (discrete, integer, continuous or
mixed of them). The number of design variables may
be increased or reduced depending on the number of
adopted constraint functions.  Typical constraint
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functions are starting/rated current, starting/rated
torque, breakdown/rated torque, rated power factor,
rated stator temperature, stator slot filling factor, rated
stator current density, rated rotor current density,
stator and rotor tooth flux density, stator and rotor
back iron flux density. Some sample applications can
be found in [6].

2. STUDIES ON THE LAST DECADE

2.1. Studies related with single-phase
induction motors

Mohammed et.al. [7] presented the design problem of
a permanent capacitor-start single-phase induction
motor (SPIM) as a nonlinear multi-criterion
optimization problem. Weighting min-max method is
used to reach the objectives: cost of active material
and efficiency or full load of slip and efficiency. Liu
et.al. [8] adapted an advanced mathematical method,
the filled function method (FFM), to seek the global
minimum of the two capacitor-run SPIM considering
cost of effective materials. Locke et.al. [9] gave a
brief overview of the current methods of power factor
correction, and demonstrated a method for selecting
the optimal size capacitor for almost any motor. They
formulated the problem as a single variable
optimization problem with the user free to select
variables such as payback period, utility rates, and
motor load factor. Cost function is optimized by using
graphical and analytical derivation.

Zhou et.al. [10] presented a method to optimize the
design of a shaded-pole IM for maximum starting
torque with the aid of finite element modeling and a
modified hybrid global-local search method,
combining the Niching Genetic Algorithm with a
direct search method (Modified Hooke-Jeeves). 2D
multi-slice finite element model is adopted to calculate
the shaded-pole IM’s performance. Aluzri et.al. [11]
considered the design problem of a shaded-pole IM as
a multi-criteria optimization problem and solved by
using a nonlinear programming technique. The
requirements are represented by weighted elements of
objective function vector and a set of constraints. The
adopted approach provides the flexibility for the
designer to represent the importance of goals in
“weights” and find the optimal design according to
these weights. Implementation of this approach is
presented by designing a motor with two objective
functions (starting torque and cost of active materials).

Sarac et.al. [12] applied the GA method on the shaded-
pole IM, aiming towards an improvement of its
operational and performance characteristics in their
study. As an object of investigations the single phase
shaded-pole IM is considered to optimize its
efficiency. Liuzzi etal. [13] dealt with the

optimization problem of single phase squirrel-cage IM
design. They investigated the use of a multi-objective
optimization method (Controlled Random Search) to
minimize manufacturing cost, starting current and
maximize rated  efficiency, power  factor.
Bhuvaneswari et.al. [14] presented a radial basis
function (RBF) model for optimal design of SPIM.
Simulated Annealing (SA) is used for arriving at the
optimal designs concerning maximum efficiency and
then RBF network is trained with this optimal data.
Developed model is compared with SA, GA and
conventional method. Then they [15] presented a
comparative study of the various soft computing
techniques and their applications to the optimum
design of SPIM. The process of optimization has been
carried out by using SA, RBF networks, and
evolutionary programming. Maximum efficiency is
taken as the objective. Later they [16] employed
particle swarm optimization (PSO) technique for
optimum design of SPIM on the basis of maximizing
the efficiency of the motor. They applied their
approach to two sample motors and the results are
compared with the evolutionary programming (EP)
results.

Wang et.al. [17] showed how finite-element analysis
and topology optimization of a SPIM of a rotary
compressor can be used to reduce the oil circulation
rate to the minimum safe level. Shim et.al. [18] aimed
to present a 3D multi-objective approach regarding
both magnetic and thermal characteristics associated
with design of IMs. The adjoint variable topology
sensitivity equations are derived using the continuum
method for 3D optimization. The proposed method
was applied to a SPIM. Commerical Optimization
software DOT was used by considering energy and
temperature objectives.

2.2. Studies related with three-phase
induction motors

Faiz et.al. [19] presented a design procedure of a
three-phase squirrel-cage IM for electric vehicles. The
objective function is a weighted summation of the
motor losses and the motor volume. The objective

function is then augmented with the design
constraints. The modified Hooke-Jeeves search
technique is adapted to solve this constrained

nonlinear optimization problem. The influence of the
“copper weight/iron weight” ratio on the motor design
is studied and the optimum ratio is chosen in order to
improve the performance of the motor. Feyzi et.al.
[20] used a combination of finite element method (to
evaluate performance) and an iteration method, based
on conjugate directions to minimize capitalized cost
per year. An algorithm for the optimization of the
three-phase squirrel-cage IM design is proposed which
combined the least square data fitting with golden
section method and Fletcher conjugate. Sharitian et.al.

F. KENTLI



972
A Survey on Design Optimization Studies of Induction Motors During the Last Decade

[21] considered multi-objective design optimization of
three-phase squirrel-cage IM and reduced it to a new
objective function that can be optimized simply by
using FE (to solve the motor model) and a simple
weighted optimization method. The objective function
(capitalized cost of motor) and constraints are replaced
with approximations by means of least squares data
fitting. Minimization is then performed every iteration
on the approximated penalty function until
convergence is achieved. Combination of a golden-
section and a local quadratic fitting technique is used.
For subsequent iterations, conjugated directions are
formed according to Polak-Riblere recursion formula.
Then they [22] applied three optimization methods,
including random, direct search and indirect search
methods, enhanced with finite element method (to
solve the model) on the design of slots shapes of a
three-phase squirrel-cage IM. The motor capitalized
cost per year is taken as an objective.

Rao etal. [23] presented a design optimization
problem of a six-stepped inverter fed three-phase
squirrel-cage IM for minimum cost and maximum
frequency  operation. Nonlinear = Programming
Technique (NPT) employing Powell's unconstrained
optimization method together with Zangwill's exterior
penalty function formulation is applied to a
mathematical model of an inverter fed three-phase
squirrel cage IM. Pugsley et.al. [24] sought to posit a
new procedure to optimize the geometry of a three-
phase squirrel-cage IM for hybrid vehicles (HV). A
limited number of finite element computations were
used to establish a non-linear electromagnetic model
of the machine. This model was then adapted to study
the sensitivity of the design for the most significant
geometric  variations. Commerical Optimization
software Pro@DESIGN is used to minimize the cost
or mass. Lachecinski et.al. [25] presented a new
hybrid optimization algorithm, using genetic and
modified deterministic Rosenbrock’s algorithm in
designing big power three-phase squirrel-cage IM.
Min. material and operating unit costs ratio to the
price of 1 kWh are taken as objectives. Faiz et.al. [26]
used the Hooke-Jeeves search routine to optimize the
design of three-phase squirrel-cage IMs for three
objective functions, namely efficiency, efficiency-cost
and cost. Three optimally designed motors are then
compared with an industrial (conventional) motor.
Then they [27] designed an optimal three-phase
squirrel-cage IM for an electric vehicle by using a
modified-Hooke—Jeeves optimization technique and
maximum efficiency. The optimal designs are
analyzed and compared with varying pole number,
rated base speed and slot shapes. Hamid et.al. [28]
presented the application of PSO for losses and
operating cost minimization control in the three-phase
squirrel-cage IM drives. They proposed a strategy for
IM speed control considering maximum efficiency.
Then, they [29] used two strategies based on PSO and

aimed Maximum Efficiency and Minimum Operating
Cost. Abdin et.al. [30] presented an artificial neural
network based as a predictor for optimum flux for an
indirect vector-controlled three phase squirrel cage IM
drive in their study. The load torque and speed are
used as inputs for the neural network. The optimum
flux-producing current is taken as the neural network
output. Cunkas et.al. [31] presented an optimal design
method to optimize three-phase squirrel cage IM in
manufacturing process. The Genetic Algorithm is used
for optimization and three objective functions namely
torque, efficiency, and cost are considered.
Subramanian et.al. [32] presented a novel multi-
objective optimal design of three phase IM using
simulated annealing (SA) technique for minimizing
annual material cost and annual loss cost as two
objectives. The problem is solved by giving weights
which reflect the priority of objective functions. They
[33] considered three different objective functions
(Efficiency or starting torque and full load torque or
temperature rise) in designing three-phase squirrel-
cage IMs. The simulated annealing algorithm with
local search and pattern search is used to obtain an
optimum design.

Bellarmine et.al. [34] presented an application of
Radial Basis Function Network (RBFN) model for
Optimum Design of IM (ODIM). The method utilizes
Simulated Annealing (SA) technique to provide
optimum design of three-phase IM as training data to
the RBFN. Maximum efficiency is taken as objective.
Results of RBFN are compared with results of SA and
Modified Hooke-Jeeves methods. Liuzzi et.al. [35]
concerned the design optimization problem of three-
phase IMs as a mixed variable programming problem
and proposed a new algorithm (Mixed Integer
Variable Algorithm Model). They compared the
proposed method with a derivative free method.
Minimization of manufacturing cost in euros and
maximization of rated efficiency are taken as
objectives. Padma et.al. [36] presented a comparative
study of the various soft computing techniques and
their application to optimum design of three-phase IM
design. To maximize the efficiency, design of the IM
has to be chosen appropriately. They applied
computational intelligence techniques such as artificial
neural network, fuzzy logic, genetic algorithm,
differential evolution, evolutionary programming,
particle swarm optimization, simulated annealing
approach, radial basis function, and hybrid approach to
solve the IM design optimization problem. These
methods are tested on two sample motors and the
results are compared and validated against the
conventional Modified Hooke-Jeeves design results.
Cho et.al. [37] proposed a multi-criteria optimal
design of a squirrel-cage IM for an electric vehicle
using a niching method using adopting restricted
competition selection and compared with niching
method using sharing and DC. They used a grading
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system likewise fuzzy membership to handle the
objectives which are efficiency at continuous rated
output; efficiency at peak output; power factor at peak
output; stator winding temperature rise at continuous
rated output; stator winding temperature rise at duty
cycle operation; material cost of active part.
Jianzhong et.al. [38] investigated the improvements on
intelligent simulated annealing (ISA) algorithm. They
found that ISA can circumscribe whereabouts the
global optimum is by using fuzzy inference method.
They applied to the optimal design of pole changing
three-phase IMs used in locomotive. The objective
function is the cost of the motor which consists of
costs of copper conductor and core.

Besnerais et.al. [39] described first a fast analytical
model of a variable-speed induction machine which
calculates both motor performances and sound power
level of electromagnetic origin. This model is then
coupled to Nondominating Sorting Genetic Algorithm
(NSGA-II) in order to perform global constrained
optimizations with respect to several objectives (e.g.,
noise level, efficiency and material cost). As three-
phase squirrel-cage IM design involves both
continuous and discrete variables, a modified NSGA-
II algorithm handling mixed variables is detailed.
They considered two noise objective functions
simultaneously: maximum noise level encountered
during traction phase, and average noise level. Two
other objective functions are studied: material cost and
efficiency, the latter being maximized by minimizing.
These two objectives are only evaluated at nominal
speed.

Cunkasg et.al. [40] presented an optimal design method
to optimize total cost (manufacturing + material) of
three-phase  submersible motors. The genetic
algorithm (GA) is used for cost optimization, and a
software algorithm has been developed. The 2-D finite
element method (FEM) is then used to confirm the
validity of the optimal design. Sayyah et.al. [41]
applied a genetic algorithm to minimize the total
harmonic current distortion (THCD) in three-phase
IMs fed by high power inverters, based on an
approximate model. Rouabah et.al. [42] investigated
an artificial intelligent approach based on genetic
algorithms (GAs) for IM efficiency optimization. The
efficiency improvement strategy consists of adjusting
the magnetizing current component with respect to the
torque current component in order to minimize the
total copper and iron losses of the machine. Koechli
et.al. [43] presented the application of Range and
Filter and SQP methods to the design of IMs driving
hydraulic  pumps on  commercial aircrafts.
Minimization of weight is taken as objective function.
FEM is used to modify the resulted motor. Isfahani
et.al. [44] presented a multi-objective optimization
method to improve both efficiency and power factor,
simultaneously for three-phase single-sided linear
IMs. They used an analytical model of the machine to

calculate the efficiency and power factor. Then motor
parameters and dimensions were optimized by using a
genetic algorithm in an appropriate objective function.
FEM was used to verify the results and then they [45]
used 2-D and 3-D time-stepping finite-element
methods to evaluate the analytical results.

3. RESULTS AND EVALUATION

IMs are one of the mostly used electric motors in
industry. So, every improvement in design process is
important. In this study, it is aimed to show to the
researchers the new study areas to improve design
processes of IMs and to give recommendations for
future studies.

As a conclusion, most of the studies on design
optimization of IMs are done on polyphase IMs as
shown in Fig. 3. It is three times of the works on
single phase. Efficiency and cost are mainly used
objectives as seen in Fig. 3. Researchers could study
on other objectives (minimizing temperature, starting
torque, vibration etc.). Nontraditional optimization
techniques (GA, SA etc.) are used more often than
gradient based search techniques (Hooke-Jeeves, SQP
etc.) (Fig. 3). But, there is still no work on using Ant
colony, Bees and Memetic algorithms. GA is mostly
used as a nontraditional technique while Hooke-
Jeeves technique is mostly used as a gradient based
search technique. Moreover, itis seen that FEM is
used to help optimization process. As known, most
problems can be solved without using FEM. But,
on the last decade, the solution without using FEM
hasn’t been come across throughout former studies.
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Figure 3. Percentage of (a),(b) from
phase), (c),(d) according to used optimization
technique (c- gradient based, d- nontraditional),
(e),(),(g) according to objective type (e- efficiency, f-
cost, g- other).

There is still need to work on multi-objective design
optimization of IMs. Higher percentage of the studies
is done for polyphase squirrel-cage IMs. There is less
work on some motor types (shaded pole, three-phase
linear, single-value permanent capacitor, two-value
permanent capacitor) and there is no work on other
motor types (e.g. wound-rotor) as seen in Fig. 4. It is
recommended to study these areas.
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Figure 4. Percentage of studies according to related
motor type (a) three-phase squirrel cage, (b) three-
phase linear, (c) shaded pole, (d) two-value permanent
capacitor, (e) single-value permanent capacitor.
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