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Abstract – This paper presents the multiobjective optimal 

design of induction motor using a cascaded asymmetrical 

multilevel inverter in the railway traction drive. The problem 

of optimization of induction motor design is tackled as a 

nonlinear programming problem. Here, the Pareto-optimal 

(non-inferior) solutions are found from which the “best” is 

chosen based on the designer’s preferences. The objective 

function or the cost function is formed by taking the power 

density, efficiency and material cost into account. The design 

of three phase squirrel cage induction motor (SCIM) in 

which efficiency is maximized and the power density as well 

as material cost is minimized. Moreover, it also shows the 

total harmonic distortion (THD) reduces with the increase in 

the voltage level. Various modulation techniques such as 

Phase Shifted Modulation (PSM), Level Shifted Modulation 

(LSM) and Selective Harmonic Elimination Techniques 

(SHE) were implemented in order to find the best modulation 

techniques among them. Also it is shown that SHE technique 

results in low THD. Thus, an IGBT based cascaded five level 

asymmetrical inverters with SHE method has been modelled 

to lower the supply voltage to a level convenient for the 

traction induction motors. Analysis and synthesis programs 

needed for the problem have also been developed. To verify 

its validity, the method is applied to a three phase squirrel 

cage induction motor (SCIM). 
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I. INTRODUCTION 
 

The electric traction drive has now been considered to 

be an efficient way of transmitting power to the traction 

motors that can deliver as much as two and half times the 

tractive power output of equivalent diesel traction. Its high 

power-to-weight ratio results in faster acceleration and 

higher tractive effort. It requires medium voltage and high 

power operation. This can be achieved with the help of 

multilevel inverters [1]. The traction transformer steps 

down the catenary voltage to a level convenient for 

traction motors. Withthe increasing cost of electrical 

energy, the desirability for conservation of energy also 

increases. The introduction of new types of permanent-

magnet based and reluctance motors made possible by the 

availability of new materials and advances in power 

converter topologies and control. Thus there is an  interest 

in the design optimization of electric machines used in 

industrial drives. Design optimization of the squirrel-cage 

induction motor (SCIM) for traction applications has 

received alotof attention. In these optimal designs, 

attention has beenfocused on minimization ofpower 

density as well as material cost and maximizing the 

efficiency using different nonlinear constrained 

optimization techniques, [2-6]. As the optimization of 

induction motor is multivariable and has numerous 

constraints, it has been studied continuously in electrical 

engineering. Over the past decade, a number of 

multiobjective evolutionary algorithms (MOEAs) have 

been suggested [7], [8], [9],[10], [11]. The primary reason 

for this is their ability to find multiple Pareto-optimal 

solutions in one single simulation run. Since evolutionary 

algorithms (EAs) work with a population size, a simple 

EA can be broaden into a diverse set of solutions.As the 

solution approaches toward the true Pareto-optimal 

region,in one single simulation run an EA can be used to 

find multiple Pareto-optimal solutions.The method of 

―boundary search along active constrains‖ was proposed 

by Appelbaum in 1987 [12]. Nonlinear analytical iterative 

field field-circuit model (AIM) was introduced in 1996 by 

Madescu[8]. In this paper, multi-objective (MO) genetic 

algorithm (GA) is applied to optimize induction motor. 

There are numerous studies to solve multi objective 

problem in evolutionary algorithm fields. This paper 

adopts non-dominated sorting genetic algorithm (NSGA)-

II for optimization. It still remains one of the powerful 

multiobjective handling algorithms. All parameters and 

crossover operators are used same as discussed in [14, 15]. 

The Pareto - optimization  technique is set for thin this 

paper for solving the multio bjective electric motor drive 

optimization proble mina param etric fashion resulting in a 

set of optimal solutions (ora Pareto-optimum curve for a 

bicriteria problem) from which an appropriate compromise 

design can be chosen based on the preference of the 

designer. A feasible solutionis Pareto-optimal if there 

exists no other feasible solution that yields an 

improvement in any of the component design objectives 

without causing a decrease in atleast one other criterion. 

The design of a  SCIM that results in maximum motor 

efficiency and minimum of power density as well as 

material cost is presented to illustrate the advantages and 

use fulness of the optimal approach. 

Multilevel inverter is considered as one of the most 

significant recent advances in power electronics [16]. Its 

applications are in the field of high-voltage high-power 

applications such as conveyor, laminators, mills, 

compressors, large induction motor drives, UPS systems, 

and static var compensation. Its working principle is based 

on producing small output voltage steps which results in 

better power quality. They operate at low voltage levels 

and also at a low switching frequency so that the switching 



 

 

 

 

Copyright © 2014 IJISM, All right reserved 

120 

International Journal of Innovation in Science and Mathematics 

Volume 2, Issue 1, ISSN (Online): 2347–9051 
 

losses reduces. They have better electromagnetic 

compatibility due to the low dv/dttransitions. Several 

topologies for multilevel inverter such as diode-clamped 

[17], [18] flying capacitor [19], [20] and the cascaded H-

bridge [21] - [24] have been proposed by many 

researchers.  

The principle includes as the number of levels in the 

inverter increases, the output voltage has more step 

generation i.e. staircase waveform, which has a reduced 

harmonic distortion. The main disadvantage of number of 

levels includes more number of switching devices, diodes, 

and other passive elements. Hence inverter becomes 

bulky, more control complexity and introduces voltage-

imbalance. To solve the above problem, an asymmetric 

topology H-bridge inverter with three unequal DC sources 

is used. This topology has the capability of utilizing 

different DC voltages on the individual H-bridge cells. 

[23, 24].Due to the steep torque-speed characteristics and 

regenerative capability, the three phase induction motors 

(IMs) were considered to be ideal for the electric railway 

traction. It can withstand high mechanical shock, high 

temperature and the vibration due to the harmonics present 

in the supply voltage of the inverter. Due to the absence of 

the brushes in IMs, the maintenance is low and the weight 

is reduced. It has better torque characteristics [22]. These 

favourable characteristics of IMs served as a motivation to 

use IMs with the traction drive. 

To design an effective asymmetrical multilevel inverter 

it has to ensure that the total harmonic distortion (THD) of 

the output voltage waveform is less for the same cost. In 

this paper, various modulation techniques such as PSM, 

LSM, SHE were implemented in the multilevel inverters 

to find out the best modulation techniques among them. It 

is shown SHE technique resulted in low THD. The 

problem of optimization of induction motor design is first 

formulated as a mathematical programming problem. 

Suitableprograms for analysis and getting an initial 

feasible design satisfying the specifications are developed. 

The initial design is used to actuate the optimization 

program. These programs are applied to a line of SCIM. 

 

II. MULTI OBJECTIVE OPTIMUM DESIGN 
   

The optimal designing of induction motors can be 

formulated as the following multi objective nonlinear 

optimization problem: 

min 𝑓1 𝑥 , 𝑓2 𝑥 , …… . , 𝑓𝑘(𝑥)   (1) 

Where 𝑥 ∈  𝑅𝑛  , 𝑓𝑖 ∶  𝑅𝑛  → 𝑅, and F is the feasible set of 

problem (1) which is described by inequality as follows: 

𝐹 = {𝑥 ∈  𝑅𝑛 ∶ 𝑔𝑖 𝑥 ≤ 0, 𝑖 = 1,2, … . , 𝑝}  (2) 

More over, in the considered case, we have some extra 

features. 

1) Ananalytical representation of 𝑓𝑖 𝑥 , 𝑖 = 1, 2, … . , 𝑘,     
and 𝑔𝑖 𝑥 , 𝑖 = 1, 2, … . , 𝑝  is not available and, hence, 

node rivative information can be used in the solution 

process. 

2) The constraints 𝑔𝑖 𝑥 , 𝑖 = 1, 2, … . , 𝑝 are not restrictive 

in that it is relatively easy top roduce a feasible point 

and remain in the feasible region. 

Wedenoteby 𝑓 𝑥 ∈  𝑅𝑘  The vector made up of all 

the objective functions, that is 

 𝑓 𝑥 = (𝑓1 𝑥 , 𝑓2 𝑥 , …… , 𝑓𝑘 𝑥 ) 

An ideal solution of (1) would be a point 𝑥∗  ∈ 𝐹 such that  

𝑓𝑖 𝑥
∗ ≤  𝑓𝑖 𝑥 ,        ∀𝑥  ∈ 𝐹 , ∀𝑖  ∈{1, . . . , k} 

Dismally, such a point  seldom exists, therefore (1) 

turns into finding some orall the Pareto optimal solutions, 

that is, points satisfy in the following definition. 

A. Definition 
A Pareto-optimal solution is a solution in which a 

point 𝑥∗  ∈ 𝐹 is of (1)if there does not exist any feasible 

point 𝑥 ∈ 𝐹 such that 

𝑓𝑖 𝑥 ≤  𝑓𝑖 𝑥
∗   , ∀𝑖  ∈ {1, . . . , k} 

and 

𝑓𝑗  𝑥 ≤  𝑓𝑗  𝑥
∗  

For at least one index 𝑗 ∈ {1,2, … . , 𝑘} 

A wide variety of methods exists that can be used to 

compute Pareto optimal points. A first choice consists of 

transforming (1) into a sequence of constrained problems 

in which a particular objective function 𝑓𝑖 𝑥  is minimized 

and the remaining one sare ―constrained‖ to keep their 

values below a prefixed upper bound. A second choice 

consists of minimizing a function which is a 

―combination‖ of all the objective functions of (1). In this 

paper, we adopt the second strategy since the first one 

would require an efficient derivative-free algorithm for a 

global optimization problem with a feasible set 

complicated by the presence of hard constraints (namely, 

those involving the bounds on the objective functions). 

 

III. OPTIMIZATION ALGORITHM 
 

In particular, we have adopted an algorithm recently 

proposed in [4] which proved to be an efficient tool for the 

solution of similar global optimization problems. This 

algorithm, which be-longs to the class of Controlled 

Random Search algorithms, is based on the following 

points. 

1. Initialization: The objective function is sampled on a 

set S of m points randomly chosen with in the feasible 

set F. 

2. Stopping criterion: If the minimum and maximum 

value of the objective function over S are sufficiently 

close to each other, the algorithm stops. 

3. Searchphase: 𝑛 + 1 points are randomly chosen on 

set S. Then, by exploiting as much as possible the 

information on the objective function conveyed by 

these 𝑛 + 1 points, a new point is produced. 

4. Updating phase: If the objective function value of the 

new point is better than the maximum function value, 

then set S is updated by adding the new point and 

discarding the worst one. The algorithm continues it 

erating through the last three steps. 

Reference[20]presentsadetaileddescriptionofthisalgorithm. 

 

IV. MULTILEVEL INVERTER 
 

Generally conventional multilevel inverters include an 

array of switching devices and voltage sources which 
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generate voltages with stepped waveform in the output. A 

cascade multilevel inverter consists of several single-phase 

full bridge inverters connected in series. At asymmetric H-

bridge cascade multilevel inverter, the DC sources that 

feed the single phase inverters have different values. The 

main advantage of asymmetrical multilevel inverters is the 

optimization of levels with a minimum number of power 

supplies [24]. The proposed asymmetrical topology uses 

only one DC supply to generate complete three phase 

output which is a unique achievement over conventional 

topologies. The proposed asymmetrical multilevel inverter 

overcomes one important drawback of the conventional 

multilevel inverter.iIn existing multilevel inverter 

topologies, if the inverter is made to operate 100% 

modulation, it produces a full number of voltage levels as 

designed but at low modulation indices, the number of 

levels reduces as voltage amplitude reduces and the 

quality of the output voltage waveform is distorted. 

But the proposed inverter maintains an entire number of 

levels at all amplitudes of voltage. Fig. 1 shows a single 

phase of 5-level asymmetrical structure inverter with the 

following DC-voltage sources: Vdc, Vdc/3, Vdc/5. Vdcis 

the smallest DC - voltage that is equal to step size. Each 

individual inverter is capable of generating three different 

outputs ±Vdcand 0 for 1st inverter and ±Vdc/3and 0 for 

2nd inverter and ±Vdc/5 and 0 for 3rd inverter. The 

switching pattern of inverters to generate five levels is 

shown in Table I. 

 
Fig.1. A single phase of 5-level asymmetrical inverter 

 

Table I. 

Output Level Inverters States 

Inverter 1 Inverter 2 

-2 1 -1 

-1 -1 0 

0 0 0 

1 1 0 

2 -1 1 

 

Multilevel Inverter in Traction System 
The railway electric traction requires high voltage 

operation. This can be fulfilled by the series or parallel 

combination of various semi-conductor devices. But 

because of the differences in their inherent characteristics, 

it will damage the devices. This limitation can be 

overcome with thehelp of multilevel converter [25]. The 

output voltage of multilevel inverter has low harmonic 

content (THD) in comparison to that of a two level 

inverter i.e. in Fig.3 and Fig.4. 

 
Fig.3. Line voltage waveform of a two level inverter along 

with its FFT analysis 

 

 
Fig.4. Line voltage waveform of a three level inverter 

along with its FFT analysis 

 

V. MODULATION 
 

The modulation control techniques can be classified into 

Pulse Width Modulation (PWM), Selective Harmonic 

Elimination (SHE) Modulation and Optimized Harmonic 

Stepped Waveform (OHSM) [26]. The PWM technique 

can be open loop type like sinusoidal PWM, Space Vector 

Modulation, sigma delta and closed loop type like 

hysteresis current controller, linear current controller etc. 

PWM can be considered to be an efficient modulation 

technique as it does not require additional components, 

lower harmonics can be eliminated or minimized leaving 

higher order harmonics which can be easily filtered out. 

But the requirement of SCRs in this technique with low 

turn-on and turn-off times makes it expensive. 

Sinusoidal Pulse Width Modulation (SPWM) is the 

simplest technique that can be implemented in both two 

level and multilevel inverters [27].Two signals one is a 

sinusoidal reference signal and other a high frequency 

carrier signal (triangular signal) is compared to give two 

states (high or low). The amplitude of the fundamental 

component of the output voltage of the inverter can be 

controlled by the varying Modulation Index (MI). MI is 

defined as the ratio of the magnitude of the reference signal 

(Vr) to that of the magnitude of the carrier signal (Vc). 
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Thus, by keeping Vc constant and varying Vr, the 

modulation index can be varied. 

The basic SPWM techniques are unipolar pulse width 

modulation and bipolar pulse width modulation which are 

used in single phase H-bridge inverter to vary its output 

voltage [28]. 

Bipolar Pulse Width Modulation  
In this modulation technique a sinusoidal modulating 

signal or reference signal is compared with a high 

frequency carrier signal to generate the gate pulses 

Unipolar Pulse Width Modulation  
The unipolar modulation normally requires two 

sinusoidal modulating waves, which are of the same 

magnitude and frequency but they should be 180 degrees 

out of phase. The inverter output voltage switches either 

between zero and +Vd during the positive half-cycle or 

between zero and –Vd during the negative half-cycle of 

the fundamental frequency. 

Multicarrier PWM Techniques 
The carrier based PWM techniques for cascaded 

multilevel inverter can be broadly classified into: phase 

shifted modulation and level shifted modulation [29,30]. 

In both the techniques, for a m level inverter, (m-1) 

triangular carrier waves are required. And all the carrier 

waves should have the same frequency and the same peak 

to peak magnitude. 

Phase Shifted Multicarrier Modulation 
In phase shifted PWM (PS-PWM), there is a phase shift 

𝜙𝑐𝑟  between the adjacent carrier signals. The phase shift is 

given by ―(3),‖ 

 𝜙𝑟=3600 ∕ (𝑚 − 1)  (3) 

For a three phase inverter, the modulating signals should 

also be three phase sinusoidal signals with adjustable 

magnitude and frequency. For this modulation scheme, the 

frequency modulation index 𝑚𝑓  and the amplitude 

modulation index 𝑚𝑎  is given by ―(4),‖ ―(5),‖ 

respectively. 

𝑚𝑓 =
𝑓𝑐𝑟

𝑓𝑚
    (4) 

and, 

𝑚𝑎 =
𝑣 𝑚𝐴

𝑣 𝑐𝑟
    (5) 

Where 𝑓𝑐𝑟 , 𝑓𝑚  are the frequency of the carrier and the 

modulating signals respectively. 𝑣𝑐𝑟 , 𝑣𝑚𝑎  are the peak 

amplitudes of the carrier and modulating signals 

respectively. The amplitude modulation lies in the range of 

0 to 1. The switching frequency of the device can be 

calculated as 𝑓𝑑𝑒𝑣 = 𝑓𝑐𝑟 = 𝑓𝑚 × 𝑚𝑓  .The switching 

frequency of the inverter can be found from the device 

switching frequency as𝑓𝑖𝑛𝑣 = (𝑚 − 1) × 𝑓𝑑𝑒𝑣 .Fig.5,6 

shows the output phase and line voltage of PSM 

respectively. 

Level Shifted Multicarrier Modulation 
In Level Shifted PWM (LS –PWM), the triangular 

waves are vertically displaced such that the bands occupy 

are contiguous. The frequency modulation is given by 

𝑚𝑓 =
𝑓𝑐𝑟

𝑓𝑚
 and amplitude modulation index is 𝑚𝑎 =

𝑣 𝑚𝐴

𝑣 𝑐𝑟 (𝑚−1)
, where fm and fcr are the frequencies of the 

modulating and carrier waves and VmA and Vcr are the 

peak amplitudes of modulating and carrier waves 

respectively. The amplitude modulation lies in the range of 

0 to 1. Based on the disposition of the carrier waves, level 

shifted PWM can be In Phase Disposition PWM (IPD – 

PWM), Phase Opposition Disposition PWM (POD – 

PWM) and Alternate Phase Opposition Disposition PWM 

(APOD –PWM). 

IPD PWM 
In this modulation, all the triangular carrier waves are in 

phase.Fig.7, 8. 

POD PWM 
In this form of modulation, the carrier waveforms are in 

all phases above and below the zero reference value. 

However there is 180 degrees phase shift between the ones 

above and below zero respectively.Fig.9, 10. 

APOD –PWM 
In this form of modulation, the carrier waves are 

displaced from each other by 180 degrees alternately. In 

this modulation, the inverter switching frequency and the 

device switching frequency are given by𝑓𝑖𝑛𝑣 = 𝑓𝑐𝑟  and 

𝑓𝑑𝑒𝑣 = 𝑓𝑐𝑟 /(𝑚 − 1) respectively. In LS-PWM, each 

carrier is associated with the gating signals of NPC 

converter whereas in PS-PWM, a pair of carriers is 

associated with each cell of the CHB and FC converters. 

Because of the phase shifting of the carriers, power is 

evenly distributed among the cells which results in the 

smooth operation of CHB and the natural voltage 

balancing of the FC. Therefore, LS-PWM is mainly used 

for NPC converter whereas PS-PWM is practically used 

for CHB and FC converter. Even though IPD PWM results 

in low THD as compared to PS-PWM, the small 

difference in the high frequency content can be filtered out 

[26,27].Fig.11,12. 

SHE 
The SHE techniques include the mathematical 

modelling of the output waveform and solving them for 

switching angles based on the characteristics of the output 

waveform of the inverter [31]. In SHE, the lower order 

harmonics are either eliminated or minimized while the 

higher order harmonics are filtered out. The transcendental 

equations reflecting each harmonics are solved to compute 

the switching angles of the inverter. Being highly non-

linear in nature, the SHE equations are difficult to solve. 

Also it may produce single, multiple or even no solutions 

for a particular modulation index. In [32], a sequential 

homotopy based computation has been done to solve for 

the switching angles. In [33,34], the theory of resultants of 

polynomials, symmetric polynomial and the resultant 

theory has been proposed to solve the polynomial 

equations obtained from the transcendental equations. 

 

VI. NUMERICAL RESULTS 
 

The algorithms have been applied to optimize the design 

of a typical size in the range 0-10 KW that is a 5 KW220/ 

380-Vfour-pole50-Hz, SCIM. The objective functions 

are minimum material cost, power density and 

maximum efficiency (minimumloss).  The independent 

variables are related to the stator and rotor dimensions, the 

stack length, and the stator winding. It is important to 
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under line that the outside stator diameter has not been 

changed in all optimizations, in order to use the same 

housing. 

The constraints choosen are as follows: the stator 

winding temperature, the rotor bars temperature, the flux 

density in the stator and rotor teeth, the rated slip, the 

starting torque, the starting current, the breakd own torque, 

the power factor a trated load and the stator slot fullness. 

 

VII. SIMULATION RESULTS 
 

Various modulation techniques are implemented to 

simulate three level, five level cascaded H-bridge inverters 

in MATLAB-Simulink environment. These techniques are 

compared with each other to find the best modulation 

technique. 

 
Fg.5. Output phase voltage waveform of a five level 

inverter of PSM 

 

 
Fig.6. Output line voltage waveform of a five level 

inverter of PSM 

 

 
Fig.7. Output phase voltage waveform of a five level 

inverter of IPD 

 
Fig.8. Output line voltage waveform of a five level 

inverter of IPD 
 

 
Fig.9. Output phase voltage waveform of a five level 

inverter of POD 
 

 
Fig.10. Output line voltage waveform of a five level 

inverter of POD 
 

 
Fig.11. Output phase voltage waveform of a five level 

inverter of APOD 
 

 
Fig.12. Output line voltage waveform of a five level 

inverter of APOD 
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Table II 
LINE 

VOLTAG

ELEVEL 

LSM PSM REMARKS 

APOD POD IPD   

 

 
IPD low THD 

3 level 79.5 79.5 70.61 69.21 

5 level 30.49 31.87 30.82 31.20 

 

Table III 

MODULATION TYPE THD (in %) REMARKS 

PSM 31.20 SHE is 

better with 

low THD 
LSM 30.82 

SHE 15.56 

 

Fig.5-12 shows the simulated results of various 

modulation techniques. From Table II and Table III we 

conclude that SHE method is better method for low THD. 

 

VII. CONCLUSION 
 

The design optimization of the induction motor as a 

nonlinear multi objective optimization problem has been 

examined and three different methods for its solution have 

been described. A5-kW four-pole motor has been 

optimized by choosing three conflicting objective 

functions. Also we found that in case of unipolar 

modulation, the value of THD obtained is less than that of 

the bipolar modulation. Also the IPD modulation has better 

THD values as compared to PSM. As we increase the 

number of levels of the output voltage of the inverter, the 

output waveform has increased number of steps, which 

produces a staircase wave that approximates to a sinusoidal 

waveform. Hence, as the level of the output voltage 

increases, the harmonic distortion of the output wave 

decreases. SHE technique is found to be better in 

comparison to the above mentioned modulation techniques. 

The obtained results are satisfactory and point out the 

effectiveness of a multi objective approach since it allows 

us to find a good agreement among the proposed goals. It 

also represents an effective tool for the designer. Space 

Vector Modulation technique and Direct Torque Control 

strategy can be implemented in the cascaded rectifier 

inverter configuration. 
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