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Abstract. Induction motors were traditionally used in industrial applications ranging
from a fraction of horse-power up to several Megawatts due to their substantial bene�ts.
Induction drives with more than three phases are superior to the 3-phase induction
drives in terms of overall volume, torque 
uctuations, current passing each stator-winding,
ohmic loss, e�ciency, and reliability in the case of stator-windings open-circuit fault.
These bene�ts are particularly more attractive in variable speed drivers due to the
reduced capacity of power-electronic switches. This paper aims to develop an optimal
electromagnetic-thermal design procedure of a high-power seven-phase induction motor
suitable for variable-speed applications. In this multi-objective design approach, the
objective function is de�ned aiming to increase the e�ciency, power-factor, power-to-
weight ratio, and starting-torque as well as reduce the starting-current. Furthermore,
the electrical, mechanical, dimensional, magnetic, and thermal limitations are included
in this optimization study in order to ensure practical realization of the designed machine.
The coupled-circuit method is employed for nonlinear electromagnetic modeling, while
the current displacement phenomenon is considered in calculations of rotor parameters.
A lumped-parameter-thermal model is established for calculating heat rises of di�erent
parts at each iteration of optimization study. Finally, the performance characteristics of
the optimally designed 1-MW 4-pole motor are veri�ed based on 2D FE analyses.

© 2022 Sharif University of Technology. All rights reserved.

1. Introduction

Multi-phase electric drives refer to electric machines
having stator windings and more than three power
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supply phases. The importance of multi-phase induc-
tion motor with more than 3 phases in high-power
adjustable-speed applications is revealed considering
its bene�ts including lower overall volume and weight,
lower torque oscillation magnitude, reduced iron and
copper losses, and increased e�ciency. Also, reduced
current of each phase winding and phase voltage with
increasing the stator winding phases result in a simpler
and cost-e�ective power-electronic drive because of
requiring power-electronic switches with lower current
and voltage ratings and simpler heat transfer system.



Z. Heidari et al./Scientia Iranica, Transactions D: Computer Science & ... 29 (2022) 2480{2497 2481

Of note, the price of power-electronic drive is almost
two times the price of electric motor and severely
increases with increase in the rated voltage and power.
Since the advent of multi-phase motors, extensive
researches have been carried out on di�erent issues
associated with these machines. These researches are
focused on areas including power-electronics supply,
sensor-less controls, and other torque control methods.
Hence, in recent years, multi-phase motors have made a
signi�cant progress in di�erent areas including machine
design and control.

The invention of multi-phase motors dates back to
1969 when a 5-phase inverter was employed to supply
an induction motor drive [1]. The theory and exper-
imental results of multi-phase motors are provided in
[2,3] in 1983. Next research was carried out in 1990 and
two papers were published on operating characteristics
of this type of motors [4,5]. Multi-phase motors have
considerable advantages in comparison to 3-phase mo-
tors, including high power-capacity, less torque 
uctu-
ations and consuming current magnitude of each phase
for delivering a speci�ed output mechanical power, less
ohmic loss, higher e�ciency and reliability, and better
torque-per-ampere ratio. Another advantage of these
motors is related to the power electronics inverter and
its cost. Since the power is divided among more than
three phases, less current 
ows through power elec-
tronics switches in variable-speed applications, leading
to lower cost of the inverter [6{8]. Another important
advantage of multi-phase motors is the possibility of
injecting harmonics into the air gap 
ux density, which
allows better torque control at di�erent speeds than
the 3-phase motors and results in smoother torque
waveform with less ripple. Since it is applicable to
create 3th and 5th harmonics into the magnetic �eld of
the 7-phase motor, smoother torque and lower ripple
in comparison to the 3-, 5-, and 6-phase motors can be
reached and a better degree of freedom is introduced in
terms of control [9]. Also, multi-phase motors exhibit
better performance under fault conditions than con-
ventional 3-phase motors. Given the several advantages
and capabilities of multi-phase machines, particularly
increased reliability, they are suitable drives to be
employed in industrial plants such as oil and gas
industries and nuclear power-plants and applications
such as electric vehicles, electric trains, ship's engine,
and submarine propulsion engine [8{10].

In [11], authors conducted an optimized design
study for a 6-phase motor mounted on a compressor.
This motor has a copper rotor winding and its op-
timum structure is obtained using a multi-objective
optimization procedure. In this study, improvement of
starting current, construction cost, and power factor
are taken into account. A general model is proposed
for a 5-phase motor in [12] considering air gap magnetic
�eld harmonics. The presented model is a mathematical

model in which time and spatial harmonics are taken
into account. The model validity is investigated using
�nite element method and the results are veri�ed
through comparison with the experimental test results.
In [13], the bifurcation analysis of a 5-phase induction-
motor drive was presented when the third harmonic
was injected for torque-enhancement purposes. The
main idea of the referenced study [13] is to establish
a mathematic study of the nonlinear dynamics of the
proposed drive with torque enhancement. The model
is analyzed for both concentrated and distributed
winding machines with harmonic injection, showing
enhancement in operating quantities of multi-phase
motors compared to the 3-phase machine.

The design and control of a multi-phase induction
machine were investigated in [14]. In this paper, a 6-
phase motor is designed and manufactured and several
tests are performed. The d-q model of the machine has
also been obtained. The design performed in this study
is a traditional design procedure. It should be noted
that several population-based optimization algorithms,
e.g., Particle Swarm Optimization (PSO), Genetic
Algorithm (GA), Imperialist Competitive Algorithm
(ICA), and several analytical models, have been used
for design optimization of electric machines [15]. A
review of recent advances in the control and design of
multi-phase induction machines is the subject of [16]
and [17]. In [16], the bene�ts and applications of multi-
phase machines were highlighted and it was mentioned
that they made a remarkable and signi�cant progress
in recent years. Other topics discussed in these papers
are the control system improvements and the �eld
orientation control method [16,17].

Among multi-phase induction motors, the seven-
phase motor is more desirable in terms of degree of
freedom in control due to the possibility of injecting
3th and 5th current harmonics in comparison with 3-,
5-, and 6-phase motors [17]. Furthermore, compared
with motors carrying more than seven phases, the
motor construction and winding operation as well
as power supply arrangement are simpler and more
practical. It should be noted that conventional multi-
phase machines are built in 5, 6, 7, 9, 11, and 15
phases. As the phase number increases, the amount
of motor winding amperage is reduced and the degree
of freedom of control systems increases. In addition, the
harmonic-order injected to air-gap can be increased to
improve the �eld density waveform (Figure 1). In fact,
an injected harmonic current with the same order as
the order of spatial harmonic component of Winding
Function (WF) creates a rotating magnetic �eld with
synchronous speed equal to the synchronous speed of
fundamental air-gap �eld. The relations between air-
gap 
ux density (Bm) and yoke 
ux density (By) with
harmonic current injection are expressed as Eqs. (1)
and (2), respectively [10]:
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Figure 1. E�ect of air-gap �eld harmonics created from
stator current time-harmonics and winding-function
spatial harmonics with the same orders in reduction of
air-gap �eld magnitude [10].

Bm = Bm1

�
sin ('s) + C3sin (3's)

+ : : :+ Cksin (k's)
�
; (1)

By =By1

�
cos ('s) +

C3

3
cos (3's)

+ : : :+
Ck
k

cos (k's)
�
; (2)

where Bm1 is the fundamental component magnitude
of air-gap 
ux density, By1 fundamental component
magnitude of yoke 
ux density, C harmonic 
ux density
coe�cient, k harmonic plane order, and 's spatial
electric angle. These coe�cients can be optimally eval-
uated by using optimization method such as GA. There
are two harmonic currents that can be utilized in 7-
phase induction motors, i.e., third and �fth harmonics.
According to (Figure 1), the air-gap 
ux density has
an improved waveform when third and �fth harmonics
are injected. Obviously, peak value of Bm is decreased
by 5.54% and maximum value of By is also reduced by
4.99%, indicating that Bm1 can be enlarged by 5.1%
without iron saturation and it was revealed in [10] that
the iron utilization and torque density were enhanced.
On the other hand, the control system complexity
grows as the number of phases increases. Therefore,
considering the above-mentioned issues, the number of
phase windings in this study is selected as 7.

In this paper, electromagnetic-thermal design op-
timization of a 7-phase induction motor is presented
and a comprehensive analysis is conducted. The
stator winding of a 7-phase induction motor is fully
designed; the turn function and WF of stator and rotor
have been obtained and the coupled-circuit model is
derived in order to analytically calculate the operating
quantities considering the e�ect of current displace-
ment phenomenon and core saturation construction.

Also, lumped parameter thermal model of the studied
motor is established for calculating temperature rises
in each design iteration. In the following, the objec-
tive function, optimization variables, and mechanical,
electrical, dimensional, thermal, and magnetic limits
are presented. The construction parameters of a 7-
phase 1-MW motor have been optimally obtained
using the proposed optimal design 
owchart and its
performance characteristics are veri�ed using 2D time-
stepping �nite element method.

The novelty and contribution of this paper is
proposing an electromagnetic-thermal design optimiza-
tion procedure for high-rated 7-phase induction motor
considering practically appropriate magnetic, thermal,
and construction constraints. For analytical calculation
of machine performance and temperature rise, coupled-
circuit model and lumped-parameter thermal model
are established considering the special structure of
large induction motors, axial and radial cooling ducts,
stator winding and insulation requirements, and cur-
rent displacement phenomenon in rotor bars.

2. Motor design

The optimal design procedure can be performed con-
sidering di�erent objectives and constraints. The de-
sign stage is subject to limitations in technical and
economic terms. Basically, the design procedure in-
volves determination of geometries and dimensions of
di�erent parts, weight, material characteristics, out-
put parameters, and operation characteristics under
international standards. Important design parameters
include high e�ciency, low weight, low cost, desired
power factor, and low temperature rise. The traditional
design method can be e�ectively used at the initial
design stage. The 
owchart of the traditional design
of induction motor is illustrated in Figure 2.

The machine dimensions are dependent on a
number of items including torque in the speci�ed speed,
machine cooling method, machine startup/shutdown
frequency, machine load operation cycle, magnetic and
electric circuits, and the location where the machine
is supposed to operate [18]. The machine overall
dimensions, stator slot structure are, con�guration of
stator, and rotor slots are depicted in Figure 3. The
meaning of each symbol in this �gure is also described
in Table 1.

The apparent power and air-gap 
ux density are
obtained using Eqs. (3) and (4) [19]:

S [V:A] = 11KwBgCLnD2; (3)

Bg [T ] = 2p'm=�Daglfe; (4)

where Kw is winding factor, Bg air-gap 
ux density,
C electromagnetic utilization, n synchronous speed,
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Figure 2. Flowchart of the induction motor traditional design.

Figure 3. (a) Stator slot structure for high-power induction machine. (b) Con�guration of stator and rotor slots. (c)
Overall dimensions.

lfe stack length, Dag air-gap average diameter, 'm
maximum 
ux per pole, and p number of pole pairs.

The motor air-gap length is dependent on the
overall dimensions and is determined using Eq. (5) [19{
21]:

g = 0:2 + 2 � (lfeDag)
0:5: (5)

The number of stator slots is obtained using Eq. (6):

Qs = mp (2 + k) ; (6)

where k is an even integer for symmetrical winding and
an odd integer for unsymmetrical winding; m and p are
the number of phases and pole-pairs, respectively.

Minimum air-gap length, ratio of pole pitch length
to the minimum air-gap length, power factor, and
e�ciency were a�ected by selection of machine pole
numbers. In this study, there are 4 poles equal to all
the mentioned items. The value of k is set to 2 and the
number of motor slots is obtained as 56 considering
the intended motor characteristics. The machine
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Table 1. The meaning of the symbols used in Figure 3.

Symbol Description
hss Stator slot height
wss Stator slot width
hins Inter layer insulation
h1 One conductor layer height
h2 Top layer insulation + wedge height
h3 Top lining height
hrs Rotor slot height
wrs Rotor slot width
g Air gap length
Dso Stator outer diameter
Dro Rotor outer diameter

structure is di�erent for high- and low-output powers.
For example, the coils are insulated regarding the
voltage level, stator slots are open, and the conductor
is stranded with square cross-section and cooling ducts
are employed in rotor and stator in the case of high-
rated power machines.

In order to calculate the cross-section of stator
conductors, the motor rated current should be calcu-
lated �rst and then, the cross-section can be obtained
based on permissible current density and table of
available strands speci�cations.

The current 
owing through motor winding is
obtained as follows:

Iph =
Sn

Vl �m (A) ; (7)

Sn =
Pn

�n � PFn ; (8)

S =
Iph

Jsasai
(mm2); (9)

where Sn and Pn are the rated apparent power and
active power, respectively, �n and PFn denote nominal
e�ciency and power-factor, respectively, Vl is the
rated phase-to-neutral voltage, Js is the permissible
current density, as is the number of strands per
turn, and ai is the number of parallel branches in
winding. According to the required cross-section and
considering the available standard conductors, the
standard dimensions are selected.

The number of coil turns, Nt, is determined using
Eqs. (10){(12) [20,21]:

Vph = 'pNphKw (2�f) ; (10)

Nt = Nphai= (2:p:q) ; (11)

'p =
BgDaglfe�

2p
; (12)

where Bg is the average 
ux density in the air-gap

region, (2=�) � Bm, L is the core length, Dag is the
air-gap average diameter, p is the number of pair-poles,
q is the number of pole slots at each phase, Nt is the
number of series loops in a coil, and ai denotes the
number of parallel paths.

Another important point in the design of the
induction motor is electromagnetic utilization, which is
dependent on the overall dimensions, speed, and power.
The value of C is calculated as follows:

C =
Sag

nsD2L
=
p

2�kw:As:Bag; (13)

where Sag is the internal apparent power which is
almost 96% of Sn in the case of 4-pole induction motor
and As is the electric loading in A=m [20].

By assigning reasonable values based on produc-
tion experience to �n, PFn, Dag, lfe, g, As, and Bag,
stator core and winding can be designed.

Rotor is one of the important parts of an induction
motor and the mechanical and electrical considerations
should be taken into account in its design process. The
number of rotor and stator slots should not be equal
so as to avoid the cogging torque e�ect. In addition, in
order to minimize the inter-bar currents, the di�erence
between the rotor and stator slots should not exceed
20%. To minimize the acoustic noise, the di�erence
between the number of rotor and stator slots should
satisfy the following criterion [18,20]:

jQs �Qsj 6=0; 1; 2; : : : ; r�; 2p; 2p� 1; 2p� 2;

2p� 3; : : : ; 2p� r�; (14)

where r� is an integer number. Another important
point that should be considered in rotor design is the
radial force. In order to reduce this force, the number of
rotor slots should be even. The 
ux pulsation in teeth
should be minimized to reduce the additional losses;
thus, the rotor to stator slot number ratio should not
below 0.8 or above 1.2; otherwise, slot frequent 
ux
pulsation is too big [20].

Since the machine is a high-power motor, both
radial and axial cooling channels may be incorporated
into the stator and rotor cores. The presence of radial
air ducts causes distortion in the 
ux density distribu-
tion along the axial length. To obtain the 
ux density
distribution with acceptable distortion and modify
the Carter coe�cient relationships for modifying the
average 
ux density, the number and width of radial
air channels are obtained according to Eqs. (15) and
(16), respectively. In addition, since the presence of
axial ducts reduces the e�ective yoke thickness and
increases the 
ux density and core loss in these regions,
the diameter of these channels is usually designed to be
25% of the yoke thickness. These channels are usually
in the middle of the yoke and studies have shown that
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Table 2. The nominal values used to the design 7-phase induction motor.

Description Notation Value Description Notation Value

Phase number m 7 Poles numbers 2p 2

Rated voltage Vph 6000 v 6 Stator connection {

Power factor cos' 0.9 7 E�ciency �

Mechanical power P 1000 kw 8 Rated frequency f

the number of rotor axial channels can be selected using
Eq. (17):

nrd = floor
�
lfe
20g

�
� 1; (15)

lrd = 0:2
�

lfe
nrd + 1

�
; (16)

nad = floor
�
� (Dri + hry)
Drd � 1:75

�
; (17)

where lfe is the iron stack length, Dri the rotor
inner diameter, hry the rotor yoke thickness, and Drd
diameter of rotor axial ducts.

The speci�cations used to design the intended
induction motor are given in Table 2. The unknown
values and parameters are calculated optimally using
curves and tables based on accurate and practical
constraints.

The limitations due to materials properties, con-
struction, temperature rise, and those imposed by IEC
standards were considered in this traditional design
study. These limitations include the current density
in coils, the 
ux density in cores-teeth and the yoke
regions, the outer diameter to axial length ratio, and
temperature rise [20,21].

3. WF of 7-phase induction motor

The concept of WF is based on Magneto-Motive Force
(MMF) wave. These waves are in accordance with
stator rotational magnetic �eld and are measured by
Ampere-Turn unit (AT). In fact, the WF at point �s is
the sum of the phase conductors located within [0,�s]
interval, which is calculated based on the assumption
that the conductors with currents in a speci�ed direc-
tion have positive MMF and those with currents in the
opposite direction are assumed to have negative MMF.
The magnetic driving force relation is as follows [22]:

MMF (�s; t) =
X

Nn (�s) in(t); (18)

where Nn(�s) indicates number of turns carrying in(t)
current with the speci�ed direction. The origin of
angle axis should be selected in such a way as to

have zero average value for MMF function. Also,
the average value of the WF is equal to zero, since
current conductors are equally arranged over the stator
peripheral.Z 2�

0
N (�s) d�s = 0: (19)

WF method is used to calculate the synchronous
and induction machines inductances, while the air-
gap length could be �xed or variable in these calcu-
lations [23,24].

Considering nA(�) as winding turn function,
which is comprehensively explained in [23], WF can
be written as Eq. (20) in the case of uniform air-gap:

NA (�) = nA (�)� nA (�) ; (20)

where nA (�) is the average of turn function.
The WF of one stator phase and one rotor loop

of a 7-phase motor are shown in Figures 4 and 5,
respectively.

The stator and rotor windings self and mutual
inductances are calculated using their related WF.

Figure 4. Winding function of one stator phase.

Figure 5. Winding function of one rotor loop.
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The stator of 7-phase induction motor consists
of seven similar windings. These phase windings have
self and mutual inductances that are calculated using
Eqs. (21) and (22), respectively [23]:

Lij = 0:5�0Dag`fe
Z 2�

0

1
g
ni (�)Nj (�) d�; (21)

Lij =
Qs2�0:5�0Dag`fe

54p2g

�
3pNt
Qs

�2

; i#j;

Lii =
�

7Qs2

54p2 +
1
9

�
�0:5�0Dag`fe

g

�
3pNt
Qs

�2

: (22)

The WF of the squirrel cage rotor loops and the stator
phase winding are presented previously. Accordingly,
the mutual inductance between ith stator windings and
jth rotor loops can be obtained using Eq. (23) [23]:

Lij = 0:5�0Dag`fe
Z 2�

0

1
g
nj (�)Ni (�) d�: (23)

4. Coupled-circuit model of seven-phase
induction motor

The 7-phase induction motor, which is fed by sinusoidal
voltage source, has a very complex equivalent circuit
model due to the self and mutual inductances between
the stator and rotor coils. Park transform is used to
convert time domain voltage equations into dq-axis co-
ordinate. There is 2�

7 phase di�erence among the seven
voltage sources applied to the stator windings [25].

Vsp = Rsisp + jwp'sp +
d'sp
dt

p = 1; 3; 5; (24)

O = RRpiRp + j(wp � pwm) 'RR +
d'Rp
dt

p = 1; 3; 5; (25)

'sp = Lspisp +MpiRp p = 1; 3; 5; (26)

'sp = Mpisp + LRpiRp p = 1; 3; 5; (27)

T =
N
2
P
X

p=1:2:3

PMpisp:jiRp: (28)

The rotor and stator voltage equations in dq-domain
could be written as Eqs. (29) and (30), respectively,
assuming that the machine equations are transferred
to the reference frame at the desired angular velocity
of !e:

Vds = Rsids +
d
dt
!ds � !e qs;

Vqs = Rsiqs +
d
dt
!qs + !e ds; (29)

Vdr = Rridr +
d
dt
 dr � (!e � !r) qr;

Vqr = Rriqr +
d
dt
 qr + (!e � !r) dr: (30)

The above equations are written using the Park trans-
form for the 7-phase system. The transformation
matrix is as Eq. (31) [26] as shown in Box I, where
� is equal to 2�

7 .
Using analytical procedures reported for the 3-

phase induction machine, the dq relations of stator and
rotor currents are obtained through Eqs. (32) and (33),
respectively:

ids =
 ds (Lqr + Lm)� Lm dr

LlrLLr + LlsLm + Lrr + Lm
;

iqs =
 qs (Llr + Lm)� Lm qr

LlrLLr + LlsLm + Lrr + Lm
; (32)

idr =
 dr (Lls + Lm)� Lm ds

LlrLLr + LlsLm + Lrr + Lm
;

iqs =
 qr (Lls + Lm)� Lm qs

LlrLLr + LlsLm + Lrr + Lm
: (33)

Rotor speed is obtained using mechanical dynamic
equation:

!r =
Z

P
2j

(Te � TL) dt; (34)

Te = PLm (iqridr � idsiqr) : (35)

2666666664
Vq
Vd
Vq1
Vd1
Vq2
Vd2
V0

3777777775 =

2666666664
1 cos� cos 2� cos 3� cos 4� cos 5� cos 6�
0 sin� sin 2� sin 3� sin 4� sin 5� sin 6�
1 cos� cos 2� cos 3� cos 4� cos 5� cos 6�
0 sin� sin 2� sin 3� sin 4� sin 5� sin 6�
1 cos� cos 2� cos 3� cos 4 cos 5 cos 6�
0 sin� sin 2� sin 3� sin 4� sin 5� sin 6�p

2=7
p

2=7
p

2=7
p

2=7
p

2=7
p

2=7
p

2=7

3777777775 : (31)

Box I
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5. Lumped-parameter thermal model

In the development process of electric machines de-
sign, thermal limitations have always been a key
factor a�ecting the power to volume density, since
the manufacturers always aim to fabricate machines
with lower dimensions and less weight of active ma-
terials. Therefore, processing power at lower volume
and dimensions increases the temperature in di�erent
parts. According to the Arrhenius law, the insulators'
chemical decay procedure increases exponentially as
temperature increases. According to Mottisiger rule,
a 10-degree increase in temperature decreases the
lifespan by half, approximately. Therefore, the thermal
analysis of electrical machines is of great importance.
Various thermal models have been developed for ma-
chine design and analysis studies, each having its own
advantages and disadvantages [27{30]. In order to
perform an optimized design with the aim of employing
maximum capacities of the active materials and ensure
the desired thermal lifetime, a thermal model with low
error-margin should be used in optimization and design
process to ensure limited temperature values according
to the insulation and thermal classes. The current
approach aims to simultaneously use electromagnetic
and thermal models to achieve designs that meet the
exact customer requirements.

The insulation materials used in electrical ma-
chines are divided into di�erent thermal and insulation
classes according to IEC60085 standard. According to
this standard, the intended motor insulation class is F
and the thermal class is B. The electrical machine cool-
ing system has an IC code according to IEC60034�6.

Heat is transmitted by three methods including
conduction, convection, and radiation. Given that the
body of the electric machines is kept at a low tempera-
ture, there is no radiation heat transfer and the heat is
transferred using convection and conduction methods.
Each part that performs heat transfer is modeled using
a thermal resistor and the parts that generate heat are
modeled as thermal sources. The thermal resistance in
the conduction method is obtained using Eq. (36):

RTh =
l

A�Th
; (36)

where �Th is thermal conductivity, � is cross-section
area, and l is the length of material. The thermal
resistance in the convection method is related to the
heat transfer coe�cient and cross-section area and is
obtained using Eq. (37):

RTh =
l
A�

: (37)

Heat transfer coe�cient (�) is a function of cooling

uid velocity and path type as obtained using Table 3.

Table 3. Thermal conductivity of di�erent types of air
and materials in electrical machines (convection method)
[28].

Type of cooling air �
� w

m2k�
�
, v
�m

s

�
Nearly not moving air
v = [0� 0:5 m/s]

8

Moving air - Flat hot metal surface � = 15 v2=3

Moving air - Insulated winding � = 8 v3=4

Table 4. Density and heat capacity of di�erent materials
used in electrical machines [29].

Material C (W/(kg.k�) 
 (kg/m3)
Air at constant
pressure

1009 1.229 at 25�C

Copper 388.5 8900
Iron 502 7850
Epoxy resin 1320{1450 1500

Another important point that should be consid-
ered in modeling is the thermal energy storage which
is similar to the capacitors in electrical circuits. The
joule amount of stored heat is obtained from Eq. (38):

WTh = 
�#CV; (38)

where C denotes the speci�c heat capacity and 

represents the body mass density, which are calculated
using Table 4.

Heat is generated in machine due to the ohmic
and iron loss and friction loss. The friction in the
motor is divided into two parts: The bearing and the
aerodynamic friction, which is a polynomial function of
the motor speed.

Since two metals of iron and copper are incorpo-
rated in induction machine structure, the thermal vari-
ation equation governing the machine is supposed to be
a second-order di�erential equation. The temperature
rise is calculated as follows [29,30]:

�#cu(t) =
1r�

1
� + 1

�cu

�2 � 4
�cu�Fe

�
���

Pcu;s
mcuccu

+
�#cu1
T#2

�
� e� t

T#1 �
��

Pcu;s
mcuccu

+
�#cu
T#1

�
� e� t

T#2

���
; (39)

�#fe(t) =
1r�

1
� + 1

�cu

�2 � 4
�cu�Fe



2488 Z. Heidari et al./Scientia Iranica, Transactions D: Computer Science & ... 29 (2022) 2480{2497

�
��

Pfe;s
mfecfe

+
�#fe1
T#2

�
� e� t

T#1 �
��

Pfe;s
mfecfe

+
�#cu1
T#1

�
� e� t

T#2

��
; (40)

�cu = mcuccuRth2; (41)

�Fe = mFecFeRth1; (42)

� = mFecFe
Rth1 �Rth2

Rth1 +Rth2
; (43)

T#1 =
2

1
� + 1

�cu �
r�

1
� + 1

�cu

�2 � 4
�cu�Fe

;

T#2 =
2

1
� + 1

�cu �
r�

1
� + 1

�cu

�2 � 4
�cu�Fe

: (44)

It is assumed that there is no peripheral heat transfer
between two adjacent stator slots and two adjacent ro-
tor slots in the lumped parameter thermal model. It is
worth to notice that in this model it is enough to model
only one stator slot and one rotor slot and then, by
modifying the loss sources concerned with rotor slots,
the models of other slot are obtained and connected to
each other. In the following, the equivalent circuits of
the stator and rotor slots are obtained.

5.1. Thermal equivalent model for one step of
stator slot

Figure 6 shows a stator slot pitch along with its

Figure 6. Geometry and dimensions of one stator slot
pitch for lumped-parameter thermal model.

dimensioning notations. The loss sources in this area
are as follows:

Ohmic loss inside the slot:

P 1s
cu =Pcu;=Nss

l
l+2� (Dsi+2hss+2hcw+hpw) =Nss

�ss
�Dsi

Ohmic loss of end-windings:

P 1ew
cu = Pcu;pw=Nss

2� (Dsi + 2hss1 + 2hcw + hpw) =Nss
l + 2� (Dsi + 2hss + 2hcw + hpw) =Nss

�ss
�Dsi

Iron loss of tooth area:

P stfe;

Iron loss of yoke area (above the tooth):

P sy1
fe ;

Iron loss of yoke area (above the slot):

P sy2
fe :

Lumped parameter thermal circuit of one stator slot
pitch is shown in Figure 7. The de�nitions of thermal
resistances presented in this �gure are also given in
Table 5.

5.2. Thermal equivalent model for one rotor
slot pitch

The current amplitudes are equal in rotor bars, but

ux densities in tooth and yoke areas are di�erent,
so the temperature distribution in rotor is uneven to
some extent. In this study this problem is ignored
for the sake of simplicity and it is assumed that the
temperature distribution in each radial section of the
rotor core is similar to the other parts. The thermal
network is plotted in Figure 8 for one rotor slot pitch.
The de�nitions of thermal resistances presented in this
�gure are also given in Table 6.

By investigating the fabricated machines' cooling
systems, it is found that only radial channels are
involved. In this case, the only change that should
be made to the lumped parameter thermal circuit is to
replace the core length with lfe=(nrd + 1) in thermal
resistance calculations [31,32].

6. Design optimization

Electric machine design optimization is a multi-
objective problem that involves di�erent constraints
and variables. First, optimization variables includ-
ing magnetic, electric, and geometric parameters are
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Figure 7. Lumped parameter thermal model for one stator slot pitch.

Table 5. De�nitions of the thermal resistance shown in Figure 7.

Description
Rs0 Radiative thermal resistance and convection between the outer frame and environment
Rs1 Thermal conductive resistance of winding coils
Rs2 Thermal conductive resistance of slot end
Rs3 Thermal conductive resistance of slot insulator
Rs4, Rs11 Thermal conductive resistance of stator yoke above the slot, above the teeth

Rs5, Rs12 Thermal conductive resistance of air-gap between stator core and outer frame
above the slot, above the tooth

Rs6, Rs13 Thermal conductive resistance of outer frame, above the slot, above the teeth
Rs7 Lateral thermal conductive resistance between winding ends to the core center
Rs8 Convective thermal resistance between winding ends to the air inside the machine case
Rs9 Thermal conductive resistance and convection between end caps and environment
Rs10 Thermal conductive resistance of stator tooth
Rs14 Thermal resistance of convection between stator core and the air inside the machine case
Rs15 Thermal conductive resistance between two parts above the slot and above the stator
Rs16 Thermal conductive resistance between two parts above the slot and above the external frame tooth
Rs17 Thermal conductive resistance from core center to the core end
Rag1 Thermal conductive resistance between stator and rotor slots through air-gap
Rag2 Thermal conductive resistance between stator and rotor teeth through air-gap

chosen accurately based on their variation in
uences
on analytical results. Then, objective functions and
constraints are formulated using design variables and
�nally, a population-based optimization solver is used
to obtain optimum values of design variables. In
this paper, the optimization objectives include max-
imization of e�ciency, power factor, power-to-weight

ratio, and starting torque and minimization of starting
current and fabrication cost. As a result, the objective
function is de�ned as Eq. (45):

OF (x) =
( Pout
weight )

k1�k2PF k3Tstk4

Istk5
: (45)
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Table 6. De�nition of the rotor network thermal resistors.

Rr1 Thermal conductive resistance of the air gap between the axis and the rotor core (under the teeth )

Rr2 Thermal conductive resistance of the air gap between the axis and the rotor core (under the slot)

Rr3 Thermal conductive resistance of center axis to machine bearings (under the teeth)

Rr4 Thermal conductive resistance of center axis to machine bearings (under the slot)

Rr5
Modeling the possibility of thermal conductive resistance between two parts of the axis

(machine bearings under the teeth and under the slot)

Rr6 Thermal Conductive resistance of yoke (under the teeth )

Rr7 Thermal Conductive resistance of yoke (under the slot )

Rr8 Thermal conductive resistance between center of two section of yoke (under the teeth and under the slot)

Rr9 Thermal conductive resistance of tooth part

Rr10 Thermal conductive resistance of insulator located in slot wall

Rr11 Thermal conductive resistance of insulator located in slot end

Rr12 Thermal conductive resistance between rotor winding ends and the parts located in its slot

Rr13 Thermal convective resistance between windings ends and air in the case

Rr14 Thermal conductive resistance of end cap

Rr15 Thermal conductive resistance of end cap to the environment

Rr16 Thermal conductive resistance of bearings

Rr18
Thermal conductive resistance of the part out of

radiative resistance axis case and this part convection with environment

Figure 8. The complete thermal model of a 7-phase
motor.

The optimization variables are shown in Table 7.
The optimization 
owchart is illustrated in Fig-

ure 9. The boundary values and inequality constraints
are listed in Table 8. Genetic algorithm has been

used as an optimization solver and the optimization

owchart is coded in MATLAB software environment.

The population-based optimal design procedure
can be performed using the derived analytical model of
acceptable accuracy and short computation time. The
optimized design parameters are given in Tables 9{11.

The values of the important quantities of the ma-
chine designed using traditional and proposed optimal
procedures are compared in Table 12. It can be seen
that the optimally designed motor shows considerably
better performance features than the machine designed
by traditional design approach.

7. 2D FE analyses

As discussed in the previous sections, the coupled-
circuit model of the 7-phase induction motor is
established in MATLAB/Simulink software. The
7-phase power supply is simulated using a 7-phase
inverter with IGBT switches. To verify the accuracy
of the coupled-circuit model, its results were compared
with the results of 2D time-stepping �nite element
analyses. It should be noted that 2D-FE analyses
are done using Ansys Maxwell R19 software. The FE
simulation results of rotating speed, electromagnetic
torque, stator currents, rotor bar current, air-
gap 
ux density waveform, and 2D view of 
ux
density distribution are shown in Figures (10){(15),
respectively. The studies reveal good performance of
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Table 7. Optimization variables.

Parameter Description Variable
symbol

Boundaries
[Min:Max:]

Dag Air-gap average diameter X1 [300 mm 600 mm]

lfe Stack length X2 [200 mm 1000 mm]

wsst Stator slot teeth width X3 [8 mm 38 mm]

hss Stator slot height X4 [30 mm 150 mm]

hsy Stator yoke thickness X5 [30 mm 150 mm]

Nss Stator winding turn number X6 [14 224]

g Air gap physical length X7 [1 mm 10 mm]

wrst Rotor slot mouth width X8 [5 mm 35 mm]

�rs Rotor slot pitch angle X9 [120]� 180=�

hrs Rotor slot height X10 [20 mm 120 mm]

hry Rotor yoke thickness X11 [20 mm 200 mm]

wrer Rotor end ring width X12 [30 mm 130 mm]

Table 8. Constraints used in optimization process.

Value Description Symbol Value Description Symbol

Ff � (b7ref = 0:42) Stator slot �lling factor Ff s � (b1ref = 0:05) Rated slip s

Ist=In � (b8ref = 7) Rated startup current Ist=In Bsy � (b2ref = 1:5 T) Stator yoke 
ux density Bsy

cos' � (b9ref = 0:85) Power factor cos' Bry � (b3ref = 1:4 T) Rotor yoke 
ux density Bry

Tm=Tn � (b10ref = 2:5) Maximum torque to rated torque Tm=Tn Bst � (b4ref = 1:8 T) Stator tooth 
ux density Bst

� � (b11ref = 0:9) E�ciency � Brt � (b5ref = 1:9 T) Rotor tooth 
ux density Brt

# � (b12ref = 120�C) Allowed temperature # Ts=Tn � (b6ref = 0:7) Startup torque to rated torque Ts=Tn

Table 9. Speci�cations of stator core and winding of the optimum designed 7-phase induction motor.

Quantity Description Quantity Description

455 Inner diameter (mm) 9�1.5 Bare strip (width � thickness) (mm)

883 Gross length (mm) 1 Number of strands per conductor

755 Net iron length (mm) 40 Number of conductors per slot

3.2 Inter-layer insulator thickness (mm) 5.4 Current density (A/mm2)

3.03 Thickness of coil insulation (mm) 12.6 Slot-width (mm)

M400-50A Lamination material 87.6 Slot- height (mm)

160 Turns per phase (Turn) 10 Coil pitch (slots)

400 Frame size (mm) 5 Wedge thickness (mm)

25.5 Slot-pitch (mm) 750 Outer diameter (mm)

2.5 Air-gap length (mm) 56 Number of slots

8 Width of radial ventilation ducts (mm) 16 Number of radial ventilation ducts
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Figure 9. Flowchart of 7-phase induction machine design procedure (�Sy is yield strength (190 MPa for stainless steel at
50�C) n � 1 is safety factor, and ���ci is set at 0.1 times maximum or minimum bound of the cith constraints (0.1ci,
maxmin))
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Table 10. Speci�cations of rotor core and cage winding of the optimum designed 7-phase induction motor.

Quantity Description Quantity Description

Rotor slot dimension (width�height) (mm) 10:4� 58:6 Gap from slot mouth to bar conductor (mm) 2.2

Length of bar (mm) 901 Outer diameter (mm) 450

end ring (width�thickness) (mm2) 73� 38 Rotor slot-pitch (mm) 31.74

Rotor copper loss (W) 9638.2 Rotor bar current (A) 441.9

Equivalent rotor resistor (ohm) 0.986 Inner diameter (mm) 150

Bar dimension (width�height) (mm) 10� 56 End-ring outer diameter (mm) 968

Shaft diameter (mm) 150 End-ring inner diameter (mm) 778

Number of slots 48 Width of radial ventilation ducts (mm) 10

Number of radial ventilation ducts 15 Slot mouth width (mm) 5

Rotor bars and end-rings material CuZn10 Diameter of axial ducts (mm) 25

Number of axial ducts 15 Diameter of axis of axial holes (mm) 215

Table 11. Loss and weight of di�erent parts of the optimum designed 7-phase induction motor.

Optimum quantity Description Optimum quantity Description

358.3 Weight of stator teeth (kg) 2571.9 Iron loss of teeth (W)

763.2 Weight of stator yoke (kg) 10634.9 Iron loss of yoke (W)

1121.5 Weight of stator iron (kg) 13206.8 Total iron loss (W)

805.8 Weight of stator (kg) 16233.6 Stator copper loss (W)

Table 12. Comparison of important quantities of the machine designed using traditional and proposed optimal design
approaches.

Optimized
design

Traditional
design

Description Optimal
design

Traditional
design

Description

2500 2453 Weight (kg) 0.9 0.85 Power factor

5.1 6.3 Starting current (p.u.) 0.97 0.93 E�ciency

1.33 1.43 Stator Yoke Flux density (T) 13206.8 35146 Total iron loss (W)

1.65 1.78 Stator tooth 
ux density (T) 16233.6 33650 Total copper loss (W)

72 79.7 Rated stator current (A) 2.8 2.5 Break-down torque (p.u.)

0.5 0.58 Average Air-gap 
ux density (T) 2990 2987 Rated speed (rpm)

0.8 0.75 Starting torque (p.u.) 750 700 Outer diameter (mm)

441.9 612.3 Rotor bar current (A) 755 850 Axial length (mm)

the resulted machine and thus, the e�ectiveness of the
proposed design procedure.

In Table 13, the operating characteristics of the
optimally designed machine resulting from the analyt-
ical model are compared with the results of 2D-FE
model in order to validate the accuracy of the proposed
analytical design procedure. It can be seen that the
results are in good coincidence.

8. Conclusion

In this paper, a comprehensive optimal
electromagnetic-thermal design procedure was
proposed for a 1-MW 7-phase induction motor. The
coupled-circuit model of this motor was obtained
and assessed to evaluate the important quantities
and design variables. In order to achieve the model,
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Figure 10. Rotating speed of the optimum designed
7-phase induction motor.

Figure 11. Electro-magnetic torque of the optimum
designed 7-phase induction motor.

Figure 12. Stator winding currents of the optimum
designed 7-phase induction motor.

the coil and turn functions were obtained and
then, the self and mutual inductances between all
windings of 7-phase motor were calculated using
these functions. The coupled-circuit model was
simulated in MATLAB/Simulink environment and
the corresponding curves were obtained using motor
quantities and dimensions. A lumped parameter
thermal model was extracted in order to estimate the
temperature rises in all regions, particularly in the
stator winding insulation. By using the developed

Figure 13. Rotor bar current of the optimum designed
7-phase induction motor.

Figure 14. Air-gap 
ux density waveform of the
optimum designed 7-phase induction motor.

models, de�ning a multi-purpose objective function,
and considering several constraints, an optimal design
procedure was established. The optimal speci�cations
of an 1 MW, 6 kV, 4 pole 7-phase induction motor
were evaluated using the proposed design 
owchart.
In order to evaluate the design accuracy, the machine
model was analyzed using 2D-FE method. The
results obtained for power, torque, currents and 
ux

Table 13. Comparison of operating parameters of
optimum designed machine resulted from analytical and
2D-FE modes.

Parameter (unit)
Analytical

model
2D-FE
model

Power factor 90% 91%
E�ciency 97% 96.8%
Total iron loss (W) 13206.8 13825.4
Total copper loss (W) 16233.6 18436.7
Rated speed (rpm) 2990 2989.2
No-load current (A) 22.7 23.6
Rated current (A) 73.3 74.8
Average air-gap 
ux density (T) 0.5 0.47
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Figure 15. 2D views of (a) Flux density distribution and (b) 
ux lines in cross-section of the optimum designed 7-phase
induction motor.

densities were in good agreement with the analytically
predicted values. The lower starting and full-load
current of stator windings with smoother torque
and speed waveforms of the designed 7-phase motor
in comparison to the similar rated 3-phase motor
revealed that it was a suitable choice for high-rated
and variable-speed applications.
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