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Abstract

The intense growth of electric transportation demands new standards in electric systemsŠ
reliability and fault tolerance. Alternative solutions to the standard 3-phase machines have
been studied in literature to ensure these characteristics. It has been observable that multi-
phase machines can provide reduced power per phase, lower torque pulsation, higher reliability,
and power density.

This thesis aims to develop a 9-phase induction motor (IM) as an alternative to the already
studied machines based on permanent magnets. After some initial considerations on multi-
phase systems and the best winding layout, a Ąrst design of the 11 kVA IM is proposed, based
on the given design speciĄcation and criteria. In the following chapter, optimization through
a genetic algorithm is performed to maximize the motorŠs performance and characteristics
such as efficiency, reliability, and weight/dimensions. A rated torque of T = 28.5Nm and an
efficiency η = 89.9% are obtained.
Finally, a Finite-Element-Analysis (FEA) is executed to gain more detailed knowledge about
the optimized machine and it is compared to the results of analytical calculations with
optimum outcome.
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1 Motivation of work

The ongoing intense electriĄcation of transportation both on the road and in the air is a
hot topic of the present day. This phenomenon naturally demands improving reliability and
fault-tolerance of the electric drives in these new applications, such as aircraft, automotive,
etc.
In order to achieve these higher standards structural and functional redundancy is commonly
used. Thanks to the development of power electronics, the redundancy can translated into
multi-phase systems; their characteristics and advantages will presented and deeply explained
in the following chapter.
As stated in [12], the higher the number of phases the better the is the overall reliability.
Simply, a multi-phase system can handle one or more phase failures and still provide the
required performances 2.2.

Authorized licensed use limited to: POLO BIBLIOTECARIO DI INGEGNERIA. Downloaded on October 10,2022 at 09:38:31 UTC from IEEE Xplore.  Restrictions apply.

Figure 1.1 Ű Comparison of different numbers of phases considering the remaining system performance
over the number of lost phases [13]

The aim of this work is to study, design, and present the Ąrst prototype of a multi-phase
induction motor for a test bench. The initial number of phases for the IM is set to m = 9.
This could also be a valid alternative to the already studied 9-phase synchronous motor [22],

1



1 Motivation of work

considering IMs do not present permanent magnets, often rare and expensive materials, so
they are usually adopted for cheaper and less high-performance applications.

2



2 Multi-phase winding design

One of the Ąrst choices regarding the design of an electrical machine is the winding layout as
well as the number of poles and slots, consequently. In this chapter, after a short description
of different types of winding and multi-phase systems, a winding layout will be chosen and
designed. Finally, the generated magneto-motive force is examined with Fourier analysis.

2.1 Distributed and concentrated winding

Electrical machines can present different types of winding layouts based on the number of
phases m, number of poles pairs p, and number of stator slots Q. Winding characteristics
can be described using the number of slots per pole and phase, deĄned as follow:

q =
Q

2p m
. (2.1)

Since all numbers in the fraction are integers, q must be a rational number. We can have
a concentrated or tooth-coil winding if q < 1, or a distributed one for q ⩾ 1. Distributed
winding can then be subdivided into fractional-slot winding if q ∈ Q or integer-slot winding
if q ∈ N.

Figure 2.1 Ű Distributed winding vs concentrated winding [17]

Both concentrated and distributed windings have advantages and disadvantages. For ex-
ample, concentrated windings (CW) present shorter non-overlapping end turns and higher
proportional active length (see Fig. 2.1), this usually means also higher power density and
efficiency compared to distributed windings (DW). However, sinusoidal-fed CW produces a
rectangular shape magnetic motive force full off harmonic and sub-harmonic content, while
DW can provide almost sinusoidal MMF. Considering an induction motor (IM), high harmonic
content leads to high rotor bar losses, low efficiency, and eddy torque that overlap the main
asynchronous torque [19] [25].
It may be understandable now why tooth-coil winding is used mostly in synchronous machines
and distributed winding is the best option for induction motors. IMs with concentrated wind-
ing have been previously designed and tested, and results proved that distributed winding is

3



2 Multi-phase winding design

superior in terms of torque production and rotor bar losses for induction machine applications
[20].
Consequently, for the following design, distributed winding, with q ⩾ 1, will be chosen.

It is well known that, in a DW, the voltages induced to the same phase coils have a non-zero
shift, so the total induced voltage is reduced by the distribution factor

kdν =
sin(q αsν

2 )

q sin(αsν
2 )

(2.2)

where αs = 2π
Q

p is the electric angle between stator slots and ν is the order of the harmonic
considered. Furthermore, a two-layer DW could be short pitched by a integer number of slots
yr to reduce harmonics without signiĄcantly affecting the Ąrst one, this change is taken into
consideration by the pitch factor

kpν = cos

(

βeν

2

)

(2.3)

where βe is the electric angle of the short pitching. Finally, the winding coefficient is obtained
as:

kwν = kdν kpν . (2.4)

Feeding a DW with symmetrical alternate currents of amplitude Im produces the famous step
curve of rotating magnetomotive force U along the air gap of the machine. For example, it can
be demonstrated [2] that a three-phase DW produces a rotating MMF whose fundamental
harmonic is equal to:

U1(α,t) =
3

2

nqIm

π
kw cos(ωt − α) (2.5)

where n is the number of conductors per slot.
Generalizing for a m-phase winding and for ν-th order harmonic, the magnitude of the MMF
produced by an integer-slot winding can be written as:

Umν =

{

Um1
1
ν
kwν , ν = 2km ∓ 1, with k = 0,1,2...

0, ν ∈ N \ 2km ∓ 1
(2.6)

where Um1 is the amplitude of the fundamental harmonic, for a m-phase winding, according
to [14] and [16]. For example, a normal integer-slot three-phase DW produces harmonics
of order ν = 1,5,7,11,13... which engrave on rotor losses and torque ripple. Respectively
7th,13th,... harmonic are synchronous with the fundamental one, while 5th,11th,... harmonic
Ąelds have the opposite direction of rotation.
It is very apparent that the higher the number of phases, the lower the harmonic content
generated, since the Ąrst non-zero harmonic order, besides the fundamental, would be
proportionally higher.

2.2 Multi-phase systems

Three phase motors are certainly the most common and diffused electric motors typology.
However, increasing numbers of induction motors are not connected directly to three-phase

4



2.2 Multi-phase systems

Figure 2.2 Ű Normal and reduced phase-systems of electrical machines [19]

5



2 Multi-phase winding design

supplies but to a power electronic converter. The input of which can be connected to a
three-phase supply, but the output stage of the converter and the motor winding must have
the same number of phases. This requirement can be easily met, so any number of phases may
be adopted. The current intense electriĄcation of mobility and means of transport requires
higher standards for reliability and fault-tolerant electric machines. Considering a number of
phases higher than 3 can certainly provide redundancy and higher system reliability [12].

If multiple phases are present, only one axis of a single-phase winding can be located on a
single magnetic axis of the electrical machine. Otherwise, no genuine multi-phase system
comes to light. Every system with an even number of phases m can be reduced to a system
with half the original number of phases, the so-called reduced system. On the other hand,
if m is odd, we have a normal system [19]. Examples of different multi-phase systems are
provided in Fig. 2.2.

Reduced systems might imply a loaded star point unless a radially symmetric system can be
built again by turning the direction of the suitable phasors by 180 electrical degrees in the
system (see the 6-phase example). The loaded star point requires a neutral conductor of its
own. With a normal system a nonloaded star point is created, so no neutral line is needed.

For a normal m-phase system the phase angle can be computed as:

αph =
2π

m
(2.7)

while for a reduced system we have

αph =
π

m
. (2.8)

The number of phases of this machine is set to be m = 9 to match reliability levels for
safety-critical systems and also guarantee acceptable performance and torque ripple even
after one or two phases failures [12]. Correspondingly, the phase angle for this normal system
is αph = 40◦

Three different types of connection are presented for a 9-phase drive train, as shown in Fig.
2.3:

a. 3x3-phase, composed by 3 different star connections and 3 different power converters

b. 1x9-phase, composed by 1 star connection and 1 power converter

c. 9 galvanically isolated phases each with its own power converter

As stated in [12], the best layout for the application requirement is type c). Having 9
independent phases not only prevents phase-to-phase short-circuit but also allows a more
effective thermal separation and cooling. The type of connection will be irrelevant to the
design process carried out in the following pages, so it will no longer be discussed.

6



2.3 Number of poles and slotsETG-Fachbericht 154: Antriebssysteme 2017, 22. � 23.11.2017 in Karlsruhe

ISBN 978-3-8007-4467-1 © VDE VERLAG GMBH  Berlin  Offenbach86

Figure 2.3 Ű Three different 9-phase connections. a) 3x3-phase system b) 1x9-phase system c) 9 galvani-
cally insulated phases system [12].

2.3 Number of poles and slots

The Ąnal choice of pole and slot number will be explained in this section.
Since the supply frequency of the machine is not given, any pole number could be suitable,
as far as it is even. Considering the rated power of the machine (see next chapter), only pole
numbers between 2 and 8 will be considered.
Speaking of the slot number, a symmetrical two-layer winding is the target we want to achieve
to ensure the most sinusoidal MMF possible.

First of all, the machine periodicity number can be deĄned as the greatest common divisor
(GCD) of Q and p:

t = GCD¶Q,p♢ (2.9)

which represents how many electrically equal slots are present in the armature. Furthermore,
the electrical angle between two consecutive slots αe

s has to be taken into consideration:

αe
s =

2π

Q
p (2.10)

According to [19], a winding is said to be symmetrical if, when fed from a symmetrical supply,
it creates a rotating magnetic Ąeld, and the two following conditions must be accomplished:

Q

m
= 2pq ∈ N, (2.11)

and for normal systems:
αph

αe
s

=
Q

mt
∈ N. (2.12)

Consider, for example, an integer slot winding. In this case, p and q are always integers so
the Ąrst condition is already fulĄlled. Additionally, the greatest common divider of Q and p
is always t = p. So the second condition can be simpliĄed in:

Q

mt
= 2q ∈ N. (2.13)

This condition of winding symmetry allows only certain values of statorŠs slots, Q must be a
multiple of m. In our case, being m = 9, the admitted numbers of slots are Q = 9,18,27,36....
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2 Multi-phase winding design

Q 2p t q

18 2 1 1
27 2 1 1.5
36 2 1 2
36 4 2 1
45 2 1 2.5
45 4 1 1.25
54 2 1 3
54 4 2 1.5
54 6 3 1

Table 2.1 Ű All possible combinations of Q = 9,18,27...,54 and p = 2,4,6,8 that allow distributed winding

In order to obtain a near sinusoidal distribution of the MMF in the air gap, a distributed
winding is chosen, so it must be q ⩾ 1, as stated in Sec. 2.1. Therefore, all possible combinations
of poles and slots, that allow a DW, are reported in Tab. 2.1.

Other parameters need to be taken into consideration to choose one combination or another,
they are listed below:

• slot pitch, ps, deĄned as:

ps =
πD

Q
. (2.14)

This value represents how much space is occupied by a single slot. The smaller the slot
pitch, the more difficult to avoid iron saturation in teeth. High slot numbers, given a
Ąxed air gap diameter D, imply signiĄcantly small slots and teeth that are not only
difficult to realize but also can be easily saturated.
According to [5] and [19], thanks to the experience from already built machines, a
common slot pitch range can be found for asynchronous machines: 10mm ⩽ ps ⩽ 40mm.
Also, smaller slot pitch values would lead to difficulties during the manufacturing process.
Considering the Ąrst design air gap diameter, evaluated as described in the following
chapter, the slot pitch for every slot number can be calculated. Slot/pole combinations
with resulting short pitch out of this range, or near its edges, will be discarded.

• Ąrst harmonic winding factor.
We try to keep kw as close to 1 as possible. The higher the Ąrst harmonic winding
factor the higher the induced EMF Ąrst harmonic and the torque output are.

• MMF total harmonic distortion (THD).
To obtain an MMF distribution as close to a sinusoidal wave as possible, the harmonic
content of each slot/pole combination can be analyzed using 2.6. As a matter of fact,
minimizing the THD will lead to improve efficiency and reduce torque ripple and noise
of the machine, as already stated. DeĄned:

THDU =

√

∑∞
ν=2 U2

ν

U1
, (2.15)

in the following calculations the THD is evaluated considering the Ąrst 100 harmonics.
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2.3 Number of poles and slots

Q 2p t q yq kw THD [%] ps [mm]

18 2 1 1 8 0.9848 9.54 24.4
27 2 1 1.5 12 0.982 5.83 16.3
36 2 1 2 17 0.9924 4.40 12.2
36 4 2 1 8 0.9848 9.54 14.0
45 2 1 2.5 21 0.9903 7.55 9.8
45 4 1 1.25 10 0.9830 4.65 11.2
54 2 1 3 26 0.9938 2.64 8.1
54 4 2 1.5 12 0.9820 5.83 9.3
54 6 3 1 8 0.9848 9.54 10.5

Table 2.2 Ű Distributed winding slot/pole combinations and most valuable parameters

Also, the best short pitch slot number yp is chosen to minimize the harmonic content in every
case (βe = yp αe

s, see 2.3). So the coil span, expressed in number of slots, is given by:

yq =
Q

2p
− yp. (2.16)

All these important parameters are calculated for each valid DW combination and reported
in Tab. 2.2.

One speciĄc combination of slots and poles is shown to fulĄll the slot pitch condition and
presents a higher Ąrst harmonic winding coefficient and lower harmonic content than the
other possibilities. So this will be our Ąnal choice for the machine design:

Q = 36 2p = 2 q = 2

2.3.1 Star of slot and winding scheme

Once the poles and slots are deĄned, the winding scheme can be drawn.
Again, it can be noticed that the number of phasors of the positive (or the negative) part of
each phase is equal to q = 2. First, a useful diagram is introduced for better understanding
and designing the winding layout: the star of slot [5]. This is a vectorial representation of the
electro-motive force induced in a conductor laying inside a speciĄc slot of the machine. All
the Q induced EMF have the same magnitude but different angles since the slots take place
in different positions along the machineŠs stator. Every slot is represented by a single phasor,
numbered in the same way.
The star of slot is composed of Q

t
spokes, each spokes containing t phasors. Indeed, if t > 1,

at least two electrically identical slots are present, as mentioned before in Sec. 2.1, so they are
placed along the same spoke. Consequently, the angle between two consecutive spokes is:

αspokes =
2π

Q
t. (2.17)

In our case, t = 1, so we have 36 spokes and 36 phasors in the diagram, one displaced from
the other by αspokes = 10◦.
Furthermore, the electrical angle occupied by a single phase is αph = 40◦, already mentioned
in Sec. 2.2, half with positive currents and half with negative ones on the opposite part of

9





2.3 Number of poles and slots

the diagram. Each phase zone is underlined in Fig. 2.4 and marked with a different letter
and sign.

The star of slot shows how the Ąrst layer of the winding has to be done. The second layer
can be built with the same disposition but shifted by yp slots, if the winding is short-pitched.
In Fig. 2.5 the complete winding scheme is presented, specifying the conductorsŠ phase in
each slot. Phases are marked with letters and respective current directions, with a plus if the
current enters the drawing plane and a minus if the current exits the drawing plane.
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Figure 2.5 Ű Two-layer distributed winding layout, one slot short pitched
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2 Multi-phase winding design

2.3.2 MMF harmonic spectrum

Once the winding is fully designed, the generated magneto-motive force can be computed, as
well as its harmonic content. LetŠs consider a symmetrical 9-phase currents supply:

ia(t) = Im sin (ωt) (2.18)

ib(t) = Im sin (ωt +
2π

9
) (2.19)

ic(t) = Im sin (ωt +
4π

9
) (2.20)

id(t) = Im sin (ωt +
2π

3
) (2.21)

ie(t) = Im sin (ωt +
8π

9
) (2.22)

if (t) = Im sin (ωt +
10π

9
) (2.23)

ig(t) = Im sin (ωt +
4π

3
) (2.24)

ih(t) = Im sin (ωt +
14π

9
) (2.25)

ii(t) = Im sin (ωt +
16π

9
) (2.26)

summarized in the column vector I = [ia,ib,...,ii]
′. This currents take place inside the stator

slots as described in the winding layout in the previous pages. A slot matrix K can be deĄned
to mathematically describe the different physical positions of every conductor inside the slots.
K is a m x Q matrix where K(i,j) is equal to:

• +1, if the jth slot is entirely Ąlled with positive conductors of the ith phase

• +0.5, if the jth slot is half Ąlled with positive conductors of the ith phase

• 0, if no conductors of the ith phase are present in the jth slot

• -0.5, if the jth slot is half Ąlled with negative conductors of the ith phase

• -1, if the jth slot is entirely Ąlled with negative conductors of the ith phase

Some Ąrst columns of the matrix are reported in 2.27.

K =

































1 0.5 0 0 0 0 0 . . .
0 0 0 0.5 1 0.5 0 . . .
0 0 0 0 0 0 0 . . .
0 0 0 0 0 0 0 . . .
0 0 0 0 0 0 0 . . .
0 −0.5 −1 −0.5 0 0 0 . . .
0 0 0 0 0 −0.5 −1 . . .
0 0 0 0 0 0 0 . . .
0 0 0 0 0 0 0 . . .

































(2.27)
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3 Machine design

An analytical design process of the induction motor will be presented in this chapter. Starting
from PossaŠs curves approach, the Ąrst geometrical values of the machine will be derived.
Eventually, the assumption of typical values for current density and magnetic Ćux density,
derived from design experience, will lead to the determination of the complete machineŠs
geometry.

3.1 Main design

This IMŠs Ąnal destination is a test bench at the Technical University of Munich. A multi-
phase synchronous motor (SPM) is already been designed and built for the mentioned test
bench. This Thesis aims to present an alternative to those with permanent magnets.
The test bench data, which will be the starting point of the design, can be found in [22] and
are reported below, in the Tab. 3.1.

Parameter Symbol Value

Input rated power S 11 kVA

Rotational speed n0 3000 min−1

Number of phases m 9

Phase voltage Vn 230 V

Table 3.1 Ű Design speciĄcation data [22]

Also, the numbers of poles and slots are already been chosen in 2.3. The supply frequency
can be immediately evaluated, knowing its link with the mechanical rotational speed:

f =
n0

60 p
= 50 Hz (3.1)

One of the most signiĄcant parameters of the IM is the nominal torque, which will also
determine the machineŠs main dimensions. A Ąrst estimation can be derived from the input
rated power assuming, as a Ąrst hypothesis, the efficiency η = 0.87 (it is a typical value for
this power rating, see also the end of the next chapter), which is typical for IMs with this
power rating, and the power factor cos ϕ = 0.9.

Tn =
S cos ϕ η

2π n0
60

= 27.4 Nm (3.2)

Several empirical methods may be adopted to determine the dimension starting from the
nominal torque and rated power. An example is provided in [22], with EssonŠs number; In
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3 Machine design

this case, PossaŠs curves are adopted. These are an interpolation of already built three-phase
IMs in literature and give a generic formulation to estimate the machineŠs Ćux Φ, given the
maximum torque and the number of pole pairs [5].

Φ = 1.3 · 10−3 T 0.55
max

p1.1
= 0.0117 Wb (3.3)

where Tmax = 2 Tn.

The magnetic Ćux is also related to the air gap Ćux density Bg, the air gap diameter D, and
the machine length L.

Φ =
Bg D L

p
(3.4)

At this point, further assumptions need to be done:

• Bg = 0.7 T.
The usual range for IMs is Bg = from0.5 Tto0.9 T [5], this value is close to the upper limit
when the machineŠs rated power increases and the pole number decreases. Furthermore,
there is no need to stress the machine choosing high magnetic Ćux density, since the
Ąnal aim is a prototype for the test bench.

•
L
D

= 0.85.
The usual range for IMs is L

D
= from1.1to2.3√

2p
[5]. Since no dimensional constraints are

imposed, choosing a smaller ratio implies a larger air gap diameter, which allows an
easier manufacturing process and usually a better cooling.

Substituting in 3.1, the machineŠs air gap diameter and the length are given:

D = 140 mm L = 120 mm (3.5)

Consequently, ps = πD
Q

= 12.2 mm.

3.2 Stator design

The stator supply current is easily calculated:

In =
S

m Vn
= 5.31 A (3.6)

this current will Ćow through the stator slot conductors. The current density, Js, in stator
winding must not be excessive to guarantee proper thermal dissipation. A common range
for values for Js is mentioned in [19]; Js = 5 A/mm2 is assumed, also according to previous
design experience.
The conductorsŠ cross-section Sc can be now evaluated:

Sc =
In

Js
= 1.06 mm2 (3.7)

which is achievable with the following commercial wires: 3×dc = 0.5 mm2 +2×dc = 0.56 mm2,
the real cross-section equal to Sc = 1.08 mm2.
The number of series conductors per phase, Ns, can be determined by considering the phase
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3.2 Stator design

voltage. Assuming a 5% voltage drop [5], the real voltage on the winding will be E = 0.95Vn.
Using the bound between winding voltage and generated Ćux, remembering the winding
coefficient described in Chap. 2:

Ns ≃
√

2E

πf kw Φ
≃ 168 (3.8)

As a matter of fact, in each stator slot are present

nc =
m Ns

Q
= 42 (3.9)

conductors. Since nc is even, a double-layer winding is possible. No additional parallel paths
are allowed because they must be equal to or lower than the number of pole pairs.
Several approximations have been carried out by this point, so a new magnetic Ćux evaluation
is suggested to improve future calculationsŠ precision:

Φ =

√
2E

πf kw Ns
= 0.0118 Wb (3.10)

Bg =
Φ p

D L
= 0.702 T (3.11)

The total space occupied by winding copper in each stator slot must be known to deĄne slots
geometrical parameters. Moreover, assuming a standard coefficient for the conductorsŠ space
Ąlling kfill = 0.4, slotsŠ cross-section is given:

Sslot =
nc Sc

kfill

= 113.6 mm2 (3.12)
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Figure 3.1 Ű Stator tooth

The next step is the design of the stator tooth, in which the magnetic Ćux density must be
limited (Bt = 1.7 T) to prevent heavy iron saturation. Gauss law states that the magnetic

17





3.3 Rotor design

Gauss law is also applied to determine the back iron height (Fig. 3.3), where the maximum
magnetic Ćux will be half of the value calculated in 3.1. Imposing a reasonable value of
magnetic Ćux density in the back iron, Bbi = 1.5 T, we can determine:

hbi =
Φ/2

Bbi LF e
= 34 mm (3.14)

In this IM the back iron dimensions are signiĄcant, which is usual for electrical machines
with a low number of pole pairs.
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Figure 3.3 Ű Back iron

Finally, the stator outer diameter is calculated:

De = D + 2hs + 2hbi = 250 mm (3.15)

3.3 Rotor design

Generally speaking, three types of rotors are commonly adopted for asynchronous machines:
single cage, double cage, and wound rotor. For power ratings under 50 kW, the Ąrst typology
is preferred [5]. Moreover, the IM will be connected to an inverter, so no high starting torque
is required, which will be guaranteed by the second option and the third one (with additional
resistances).

The choice of the air gap length is a trade-off between mechanical and electrical properties.
From an electrical point of view, the smaller the air gap, the lower the current needed to
magnetize the machine, but tenths of a millimeter gap between the stator and rotor could lead
to mechanical issues. Usually, air gaps between 0.5 mm and 2 mm can be found in literature
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3 Machine design

[19] [5], with higher values for bigger-sized machines. Also, the following empirical formulas
are useful guides for a proper choice, reported in [5] and [19]:

g = 1 mm · 4

√

Pn(kW)

100
≃ 0.6 mm (3.16)

g =
0.2 + 0.01 · P 0.4

n

1000
≃ 0.6 mm (3.17)

resulting the rotor outer diameter Dr = D − 2g = 138.8 mm.

The selection of the number of rotor slots, Qr, plays an important role in avoiding air gap
MMF harmonics, which are caused by the interaction between stator slots and rotorsŠ. Some
practical rules, as well as already-built slots combinations, are presented in [5]:

• Qr ̸= Q

• ♣Qr − Q♣ ≠ 2p

• Qr is even and prime number multiple

• Qr should differ from Q by 25% − 35%

More detailed analyses on MMF harmonics caused by different stator and rotor slot com-
binations are performed in [11]. As the authors conclude, machines with one pair of poles
do not develop any dangerous harmonics. Therefore, it can be expected that such machines
are quiet in operation, noise-free, and without high vibrations [6]. Consequently, the selected
number of rotor slots is Qr = 46.
A rotor slot skewing equal to αe

s is also performed to reduce undesired cogging torque. A
reduction coefficient is introduced:

kskew =
sin αe

s

2
αe

s

2

(3.18)

The rotor barsŠ shape and material heavily affect the machineŠs performance. For example,
high resistance bars lead to a high starting torque but low efficiency. Furthermore, several
bar shapes and their effect on the motorŠs efficiency and torque characteristics have been
studied [21]. In our case, rotor bars will have an inverted trapezoidal round bottom shape
and be made of Aluminium.

The induced current in each rotor slot is:

Ibar =
m kw Ns

Qr kskew

Isr = 156.2 A (3.19)

where Isr ≃ I cos(ϕ) is the active part of I, i.e. the current portion which is actually
transmitted to the rotor. Imposing a reasonable value of bar current density Jbar = 3 A/mm2,
the barŠs cross-section is given:

Sbar =
Ibar

Jbar

= 52.1 mm2 (3.20)

Moreover, the tooth width is evaluated with the same logic used in 3.2:

wtr =
Bg psr L

Btr LF e
(3.21)
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3 Machine design

rings have much better cooling, having a bigger heat exchange surface. The ringsŠ diameter,
measured in the middle, point will be:

Dring = Dr − hr = 121.8 mm (3.23)

Finally, the rotor yokeŠs height is evaluated as already done for the back iron in 3.2. The
imposed value of magnetic Ćux density here is lower, i.e. By = 1.4 T, because here minimizing
losses and magnetizing current is possible without heavily affecting the machineŠs dimensions
and weight.

hy =
Φ/2

By LF e
≃ 35.9 mm (3.24)

Dy = Dr − 2hsr − 2hy = 33 mm (3.25)

At this point, only some mechanical checks on the rotor and the shaft need to be performed.

3.3.1 Mechanical checks

RotorŠs static mechanical checks are performed in this subsection. It is relevant to point
out that these do not constitute a complete mechanical analysis, but only some preliminary
calculations.

First, we want to verify if the rotor can handle the mechanical stress caused by centrifugal
force at the maximum speed. Considering the rotor as a smooth steel cylinder, the highest
stress σmec in the rotor is proportional to the square of the angular speed [19]:

σmec = C ′ γ (
Dr

2
)2 ω2 (3.26)

where C ′ = 0.823 is a given constant for steel cylinder, γ = 7800 kg/m3 is the density of
steel, and σmax = 325 MPa for the considered steel sheets (ISOVAC 350-50A [24]). Then, the
maximum rotational speed is given:

nmax =

√

σmax

C ′ γ (Dr

2 )2

30

π
≃ 30 000 min−1 (3.27)

which is signiĄcantly higher than n0.

Considering a shaft with a diameter equal to Dy and 1.5L long, the bending moment Mb on
it is generated by the rotor total weight Gr.

Mb =
Gr Lshaft

4
(3.28)

producing a tensile stress

σt =
32Mb

π D3
y

(3.29)

Obviously, also a shear stress τ is present on the shaft due to the electromagnetic torque
produced by the motor. Considering an estimated maximum torque Tmax ≃ 60 N m (as in
3.1):

τ =
16Tmax

π D3
y

(3.30)
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4 Analytical analysis

The machine just designed in the previous chapter is now analyzed through analytical methods
presented in [5]. This chapter aims to derive the IMŠs main characteristics and performance.
Then, the results will be compared to the requested speciĄcations and design assumptions
described in Chap. 3.

4.1 Magnetic circuit

We are now going to consider the magnetic circuit inside the motor, which is dived into Ąve
parts: air gap, stator tooth, rotor tooth, back iron, and rotor yoke. Each partŠs magnetic Ćux
density and magnetic voltage drop are calculated to determine the corresponding magnetizing
current (Ampere-turns).

Figure 4.1 Ű Magnetic circuit of the induction motor [5]

1. Air gap
The magnetic Ąeld is not always uniform along the air gap, due to the stator and rotor
slot openings. CarterŠs coefficient is introduced to take into consideration also these
irregularities:

kCarter =
ps

ps + g − 3
4wso

(4.1)

An equivalent smooth air gap can then be deĄned as the original air gap, incremented
by CarterŠs coefficient of stator and rotor:

g′ = g (kCarters · kCarterr ) (4.2)
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4 Analytical analysis

The magnetic Ąeld in the air gap Hg is now given, as well as the Ampere-turns needed
to magnetize this region:

Ag = Hg g′ =
Bg

µ0
g′ = 380.4 A (4.3)

The air gap magnetization is the most demanding compared to the remaining parts.

2. Stator tooth
The magnetic Ćux density in the tooth, as explained before, is:

Bt =
Bg ps L

wt LF e
= 1.69 T (4.4)

The corresponding magnetic Ąeld Ht is provided by the materialŠs magnetization curve
(see datasheet [24]). Consequently, for the stator tooth:

At = Ht hs = 126.7 A (4.5)

where hs is the toothŠs height.

3. Rotor tooth
The equation are the same to the ones used for the stator tooth.

Btr =
Bg psr L

wtr LF e
= 1.72 T (4.6)

Atr = Htr hsr = 117.1 A (4.7)

4. Back iron
The magnetic Ćux density along the back iron is different from point to point and from
time to time. To achieve sufficient precision, it is divided into qpp = 9 parts. The Ćux in
each portion is:

Φk =
Φ

2

π
2

k
qpp
∫

0

cos x dx (4.8)

and

Bk =
Φk

hbi LF e
(4.9)

where the maximum Ćux density is Bbi = 1.52 T. The magnetic Ąeld of each section is
calculated and the Ampere-turns are evaluated along the back iron middle line, then
summing up:

Abi = 75.5 A (4.10)

5. Rotor yoke
The same procedure of the back iron is followed here, resulting:

By = 1.4 T (4.11)

Ay = 16.8 A (4.12)

The yokeŠs magnetization cost is the lowest because the magnetic path is relatively
short and the Ćux density is modest. In some cases it can also be neglected.
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4.2 Leakage inductances

Summing all machineŠs parts the magnetic circuit is complete. The total Ampere-turns are
equal to:

∑

H · l = 716.6 A (4.13)

The saturation coefficient and a new equivalent smooth air gap, which takes into consideration
the complete machine magnetization, are calculated:

ksat =

∑

H · l

Ag
= 1.88 g′′ = g′ ksat = 1.3 mm (4.14)

Considering the chosen winding, the Ampere-turns will be produced by the magnetization
current Iµ Ćowing through the winding conductors:

∑

H · l =
m kw Ns

√
2Iµ

2p π
(4.15)

resulting Iµ = 2.12 A.

The ratio between the magnetizing current and the whole nominal current is
Iµ

In
= 39.9%. On

healthy machines this ratio is usually under 40% because we do not want to spend too much
current for magnetization and not for active power.
Finally, it is possible to calculate the magnetizing inductance as:

Lm =
Λ̂

Iµ
=

m µ0

π

(

kw Ns

2p

)2 D L

g′′ = 0.328 H (4.16)

4.2 Leakage inductances

In this section, the main leakage inductances will be calculated with semi-empirical formulas
presented in [5]. The aim is to fully determine the machineŠs equivalent circuit.

Stator slot leakage inductance
A small part of the Ćux generated by winding conductors does not cross the air gap and links
only with stator slots. The leakage inductance of the stator slot is:

Lσslot = µ0 q 2p n2
s L kslot = 2 mH (4.17)

where kslot is a geometrical coefficient depending on slotŠs shape and geometrical parameters
(see A.1). In this case kslot = 1.92.

Rotor slot leakage inductance
In rotor slots the same phenomenon is present. Considering the rotorŠs shape and geometry,
kslotr

= 2.92. The rotor slotŠs leakage inductance, referred to the stator:

Lσslotr
=

m

Qr

(

kw N

kskew

)2

µ0 L kslotr = 2.4 mH (4.18)

Skewing leakage inductance
Since a rotor skewing is performed (Sec. 3.3), its leakage inductance is calculated:

Lσskew = Lm (1 − k2
skew) = 0.83 mH (4.19)
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4 Analytical analysis

11/15/22, 3:32 PM Magnetic-Leakage-in-Rotating-Machines5.jpg (420×297)
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Figure 4.2 Ű Zig-zag Ćux leakage [23]

Zig-zag leakage inductance
This type of leakage is caused by the interaction of stator and rotor teeth. The magnetic Ćux
"jumps" from one tooth to the other without linking any conductor, Fig. 4.2.

Lσzz = µ0 q 2p n2
s k2

w L



(wt1 + wt2)2

m g 4(ps + psr)

]

= 0.74 mH (4.20)

where wt1 = ps − wso and wt2 = psr − wsor are the stator and rotor teethŠs width close to the
air gap.

High-order harmonics leakage inductance
Also called "belt" leakage inductance, it is estimated by means of practical experimental
equation:

Lσν = 3.65 × 10−3kB Lm = 1.2 mH (4.21)

where kB is a coefficient depending on number of slots and poles (A.2), in this case it can be
considered to be 1.

Leakage inductance on the end winding
It is calculated as:

Lσew = µ0 q2 2p n2
s Lew λew = 2.2 mH (4.22)

assuming λew = 0.35 as an empirically given coefficient for imbricated winding and the
estimated end windingŠs length Lew = 2.5D

p
.

Total
Summing all the previously calculated leakage inductances, the total one is obtained:

Lσ = Lσslot + Lσslotr
+ Lσskew + Lσzz + Lσν + Lσew = 9.4 mH (4.23)

Referring it to the main inductance Lm, the following ratio is given:

Lσ

Lm
= 2.9% (4.24)

It may be interesting to compare this number to common IMs: this ratio is usually about
10% for three-phase induction motors. Since the total leakage inductance is low, a high value
of maximum torque is expected.
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4.3 Losses and efficiency

4.3 Losses and efficiency

The motor losses and efficiency at the nominal working point are now analytically evaluated.
The main loss sources are the current Ćowing in the winding conductors, the varying magnetic
Ćux inside the stator iron, the induced current in the rotor bars and rings, and mechanical
losses. The magnetic Ćux in the rotor iron does not present a signiĄcant relative frequency (as
a matter of fact, fr = s f), because the rotor rotation is almost synchronous to the magnetic
Ąeld generated by the stator winding. Consequently, its losses due to eddy current and iron
hysteresis are negligible.

4.3.1 Stator losses

First, the total length of a conductor, considering also the end winding, is:

Lc = L + Lew = 470 mm (4.25)

Considering a winding working temperature of 120◦, the copper resistivity is ρCu = 2.35 ×
10−8 Ω m. The winding resistance of each phase is given:

Rs = ρCu
Lc

Sc
Ns = 1.72 Ω (4.26)

The total Joule losses of the stator winding are equal to:

Pjs = m Rs I2
n = 436.4 W (4.27)

Moreover, the iron losses from the teeth and back iron need to be considered. The maximum
value of stator tooth Ćux density is Bt = 1.69 T and in the back iron Bbi = 1.52 T. As reported
in the speciĄc losses characteristic of the considered steel sheet, at 50 Hz [24]:

• Bt = 1.69 T −→ psp_t = 4 W
kg

• Bbi = 1.52 T −→ psp_bi = 3.2 W
kg

The respective weight of teeth and back iron is:

Gt = γF e Q hs wt LF e = 3.6 kg (4.28)

Gbi = γF e π(De − hbi) hbi LF e = 20.5 kg (4.29)

where γF e = 7710 kg/m3 [24]. Furthermore, sheetsŠ imperfections caused by the manufacturing
process are taken into consideration with two coefficients for the teeth (kmagg_t = 2) and for
the back iron (kmagg_bi = 1.5) [5].
The total losses due to eddy currents and hysteresis in the stator iron:

PF e = kmagg_t Gt psp_t + kmagg_bi Gbi psp_bi = 125.6 W (4.30)
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4 Analytical analysis

4.3.2 Rotor losses

The current value in rotor bars and rings are already known from the design stage (3.3). The
Joule losses in the rotor are calculated, as already done for the statorŠs:

Pjr = ρAl



Qr
L

Sbar

I2
bar + 2

π(Dr − hring)

Sring
I2

ring



= 256.6 W (4.31)

where ρAl = 4 × 10−8 Ω m is the Aluminium resistivity at 120◦. The rotor resistance in the
equivalent circuit (Sec. 4.4), referred to the statorŠs point of view, is obtained:

Rr =
Pjr

m I2
sr

= 1.23 Ω (4.32)

As already said, the iron losses in the rotor can be neglected since the Ćux density frequency
is almost zero.

The mechanical losses are estimated by the following semi-empirical formula, as a function of
the machineŠs mechanical power and rotational velocity:

Pmec = (0.6 − 0.8) Pn(kW)
√

n(rpm) ≃ 330 W (4.33)

4.3.3 Efficiency

The total losses and the nominal efficiency can be calculated now. Considering the worst case,
a supplementary 10% is added to the losses sum to take into account the contribution of the
additional losses that can not be easily estimated analytically [5]:

Ploss = 1.1(Prs + PF e + Pjr + Pmec) = 1270 W (4.34)

Then, the nominal efficiency is:

η =
S cos ϕ − Ploss

S cos ϕ
= 87.3% (4.35)

which is a typical value also for common three-phase IMs with similar power ratings [5],
respecting the designŠs initial assumptions 3.1.

4.4 Equivalent circuit and performance

The simpliĄed equivalent circuit [2][5] is a powerful circuital representation of the induction
motor. The whole motor behavior is reduced to a single-phase circuit,Fig. 4.3, so the main
machineŠs characteristics, such as nominal, maximum, and starting torque, can be derived
throughout its solution.
Most of its parameters have already been evaluated before and are reported here:

• Rs = 1.72 Ω is the stator windingŠs resistance

• Xσ = ωLσ = 2.95 Ω do to Ćux leakage
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4.4 Equivalent circuit and performance

Rs

Rr (1-s)/s

RrXσ

R0 XmE

Figure 4.3 Ű IMŠs simpliĄed equivalent circuit

• Rr = 1.23 Ω is the rotorŠs equivalent resistance

• Xm = ωLm = 103 Ω due to machineŠs magnetization

• R0 = E2

PF e
= 380 Ω represents the iron losses

Varying the rotorŠs slip factor, deĄned as:

s =
n0 − n

n0
(4.36)

where n is the rotorŠs actual rotational velocity, the output torque can be computed by solving
the circuit and evaluating the dissipated power on the variable resistance, which symbolizes
the output mechanical power:

T (s) =
m p

ω

E2

R2
s+X2

σ

Rr
s + 2Rs + Rr

s

(4.37)

The nominal slip factor can be computed by a power balance under nominal conditions:

sn =
Pjr

Pn + Pmec + Pjr
= 2.8% (4.38)

where Pn is the nominal mechanical output power on the shaft, resulting a nominal rotational
velocity:

nn = n0 (1 − s) = 2917 min−1 (4.39)

Solving the circuit for sn, the nominal torque is given 4.4:

Tn = 28.4 Nm (4.40)

and a nominal power factor cos ϕ = 0.907. These values, as well as estimated efficiency (4.3.3),
are very close to the Ąrst design hypothesis and speciĄcations in Sec. 3.1, which conĄrms the
design process validity.

Solving the equivalent circuit for different values of slip and rotor velocity, the mechanical
characteristic is drawn in Fig. 4.4. The maximum and starting torque are higher than expected,
especially if we compare them to a typical three-phase IM. The mechanical checks performed
in 3.3.1 are executed one more time, considering the new maximum torque from the analysis,
and the results are still acceptable.
This analysis will be compared and veriĄed with FEA results.
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5 Genetic algorithm optimization

After the Ąrst design of the machine, a genetic algorithm (GA) is created and executed in
the MATLAB ambient to improve the motor characteristics such as efficiency, reliability,
dimensions, and weight. So in this chapter, a detailed description of the adopted GA for
motor optimization is presented, and its results are reported and deeply discussed.

5.1 Genetic algorithms

Genetic algorithms may be addressed as powerful optimization tools used for difficult problems,
which can be constrained or unconstrained, based on the natural selection principle. Despite
GAs being present since the 1970s, they are still one of the most up-to-date artiĄcial
intelligence techniques. Applications of this optimization process can be found in Network
routing protocols, image processing, data mining, and computer gaming [15].

Given a random initial population of N individuals in the research space, natural and
evolution processes like selection, crossover, and mutation are performed on each individual
to produce a new generation. Only the Ąttest ones will survive, ensuring quality in successive
generations will be better. Once a sufficient quality is met the reproduction can be stopped,
and the best individual chosen as the optimized output. The main Ćowchart of a standard
genetic algorithm is presented in Fig. 5.1, and a brief explanation of each step will follow
[4].

• Population
Every individual is a vector constituted by n design variables X = [x1, x2, . . . , xn], each
of them bounded between its minimum and maximum values. In this case, a binary
GA is adopted, so every xi variable is expressed in a binary number and, once merged
with the other variables, the complete chromosome of a population member is obtained.
The initial population is randomly generated, considering the feasible space given by
the boundary conditions.

• Objective and Ątness functions
The deĄnition of an objective function O(X) is essential in GAs and represents the
characteristics that are meant to be optimized by the algorithm. The overall cost or
the Ąnal performances are common examples [7]. However, this simple function is not
always the best way to determine when an individual is better than the other because
also physical constraints or competitive features need to be met. So, the Ątness function
F (X) is introduced. It is deĄned as a combination of one or more objective functions
and penalties g(X) based on the overall results we want to achieve by optimization.
The aim will be to maximize (or minimize) this function through the generations to
obtain the best possible individual. Further details on the choice of F (X) will be given
in the following section.
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5 Genetic algorithm optimization

Reproduction  
process

Initial population

Begin

Evaluation
(Fitness function)

Selection

NO

YES

Termination criteria met?

New generation
evaluated

Crossover

Mutation

End

Figure 5.1 Ű Genetic algorithm technique Ćowchart [15]

• Selection
In this reproduction step, the old generation members are selected to form the new
generation. The selection can be a deterministic sampling: the individuals with the best
Ątness are preferred and the worst ones are simply discarded.
However in this work, stochastic sampling is adopted. The selected individuals are
chosen according to a probability based on the ratio between their Ątness and the
average one: pi = F (Xi)

Favg
.

• Crossover
Two selected strings, also called parents, are mated to create two new offspring or
children. Every childŠs gene or chromosome part is randomly chosen between one of the
two parents.
The number of the generated children that join the new generation during every iteration
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5.2 Motor optimization

is expressed by the crossover ratio CR multiplied by N . The higher CR, the more
children will come to life.

Parent 1 
1 0 0 0 1 0 1 1 0 1 

Parent 2 
1 1 1 0 1 0 1 0 0 0 

 

Child 1 
1 0 1 0 1 0 1 0 0 0 

Child 2 
1 1 0  0 1 0 1 1 0 1 

 

Figure 5.2 Ű Uniform crossover example

• Mutation
A bit of a string of the new population is selected according to the predeĄned probability
pm and swapped from 0 to 1, or vice versa. The mutation process allows deviations
and random changes that help explore the search space for new and unpredictable
individuals. On the other hand, it has been noticed in [4] that relatively high mutation
probability can lead to instability and make the solution convergence harder to reach
because it can alter the selection process of the algorithm.

Before mutation 
1 1 0 1 0 0 1 0 0 1 

 

After mutation 
1 1 0 0 0 0 1 1 0 1 

 
Figure 5.3 Ű Mutation example

5.2 Motor optimization

In this section, the genetic algorithm procedure is applied to the optimization of the previously
designed 9-phase motor. This process aims to Ąnd the best combination of design variables
to reach the desired IMŠs features, i.e., maximize the chosen Ątness function. After various
simulations, the best results will be reported and discussed also considering different algorithm
parameters.

The analytical analysis described in Chap. 4 is used to determine the motor performance,
given the input geometrical values, during every iteration.
Only a simpliĄed thermal model is added to determine the stator winding relative temperature
Θw to the external air. The model is a simple lumped thermal network, in which only the
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5 Genetic algorithm optimization

stator copper losses are considered since they are the most relevant stator loss. Their heat
Ćows through two thermal resistances: RN between the slot copper and the stator iron and
RF , between the iron and the external air, estimated with the following formulas [4].

RN =

(

wins

λins
+

1

αins

)

1

πDL
[

ws

ps
+


1 + 2π
Q

)

hs

ps

] (5.1)

where wins, λins, and αins are the insulationŠs width, thermal conductivity, and thermal
resistance coefficient. Commercial insulation sheet parameters for motor windings are consid-
ered.

RF =
1

αext

1

rextπDL


1 + 2π ws

Q ps
+

πBg

2p Bbi

) (5.2)

where αins is the external air thermal transmission coefficient, and rext is the ratio between
the external frame surface to the outer stack surface, it is taken equal to 3 considering
common IMŠs shells.
Finally, the copper relative temperature is estimated as:

Θw = Pjs(RN + RF ) (5.3)

The winding temperature will be extremely impactful on the motorŠs reliability and its
selection in the GA, as we will discuss in the following pages.

5.2.1 Design variables

Name Symbol Minimum Maximum Bits N.

Main variables

Bore diameter D 120 mm 160 mm 10

Stack length L 100 mm 140 mm 10

Air gap g 0.5 mm 0.7 mm 12

Supply current density J 3 A/mm2 7 A/mm2 12

Stator variables

Back iron height hs 27 mm 40 mm 12

Slot height hs 15 mm 27 mm 12

Slot wedge height hwedge 1.2 mm 2.1 mm 12

Slot width ws1 5 mm 9.5 mm 12

Rotor variables

Slot height hsr 13 mm 21 mm 12

Slot wedge height hwedger
0.8 mm 1.7 mm 12

Slot width ws1r 3 mm 7 mm 12

Yoke diameter Dy 31 mm 36 mm 10

Ring height hring 13 mm 21 mm 8

Ring width wring 12 mm 18 mm 8

Table 5.1 Ű Optimization design variables
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5.2 Motor optimization

Great attention has been dedicated to the choice of design variables and their limits. First
of all, not all motor attributes can be modiĄed. This is the case of the number of poles,
stator and rotor slots, and supply frequency, as already systematically described in the Ąrst
chapters.
Every design variable is independent of the others and is presented in Tab. 5.1, as well as its
minimum, maximum, and number of bits occupied. It may be worth noticing that the valid
range of each variable is set considering small variations (usually around ±20%) of the Ąrst
design geometrical values (see Chap. 3), or the common values suggested from experience.
The vector X contains all xk motor design variables.

Each input is expressed as a binary variable with a different number of bits. This number is
a trade-off between the required precision and the computational cost of the algorithm.

5.2.2 Fitness function selection

DeĄning a precise Ątness function is one of the most challenging and relevant parts of the GA
writing process. Since population members will be evaluated and selected when compared to
the others thanks to their Ątness ranking, an accurate function will not only determine a
proper selection but also reach the overall algorithm purpose.
Mathematically speaking, we can deĄne it as [4]:

F (X) =

{

O(X) if O(X) > 0

0 otherwise
(5.4)

This optimization aims, Ąrst and foremost, to maximize IM efficiency, keep its weight G
under certain limits, and guarantee sufficient reliability standards. As stated in [8], induction
motorsŠ reliability and lifetime can be severely affected by external ambient contamination,
poor cooling or winding overtemperature, improper insulation system, mechanical vibrations,
and stresses. Consequently, concerning the last point, great attention has been dedicated
to the stator winding relative temperature Θw, as well as the stator slots Ąlling factor and
insulation, considering a motor continuous duty (D1).
The objective function is than deĄned as a weighted linear combination of the listed properties,
normalized:

O(X) = O1(X) + O2(X) + O3(X) =

= w1 η(X) + w2
GM − G(X)

G(X)
+ w3

ΘM − Θw(X)

Θw(X)

(5.5)

The target weight is set to GM = 50 kg, similar to the weight of the Ąrstly designed motor in
the previous chapters; while the target winding relative temperature is chosen ΘM = 80 ◦C,
considering common design experience and typical motorsŠ insulation rating classes 5.4. The
function weights wk are chosen to maximize the efficiency as much as possible, keeping the
motorŠs weight and the winding temperature under their target value.

Usually [4] [7], F (X) is modiĄed adding some penalty terms gk(X) to meet the initial design
speciĄcations or ensure real manufacturing feasibility, resulting:

F ′(X) = F (X) −
∑

k

pk gk(X) (5.6)
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5 Genetic algorithm optimization

Figure 5.4 Ű IEC motor winding insulation classes [10]

where the penalty weights pk are deĄned as pk = 0 if gk(X) < 0 and pk > 0 if gk(X) > 0.
Standard induction motors requirements are taken into consideration here, like the power
factor and magnetizing current ratio, as well as rated torque design value (3.1). Great attention
is also spent on the slot Ąlling factor, high kfill values make the stator slot manufacturing
more difficult or even impossible, and also mean a worst slot equivalent thermal conductivity
[18], leading to possible conductors heating and overtemperature.
The penalty functions and their weights are reported in the Tab. 5.2.

Name Optimization constraint Function gk Weight pk

Power factor cos ϕ > 0.8 g1 = 0.8−cos ϕ
cos ϕ

5

Magnetization current ratio
Iµ

In
< 0.4 g2 =

Iµ

In
−0.4
Iµ

In

3

Nominal torque maximum Tn < 29 Nm g3 = Tn−29 Nm
Tn

2

Nominal torque minimum Tn > 27 Nm g4 = 27 Nm−Tn

Tn
2

Slot Ąlling factor kfill < 0.45 g5 =
kfill−0.45

k[fill
5

Table 5.2 Ű Penalty functions

Obviously, the populationŠs individuals with the highest Ątness raking will be considered the
best ones and selected over the others.
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5.3 Results

Variable Symbol Basic motor Optimized motor

Bore diameter D 140 mm 128.3 mm
Outer diameter De 250 mm 250.1 mm

Stack length L 120 mm 135.7 mm
Air gap g 0.6 mm 0.505 mm

Supply current density J 4.91 A/mm2 3.08 A/mm2

Back iron height hbi 34 mm 33.9 mm
Slot height hs 21 mm 27 mm

Slot wedge height hwedge 1.6 mm 1.4 mm
Slot width ws1 7.5 mm 6.9 mm

Rotor slot height hsr 17 mm 20.8 mm
Rotor slot wedge height hwedger

1.2 mm 0.91 mm
Rotor slot width ws1r 5 mm 4.7 mm

Rotor yoke diameter Dy 33 mm 31.1 mm
Ring height hring 17 mm 21 mm
Ring width wring 15 mm 17.7 mm

Table 5.3 Ű Basic and optimized motorŠs design variable comparison

Property Basic motor Optimized motor Unit

Efficiency 87.3 89.9 [%]
Weight 42.9 50.0 [kg]

Winding overtemperature 120.1 65.0 [◦C]

Rated torque 28.4 28.5 [Nm]
Rated slip 2.76 2.01 [%]

Rated power factor 0.907 0.909 [-]
Slot-Ąlling ratio 0.409 0.449 [-]

Air gap Ćux density 0.702 0.678 [T]
Stator tooth Ćux density 1.69 1.64 [T]
Rotor tooth Ćux density 1.72 1.71 [T]
Back iron Ćux density 1.52 1.35 [T]

Rotor yoke Ćux density 1.44 1.68 [T]
Magnetizing current ratio 39.9 37.8 [%]

Table 5.4 Ű Optimization results
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6 Finite Element Analysis

A Finite Element Analysis of the optimized motor carried out with the software F.E.M.M. is
presented in this chapter. The simulationsŠ computational cost is signiĄcantly high due to the
complexity of the model and the non-linearity of the iron. So combining both analytical and
FE models allows us to evaluate the IMŠs performances and parameters. As reported in [1],
the Ćux lines are mainly 2-D lines, so a 2-D analysis is sufficient, saving computational time
if compared with a full 3-D model. A 3-D correction is then needed to include end-winding
and ring resistances and inductances, skewing effect, and so on.
The analysis performed follows the approach for the three-phase case shown in [1] and [3],
extended to a nine-phase machine 6.1. The motorŠs parameters are evaluated by simulating

Figure 6.1 Ű FEM analysis scheme of the nine-phase machine

a no-load test and a locked rotor test, the equivalent circuit is then derived and used to
determine the performances. Both simulations are carried out thanks to a MATLAB script,
which builds the geometry, imposes the stator currents, and runs the post-process.

6.1 No-load simulation

The motor is analyzed in the rotor reference frame. This implies assuming a slip factor equal
to zero, and also the relative frequency is equal to zero. So magnetostatic simulations are
performed to investigate the iron saturation and evaluate the equivalent circuit parameters,
such as the magnetizing inductance Lm.
The geometry is built and the materialŠs properties are imposed: both copper and aluminum
resistivity is calculated considering the winding operating temperature 5.3.1, the steel sheet
is considered non-linear and its magnetization curve is copied by the datasheet [24]. The
stator supply currents are imposed on each different phase as follows:

ia =
√

2Is cos (0) (6.1)

47









6.2 Locked rotor simulation

Knowing the supply voltage U = 230 V the magnetizing current is given Iµ = 2 A, with a
magnetizing current ratio of 37.6% as expected in the design process 5.3.2.

The magnetic Ćux density along the air gap, imposing the magnetizing current as stator
current, is presented in Fig.6.5. The fundamentalŠs peak is really close to Bg = 0.678 T stated
in 5.3.2.

6.2 Locked rotor simulation

The locked rotor simulation is a magneto-dynamic analysis that allows us to determine
the rotor resistance Rr2D and the rotor leakage inductance Lσr2D, depending on the rotor
frequency. Since the rotor is locked, its relative frequency is equal to the supply and the
simulationŠs frequency.
Therefore the following imaginary set of currents is imposed along the stator winding with

Figure 6.6 Ű Flux density plot, locked rotor test

different frequency values between zero and 50 Hz:

ia =
√

2In (cos (0) + i sin (0)) (6.15)

ib =
√

2In

(

cos (−2

9
π) + i sin (−2

9
π)

)

(6.16)

ic =
√

2In

(

cos (−4

9
π) + i sin (−4

9
π)

)

(6.17)

id =
√

2In

(

cos (−2

3
π) + i sin (−2

3
π)

)

(6.18)
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6 Finite Element Analysis

done analytically. The short-circuit ringsŠ resistance must be added to the rotor resistance,
according to [1]:

Kring =
2

π

Qr

2p2

Dr

L

Sbar

hring wring
(6.28)

So, the rotor resistance as a function of the frequency is corrected as follows:

Rr(fr) = Rr2D(fr) (1 + Kring) (6.29)

The leakage inductance is corrected as well, considering the short-circuit rings and rotor
skewing [1]:

Lσring = µ0 kr

(

Kw

Kskew

)2

q2 πDr

L
(6.30)

where kr = 0.36 if 2p = 2, whereas kr = 0.18 if 2p > 2.
The total rotor leakage inductance is now given:

Lσr = Lσr2D + Lσring + Lσskew (6.31)

It is now possible to reconstruct the IM equivalent circuit 6.13, evaluating the stator quantities
as already done in Sec. 4.4. Solving the circuit as already done in Sec.4.4 a nominal slip

Rs

Rr (1-s)/s

RrXσ

R0 XmE

Figure 6.13 Ű SimpliĄed equivalent circuit

of sn = 2.5% is found, corresponding to a nominal torque of Tn = 28Nm, a nominal power
factor of cos ϕn = 0.906, and a nominal efficiency of ηn = 89.2% which are acceptable values
considering the analytical GA results (see Sec. 5.3.2).
The plots of the main quantities, varying the rotor slip, i.e. its velocity, are reported below.

56







7 Conclusion and outlook

The increase in electric transportation leads to higher standards for electric machinesŠ
reliability and fault tolerance. Indeed, much research and development has been spent
studying multi-phase machines, which can provide those standards more easily than the
common three-phase ones [12].
In this work, a 9-phase induction motor is been designed and analyzed as an alternative to
well-known PM motors, already commonly studied. The asynchronous motor is cheaper since
no permanent magnets are present, and can also meet good performances.

First, a distributed winding is chosen to guarantee the best MMF distribution over the air
gap to reduce harmonics as much as possible. This leads to selecting the conĄguration with 2
poles and 36 stator slots. The proposed winding is then analyzed, as well as its harmonic
content. Secondly, the motor is analytically designed following empirical and commonly used
formulas in literature.
In the following chapters, the motor is optimized through a genetic algorithm to achieve
optimum values of efficiency, weight, and winding temperature, with satisfying results. Finally,
its performances are determined using F.E.M.M. software to check analytical calculations,
with good results. All main optimized IMŠs characteristics and performances are evaluated
thanks to a more precise equivalent circuit built from the Finite Element Analysis.
The Ąnal optimized IM proposed presents a bore diameter D = 128.3 mm, an outer diameter
De = 250.1 mm, and a total length L = 135.7 mm, with a rated torque T = 28.5Nm and a
rated efficiency η = 89.9%.
Comparing it to the starting PM motor proposed in [22], similar geometrical values are found
but the IM presents a lower-rated torque, as expected.

The possible further developments about the topic under investigation could be building a
Ąrst test bench prototype to validate the analytical calculations and the design of a proper
control strategy that ensures the operation under fault conditions to achieve a high level of
reliability.

I trust this work could help the progress of more reliable and safe electric transportation,
breaking the standards in electric machine design and concept, and always looking for new
unthinkable applications.
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