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Abstract

High efficiency, high power levels, reliability are demands that have led many researchers to dive into
the field of multiphase motors. Especially the world of the electric car, a growing trend, is pushing for
increasingly high-performance solutions that will facilitate their widespread use.

The purpose of this work is to provide an overview of the multi-phase permanent magnet
synchronous motor and to show what steps are needed to calculate the basic parameters to highlight
some of the benefits. In order to understand how a permanent-magnet motor works, a review of
three-phase motors is presented, specifying transformations that allow simplified modeling to control
them. Emphasis is placed on five-phase, six-phase and nine-phase motors, then proceeding to
highlight what are the topologies of multiphase drives based on the structure and number of levels of
their respective output voltage. To obtain a more complete review, multiphase induction and
reluctance motors are mentioned.

Lastly, the covered topologies based on the number and arrangement of the phases are summarized
and not only the benefits of the multi-phase machine are highlighted but also the advantages and
disadvantages in using different multiphase drive.
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Chapter 1

Some steps up to multi-
phase permanent magnet
synchronous motors

Over the past two centuries, electric motors have attracted interest and then found
use in a myriad of applications.

Since 1830 so many patents have been published that it becomes difficult to classify
the huge number of motor types and variations.

It is possible to date the first U.S. patent on electric motors, in 1837, published by
inventor Thomas Davenport; or Friedrich August Haselwander, who first
developed, in 1887, the three-phase synchronous motor. Perhaps best known is N.
Tesla (1856-1943), who filed several patents, including one for a three-phase
induction motor, like today's motor.

In 1962, TG Wilson and PH Trickey invented the first brushless DC (BLDC) motor,
which they called "DC motors with solid-state commutation." [28] making the use
of physical commutators unnecessary and thus marking a fundamental step in the
use of electric motors.

All types of motors studied and, on the market, have different advantages and
disadvantages, and the most suitable solution is chosen considering the
requirements for the specific situation.

For example, unlike conveyors, motor drives in electric vehicles (EVs) require
different characteristics, such as high rate of acceleration and deceleration or high
torque at low speed. [6].

Compared with other electric machines, permanent magnet (PM) machines

combine the advantages of high efficiency (due to the absence of losses in the



rotor), power factor and torque density, high overload capacity, robustness, low
maintenance, compactness, and low weight [1], features required of an electric
traction machine. [2].

Another reason to speak about PM motors is the absence of external excitation.

The Permanent Magnet Synchronous Motors (PMSMs) have some advantages over
asynchronous motors. PMSMs provide a higher power density for their size than
the asynchronous because, using a PMSM the rotor flux is already established by
the permanent magnets on the rotor while using asynchronous motors, some of the
stator current is needed to "induce" the rotor current to produce the rotor flux,
which is the reasons why they are called induction motors (IMs).[3].

If induction motors have dominated the drive market by replacing the DC motor in
high-performance applications, PMSMs have gained ground starting with the
introduction of new materials such as neodymium-iron-boron (NdFeB) in 1983 [7],
or samarium-cobalt (SmCo).[4].

However, PM excitation has some disadvantages, such as the risk of
demagnetization at high temperatures [1] and the cost of permanent magnets, as
the latter are usually made of rare material and their price is increasing.
Nevertheless, several studies present new techniques for PM machines with simple
concentrated windings to reduce the amount of magnetic material used. [4].
Permanent magnet machines are used in many applications and sometimes good
fault-tolerance capability is required for some safety-critical applications. To meet
this need, multiphase (>3) machines can be used, which offer greater freedom in
fault handling and have inherent advantages.[5].

Multi-phase stator topologies mainly have some advantages in terms of power
segmentation, reliability, and performance, whereas machine structure and
construction technology may remain unchanged compared to three-phase design,
unless it comes to very high-power electric machines, where adopting an n-phase
stator configuration may have considerable “structural” or “constructive”

impact.[18].



1.1 Aim of the Thesis

As the power level increases, the adoption of multiphase motors allows higher
power levels to be achieved by dividing the required power among more phases,
more than the conventional three phases, and allows the use of power electronic
converters with a limited power range to drive the multiphase machine. [19].

The specific application areas are the main motivation for this growing interest in
the multi-phase machine. Electric ship propulsion, locomotive traction, electric and
hybrid electric vehicles, more-electric aircraft, and high-power industrial
applications can be considered as the main applications [21].

Some of the advantages listed above highlight how a discussion on multiphase
PMSM can be useful. The objective of this work is therefore to proceed step by step
to the definition of the intrinsic advantages of this machine, like the fault tolerance
capability, and those that derive from it, such as for example the dc-link

improvement or the inverter improvement.

1.2 Thesis Organization

Chapter 1 provides a historical overview of electric motors, emphasizing the relevant
aspects of permanent magnet synchronous motors. presents in the first instance
PMSM advantages, material challenges, and introduces multi-phase stator
topologies.

Chapter 2 serves as an introduction to understanding motor presenting a review of
three-phase motors and transformations that allow for simplified modeling, Clarke-
Park transformation. In addition, the chapter explores different configurations based
on winding in the stator and permanent magnets in the rotor.

Chapter 3 presents various configurations of multi-phase permanent magnet
synchronous motors, focusing on five-phase, six-phase, and nine-phase designs. The
discussion includes the advantages of segmented five-phase PMSMs, the benefits of
the asymmetric six-phase motor in reducing torque pulsation. Additionally, the

chapter presents the vector space decomposition, the modelling and torque



calculations for the complex nine-phase PMSMs. Contents highlight fault tolerance,
robustness, and efficiency in various motor applications.

Chapter 4 defines Multiphase Motor Drives advantages over traditional three-phase
systems, emphasizing torque ripple reduction and increased reliability. Specifies the
crucial role of the DC link, showing processes and capacitor sizing considerations.
The chapter also explores power electronic converters, highlighting different
topologies, modulation techniques. Overall, it provides a review design and
optimization of multiphase systems for enhanced motor performance.

Chapter 5 explores multi-phase motors, starting with the induction motor's
operation and the growing interest in multi-phase configurations. It introduces the
seven-phase induction motor. The chapter then deals with the switched reluctance
motor (SRM), discussing even and odd-numbered phase SRMs and their
characteristics. The discussion includes a comparison of four, five, and six-stage
SRMs and concludes by emphasizing the advantages of choosing a specific phase
number based on application requirements. Permanent magnet machines can be
divided into two primary categories based on the direction of the flux passing
through the machine's air gap so the axial flux machines are presented.

Chapter 6 presents PMSM in vehicle traction, emphasizing efficiency and reduced
emissions. It discusses inverter configurations and highlights the evolution of hybrid
vehicles and the application of multi-phase drives in automotive for enhanced
reliability and efficiency. It also applies to provide a comparison of the different

solutions presented.



Chapter 2
Fundamentals of PMSM

2.1 Theoretical basic concepts

Before going into some detail about multiphase synchronous machines, it is
necessary to review the laws of electromagnetism that will enable us to understand
the working principle of such machines.
The most important laws for electrical motors are:
o Ampere’s law: the electric current through a conductor produces a magnetic
field. The line integral of the vector H around the closed line [ is equal to the

flux of the density vector J through the surface S enclosed by L.

J, Ha@l= [, jd5
(2.1)

o Constitutive equation: the magnetic field H produces a flux density B.
B = puH = p,poH
(2.2)

Where p, is the relative permeability and y, is the vacuum permeability
o Hopkinson law is named in honor of the British physicist and engineer who
patented the three-phase system for generating and distributing electricity.
Hopkinson law, magnetic equivalent of Ohm's law, links the Magneto Motive
Force (m.m.f.) with the reluctance of the magnetic circuit and the produces
flux.
NI = R®
(2.3)



where N is the number of turns of a coil and I the current flowing in it.
o Lenz’s law: if a linked magnetic flux A varies in time an electromotive force is
created (Faraday’s law). The induced electromotive force (emf) creates a

current that opposes to the flux variation.

Sl

e=+=

(2.4)

o Lorentz’s law for force: if a current I flows through a rectilinear conductor in a

region where B field exists then a force is created, which has direction

perpendicular to the plane formed by B and I (figure 1).
dF = (dl A B)I

(2.5)

Figure 1: Lorentz's law [121]

2.1.1 Rotating magnetic field

Whether or not he patented his discoveries, in 1885, Galileo Ferraris demonstrated
the existence of the rotating magnetic field by using two fixed coils perpendicular to

each other, through which circulated two alternating currents of the same frequency
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and offset by 90°.[8]-[9]. Patent later published in 1888 by Nikola Tesla.

To generate a rotating magnetic field, multiple (more than one) spatially displaced
windings crossed by time-displaced currents are required.

Considering three windings (figure 2) space-displaced of 120° and crossed by

currents time-displaced of 120° three distributions of m.m.f are produced:

Ag(a,t) = Ngg sin(a) ig(t)

(2.6)
21
Ag(a,t) = Ngg sin(a — ?) ig(t)
(2.7)
41
Ay(a,t) = Ngg sin(a — ?) iy (t)
(2.8)

Where:
- Each winding has the same number of turns, the same number of pole pairs
and therefore the same equivalent number of turns Neg.
- The flowing currents make a symmetrical set:

ir = I cos(wt)

(2.9)
] A 21
ip = I cos(wt — ?)

(2.10)
] . 4n
iy = I cos(wt — ?)

(2.11)
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Figure 2: Three Phase winding [89]

The resulting fundamental m.m.f. A¢(at) produces a rotating magnetic field H:(a,t)

and the related rotating magnetic flux density distribution B:(at) :

3 .
Ai(a,t) = EN“’I sin(a — wt)

(2.12)
3Neq -
Hi(a,t) = I sin(a — wt)
21,
(2.13)
eq s
Bi(a,t) = Uol sin(a — wt)
21,
(2.14)

Where I: 1a the air gap length.
As previously stated, a rotating magnetic field is obtainable not only from a three-

phase system but can be generated by an n-phase (n not equal to one) system with n

currents phase-shifted by 27” electrical degrees passing through n windings with

sinusoidal distribution phase-shifted by 27” mechanical degrees.

These are the key formulas essential in understanding methods for producing or

exploiting electricity, as for example the object of this work, the multi-phase
8



permanent magnet synchronous motor.

2.2 Key characteristics of PMSM

The main characteristic of synchronous motors is that the rotational speed of the
rotor is equal to the frequency of the supply voltage divided by the number of pole
pairs.[7].

Wmech =

(2.15)

In other word, the mechanical speed is equal to the speed of the stator rotating
magnetic field.

The speed of the stator rotating magnetic speed is called "synchronous speed". In the
case of synchronous machine, the relative difference between the synchronous speed
and the mechanical speed of the rotor is therefore equal to zero. The relative

difference is called "slip". It is possible to use the absolute slip (2.16) or the relative

slip (2.17):

S = w5 — Wy [rad/s]
(2.16)

(2.17)

The revolving stator m.m.f. is the result of injecting a set of polyphase currents phase
shifted from each other by the same amount of phase shift between the multi-phase

windings. [10]. In case of three phase PMSM the currents in the three windings are
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120° out of phase, the magnetic fields produced will also be 120° out of phase.[31].
The operating principle of a synchronous motor is quite like that of an asynchronous
motor. The coils, inserted into slot of the stator core, generate a rotating magnetic
field whose polar expansions interact with those of the rotor, causing slip and thus
achieving rotation. The purpose of the rotor is to create an excitation magnetic field
either through permanent magnets or DC excitation. In PMSM the north pole of the
rotating field in the stator attracts the south pole of the magnet, and simultaneously
the south pole of rotating magnetic field attracts the north pole of the magnet.

In the asynchronous machine, instead, the field produced by the rotor is due to
induced currents in the rotor windings (hence called "induction" machine).

The use of permanent magnets to produce the rotor field is advantageous because it
avoids the use of brushes and commutators, which is why the permanent magnet

synchronous motor (figure 3) is said to be brushless.

Stator

Phase a’

Figure 3:Three-phase PMSM [108]

This leads to some advantages: rotor reduced losses associated to the induced
current, the consequent increase in efficiency and the reduction of required

maintenance due to the absence of the brushes and commutators.
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Based on the shape and position of the permanent magnet in the rotor there are two
main topologies of permanent magnet rotor (of which there are modified versions):
surface mounted permanent magnet (SPM) in figure. 4(a) and internal permanent
magnet (IPM) in figure. 4(b).

.“\\Sleeve B S T Magnetic Brldgcs.._\:_\.‘- .
| R

'\'\\‘\\ Inter-Pole / ot ; -

Fillet PM

Steel

\ \ Sheets
Shaft

e Shaft
(a) (b)

Figure 4: Rotor topologies for PM motors. (a) SPM. (b) Conventional IPM.[12].

In the surface mounted PMSMs the permanent magnets are exposed to the air gap.
The interior PMSM (IPMSM) has its magnets buried inside the rotor.[16]

From the comparison with finite element analysis, it can be concluded that the IPM
motor has similar electromagnetic performance as the SPM motor in high-speed
operations, while the cost and torque per weight of the IPM are higher than those of
the SPM motor. However, the rotor structure is not as robust and is subject to
irreversible demagnetization.[12].

Important to highlight how the way the conductors are placed in the stator
determines not only the m.m.f. distribution at the air gap, but also e.m.f. induced in
the winding, that is proportional to the product of the rotational frequency and the
flux in the air gap.

The m.m.f. produced by the coil has a rectangular distribution with a fundamental
component useful for torque, but there are also harmonics that produce losses. One
of the requirements in motor design is to minimize these harmonics to increase
efficiency (reducing losses).

The first categorization of winding in the stator is based on how the coils are

11



distributed in the slots. To obtain a sinusoidal distribution of m.m.f. regardless of the
number of phases, we distinguish: concentric winding and distributed winding.
Before introducing these two typologies, two parameters need to be defined: pole
pitch and coil pitch.

The pole pitch is defined as the distance measured in terms of armature slots that
come between two adjacent pole centers. Pole Pitch is equal to the total number of
armature slots divided by the total number of poles in the machine.

Coil pitch is defined as the peripheral distance between two sides of a coil also
measured in terms of the number of armature slots between them.

In concentric winding (figure 5) the windings are distributed in the slots with
different coil pitches within a pole pitch, while in distributed winding (figure 6) the
number of conductors in each slot is the same and the coils pitch is constant for all
coils. Fractional slot concentrated winding (FSCW) is an alternative where every coil
is wrapped on a tooth [29], avoiding overlap in the end winding not only minimizes

the insulation volume but can also potentially enhance power density.[29]

Figure 5: Concentric winding [10]

1 2 3 3 2 1

oL lel el o] o @

Figure 6:Distributed winding [10]
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According to the theory of winding, the number of slots per pole of each phase q can

be given as:

(2.18)

where Q represents the number of slots, m is the number of phases and p is the
number of pole-pairs. In a distributed overlap winding setup, where q is an integer,
the coil pitch is approximately m multiplied by q. However, in a concentrated
winding configuration, q is a fraction, and the coil pitch is set to 1. [29].

How the number of slots and poles is chosen affects machine performance, so it is an
important parameter in machine design. Winding factor, cogging torque, radial
forces, flux attenuation capability are some of the parameters involved.[30]
Additional techniques in control algorithm are used to achieve a more sinusoidal
m.m.f., like Field Oriented Control (FOC) that are seen later.

2.2.1 Line-start PMSM

One of the disadvantages of PMSM is the complexity of startup, which with certain
arrangements has become yet another strength.

Knowing that torque is produced when the salient field poles of the rotor concatenate
with the stator’s rotating magnetic field, causing the rotor to rotate at synchronous
speed, this implies that application of the stator’s supply voltage is unable to produce
starting.

To overcome this problem, the cage equipped PM motors, so-called line-start
permanent magnet synchronous motors (LSPMSM) have been developed since 1955.
[35].

These motors are equipped with a squirrel cage winding, which plays a crucial role in
generating torque from a standstill up to the synchronous speed.

These windings are connected to the AC power supply, the rotor starts to rotate due
to the interaction of the rotating magnetic field of the stator with the currents
induced in the squirrel cage winding, this means that during the startup, this motor
behaves like an induction motor.

However, once the synchronous speed is attained, the cage windings cease to
13



produce electrical torque, as there are no induced voltages at that point.

LSPMSM is widely employed in various industrial applications, particularly in
ventilation and fan drives, showing its versatility for different industrial drive
motors.[39].

LSPMSM is one of the highest efficiency motors with advantages compared to other
types of induction motor such as robust structure and high-power density [34] and
compared to simple PMSM thanks to direct starting.
Its distinctive design combines a rotor cage and permanent magnets, optimizing
both starting torque and operational efficiency while minimizing losses in rotor bars
during synchronous operation.

Another solution is to provide the stator with a variable frequency power supply, via
the appropriate inverters. By varying the frequency of the power supply, the rotating
magnetic field is generated which rotates at an initially low speed allowing the
magnetic field generated by the permanent magnets to link with it; in this way the

rotor begins to rotate at the same speed of the rotating field.

2.3 Three-phases PMSM

After a general survey of the permanent-magnet synchronous motor, we turn our
attention to three-phase PMSMs, the basis for building a study of multiphase (more
than three) motors. Three-phase Permanent Magnet Synchronous Motors (PMSMs)
are widely utilized electric motors, celebrated for their efficiency, reliability, and
precision control. Below, we provide an overview of key aspects concerning three-
phase PMSMs.

PMSMs integrate a rotor equipped with permanent magnets, capable of
autonomously generating a magnetic field, obviating the necessity for an external
power source.

The stator comprises three sets of windings uniformly distributed around the motor's
circumference. These windings are typically configured in a sinusoidal pattern to
optimize performance.

Since rotor has no windings, the generation of heat, mainly due to Joule losses, it is

only on the stator, where it is easier to dissipate the heat because it is in direct
14



contact with the environment.

PMSMs operate based on the concept of synchronous rotation, wherein the rotor
tries to synchronize itself with the rotating magnetic field generated by the stator
windings. The rotor's permanent magnets establish a stable magnetic field, while the
stator windings generate a rotating magnetic field when energized with three-phase
alternating current (AC).

The interaction between the rotor's magnetic field and the stator's revolving
magnetic field results in the production of mechanical torque, pushing the rotor to
rotate synchronously at a predetermined speed.

Considering an electric machine having two magnetic poles and which is characterize
by a star connection (figure 7). Assuming then that is an isotropic machine, it follows

that:

e p= 1
(2.19)
e The sum of the three currents must be equal to zero:
il + iz + i3 = O
(2. 20)
e Mutual inductances do not depend on the direction:
M;; = Mj;
(2. 21)

Figure 7: Star connection [97]
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The voltage of the three phases is given by:

o dA
ViN = Rsll + E
A,
=R 12 + K
dA
= Rgiz + dt3
(2. 22)
The linked flux expression for the i-th phase:
Al = Llil + M12i2 + M13i3 + /1191
/12 = inz + M21i1 + M23i3 + ){pz
/13 = L3i3 + M31i1 + M32i2 + ){p3
(2.23)

Where A, is the linkage flux due to the permanent magnet established on i-th
winding.

Collecting the inductances:

3
Li=M=2L+Lg=Ls

(2.24)
Where Lad is the dispersion matrix.
By rearranging 2.19 it is possible to obtain:
da
[Vin] = Rslii] +L57 [ p]
(2. 25)
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dhy .
Where d—tp is the emf.

Figure 8:3-phase PMSM electrical structure [96]

In agreement with the expression on the voltage drop across the coil, the three phase

PMSM electrical structure is given by figure 8.

2.3.1 Park Transformation: dq model

To simplify the modelling, it is common practice to transform system state variables:

1.

Clarke's matrix (figure 9) enables the conversion of a three-phase system into
a two-phase system while retaining the essential characteristics of the original
three-phase system. In this process, sinusoidal variables that were initially
fixed to the stator reference system become constant variables synchronized
with the rotor.

The Park matrix (figure 10) [37], on the other hand, facilitates the alignment

of multiple two-phase systems, each with varying angular positions, to a
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common reference system d-q, direct axis and quadrature axis. This
transformation simplifies the analysis and the control of the motor by
decoupling the torque generation (q-axis) and the magnetizing component (d-

axis).

Clarke transformation ., Parktransformation

B

Vaqo = TpVago
Vago = TeVabe 7 f1
1 Vapgo = Ty Vago
Vabe = T¢ Vago

o

a

2 1 -1/2 -1/2 |
T.==| 0 +3/2 —V3/2 cosf, sinf, 0
© 3 1/2 12 1/2 T, = |-sinf, cosd, 0
/ / / 0 0 1
Figure 10:Park transformation [126] Figure 9: Clarke transformation [126]

The voltage over each stator winding is given by the sum of the voltage drop on the

resistance and the induced voltage due to the time-varying flux linkage:

dAqp _
Vabe = % + Rapclabe
(2. 26)
Flux linkage vector:
Aape = Ap,abc + Lapclane
(2.27)

Where Ap is the linkage flux due to the permanent magnet established on the
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windings.

Permanent-magnet flux linkage vector:

A, cos B,

2
Apabe = Ap cos(B, — §T[)

2
Ap cos(6, + En)

(2. 28)

Where 0. identifies the position of the rotor axis with respect to the stationary axis a.

The inductance matrix is defined as:

La Mab Mac
Lope = [Mba Ly Mbc]
Mca Mcb Lc
(2.29)

Where the diagonal elements are given by the self-inductances and the off-diagonal
elements are the mutual inductances. The matrix exhibits symmetry because the flux

coupling between two windings is equal in both directions.

The resistance matrix is a diagonal matrix where diagonal elements represent the
stator resistances that are equal in all windings because stator windings are wound

with the same number of turns.

R 0 O
Rape =0 R O
0 0 R

(2.30)

It is possible to collect the two transformations in Clarke-Park transformation

defined by the matrix:
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2
cos 6, cos(6, — 3 ) cos(6, + §7r)

_ — 2 2
Tpc = TpTc —|—sin He - sin(@e — §Tl’) —Sin(ee + §T[)

1/2 1/2 1/2

(2.31)

Knowing that the magnetizing inductance is not constant as the reluctance depends
on the position of the rotor, this transformation allows us to obtain a set of equations
referring to a reference system that rotates synchronously with the rotor,

consequently the inductance matrix becomes constant.

The voltage in dq axes is obtained from:

d
quO = Tpc % (Labch_cllqu + Ap,abc) + TpcRabch_cllqu

(2.32)
In expanded form the voltage in q axis and in d axis is [7]:
dig . ,
Vg = L4 T3 + Rig — pLywi,
(2.33)
di, , ‘
Vg = Lq T + Rig + pLywiy, + pA,w
(2.39)

The maximum available output voltage of the inverter (Vam) represents a constraint

for the terminal voltage [46],[14], so that:
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’Udz + qu < I/am

(2. 35)

The input power in abc frame is:

— T;
Pabe = Vape' labe
(2. 36)

Respecting the power equivalence, i.e., the power must be the equal in both reference
frames:

P — E T —
dq0 — Zvqu lqu -

3 . . 3 . . dlq P . .2 i)
= E(Udld + Vi) = > [Ldld + Lyl I + p(Ld - Lq)wldlq + pAlywig + R(ig +i3)

(2.37)

Where:

P, = p(Ld — Lq)a)idiq + pl,wiy,
(2.38)

Finally, moving on to the equation on torque and knowing that it is given by the ratio

between power in the air gap and angular velocity, we obtain:

Pn 3 . 3 .
T = o prlplq + Ep(Ld — Lg)igig

(2.39)
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The first term corresponds to “the magnet excitation torque” occurring between iq
and the permanent magnet, while the second term corresponds to “the reluctance
torque” due to the difference in d-axis and g-axis reluctance and the consequent
inductance.

The torque generation depends also on rotor saliency. Saliency ratio is defined as the

. .. .. Lq
ratio of g- axis inductance to d- axis inductance (L—)
d

As it is said before, PMSM can be divided in two groups, interior PMSM and surface
mounted PMSM, depending on the position of the PM. [47]

SPMSM have the capacity to generate only the magnet excitation torque because it is
not salient-machine that means it has same d- and g-axis inductance values;
IPMSMs are salient machines, and they also produce reluctance torque due to the

difference in inductances [45].

Parameter SPM IPM

PM flux linkage A, >0 A, >0
Inductance term Lg =1L, Lg <Lg
Machine Not-salient machine Salient machine

Table 1:Saliency

The equation of motion is given by:

dw
Te_Tl:]E-I_Bmw

(2. 40)

Te is electromagnetic torque; Tiis Load torque; J is moment of inertia; Bm is friction
factor, coefficient associated with the rotational system of the machine and the

mechanical load.
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Field Weakening Control

A

Stator
voltage /
Torque
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Figure 11: Torque-speed characteristic [59]

The torque is also proportional to the g-axis current, this results in simpler control
models [40] which will be dealt with later.

On the contrary, the torque is inversely proportional to the angular speed.

In application such as traction a wide range speed operation is required, to this
purpose it is worth highlighting the torque-speed characteristic (figure 11) [41].

From zero to a base speed occurs a constant torque region, with an increasing
voltage. To reach a maximum operational speed, the motor works in flux-weakening
region, with a constant voltage and a decreasing torque.

As can be seen in figure 12, this region is characterized by a constant power range
determined by the limitation of energy supply system and motor properties [43].

The base speed is the maximum speed limited by stator voltage, rated current and
back-emf. To increase the speed the back-emf required is more than the supply
voltage. Reducing the rotor flux it is possible to reach this goal. This operation is
known as “field-weakening” control of the motor, indeed, as previously mentioned,
"flux weakening", a more precise term as it is not possible to act directly on the rotor
field produced by the permanent magnet [44].

It is necessary to counteract the flux in the airgap generated by the magnet acting on
the opposite flux induced by the stator current (setting d-axis stator current to a
negative value). [44]

The interior PMSM has more flux weakening capability, so it is more suitable for
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wide-speed application. The flux of the permanent magnet is less sensitive to the
demagnetization and a possible reason is that it is less exposed to the armature
winding [42].

Another structure provides less demagnetization risk for the surface magnets and a
significant reduction of magnet cost, relevant factor in applications such as
automotive. It is known as consequent pole (CP) rotor topology. It improves field
weakening capability. Its rotor topology takes advantage of simpler and cheaper
construction in addition to wider flux weakening capability than conventional PM
motors. The topology is composed of semi-inset type magnets for high-speed
protection of the magnets and the laminated iron rotor poles. [15].

Different works present flux weakening control algorithm with maximum torque per
ampere (MTPA) control for high-speed operations that requires a mathematical
model of the machine. In the MTPA-oriented system (figure 12), the speed error,
defined as the disparity between the reference speed (w) and the measured rotor
speed (w) using a resolver, is computed by the "Speed Controller" block. The "MTPA"
block determines the instantaneous values of ida and iq to maximize electromagnetic
torque. These calculated currents are compared in the "Current Controller" block
with the actual input currents, resulting in reference values for Park components (vd
and vq). Subsequently, through inverse Park transformation, these values are
reconverted into the original reference system and applied to the motor using PWM

techniques. [17]
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Figure 12:Block scheme of the MTPA control strategy [17]



A relevant tendency in the automotive industry is the need to provide torque
assistance and torque boosting in the powertrain. The electric traction requires
motors with high torque at low speeds and wide speed range at constant power. So
below the nominal speed, the MTPA strategy is used to minimize the required
current.[22]

Another strategy is used, whose objective is to maximize the torque obtained from
the available voltage. It is imposed the norm of the voltage at the maximum voltage
Vmax. This strategy is called MTPV (Maximum Torque Per Volt).[23]

The problem can be written as:

Vg Vg = maxT
(2.41)
qu + de = Vmax2
(2. 42)
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Chapter 3
Multi-phase PMSM

As it is said before, multi-phase motor drives have several advantages when
compared to the standard three-phase motor drives. The main advantage of
multiphase drives is the possibility to share the delivered power among more
inverter legs, which reduces the current stress of each power device [36], in
comparison with a three-phase converter [13].

From the viewpoint of the machine itself, as the power increases, phase current
also grows, requiring larger coil cross-sections and fewer turns. Beyond a
certain power level, a single turn coil design becomes mandatory, leading to a
shift from coil winding to costlier Roebel bar technology. However, adopting an
n-phase stator configuration (n>3) reduces phase current by approximately n/3,
making it possible to maintain a coil design for the stator winding and avoiding
expensive Roebel bars, resulting in significant cost and production time savings
[18].

Other potential advantages of multiphase drives over three-phase ones are:
lower space harmonic content; reduced torque ripple; smaller rotor harmonic
currents; reduced stator copper losses; higher power per rms ampere ratio for
the same machine volume; reduced current harmonic content in the dc link in
case of voltage source inverter (VSI) fed drives; and higher reliability.[13]

The growing demand for fault-tolerant drives necessitates innovative solutions
that avoid the adoption of custom and costly configurations.

In critical applications, the ability to continue to operate under fault conditions
is fundamental. Multiphase drives excel in this aspect because of their
additional degrees of freedom, which enable them to operate even if one or
more phases are lost. This inherent reliability distinguishes them from
conventional three-phase motor drives [61]. Open-phase operation in a

permanent-magnet synchronous motor refers to a scenario in which one of the
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phases of the motor is disconnected or malfunctioning. This situation can lead
to an imbalance of magnetic forces and torque, potentially causing the motor to
run erratically or stall.

One of promising candidate for such applications is a machine equipped with a
dual three-phase winding. This configuration involves two separate windings,
each powered by its own converter with half the total power. This machine
effectively functions as a six-phase machine under normal operating conditions,
yielding enhanced performance.

In the event of a fault, the faulty winding is disconnected, and the machine
continues to operate using only the healthy winding.[11].

Several studies documented in the literature explore different topologies,
modeling and design methods, and control techniques for multi-phase

machines.

3.1 How many phases

As asserted initially, several benefits can be obtained by dividing the stator
winding of an electrical machine into more than three phases: functional
benefits, inherent in inverter power segmentation, reliability, efficiency, etc..,
and in high power, structural and constructive benefits.

Functional benefits result from the configuration of the coils in the stator, how
they are arranged and how they are connected.

It is worth mentioning the split-phase configuration, also called asymmetrical,
which results from splitting the winding into N three-phase sets displaced by
60/N degree.

The n stator phases can be distributed uniformly over each pole span, instead of
being grouped into three-phase set. This stator configuration is therefore known
as “symmetrical” n-phase configuration, where n is not necessarily required to
be a multiple of three.[15],[49].

The two configurations for creating a nine-phase winding are given as the first
example, which will be discussed in more detail later. One choice is to wind each

pole group with three three-phase groups and then split each of the three-phase
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groups at a single pole into three individual phases, resulting in three separate
three-phase windings, shifted by 20 electrical degrees (60/3), as in figure 13a.
Thus, the second method is to use the symmetrical configuration, is to space the
phase groups by 40 electrical degrees (figure 13b), to obtain a nine-phase

distribution in the magnetomotive force field in air.[49]

a) B)

Figure 13: (a) Three separate three-phase windings displaced by 20 electrical degrees. (b)
Nine-phase, 40 electrical degree winding distribution. [49]

Another configuration is given by the so called high-power multi-phase machine
windings with a “hybrid” winding composition, which results from combining
split-phase and symmetrical schemes. In [50] is presented the case of the 15-
phase induction machine, where three 5-phase symmetrical phase sets are used,
each supplied by a 5-phase inverter. [15].

Figure 14 shows the 15-phase induction machine supplied by 15 IGBT H
bridges. As it is said before, the 15 H-bridges are split up into three groups
where each group is fed by one dc link.[51].
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Figure 14:Multiphase machine drive [51]

It is appropriate to proceed with a survey of the multiphase PMSMs most
discussed in the literature and found today in commonly used applications such
as electric vehicles or residential appliances (e.g., the washing machine) [54],

distinguishing their number of phases and arrangement in the stator.

3.1.1 Five phase PMSM

The five-phase permanent magnet synchronous (FP-PMSM) motor has many
advantages such as small size, strong fault tolerance, low voltage, and high
power.[58].

In contrast to conventional three-phase PMSMs, multiphase PMSMs exhibit
distinctive features, including electric, magnetic, physical, and thermal isolation
between phases, the capability to restrict short-circuit current and tolerate short
circuits between turns. To design a fault tolerant multiphase PMSM, some
consideration of these characteristics is needed.

Regarding the choice of phase number, ensuring sustained rated power during
single-phase failure is fundamental. When the machine's phase number is N, the
power of each phase should be designed to be 1/(N-1) times the rated power: for
a five-phase scheme, each phase's overrated power is set at 25% above the

normal rating.
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In the context of multi-phase speed control systems, common faults involve
damage to inverter power devices and open circuits in the motor stator winding,
leading to open circuits in one or more stator windings of the motor. Hence,
different windings configurations can be exploited to handle such faults.

In general, two different groups of fault tolerant drive systems can be
distinguished: topologies, which utilize multiple three-phase drive system
working parallel (Y-topologies), and drive systems consisting of electrically
separated winding systems, fed from full bridge converters (H-topologies,
Figure 15).[99]

In H-topology each phase of the motor receives power independently from its
dedicated H-inverter bridge and the multi-phase permanent magnet motor can
operate with an open phase in the event of a sudden failure, enhancing the
motor's control freedom.

In comparison to the conventional Y-connected inverter, the H-bridge inverter
offers several advantages: individual and flexible control of each phase, lower
voltage stress on the power device due to each H-bridge outputting a phase
voltage, robust fault-tolerant performance wherein a failure in one phase or
inverter unit does not impact other units, and an increased output level state

with minimal output voltage harmonic.[53]

Lhe O
Com VT VT 4 4 4 4 4

H-ridge

Figure 15: Main circuit of the five-phase H-bridge inverter carried with PMSM [53]

In addition to these advantages, a key point of interest for electric vehicle

operation lies in the ability to reduce thermal stress on semiconductors during
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standstill or low-speed operation. Another benefit related to the inverter is the
lowered current rating for each switch, facilitating the implementation of cost-
effective solutions based on discrete semiconductors and PCB-based layouts
[98].

The choice of the slot/pole combination must also be taken into consideration
(theoretically, the number of the stator slots is integer times of five). [55].

Due to the symmetry of the winding space structure, the five-phase stator
winding adopts the star shape connection method [52]. Phase a,b,c,d,e are
shifted by 72°. [54]. The mathematical model for the five-phase motor will be
constructed, defining equations for voltage, flux, and torque in the rotating
reference frame. This process includes the decoupling of torque-producing and

flux-producing current components through the d-q transformation.[54],[60].

The stator voltage equation is given by:
dds .
Vg = W + RSlS
3.1

Where Rs, is and A, are the stator resistance, current and flux linkages matrices,
respectively.

Including the effect of third harmonic, a dq transformation can be applied,
where the d: -q: coordinate is rotating at synchronous speed and the d; - g3

coordinate is rotating at three times the synchronous speed [20] (figure 15).

T6,) =
[ 2 4 ) 4 2
sinf, sin|6,— 7 sin 9e—§7f sin 96+§n sin 98+5T[
2 4 4
cosf, cos <9€ §7T> cos <9€ - §7T> cos <Ge + §n> cos (96 + c n)
_2 2 4 4 _ 2
~5|sin36, sin3(60,— £7 sin3 9e—§7f sin3 96+§7t sin3 96+§n
2 4 4 2
cos36, cos3|6,— gn cos3|6,— s cos3(0,+ c7 cos3 |6, + s
1 1 1
Yz iz /2 vz he |
3.2

31



Figure 16: d1 -q1 and d3 -q3 space [60]

The current expression of each phase of the stator winding is as the following;:

( iy = I, cos(wt)

2m\ 2;
i, = I, cos (a)t — ?> e’s

(3.3

Where Inis the stator phase current amplitude.
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The motor stator current composite vector is expressed as:

I =i, +ip+i.+ig+i,= ;Im(coswt + j sin wt)
(3-4)
In stable operation, the magnetomotive force space vector formed by the five-
phase winding currents can be equivalent to a rotating composite vector whose
amplitude is 2.5 times of the phase current.[53]
By applying the above transformation (3.2) to the stator voltages and flux

linkages equations and calculating the torque become:

digg .
Vg1 = Lgq d + Rigs — Lg1wigq
(3-5)
diql . .
vq1 = qu W + qul + qu(l)lql + Apl(l)
(3-6)
digs . .
Vg3 = Ld3 W + Rld3 - 3Lq3(1)lq3
(3-7)
1,93 R 3L i+ 32
Uq3 - q3 W + lq3 + ql(*)lql + p3(.l)
(3-8

Where 4,; and 4,; are the amplitude of fundamental and third harmonic

components of magnet flux linkage [56].
Considering there is saliency on the rotor, the electromagnetic torque is

obtained:

T, = ZP[Apllm + 3Ap3ig3 + (Ldl - Lq1)ld1lq1 + 3(Ld3 - Lq3)ld3lq3 + 2Lm13(la1igs

- iqlid3)

(3.9)

The improvement in the developed torque due to the third harmonic can be
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noticed from 3.9 [56].

Open-circuit fault condition in a standard star-connected five phase machine is
illustrated in Figure 17 for single-phase (1-Ph) and double-phase faults, namely,
adjacent double-phase (A2Ph) fault and nonadjacent double-phase (NA2Ph)
fault.

Figure 17:Open-circuit fault conditions of a star-connected five-phase machine from left to right: 1Ph
fault, A2Ph fault, and NA2Ph fault [95]

In the event of a missing motor phase, the symmetry of the stator current vector
in space is disrupted. This asymmetry leads to torque ripple, consequently it is
necessary to reconstruct the phase current to maintain torque constant. To
minimize copper loss and maintain the airgap magnetomotive force,
adjustments are made to compensate for the stator current of the missing phase.
Constraints include keeping the stator flux linkage constant and equalizing the
current amplitudes of each phase.

However, the motor system's five stator windings exhibit electromagnetic
coupling, making any imbalance in excitation current impactful. Assuming
phase A is in fault, adjustments in the residual phase current amplitude and

phase are made to align the synthetic magnetomotive force with normal
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conditions. Analyzing the decoupling transformation matrix reveals that iq1 and
iq3 remain unaffected, while id1, id3, and the o0 axes are influenced by the

absence of phase a. [52],[53].

51 s s
ip =—lg = —mzncos (wt - E) = 1.381,, cos (a)t - g)
4 sin? (T)
) ] 51, 4 4
fe=—lg=—""75_¢C0s (wt — ?) = 1.381,, cos (a)t - ?>
4 sin? (T)

(3.10)

As it can be seen in (3.10) residual four-phase current needs to be increased to
1.38 times of the rated value in order to maintain the rotating magneto motive
force before the fault and output the rated torque. After phase a is open-
circuited, the space vector diagram corresponding to the remaining 4-phase

current is as shown in the figure 18.

Figure 18: phase diagram of phase currents with phase an open fault [53]

Thanks to the intrinsic characteristics of the motor, number and arrangement of
phases and by using the right controller (for example the so-called “vector
control” that is easily applicable [56]) to set the current constraints, it is possible

to reduce the torque ripple caused by the stator winding open-circuit fault, and
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the operation performance of the motor under fault condition can be
significantly improved.

Another way to deal with a fault in a single-phase module without leading to a
failure of the entire system and, to detect the faulty parts, so that the remaining
systems can be used to actively compensate for the influence of a fault, is using
smart stator teeth (SST). [94]

A five-phase PMSM with smart stator teeth “SST concept” and without star
point connection is presented. The whole power electronics is integrated in the
motor housing. Each teeth coil has its own SST module that has gate drivers, a
current sensor with analog digital converter, a FPGA and a communication
interface inside [91]. This direct connection minimizes space and reduces the
number of parts.[94].

A segmented five-phase permanent-magnet synchronous machine is realized as
shown in Figure 19. The machine includes 10 teeth coil modules in a two-layer
winding, 12 loaf-magnets as rotor (Figure 20) poles and a distributed inverter

with five phase vector control. [92]

Figure 19:5-phase where teeth coil has its own intelligent full-bridge module [92]
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If the stator currents are too high, the permanent magnets are irreversibly
demagnetized and for this reason the demagnetization of different magnet
shapes must be analyze. The highest demagnetization occurs at the upper
corners of the magnet, where the magnet height is smaller. Because of this, shell

shaped magnets are favorable for machines with higher overload capacity. [92]

Figure 20: Rotor with shaft [92]

Talking about 5-phase permanent magnet synchronous motors, it is interesting
to mention a novel dual stator delta shaped magnet five phase PMSM
(NDSDSMFP-PMSM), figure 21.

It is used in applications where torque density, robustness and high fault
tolerance are required, as in the case of electric vehicles.

Consisting of two stators, double rotor and two sets of 5-phase windings, it is
highly suitable for the previously mentioned applications.

Both the rotors have 8 poles embedded in it, which are delta in shape. This
configuration allows the magnetic flux to be linked to the internal and external

stator so that the magnetic flux density of the two air gaps is increased.
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These dual stator models which have two air gaps contribute to the inclusion of
the magnetomotive force provided by the inner and outer magnet sets of the
rotor. Multiphase, as explained before, increases the torque density and
provides high capability for fault tolerance, i.e., it can work continuously even

though a few phases are non-operational.[57]

Inner Outer
Delta-Shaped DEltaE-.i!lmped
PM
Shaft Outer
“ Stator
Inner
Stator Eraan
Inner Rotor
Rotor Outer
Slot
Inner
Slot Outer

Air-Gap

Air-Gap

Barrier

Figure 21: Model of NDSDSMFP-PMSM. [57]

3.1.2 Six phase PMSM

Before reviewing the six phase PMSM, it is useful to point out the difference
between two topology of multiphase motors that seem to be the same: dual
stator machine and split phase machine.

In this topology, two independent stator windings share the same magnetic
structure. However, despite split phase machines, in dual stator machine the

two windings may have different number of poles, number of phases or ratings

[19].
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Among various multiphase solutions, the asymmetric six phase motor is
attractive, owing to it intrinsic feature of eliminating 6th harmonic torque
pulsation.

The asymmetric six phase PMSM has two sets of three-phase windings.[74]

As previously mentioned, it is also called split-phase.

The phase difference of the windings is 120 electrical degrees in the same three-
phase winding unit, while the phase difference between the two groups of three-
phase windings can be adjusted according to the practical application.[70]

Two neutrals of windings can be isolated for eliminating the zero-sequence
currents [74].

Given the apparent similarities, comparisons between three-phase and six-
phase motors are available in the literature, as in [73], where the benefits in loss
reduction introduced by using the multiphase motor instead of the three-phase
motor were investigated.

The comparison between the two motors is carried out respecting the following
constraints:

- the rated current must be the same.

- the 6-phase motor must be obtained only by means of a rearrangement of
the windings, halving the number of conductors per slot for each phase;
in this way the weights of the two motors are the same.

- the linear current density along the air-gap surface of the stator is kept

constant.

LR LY
T

Figure 22:Winding configurations for 24 slots/20 poles: a) 3-ph; b) 6-ph [73]
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Having to consider a winding configuration with 24 slots/20 poles for both
motors, it is necessary to highlight one more difference, single layer and double
layer distribution (figure 22).

Single-layer windings have only one phase coil in any slot and do not share the
slot with any other phase coils [19].

Double-layer windings coil share a slot, and this results in higher winding
inductance compared to a single layer.

Thanks to the arrangement of the coils, single-layer windings are preferred in
applications requiring high phase to phase fault tolerance capabilities, instead,
the double-layer layout is more suitable for field weakening applications due to
lower leakage harmonics.[62]

Through finite element analysis, in [73] an improvement in the electromagnetic
torque of the six-phase motor is highlighted, both in terms of ripple and average

value, as shown in figure 23.
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Figure 23: Electromagnetic torque versus rotor position in the steady state rated operating
condition [73]
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Having already mentioned the multiple d—q frames-based field-oriented control
(FOC) scheme where the phase currents in multiple three-phase windings can
be controlled separately, and the currents in multiple windings are kept
balanced it is now interesting to present another method, that is valid for any
multiphase machine type, induction or synchronous, with sinusoidal mmf
distribution.[84]

The vector space decomposition (VSD) method is another well-known control
scheme for multiphase motor drives, where fundamental components,
harmonic components, and zero-sequence components are decomposed onto
three kinds of subspaces, namely the torque-component subspace, the harmonic
component subspace, and the zero-sequence subspace.[85]

VSD control can provide excellent dynamic torque performance without the
influence of coupling voltages between two sets. [75]

The voltage and current space vectors of the asymmetric six-phase PMSM can
be decoupled into three two-dimensional orthogonal subspaces: a-f3, x-y, and of
01-02. The components on a-f subspace comprise fundamental components
related to torque generation. The components on x-y subspace comprise low
order harmonic components which do not participate in torque generation. The

components on 01-02 subspace are zero-sequence components. [74]

o
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Figure 24:. Configuration of asymmetric six-phase PMSM drive [74]
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Considering the configuration in figure 24, two-level inverter fed asymmetric
six-phase PMSM drives, with separate neutral points. It comes with a drawback;
the phase currents contain a substantial amount of extra harmonic content.
Decreasing the number of slots per pole per phase leads to a higher harmonic
content induced to the stator winding by the rotor field [33].

On the positive side, this configuration allows for the duplication of standard
three-phase power electronics hardware, making power supply straightforward
without major redesigns. The lower current per semiconductor in this
arrangement provides the opportunity to use standard wide band gap
semiconductors with typical ratings below 300 A RMS. [32]

It is possible to proceed with the simplification through the decomposition

matrix (eq. 3.11) for VSD:

[, 1 1 V3 V3 0
2 2 2 2
L V3 V3 1 1 AT
sl [0 7 -5 2 3 ~Yls
2 2 2 2
o S PR S B C E RN |
gl 2 2 T2 2 g
-02- 0 _E E 1 1 —1|'F-
2 2 2 2
1 1 1 0 0 0
o o o 1 1 1/

(3-11)

After applying the matrix transformation for VSD, a simplified four-dimension

equation can be obtained. The corresponding voltage and flux are:
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Va] [Rs 0 0 07[la Aa —2q
V| _[0OR; 00 lq+i/1q+w g
Uy 00 Rs; Oflix| dt|Ay 0
vl looo RrJli, 12, ] 0
(3-12)
Al [La 0 0 O07rig1 1
Al [0 Ly 0 ofli,| o
L7100 Ly ofli| ol
Alolooo o Lylli,]l Lo
(3.13)
The electromagnetic torque is given by the equation:
Te = 3p(ldld + Aqiq)
(3-14)

Since only the components on a-f3 subspace are related to electromechanical
energy conversion, the torque of asymmetric six-phase PMSM can be controlled
in similar way as the case of three-phase PMSM.

When the motor phase open occurs, the motor will produce a greater torque

ripple that has to be minimized [69].

The theory of alternative current motor winding MMF states that each phase
MMF can be split into positive and negative sequence components. When
symmetrical currents flow through symmetrical windings, the negative
sequence components cancel out. This creates a circular rotating magnetic field
using only the positive sequence component. However, in a six-phase double Y-
shift 30° winding PMSM with a phase open, torque ripple increases due to not
neutralized negative sequence components. To minimize this ripple, it's
essential to eliminate the negative sequence synthetic components.

If the two sets of three-phase windings are called: {A1, B1, C1} and {A2, B2, C2}.
When the C1 phase winding is open, the remaining five phases still work.

The set of {A2, B2, C2} three-phase windings are still fed with symmetrical
currents so there is no negative sequence synthetic component.

Nevertheless, A1 and B1 phases windings produce nonzero negative sequence
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components.

Although the position of the remaining phase windings stays fixed (shifted by
120 degree), the controller can determine their time angle.

By appropriately varying the phase angle of the B1 phase winding current, the
negative sequence component is reduced to zero.[69]

Selecting the moment of A1 phase current reach the maximum value as the time

coordinate zero point, the A1 phase current:

igq = Iy, cos(wt)

(3-15)
so, the current of the B1 phase winding can be expressed as:
igp1 = I, cos(wt — x)
(3.16)
Where Im is current amplitude, w is angular frequency.
Therefore, A1, B1 two-phase windings MMFs are:
fa, = Fyp1 cos B cos wt
(3-17)
21
fB, = Fyp1cos(6 — ?) cos(wt — x)
(3-18)
Where F,; is the fundamental amplitude of MMF
Dividing two MMFs into positive and negative sequence components:
1 1
fa, = EF(pl cos(wt + 0) + EF"’l cos(wt — )
(3-19)
_1p ( t+0 27T)+1F ( t—9 +2n)
fB1_2 01 COS|w Xx=—= 5 Fp1cos|w X+
(3.20)
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Add f,, and f5, to obtain the combined MMF:

1 1
f="fa, t16 = EF‘pl cos(wt + 6) +§F"’1 cos(wt — 0)

+1F ( t+0 2T[>+1F ( t—0 +27l'>
5 Fprcos(w X == 5 Fp1 cos|w X+
(3-21)
where the negative sequence component is:
1 1 2m
F = > Fpr cos(wt + 0) +§F‘P1 cos (wt +60—x +?>
(3.22)

By reducing the negative sequence component to zero, it can be achieved that
the phase angle of the B1 phase winding current needed to decrease the torque

ripple when a phase is disconnected. So, the solution is x=60° (figure 25).

ig2

Figure 25: The current phasor diagram after C1 phase open [69]

If on one hand multiphase solutions allow higher fault tolerance, on the other
hand they require higher complexity for the inverter, because the number of

devices and legs of the inverter depends on the number of phases.[71]
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This topic will be discussed later.
In terms of flux-linkages [v] and currents /[i], the dg-axis can be applied where

[T] is the transform matrix [38]:

[wabc] = [Labclliabc]

(3-23)
[iqu] = [T] [iabc]
(3-24)
[lpdqo] = [T] [lpabc] = [quo][idqo]
(3-25)

Where inductance matrix is a square matrix of order 6 x 6, partitioned between
the two sets of phases, that must consider the mutual coupling between the

aibic: windings and the azb-c. windings:

Lal Malbl MalCl Malal Malbz Malcz
Mblal Lbl Mblcl Mb1a2 Mblbz Mblcz
Mclal Mblcl Lcl Mclaz Mclbz Mclcz
Malal Mb1a2 Mclaz Laz Ma2b2 Ma2c2
Maip2  Mpibz Mcibz Mpzar Lp2 Mpace2
Ma1c2 Mblcz Mc1c2 McZaZ MchZ LCZ

(3-26)
The electromagnetic torque can be computed for each set of winding;:
Ter = 3p[Wmiigr + (Lar — Lg1)iariqn + MarMaziaziqr — Mg1Mgziqaiqs]
(3-27)
Ter = 30[Wmziqz + (Laz — Lq2)iaziqz + MazMaiiariqz — MgzMg1iapiqn] s
3.

We compare in figure 26 the two fault tolerant drive topologies, on the left the

Y-topology in the case of a 6-phase motor, and on the right the H-topology in
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the case of a symmetrical 5-phase motor, as discussed in the previous section,
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—— ||

2}
<}
<}
<}

ESENI PN

Figure 26:. Fault tolerant drive topologies: Y-topologies (left) and H-topologies (right) [99]

Even in the case of six-phase motors, it is presented in [68], Dual Stator Dual
Rotor Six-Phase I-Shaped Permanent Magnet Synchronous Motor (DSDRSPIS-
PMSM), figure 27, used mostly in electric vehicles due to its efficiency and high

performance.
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Figure 27: DSDRSPIS-PMSM [68]
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3.1.3 Nine phase PMSM

As previously stated, there are two common methods for creating a nine-phase
winding.

One choice is to wind each pole group with three, three-phase groups and then
split each of the three-phase groups in a single pole into three individual phases
figure 13b.

One of the advantages of this configuration is that when an open-circuited fault
occurs, the whole set of symmetric multi-phase windings containing the fault
phase can be cut out of operation [79], figure 28.

According to [80], for example, also the twelve-phase PMSM composed of four
sets of three-phase windings with the fault phase can operate reliably by

neglecting the whole fault symmetrical winding.

by b; by
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Figure 28: Winding changes in symmetrical fault derating operation [78]

The second choice is to space the phase groups by 40 electrical degrees so that a
nine-phase distribution exists in the airgap MMF field [49], figure 13b. This
results in a symmetric configuration.

Knowing that the development of the control algorithms requires working with
the model of the motor, we proceed to model the motor by means of the Park
transformation, passing to dq coordinates.

Specifically, considering the split phase configuration (figure 29), a first
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substantial difference with the three-phase motor emerges: the mutual
inductance between the three subsystems windings (which will vary the linkage
flux) [76].

Figure 29: split phase configuration of nine-phase winding [76]

The j-th subsystem can be described as:

_ d/ldj
vdj = ledj + T — (,l)qu
(3.29)
. d/’lqj'
Uq]. = leqj + T + u)/ldj
(3.30)
Where j={1,2,3} and
Ad; = Laatar + Marazlaz + Marazias + Pmar
(3.31)
qu = quiql + Mqlqziqz + Mq1q3iq3
(3.32)

Yy permanent magnet flux linkage.

Considering all subsystems with the same electrical characteristic and mutual
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inductances:

( d, dig, dig, . .
vd1 = Rld1 + Ld dt + Md dt + Md dt - O)(quql + Mqlqz + Mqlq3)
ia, dig, dig,
\ Va, = Rig, + My Frahs Ly Fraks M, o — w(Lgiqg, + Mgiq, + Myig.)
idl didz ds
 Vds Rig, + Mgy It + M, It + Ly It a)(MqL + Myig, + Lgig,)
(3-33)
din

d 4z di,
1V —qu1+Mq dt +Lq_dt +Mq_dt

di di
D lq q
(Vas = Rig, + M, d1+Mq dtz q dt

- w(Mdldl + Ldldz + Mdlq + II)M)

w(Mdidl + Mdidz + LdiCI3 + II)M)
(3.39)

Torque calculation of triple 3-phase motor is more complicated than a 3-phase
PMSM because it must be considered the torque contribution of each

subsystem.[76]

3
Te = Ep[lpM(lql + iqz + iq3) + (idliql + idZiqZ + id3iq3)(Ld — Lq)

+ (lgrigz + lazign + larigs + laziqr + laziqs + lasiqz) (Mg — My)]

(3-35)
And the equation of motion is given by [77]:
Jd
;E Wy Te T, — B
(3-36)

Where Bun s the friction coefficient, and J is the rotor shaft inertia.
These sets of equations show how this system is nonlinear, high order and
strongly coupling multivariable.

H-bridge inverter circuit is used to drive each phase respectively. The winding
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structure of the nine-phase PMSM and the nine-phase H-bridge drives are
shown in figure 30.[81].

Figure 30: Winding structure and H-bridge drives of Nine-phase PMSM [81]

Another option is presented in [15], where the winding sets are shifted by 120

electrical degree, figure 31.
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Figure 31: (a) Phasor diagram of nine-phase winding and (b) winding sets [15]

Since the coil length from phase A1 to A1’ is the shortest between the option
listed, the motor end windings are the smallest and this leads to a lower copper

loss.

51



Chapter 4
Multiphase drive

Repeatedly stated, multi-phase motor drives (MPD) have various advantages
over traditional three-phase counterparts. They reduce torque ripple, decrease
stator current per phase without increasing voltage, and enhance overall
reliability and power density [26]. Addressing a drawback in three-phase
inverter operation, the low-frequency torque ripple, increasing the number of
phases in the machine emerges as the optimal solution [27].

The first current harmonic generates the fundamental wave of the resulting
magnetic field, rotating at synchronous speed. Higher-order current harmonics
contribute to additional losses, noise, vibration, torque ripple, and reduced
motor performance with non-sinusoidal current. Increasing the number of
phases has been proven to mitigate losses in the rotor caused by these current
harmonics [20].

Therefore, multi-phase systems offer benefits such as lowering stator current
per phase without increasing voltage, reducing dc link current harmonics,
improving reliability, and increasing torque per rms ampere for the same
volume machine. Enhancements in noise characteristics and a decrease in stator
copper loss are additional advantages of multi-phase systems [19].

Multiphase machines are highly used in variable-speed applications, they are
employed in ship propulsion, locomotive traction, hybrid electric vehicles,
battery chargers. [82]

The origin of multiphase variable speed drives can be traced back to the late
1960s, the time when inverter-fed ac drives were in the initial development
stage.[90]

Power electronic converters have become the recent norm for supplying and
controlling electrical drives. These converters enable the drives to function
across all possible regions, achieving the desired speed and torque [48]. In the

case of PMSM, power is drawn from a battery, and converters play a crucial role
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in transferring power from the battery to the load (as depicted in figure 32),
involving the conversion from DC to AC. The DC power obtained is converted
into AC using a cascaded H-bridge type multi-level inverter. The PMSM receives
the necessary power from the inverter, catering to the load requirements. The
multi-level inverter serves two primary functions:

Adjusting the phase, magnitude, and frequency of stator currents to control the
speed of the PMSM based on the provided speed reference.

Converting power from DC to AC for supply to the motor [103].

In the converter, the main components contributing to power dissipation are the
transistors and DC link capacitors. The modular design ensures that the total
power of the drive is distributed among multiple modules, thereby reducing the
power per module, and minimizing power losses in both the transistors and DC

link capacitors [100].
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Figure 32: Block diagram of Battery connected multi-level inverter fed PMSM [103]

4.1 DC link

The dc link circuit in an electric motor system serves as an interface between the

power source and the motor, enabling efficient power conversion, voltage
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regulation, and precise control of motor performance. It plays a central role in
the functionality and overall performance of electric motors used in various
applications, including electric vehicles, industrial machinery, and household
appliances. The main component is the dc link capacitor.

To show an example of interface between power supply and motor, in figure 33
is shown the cascaded bidirectional DC-DC converter plus voltage source
inverter (VSI) topology with a common DC-link capacitor that is one of the most

common powertrain topologies in electric drives in EVs and HEVs.[106]
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Figure 33:. Electric vehicle with cascaded bidirectional DC-DC converter plus 3-phase voltage source
inverter drive system [106]

The DC bus capacitor serves in maintaining a stable DC bus voltage and
ensuring smooth battery current in voltage source inverter (VSI)-based traction
drive systems employed in electric vehicles (EVs), hybrid EVs (HEVs), and plug-
in HEVs (PHEV).

The VSI, composed primarily of six power semiconductor switches, typically
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insulated gate bipolar transistors (IGBTSs), along with a DC bus filter capacitor,
operates by switching the battery's DC voltage to generate a desired set of three-
phase AC voltages through a selected pulse width modulation (PWM) scheme.
These AC voltages, in turn, regulate motor current to control both torque and
speed [101].

Due to its significant impact on volume, weight, and cost, it is crucial to avoid
overdesigning the DC-link capacitor. On the other hand, an excessively small
capacitance may result in high DC-link voltage ripple, influencing the PWM
process and potentially distorting output voltages, even with feedback control.
Therefore, an extensive analysis of DC-link current and voltage ripples is crucial
for the effective design of the DC-link capacitor [102].

The dc link ripple current is proportional to the magnitude of the phase current.
About 20% of the inverter material cost is from the dc link capacitor of which
capacity is determined by the ripple current. So, for size and cost reduction of
the capacitor, it is important to reduce the ripple current in the dc link [111].

The procedure for sizing the DC link capacitor begins with two basic steps.
Initially, the maximum means square ripple current (rms) to be handled by the
DC link capacitor is calculated. Next, the frequency spectrum of the current
waveform is analyzed. It is important to ensure that the maximum rms ripple
current remains below the nominal ripple current of the selected capacitor. This
ensures that a suitable capacitor is selected.[100]

Figure 34 shows a flow chart that summarizes the generic design process of a

capacitor.
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Figure 34:Generic DC link capacitor design flow chart [100]
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In [100] an example of capacitor calculation process for the 15-phase PMSM
prototype is presented which involves several sequential steps. Beginning with
the intersection plotting technique, capacitor peak harmonic current (ich) is
determined using specific parameters such as ilinepeak, g (number of groups), N
(number of phases), ® (phase shift between output voltage and output current
of the inverter), 0 (electrical phase shift between phases), and K (interleaving
angle).

Then, the calculation proceeds to identify harmonic components, including the
rms current (Ierms) from the obtained values. Further steps involve determining
the most dominant equivalent harmonic (Imde) and establishing the minimum
value of dc link capacitance (Cmin), equation (4.1). The peak dominant harmonic
component (Ichpea) and its corresponding frequency (fmd) are considered, along

with the peak-to-peak dc link voltage ripple (Vppripple).

Imde

Cmin -
7-’--fmd Vppripple

(4.1

To optimize the approach, the total dc link capacitance and current stress are
divided among modules, allowing for a modular and efficient system. The
current stress and capacitance per module are then computed by dividing the
relevant equations by the number of modules. This modular approach facilitates
the selection of a commercially suitable capacitor based on specific criteria,
including rms current stress, dc link voltage, and dc link capacitance values.

The reduction of the RMS current is necessary to decrease the size of DC link
capacitors and alleviate their stress.

Another significant factor is the lifetime of the capacitor. In automotive
applications, meeting the 15-year or 241,302 km lifetime requirement is a
critical guideline for selecting DC link capacitors. However, as the applied
voltage and core temperature increase, the lifetime decreases. To address this,
the most effective method, given specific ambient temperature and thermal

resistance conditions, is to minimize the capacitor's loss. Thermal loss,
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determined by the capacitor current, is the dominant factor in total capacitor
loss. Hence, reducing the current in the DC-link capacitor is necessary to extend
its lifetime or decrease the required capacitance. [107]

Figure 35 illustrates a comparison of the required capacitance, measured in per
unit (p.u.), for different MPDs. The base value is set for the three-phase case,
and the graph demonstrates a decrease in required capacitance with an
increasing number of phases, reaching its lowest for the twelve-phase system
There's a significant reduction in dc-link capacitance when comparing three-
phase and five-phase cases. The curve continues to decrease for six-, seven-, and
nine-phase drives. However, the capacitance required for nine-, eleven-, and
twelve-phase machines appears to stabilize. When transitioning to a six-phase
drive, the dc-link capacitor values almost halve, offering potential benefits for

converter efficiency.[48]
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Figure 35: Required dc-link capacitance for different MPDs [48]

Reference [83] illustrates that for the same power output, the magnitude of the
phase current is inversely proportional to the inverter phase number, as
indicated by the normalized values in Table 2. The RMS current rating of the

DC-link capacitor is determined by multiplying the maximum normalized DC-
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link RMS current by the phase RMS current. As can be noticed, DC-link
capacitor RMS current rating decreases slightly with the increased phase

number in VSIs.

Table 2:DC-link capacitor RMS ratings comparison for different phase number [83]

Machine phase | The maximum | Phase current Per unit DC link
number normalized DC- RMS rating
link RMS current

3 0.65 1.00 1.00
4 0.81 0.75 0.94
5 0.99 0.60 0.91
6 1.17 0.50 0.90
7 1.36 0.43 0.90
8 1.55 0.38 0.89
9 1.74 0.33 0.89
10 1.93 0.30 0.89
11 2.12 0.27 0.89
12 2.31 0.25 0.89
13 2.50 0.23 0.89
14 2.69 0.21 0.89
15 2.88 0.20 0.88
16 3.07 0.19 0.88
17 3.26 0.18 0.88
18 3.45 0.17 0.88
19 3.64 0.16 0.88
20 3.83 0.15 0.88

Capacitors are generally divided into three types: electrolytic, film, and ceramic
capacitors. For VSI DC-link capacitors, choices often include aluminum
electrolytic capacitors, metallized polypropylene film capacitors, and high-
capacitance multi-layer ceramic capacitors. This preference is due to their high

current rating and large capacity per unit volume. However, while aluminum
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electrolytic capacitors and metallized polypropylene film capacitors are
commonly used, multi-layer ceramic capacitors are less popular in this
application due to their higher cost and sensitivity to temperature and terminal

voltages, which affect their capacitance.[83]

4.2 Power electronic converters

This section explores the topic of inverters in the context of multiphase
machines. Symmetrical and asymmetrical machines have been discussed, based
on the arrangement of phases. In a symmetrical machine, a spatial
displacement of 360/n electrical degrees exists between the magnetic axes of
two consecutive phases. For example, a five-phase machine has a spatial
displacement of 72 electrical degrees between consecutive phases. When the
number of phases is even or odd and not prime, the machine can be imagined as
a set of m, each containing a phase. Typically, a=3 (three-phase sets),
m=2,3,4,5..., and the spatial displacement between the first phases of two
consecutive sets is 180/n electrical degrees. For example, a six-phase
asymmetrical machine consists of m=2 three-phase sets (a=3), with a spatial
displacement of 30 electrical degrees between the first phases of the two three-
phase sets. Similarly, a twelve-phase asymmetrical machine has m=4 three-
phase sets, and the spatial displacement between the first phases of two
consecutive sets is 15 electrical degrees. This intricate interplay between
symmetry, asymmetry and number of phases sets the stage for an exploration of
inverters in multiphase machines.

The most employed drive configurations (machine and inverter) are the
following: [105],[88]

1. Conventional multiphase with single machine neutral point (figure 36).

2. Multiple of independent single-phase units (figure 37).

3. Multiple of independent three-phase units (figure 38).

The configuration employing multiple independent three-phase units (refer to

figure 38) is suitable when the phase number is a multiple of three, applicable to
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both symmetrical and asymmetrical machines. In this setup, the stator
comprises independent three-phase windings with isolated neutral points. Each
three-phase set is individually powered by a dedicated three-phase inverter.
This design allows for the use of three-phase power electronics modules,
resulting in a reduction in converter size, cost, and design time. Furthermore,
the multiple three-phase approach often simplifies control schemes, as the
number of independent currents is lower compared to the multiple single-phase

approach.

DC/AC

o—

DC input, n-phase output

Figure 36: Conventional multiphase topology with single neutral point [105]
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Figure 37: Multiphase topology with multiple single-phase units. [105]
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Figure 38: Multiphase topology with multiple three-phase units [105]

In MPDs, power distribution occurs across a greater number of phases, with
each phase being fed from a converter leg utilizing a single component rather
than parallel components.

The adoption of MPDs effectively resolves issues associated with parallel device
configurations, even if at the cost of increased assembly complexity due to the
growing number of wires.

Illustrated in figure 39 is the reduction in phase current for various multiphase
machines, specifically, those featuring five, six, seven, nine, eleven, and twelve
phases. As in case of DC capacitor in previous section, all phase currents are
expressed in per unit values, with the three-phase case's phase current serving
as the base value.

The relationship between the number of phases and per-phase current is
inversely proportional. The five, six, and seven-phase scenarios exhibit a
substantial decrease in per-phase currents compared to the three-phase case.
This, in turn, facilitates the use of semiconductor switches with lower
ratings.[27]

As the number of phases increases, the reduction in per-phase current becomes
less marked, as seen in the transition from the eleven-phase to the twelve-phase
case. Six-phase machines, for instance, show phase currents that are exactly half

of those observed in three-phase machines.
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Figure 39: Phase currents in p.u. for different MPDs [48]

Instead of parallel operation to control a single phase, these modules can be
independently controlled to manage distinct phases, presenting a strategic
advantage in design flexibility and module utilization.[48]

Taking the example of a nine-step system. It necessitates three times more
power contacts, each carrying approximately a third of the current. Additionally,
in a perfectly modular nine-phase system, the number of sensors for variables
like temperature or DC-link voltage increases by a factor of three, with the
option to use additional sensors for redundancy. The size of discharge resistors
scales with the capacity of the DC-link, and in a modular nine-phase system
with reduced total capacitance, three separate discharge devices are needed
instead of a single device, each capable of handling less than a third of the
power. The half bridge driver in a nine-phase system should deliver, for the
same number of total chips, approximately one third of the output power, which
helps in downsizing the power supply, the output stage, and the gate resistors.
To minimize the impact on the total volume and total cost of the increasing
driver effort, integration of the analog and digital logics as well as of the
insulation devices in Application Specific Integrated Circuits (ASIC) can be
pursued.[25]

The dc-link voltage can be reduced to where N is the number of segments per
phase and Vacsw is the dc-link voltage required by the original three-wire

inverter.
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(4.2)
Another benefit of the multiphase converter is distributed power dissipation. In
the conventional sixpack power module for the three-phase inverter, power
losses are concentrated, while for the multiphase converter the losses are
distributed in N H-bridge power module and loss for each module is also much
smaller. This provides great advantage for the thermal design of high-power
electronically controlled motor (ECM). The multiphase converter also provides
lower electromagnetic interference (EMI). Each H-bridge converter can be
placed very close to the segment winding, this significantly reduce the stray
inductance and noises coupling of the power circuit. The common mode EMI is

also significant reduced due to the much lower dc-link voltage.[63]

4.2.1 Topologies and modulation

There are different topologies used for MPDs, classified into three categories
based on the structure and number of levels of their respective output voltage:
A. Two level inverters
B. Dual supply inverters

C. Multilevel inverter
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Figure 40: Two-level inverter-fed six-phase machine [48]

A. Two level inverters (figure 40) are extensively investigated due to its

simple structure and the availability of industrial packs from
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manufacturers. Compared to more complex topologies like matrix,
multilevel, and open-end converters, it requires only two three-phase
bridges and straightforward controllers. Three modulation techniques for
operating a six-phase inverter in electric vehicle (EV) applications are

presented:

1. Carrier-Based PWM (CPWM):
Utilizes reference signals generated from a control scheme representing two sets
of three-phase outputs shifted by 30 degrees. Compares reference signals to a
carrier signal, and the output signals are used to control the inverter switches.
Simplicity and reliability make CPWM suitable for EV applications, but it has
limitations in control degrees for optimizing converter performance.

2. Double Zero-Sequence Injection (DZSI):
Involves injecting zero-sequence components into reference voltages to lower
total harmonic distortion (THD) and extend the linear control region of the
inverter. Simpler to implement than vector classification techniques and can
improve harmonic profile.

3. Space-Vector PWM (SVPWM) Based on VSD Theory:
Using such transformation enables the control of the full six-phase converter as
a single unit. Utilizes various switching states (64 in total) to control a six-phase
inverter.
The states are assigned numerical values from o0 to 63 in binary format,
considering each upper switch as a digit in the binary representation (Scz, Sb,
Saz, Sec1, Sb1, Sa1). In this way, the initial switching state is (000000) and the final
state is (111111). By implementing these switching states in the inverter, it is
possible to calculate the output phase voltage for both the two isolated neutral

(4.3) and the single isolated neutral connections (4.4) [112]:
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Va1 2 -1 -1 0 0 0 1[5a
Vb1 -1 2 —-10 0 0 [|%
Ver| _Vacl-1 =1 2 0 0 0 [[Sa
Vol" 3]0 0 0 2 -1 —-1|[s,
Vio l0 0 0-1 2 -—1||S,,
V., o o0 o0-1 -1 21s,
(4.3)
Va1 5 —1 -1 -1 -1 —17[Sa1]
Vb1 [—1 5 -1 -1 -1 —1} Sp1
V| _Vacl-1 =1 5 -1 -1 -1||[Sa
Vol " 6l -1 -1 =1 5 -1 —-1||S,
Vs [—1 -1 -1 -1 5 —1J Sh;
V., -1 -1 -1 -1 -1 55,
(4-4)

The transformation matrix (3.11) is utilized to apply a conversion to the
resulting output voltages, transferring them into the decoupled sub-planes
(V(X—VB), (Vx—Vy), and (VO+—VO—).

4. Vector Classification Technique (VCT):

Based on double-DQ theory, offering simplicity and enhanced dc-link voltage
utilization. Two distinct approaches have been employed to implement this
technique. The initial method involves utilizing two references rotating within a
familiar hexagon, depicting all conceivable switching vectors of the three-phase
inverter. In contrast, the second approach entails rotating one of the hexagons
by 30 degrees and employing a single reference.

Comparison with SVPWM methods shows better harmonic minimization with

the latter.[48]

The five-leg inverter (figure 41) presents an alternative topology with fewer
switches compared to the traditional six-phase drive inverter. This configuration
involves linking one machine phase to the midpoint of the dc-link, serving as a
reference for the other phases. However, a key challenge in employing this

topology lies in achieving a balanced midpoint voltage [48].
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Figure 41:Five-leg inverter topology [48]
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Figure 43:Dual-supply, inverter-fed, open-end, winding six-phase machine III [48]

The dual-supply inverter topology is utilized for machines with an open-end
winding configuration and is powered by isolated dc sources, eliminating the

need for capacitor voltage balancing. The cascaded H-Bridge multilevel
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topology, commonly used in EV applications, also relies on isolated dc sources,
often supplied by custom-designed phase-shifting transformers. Various
topologies have been introduced based on the supplies used and their
connections. The dual-supply topology I (figure 42) involves two-sided supplies,
each connecting to a converter output from both phase terminals. Another
topology, dual supply topology II, utilizes a single supply for two inverters in a
five-phase drive, aiming to eliminate common-mode voltage using SVPWM.
There was proposed dual supply topology III (figure 43), featuring four three-
phase inverters with two supplies connected from both sides and a shared
capacitor. This topology helps suppress fifth and seventh harmonics in the
output voltage, at the expense of an additional capacitor bank. In comparing
symmetrical and asymmetrical six-phase drives with an open-end configuration,
it is noted that symmetrical drives exhibit similar results to three- and five-
phase drives. However, asymmetrical drives demonstrate varied behavior based
on the applied modulation techniques, emphasizing the impact of drive

configuration on performance.

Six-phase

Machine

Figure 44:NPC-fed, six-phase machine [48]

Multilevel inverters are widely considered for high-voltage, high-power motor

drives, with various topologies evaluated based on factors like cost, size,
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performance, and complexity. As the push for higher dc-link voltages (>800V)
in the next generation of electric vehicles (EVs) continues, multilevel topologies,
particularly the neutral-point clamped inverter (NPC), figure 44, emerge as
promising candidates for enhancing output power quality and overall efficiency.
Like two-level topologies, SVPWM techniques for multilevel multiphase drives
are classification-based and Voltage Space Vector Diagram (VSD) based. VSD-
based models are also discussed in different literature, it is discussed (in [113]) a
method where it is added a decoupling, especially for developing a switching
pattern based on VSD. Selecting the optimal switching vector proves to be a
challenging, crucial for maintaining a balance in the midpoint of the dc-link and
minimizing output circulating currents. Consider the configuration depicted in
Figure 45. In this setup, an asymmetrical winding configuration is employed for
the PMSM, featuring a 30-degree phase shift between dual three-phase
windings. O1 and O2 represent the neutral points of the two windings, and n
denotes the midpoint of the DC link. To control NPC-3L dual three-phase
PMSM drives, the initial step involves designing VSD-based space vector
modulation (SVM). The output voltage for each inverter leg of NPC-3L can be
Vdae/2, 0, —Vac/2, and these values are denoted as 2, 1, 0, respectively.
Consequently, the NPC-3L dual-three-phase inverter has a total of 376 (729)
voltage vectors, each represented in decimal form. Given the multitude of
voltage vectors, the primary task is to reduce the candidates for practical use.
This is achieved by exploiting the relationships among phase voltages in
different large sectors. To optimize the drive system's performance, the selection
of these five voltage vectors aims to synthesize the desired voltage reference on
the a — B plane, minimize harmonics on the x — y plane, and simultaneously
incorporate redundant voltage vectors for controlling voltage at the midpoint of
the DC link. [113]
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4.3 Power semiconductor device

In addition to investigating fault-tolerant topologies and control techniques, there are
other components to be studied to improve efficiency and performance of a motor, such
as EMI filters integrated into the inverter/converter topology to control EMI generated
due to device switching. [128]

In the automotive world there is a need for high-power switching devices at higher
operating temperatures, this has led to the search for materials for semiconductor
devices. Need to mention silicon carbide (SiC) and gallium nitride (GaN), which could
replace Silicon (Si).

Silicon and silicon carbide are widely used by power MOSFET devices, thanks to their
low-power loss and high-power efficiency [129].

Few researchers have compared the properties of the devices.

A first difference to be highlighted is the high-temperature characteristic, using the
same structure and at the same operating condition, the SiC MOSFET temperature is
much lower than Si device. Even if with the increase of the temperature, the thermal
conductivity decreases but, the thermal conductivity of SiC device is always higher than
Si. Another point in favor of SiC power MOSFET is that it will lose less energy in the
operating process. [129], [130].

Due to their higher switching frequencies compared to Si IGBTs, SiC MOSFETSs prove
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to be optimal for applications requiring precise motor control. Additionally, SiC
MOSFETs offer a significant advantage over Si IGBT motor driver systems as they can
be seamlessly integrated into motor assemblies, housing both the motor controller and
inverter within the same unit.

The term "WBG" typically encompasses SiC MOSFETs and GaN HEMTs, which are
widely used semiconductor switches in the WBG device market. These wide bandgap
modules exhibit superior performance in terms of losses, breakdown voltage, switching
frequency, and their ability to withstand higher junction temperatures, as compared to
traditional silicon modules. However, employing a WBG device with a high switching
frequency at relatively high voltages introduces the challenge of a high derivative of

voltage over time, known as dv/dt [127].
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Chapter 5
Other multi-phase motors

5.1 Induction motor

The operating principle of an induction motor is based on the induction of a
rotating magnetic field in the stator that interacts with the rotor to produce
mechanical motion.

The stator is the stationary part of the motor and typically consists of a
laminated iron core with evenly spaced windings. These windings are connected
to an alternating current (AC) power supply.

When AC power is applied to the stator windings, it creates a rotating magnetic
field due to the alternating nature of the current. [117]

The rotor, which is the rotating part of the motor, is typically made of a series of
conductive bars or coils placed in slots around an iron core. The rotor is free to
spin within the motor. Rotating magnetic field in the stator induces voltage in
the rotor conductors through electromagnetic induction. As a result, current
starts flowing in the rotor conductors. Current flowing in the rotor conductors
interacts with the magnetic field, producing a torque that causes the rotor to
turn. The direction of the torque is such that it tries to catch up with the rotating
magnetic field in the stator.

The rotor never catches up entirely with the rotating magnetic field so there is
always a speed difference between the rotating magnetic field in the stator and
the rotor. This speed difference is essential for the motor to generate torque
continuously.

The difference between the speed of the rotating magnetic field and the actual
rotor speed is known as slip. A small amount of slip is necessary for the motor to

operate effectively. The interaction between the rotating magnetic field and the
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rotor currents generates a torque in the rotor. This torque is responsible for the
mechanical output of the motor.

It worths to highlight the distinction in how the rotor is powered and responds
to the stator's magnetic field. The induction motor induces current in the rotor,
while the PMSM relies on the magnetic interaction between the stator and the
embedded permanent magnets in the rotor.

In recent times, researchers have shown interest in multi-phase induction
motors due to their increasing utility in various industrial applications. These
motors have gained attention for their notable features, which encompass low
torque ripple, superior efficiency when compared to their three-phase
counterparts, heightened power density, and enhanced reliability. Specifically,
among the multi-phase induction motors, those with a 3k-phase configuration
(where k is equal to 2, 3) stand out as an excellent choice for industrial use. This
preference comes from their adaptability to standard three-phase induction
motor cores, making them well-suited for applications requiring rewinding.[114]
To mention the induction motor, the seven-phase motor not yet described above

is explored.

5.1.1 Seven phase induction motor
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Figure 46: Seven-phase voltage source inverter [115]
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Concerning VSI, the power output aligns with that of a traditional 3-phase
inverter. When a seven-phase (7¢) configuration is required, the power is
distributed across the seven arms (depicted in figure 46). This distribution
enables a reduction in the current load on individual components, potentially
leading to lower component ratings. Consequently, there is a likelihood of an
overall decrease in the ratings of the switching components.

The equilibrium state of the seven-phase induction motor involves stator coils
spaced at intervals of 51.42°. The induction motor's voltage and torque
equations incorporate the impact of mutual inductances, which vary over
time.[115]

In balanced operating conditions, the stator voltages of the seven-phase

induction motor are as follows [115],[116]:

Vos = Vi sin(2mft)

(5.1)
Vos = U sin(2mft — 27/)

(5.2)
Ves = Vi sin(2mft — 47/.)

(5.3
Vas =V sin(2rft — 67/

(5-4)
Vs = Vi sin(2rft + 27/

(5.5)
Vis = Vypsin(2rft + 47/

(5.6)
Vys = Vi sin(2mft + 67/,

(5.7)
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The transformation matrix to transform 7¢ stator variables into two-phase

stationary reference frame d-q variables is given 5.8:

'l cosa cos2a cos3a cos3a cos2a cosa 1
0 sina sin2a sin3a —sin3a —sin2a —Sina
1 cos2a cosd4a cos6ba cosba cosda cos 2a
_|2]0 sin2a sin4a sin6a —sin6a —sin4a —Ssin2a
€= 711 cos3a cos6a cos9a cos9a cos 6a cos 3a
1 sin3a sin6éa sin9a —sin9a —sin6a —Sin3a
1 1 1 1 1
_1/\/5 1/\/g Iz iz e vz i

(5.8

After many calculations the torque can be computed:

T, = me[idriqs - idsiqr]

(5.9

It is possible to note that induction motors rely on the induction of current in
the rotor to generate torque, PMSMs instead utilize permanent magnets to
create a fixed magnetic field in the rotor, leading to differences in control

strategies, efficiency, and performance characteristics between the two motor

types.

5.2 Reluctance motor

The switched reluctance motor (SRM) is an electrical machine that converts
reluctance torque into mechanical power. Its unique design features salient
poles in both the stator and rotor, which promote high torque output due to pole
alignment. The rotor adjusts to minimize reluctance, maximizing the inductance
of the excited winding.[120]

Main advantages of SRM are a simple design of the rotor, the absence of
windings and permanent magnets on the rotor, a small moment of inertia of the
rotor. Through the absence of windings on the rotor, this type of machine has a

high efficiency, and it is characterized by a smaller value of overheating of the
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stator winding.[122].

The control of SRM is highly dependent on its design; it follows that design
procedures can be complicated.[118]

In SRMs, the stator and rotor poles are typically arranged symmetrically and
evenly distributed around the circumference. In traditional three-phase SRMs,
commonly used combinations include 6 stator poles and 4 rotor poles or 6
stator poles and 8 rotor poles, denoted as 6/4 or 6/8 stator/rotor
configurations.

Similarly, when the phase number exceeds three, it is referred to as a multi-
phase SRM (MSRM). The structure of MSRMs resembles that of three-phase
SRMs, with the phase number defined as:

(5.10)

where Zs and Zy represent the numbers of stator and rotor poles, and m is the
phase number.

Generally, the number of stator poles and rotor poles can be expressed as:

Zs = 2km
(5.11)
And
Zp = k(2m = 2)
(5.12)

where k is the multiple of the basic combination of stator and rotor poles.

For example, in four-phase SRMs, the combination of stator and rotor poles can
be 8/6 or 8/10, and when k=2, the combination becomes 16/12 or 16/20.

SRMs are categorized into two types based on phase numbers: even-numbered
phase and odd-numbered phase SRMs.

In odd-numbered phase SRMs, such as three-phase SRMs (figure 47 a), the
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arrangement of stator magnetic polarity is typically NSNSNS (defined as NS
mode), resulting in a symmetrical magnetic field.

In even-numbered phase SRMs, like six-phase SRMs (figure 47 b), the stator
magnetic polarity arrangement is usually NS mode, leading to an unsymmetrical
magnetic field. This can generate mutual inductance between phases, reducing

fault tolerance. [119]

Figure 47: The arrangement of (a) three-phase SRM and (b) six-phase SRM in NS mode [119]

A comparison of four-, five- and six-stage SRM is presented in [118].

To keep all motors at the same rated conditions, the number of turns in the
windings must change to obtain the same voltage and current in all phases (the
six-phase motor has a lower number of windings turns).

The main differences are summarized which are derived from a finite elements
analysis (FEA).

The five-phase SRM is lighter and has a lower moment of inertia. It uses
significantly less copper than the other SRMs. However, it has more phases and
more poles than the four-phase SRM. In terms of winding resistances, the four-
phase SRM has the lowest resistance, and it has the highest efficiency and
lowest losses, since it has the lowest current density; nonetheless, the five-phase

SRM uses less copper than the four-phase SRM, its current density is much
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higher than the four-phase SRM and thus generates more losses. Six phase SRM
produces the biggest average output torque.
So, depending on the application, the most appropriate number of phases can

be selected to take advantage of its benefits.

5.3 Axial flux motor

Permanent magnet machines are divided into two primary categories based on
the direction of the flux passing through the machine's air gap: radial flux
machines and axial flux machines. In radial flux machines, the flux travels
through the air gap in a radial direction, whereas in axial flux machines, the
predominant flux path is axial.

In Axial Flux PM machines, there are two techniques for integrating permanent
magnets onto the rotor. The first method involves mounting the magnets on the
rotor core, with variations in shape and size depending on the machine's
application. In the interior PM type machine, magnets are embedded within the
iron core of the rotor, enhancing mechanical strength.

Axial Flux machines can be produced with or without slots. The slotted
configuration introduces undesirable elements such as flux ripple, tooth losses,
and cogging torque. However, the positive aspect of having a slotted stator is
increased robustness and a smaller effective air gap. In the slot-less design, the
effects associated with slots are eliminated, resulting in higher overall efficiency.
The primary drawback of this machine is its lower mechanical strength. [131]
Axial flux motor control utilizes pulse width modulation inverters, like the
control of three-phase radial flux motors. These inverters transform the
constant battery voltage into a three-phase power supply with variable
frequency and voltage. Torque control is accomplished using the field-oriented
technique, enabling precise torque regulation in both steady-state and transient
conditions. The flux-weakening operation, activated upon reaching maximum
voltage, is executed by manipulating the flux current component.[132]

In the area of axial flux motors, it is worth mentioning YASA (Yokeless and
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Segmented Armature) Limited, British manufacturer of electric motors, a
founded in September 2009 to commercialize the axial flux permanent magnet
electric motor. YASA promises up to four times more power than those
commonly used in current electric vehicles. Engines also about 50 percent

smaller and lighter.
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Chapter 6
Discussion

Combining advantages such as high efficiency, power factor and higher torque
density, PM machines offer a full range of benefits. The use of high-energy PM
excitation not only reduces overall volume and weight, but also minimizes stator
losses, helping to increase efficiency. The absence of rotor copper losses provides an
additional increase in efficiency.

PMSMs, with their various characteristics, have applications in various fields.
However, their specific advantages make them suitable for traction needs. [1], [86].
It is widely believed that electrification of vehicles will improve performance, energy
conservation, and reduce pollutant emissions. Currently, vehicle electrification
research and development are largely underway for civilian vehicles, military
vehicles, and for specialized areas such as construction vehicles, rail vehicles, and
agricultural vehicles.

These efforts focus primarily on the electrification of vehicle traction systems,
including electric traction, hybrid electric traction, and fuel cell traction. The main
objectives focus on achieving high efficiency and low emissions, maintaining a
compact and simple structure, and ensuring good reliability and low cost. [87]

As mentioned above, multiphase machines can be employed, which provide greater
freedom in fault management and offer inherent advantages, such as improved
reliability, reduced phase current without increased phase voltage, and mitigation of
torque ripple. [5]

Typically, two-level 3-phase inverters are preferred due to their mature technology
and relatively simple design and control [72].

In a study presented in [67], it was demonstrated that the conduction loss in the two-

level configuration is lower than in the NPC three-level configuration. However,

80



when considering switching power loss and total power losses, the NPC three-level
configuration exhibits lower losses than the two-level converters for selected devices.
Conversely, the evaluation indicates that the total cost of the switching devices
required for the two-level converter is approximately 25% cheaper than that of the
three-level converters.

The potential for multi-phase systems to reduce the DC link capacitor has been
identified, although the extent of this reduction is case-specific [66].

Other impactful factors are cost and compactness, which play a crucial role in the
success of electric drives for hybrid electric vehicles.

To increase system power density, the emphasis is on system integration, which
involves incorporating the electric machine, inverter, control, and transmission into
a common housing. Inverter integration is facilitated by multiphase motors, which
allow a reduction in phase powers and, consequently, inverter modules.[109]

The evolution of hybrid vehicles has been marked by significant milestones and
technological advancements.

An interesting excursus is presented in [1]. Toyota initiated its exploration into
Hybrid Electric Vehicles (HEVs) before the introduction of the Prius in 1997, the
automotive landscape witnessed a paradigm shift. The Prius, launched in 2003,
emerged as the world's first full-hybrid vehicle, introducing features like complete
electric traction, regenerative braking, and automatic energy preference.

The series-parallel architecture of the Prius, employing two Interior Permanent
Magnet (IPM) machines coupled to an Internal Combustion Engine (ICE), set a
precedent for future hybrid designs. Notable improvements included the
introduction of a boost converter, optimizing power-to-weight ratios, and addressing
energy efficiency concerns.

Expanding beyond the Prius, Toyota's SUV models, exemplified by the Toyota
Highlander, added complexity due to larger dimensions and increased performance
demands. Lexus models, like the RX400h and GS450h, showcased advancements
such as improved hybrid systems with PM rotor configurations and enhanced power-

to-volume ratios.
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Honda's Civic Hybrid brought performance enhancements with high torque at low
speed, while the Peugeot Citroen (PSA) group explored diesel ICEs in hybrids,

deviating from the convention of gasoline engines.

6.1 Field of application

Nowadays, the drive motors adopted in the automotive sector have traditionally been
three-phase PMSMs or induction motors, with the former often preferred for their
higher efficiency and power density. Multi-phase drives have traditionally been
adopted for high-power wind turbines and marine propulsion, but they are gradually
becoming attractive in the automotive sector as well [65].

6-phase motors are said to be the best trade-off between the benefits of multi-three
phase machines and the increased system complexity, permitting a relatively easy
transition from the traditional 3-phase drives [24].

In [124] the electric vehicle market from 2010 to 2020 is analyzed, and through
figure 48 it can be concluded that, as mentioned above, PMSM has become the first
choice of electric vehicle manufacturers due to the high torque and high-power
density enabled by high energy density PMs such as neodymium Fe boron and
samarium cobalt.

Motor performance is related to energy recovery, which has become a new challenge
for EV engines. According to the analysis of [125], the energy recovered from braking
is proportional to the torque and efficiency of the motor, and the effect of
regenerative braking is best in the constant power region near the base speed.
Therefore, to improve the energy recovery effect of regenerative braking, the EV
motor must have as wide a constant power range as possible, in addition to
maximum efficiency. The IM energy recovery rate is affected by low efficiency,
which also reduces the power output and shortens the constant power range. Even if
he SRM has a wide speed range its low torque capacity limits the energy recovery
effect.
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EV model Power(kW) Motor YWear

Mahindra ¢2o Plus 19-30 M 2016
Renault Kangoo ZE 44 PMSM 2011
Mitsubishi i-MIEV 47 M 2010
Volkswagen E-up ] PMSM 2019
Renault Zoe 635 PMSM 2012
LandRover 70 SEM 2013
Renault Fluence
ZE. 70 PMSM 2012
Nissan Leafl 80 PMSM 2010
BJEV EC3 80 PMSM 2019
Hyundai lonig
Electric BE PMSM 2016
Hyundai Kona EE-150 PMSM 2018
BYD Ef 90 PMSM 2014
BMW i3 125 PMSM 2013
Xpeng G3 139 PMSM 201%
Mercedes-Benz
EQC 150%2 M 2019
BJEV EUS5 160 PMSM 2018
Tesla Madel X 193-375 (1" 2015
Tesla Model 3 211-340 PMSM 2020
Tesla Model 8 235-568 (1% 2012
NIO EC6H 320 PMSM 2020

Figure 48: Example of EVs on the market from 2010 to 2020, includingtheir model, motor
categories, and power [124]
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Other electric and hybrid vehicles so employ three-phase PMSMs. Notable instances
include:

e Audie-Tron

e Jaguari-PACE

e Porsche Taycan

e Mercedes EQC
While the Audi e-tron, Jaguar i-Pace, and Mercedes EQC use packs with lithium-ion
cells and 400-volt system, specifically 405 volts for EQC, 396 volts Audi e-tron, and
400 volts Jaguar i-Pace, Porsche boasts of being the first manufacturer to implement
a voltage level of 800 volts, which turns out to be one of the challenges of the
automotive world.
As it is said before, an interesting challenge is the regenerative braking. When the
accelerator pedal is released, the electric motor enters generator mode and allows the
permanent magnets to induce voltage and current in the stator winding, allowing
energy recovery by recharging the lithium-ion battery.
Energy storage plays a crucial role in hybrid electric drivetrains, with chemical
batteries commonly utilized in most vehicles. An alternative to consider is the
ultracapacitor, known for its high specific power, efficiency, temperature
adaptability, and extended lifetime.
Compared to ultracapacitors, the chemical has a much higher specific energy but
much less specific power. When chemical batteries need large weight to meet the
power requirement, the ultracapacitor needs weight to meet the energy requirement.
Combining ultracapacitors with chemical batteries in a hybrid energy storage system,
as in figure 49, can achieve a balance, providing both high power and high energy
capabilities. This integrated approach also addresses the weight-related challenges
[62].
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Energy regeneration
m— Assistance to the fuel cell

Figure 49: Configuration with combined ultracapacitor and battery [123]

An example of an electric vehicle under development is the e-Axle, depicted in figure
50, equipped with a 6-phase buried permanent magnet synchronous motor
(BPMSM) powered by a high-efficiency silicon carbide (SiC) inverter and a high-
speed transmission and gearbox. The 6-phase inverter is connected to the battery
through a DC/DC converter, which raises the battery voltage (400 V) to a maximum

of 750V, to ensure high dynamic performance.

DC super-charger

bidirectional ¢ —

DC/DC stage 6-phase i
Tf 1200 V inverter

Ihan

—1—
— lvium L ( ——
=

Li-lon synchronised
battery DC-link

SiC
1200 V

high-speed transmission
with integrated differential

Figure 50:EV on-board architecture [24]
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6.2

Summarizing table

MULTI PHASE

PMSM

—

SYMMETRICAL: n
stator winding

—L

HYBRID:split the
winding into N-n

ASYMMETRICAL:
split the winding

dl;placgd phase sets into N-3 phase
uniformily sets
— —
| l | ]
'd " ' N

5 PHASE: 6 PHASE:displaced 9 PHASE: 15 PHASE: 3 sets 6 PHASE:2 sets 9 PHASE displaced
displaced by 72° by 60° displaced by 40° of 5 phase displaced by 30° by 20° or 1207
Figure 51:Conceptual map of the topologies covered
Property Three phase | Five phase | Six phase | Nine  phase
PMSM PMSM PMSM PMSM

Torque 3 5 9

T =— 1 T = — T = — T = —

> px > px > px > px

Power per p / p p / p /
phase 3 / 5 6 9
Phase current i2 ~ 0.61 ~ 051 ~ 0.351
DC link C3 ~ 0.55C ~05C ~05C
capacitance
Continued No Yes Yes Yes
operation after
an open phase
fault

Table 3: Overview of main advantages of multiphase-machine-based drives

1x = (Apiq + Lg — Lg)iqiq having considered dq model with any contribution of the harmonics.
2 The base value for the current is set for the three-phase case.
3 The base value for the capacitance is set for the three-phase case.
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Two level | Five-leg Dual Multilevel inverter
inverters inverter supply
inverter
Number  of | 12 for six phase | 10 for six | 24 for six |20 for five phase
switches PMSM phase phase PMSM, 24 for six
PMSM PMSM phase PMSM, 36 for
nine phase PMSM
Advantages Low current | Less legs | Suppress Low voltage stress
for and power | some on power device,
semiconductor, | switches harmonics, | robust fault tolerant,
high fault isolated individual and
tolerance and DC source | flexible control of
simple each phase and
controller reduced thermal
stress pull up the
voltage and the
power level
Disadvantages | High Find a | Additional | Multitude of voltage
complexity due | balanced capacitor | vector that must be
to the number | midpoint bank reduced
of legs that | voltage
depend on
number of
phases

Table 4: Overview of inverter topologies

Characteristics | PMSM Induction motor Switched reluctance
motor
Operating The stator windings | Rotating magnetic | Converts reluctance
principle generate a rotating | field in the stator | torque into
magnetic field whose | induces voltage in | mechanical power
polar expansions | the rotor
interact with the PM | conductors
in the rotor through
electromagnetic
induction
Rotor PM buried inside the | Conductive bars or | Salient pole
topology rotor or surface | coils
mounted
Efficiency High efficiency due | Influenced by slip | Depends on the

to the excitation of
the PM

and by electrical
losses due to the

optimization of pole
alignment
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induced current

Torque ripple | Low Moderate and may | Minimized by the
require additional | rotor adjustment
measurement

Advantages High torque, | Self-startup, Simple design of the

efficiency and power | simpler rotor, high efficiency,
factor and smaller value of

overheating of the
stator winding.

Disadvantages | Cost of PM and | Rotor losses | Complicated design
complexity in | associated to | procedure
control induced current

Table 5: Comparison between different type of machine

6.3 Conclusion

In [64] an excursus over time of various steps that led to the validation of the
improvements made by multiphase motors is presented.

In the 1960s, Ward and Harer conducted theoretical and experimental analysis on
five-phase induction machines, discovering that an increase in phase number
reduces torque ripple amplitude but increases frequency. The concept of multiphase
drives emerged in 1980 to enhance fault tolerance and reliability, facing
implementation challenges at the time. Technological advancements since the 1990s,
including power electronics and microcontrollers, facilitated the development of
multiphase drives.

Over the last thirty years, extensive research globally has resulted in novel designs,
converter topologies, and control methods for multiphase machines. Notable
contributions include fault-tolerant control strategies, Pulse Width Modulation
techniques, and Model Predictive Control strategies. Chinese researchers, including
those from the Naval University of Engineering and Harbin Institute of Technology,
have actively explored mathematical models, fault characteristics, and various
machine topologies for multiphase drives.

With increasing user demands for reliability and safety in installed drives,
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manufacturers of control systems for AC drives are increasingly focusing on
incorporating diagnostic functions into their converter control algorithms.

The ongoing advancements in sensor technology, measuring equipment, digital
signal processing software, and computational intelligence allow continuous
monitoring of drive conditions and trend observation [110].

The classic and dynamic control techniques for PMSM are vector control i.e., field-
oriented control and direct torque control that require the rotor position to generate
the reference current which in effect produces the required torque. [23]

The future challenges therefore include system complexity, control techniques, cost
increase, sensor technologies and diagnostic function.

It is important to remember the selection of power semiconductor devices, control
and switching strategies, the packaging of the individual units, and the system
integration especially when it comes to efficient and high-performance vehicles.[128]
The inherent advantages of permanent magnet machines, high torque and efficiency,
combined with those of multiphase machines, improved reliability, phase current
reduction, torque ripple attenuation, extra degree of freedom, make multi-phase
PMSMs worthy of further study to become the future of electric machines and
beyond.
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