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Abstract

Nowadays we are witnessing a strong growth in the full electric vehicle market.
In the field of traction the requirements are low weight, small dimensions and low
cost, without renouncing reliability and good performances. The high power density
requirement is pushing the research towards integrated drive solutions. A particular
drive that allows to obtain more insightful integrated solutions is the multi-phase one.
In fact, in multi-phase structures it is possible to realize a converter as a combination
of standard modules with an equal subdivision of the current. The resulting power
electronics modules meet the needs of an integrated solution: smaller and widely
distributed.
Although road electric vehicles primarily adopt 3-phase drives, the multi-phase
version could represent a good alternative not only for its integration capability
but also for other features like reduced weight and volume, high efficiency, low
vibrations and noise, robustness and, overall, fault tolerance. The aim of this thesis is
to investigate a particular category of multiphase machines, characterized by a very
simple structure that allows to match manufacturing and performance standards.

In Chapter 1, the subcategory of multiphase machine object of the investigation
is identified. Considering a simple stator structure, as the tooth-coil wound, a
general algorithm to identify the right stator-rotor coupling in multiphase machine is
presented.

In Chapter 2, an analytical and generalized formulation of the harmonic fields at
the air gap for the multi-n-phase solutions chosen is reported allowing to understand
and quantify the harmonic compensation in the MMF. Starting from the Lorenz
Force Law an analytical formulation of the torque and torque ripple is then proposed.
The model proposed has been then verified by Finite Element Analysis (FEA).

In Chapter 3, the main issues tackled in the design of a nine phase machine are
reported. Between the possible solutions a 9 slot 10 poles PM-inset machine has
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been chosen. The chapter reports the evaluation of the performance conducted by the
time stepping FEA. The chapter reports the experimental results that were conducted
on a prototype. A description of the control infrastructure is reported.

In Chapter 4, a simple modulation strategy that allows to reduce the DC-link
stress for a triple-3-phase drive is presented. The analysis of the benefits introduced
by the PWM phase shifting are evaluated by steady state simulations ,using the
software Pspice, in all the possible operating conditions. A worst case approach has
been chosen in order to find the best angle of shifting between carriers to reduce
the DC-link rms current in multi-3-phase drives. The results of the experimental
validation are reported. The same analysis has been extended to sectored multiphase.

In Chapter 5, a mathematical model is proposed in order to evaluate the torque
and the torque ripple in fractional slot tooth-coil wound (TCW) Synchronous Reluc-
tance (SyR) machines. Considering a generic harmonic field and an ideal SyR rotor,
the rotor magnetic potential is modelled and the torque equations are calculated
starting from the Lorenz Force Law. Time stepping FEA results are reported in order
to verify the formulations.

Appendix A reports the mathematical demonstration that defines the rotor reac-
tion for an ideal SyR rotor together with the methodologies used to design the SyR
constant permeance rotor.

Appendix B reports the manufacturing process of the machine.

Appendix C reports the COOL-TIE concept: a cooling devices for the electrical
machine compatible with the power electronic integration.
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Chapter 1

Multiphase motor drives

Part of the work described in this chapter has been previously published in [1]

1.1 Introduction

Multi-phase machines are the subject of considerable interest in different fields
of application. The main characteristics of multi-phase machines have been well
addressed in the last decades [2–4].

Real machines and converters adopting a wide number of phases can be more
easily found in the large power applications, in the MegaWatt ranges, especially
in the direct-drive solutions for naval traction [5–7], for power generation [8] or
for wind turbines [9, 10]. In such applications, the converter redundancy, or the
simple subdivision of the machines in sectors supplied by different converters, can
be considered a mandatory condition due to the technological limitations.

Traditionally used to reduce the stator phase current in large power applications,
multi-phase machines are now gaining a prestigious place also in the field of trac-
tion applications for their reliability, fault tolerant capability, weight and volume
reduction, together with high efficiency [11–13]. In terms of reliability, multi-phase
electric drive represents a very important field of investigation [2]. The chance to
have the drive still working with one or more converter legs not working properly
[14] is the main advantage in many large power traction applications.
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Multi-phase drives, in the field of automotive application, are particularly inter-
esting for Flywheel Alternator Starter (FAS) due to the high number of poles this
application typically requires [15, 16].

On the other hand the increased degree of freedom in the control has been
investigated especially for the five and seven-phases motors. Even if these machines
need peculiar converters, they open the way to a wide variety of modulation strategies
mainly devoted to the PWM losses reduction, still maintaining a sinusoidal control.

Another advantage of multi-phase machines with sinusoidal winding distribution
is that they present an airgap field distribution with lower space-harmonic content
[2]. The Magneto Motive Force (MMF) harmonic content reduction for a 5-phase
Permanent Magnet (PM) coil wound machine is addressed in [4].
This compensation of the harmonic components on the MMF has a direct impact on
the torque performances. In fact, by increasing the number of phases over three, it
is possible to increase the torque density and to reduce the torque ripple amplitude
[3, 17–20]. Many works for multi-phase motors had as subject the study of the
slot-pole-phase combinations with attention to the windings factor, rotor losses,
radial forces [21] and low torque ripple solutions [19, 18, 22]. In [23] an analytical
and experimental evaluation of the torque harmonics components for multi-phase
induction machines is proposed. The paper shows that the pulsating torque decreases
in magnitude and increases in frequency as the number of phases is increased. A
general expression for the harmonic field and torque ripple have been proposed too
for multi-phase induction machines, two layer windings, excited by non sinusoidal
current [24].
The torque’s performances peculiarity for the multiphase machines will be analysed
in this thesis for a very simple stator structure that could meet the manufacture needs
in the automotive world. Especially in the automotive field the low production cost
is one of the key point together with high performance. The actual research focus,
in fact, is at those solutions that allow a simple construction, reduction in weight
and dimensions, without sacrifices in terms of performance. Among all the possible
solutions, we will focus on multi-n-phase drive solutions. A generalized algorithm
for the definition of a tooth-coil multi-n-phase machine is presented. The algorithm
allows to identify the particular subset of multi-n-phase solution that are the focus of
the thesis.
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1.2 Multi n phase solution

A particular subset of multi-phase drives is the multi-n-phase solution in which the
phases are grouped in separated stars of n-phases. Immediate advantages in the use
of multi-star motors have been well evidenced in the past [2, 25, 26]. The possible
single star fault is supported in these machines with a reduced performance of the
drive and, typically, the phase per unit current ripple is reduced. This, again, is a
usual solution in large converter current (kAmps) applications. If the n-phase stars
are supplied separately, a fault tolerant drive can be easily achieved because each
star can work separately, considering a fault both in the converter or in the stator.

A second advantage is in the converter design because this solution allows for an
easier integration of power converters and motors active parts from the cooling point
of view. A subdivision of the current into different converter structures allows for a
larger space for power losses in the converter structure leading to numbers in W/m2

capability similar to the typical one of the electric machines. In fact, the amount
of losses in converter and motor are similar in any well designed drive. Having
the actual converter to realize the needed three-phase structure a much smaller
cooling surface compared to the motor one, the possibility to integrate, in similar
cooling system, the motor and the converter appears complex. If the converter can be
structurally split, even if adopting the same amount of silicon, the cooling capability
can be increased.

Another advantage in the realization of multi-n-phases machine is the chance
to have different voltage levels on each n-phase system. This solution is surely
interesting and it has been widely considered if proper windings and phase shift
between the various n-phase system is chosen [7]. Beside these, other advantages are
possible on the converter side as the reduction of DC-link stress. For multi-n-phase
drives in fact it is possible to add an additional degree of freedom, the phase shifting
between carriers in order to reduce the DC-link stress [27]. Chapter 4 is dedicated to
the investigation of this particular aspect.

The main drawback of this multi-phase drives lay in the increased converter
complexity and motor connections. Such a drawback can be reverted into an ad-
vantage considering the gained reliability and fault tolerant system. The converters
for such machine need to be surely controlled with synchronous PWMs and current
sampling leading to a more complex control, possibly needing FPGA modulators.
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For the same reasons a larger number of measurements needs to be introduced and
conditioned.

1.3 A generalized algorithm for multi-n-phase motor

The aim of this section is to define a general algorithm for the multi-n-phase machine
so to have a guideline for the design of this type of machines.
The analysis is focused on an simple tooth-coil wound structure (TCW) and a general
algorithm to identify the right stator-rotor coupling is obtained, following a specific
rule for multi-n-phase drive.
Fractional-slot non overlapped tooth-coil windings are commonly used in Permanent
Magnet (PM) machines, because of the well known advantages, due to the shorter
end connections, better fill-in factor and easier and cheaper manufacturing. This
algorithm was presented by the author et all in [1]. This algorithm and the definition
of the parameters is the starting point for the modelling of this categories of multi-
phase machines. Following the proposed rules is possible to obtain a machine with
a very low torque ripple contribution. The motor structures analysed in the thesis
are mainly the Permanent Magnet (PM) solutions, but the algorithm can be similarly
adopted for different synchronous rotor type.

The model parameters are:

NC: Number of Coils that constitute a star system (having always only one coil per
phase)

NS: Number of Star systems

NP: Number of Poles (i.e. permanent magnets)

These numbers identify the base machine, and

NM: Number of times the base machine is repeated

In the following the relationship between NP and the total number of phases (1.1) is
imposed in order to obtain a high windings factor [28].

NP = NC · NS ±1 (1.1)
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The need to have a total even number of poles (NP ·NM) in a rotating machine
imposes a minimal choice for the NM parameter.
Following the rule in (1.1), NC coils will constitute one star, considering that the
electric angle covered by the stator tooth pitch is given by (1.2).

θC =
NP ·π
NC ·NS

(1.2)

Two coils of the same star are far NS coils from each other. In fact, they are separated
by an electric angle θph multiple of π

NC
as shown in (1.3).

θph = NS ·θC =
NP ·π

NC
= NS ·π ± π

NC
(1.3)

If the rule (1.1) is chosen, the electric angle between two adjacent stars is θS as
defined in (1.4).

θS =
NP ·π
NC ·NS

= π ± π

NC ·NS
(1.4)

A star vector approach to the coil distribution would lead to similar conclusions.

The stars can be supplied in different way and different rules in the relation
can be chosen, but the proposed rules allow to obtain a better winding factor. The
winding factor can be calculated as the product of the pitch factor and the distribution
factor. For the machine characterized by one coil per phase, the distribution factor is
equal to 1 while the pitch factor for the generic harmonic h is (1.5)

kp = sin
(

hπ

Q

)
(1.5)

In (1.5) Q is the number of slot/coil. The equation 1.5 results in (1.6) for the
synchronous harmonic h = p in the solution proposed (p = NPNP/2

kp = sin
(

pπ

NCNS

)
(1.6)

In order to maximize the pitch factor the ratio in (1.6) must to be close to π/2.
The solution π/2 is not feasible since will lead to pulsating and not rotating magnetic
field. The solution NP = NC · NS ±1 allows to maximize the pitch factor. Examples
of the applicable numbers and the resulting machines are reported in the following
sections.
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1.3.1 Multi 3 phase

The multi-n-phase machine as a combination of 3-phase stars, may be more attractive
in an industrial environment due to the wide availability of 3-phase inverter solutions
both in the power and in the control area. In fact for multiphase structures, it is
possible to realize converters as a combination of different three phase converters
with an equal subdivision of the currents. Within the possible structure in the multi-
3-phase world, the six-phase one is the most common one and it has been applied to
many different motors like induction [29, 30] or permanent magnet motors [31].

The application of the proposed algorithm for a double-3-phase machine results
in a machine with parameters NC = 3, NS = 2, NP = 5 or NP = 7. The need to have
a total even number of poles (NP ·NM) in a rotating machine imposes a minimal
choice for the NM = 2 . For the six-phase machine that follows the proposed model
is possible to realize a stator structure with 12 slots and a coupled rotor with 5 or
7 polepairs. Instead, for a triple-3-phase machine (NC = 3,NS = 3) it is possible
to realize a stator structure with 9 slots and a coupled rotor with 4 or 5 polepairs
(NM = 1). Another possible solution is 18 slots (NM = 2) stator structure with 8 or
10 rotor polepairs. For a quadruple-3-phase machine (NC = 3,NS = 4) the minimum
number of slots is 24 (NM = 2), in fact, this stator structure can be coupled with 11
or 13 polepairs.
Considering a triple-3-phase machine, that is the main object of the thesis interest
the mentioned angles in (1.2), (1.3) and (1.4) became (1.7).

θC = 10·π
9

θph = 3π + π

3 = π + π

3

θS = π + π

9

(1.7)

Some example of the Poles-to-Coil combinations for multi-3-phase motors are
summarized in Table 1.1. The table collects the value of total number of teeth (coil)
NTC and NTP the total number of poles and the equivalent number q (number of slot
per pole per phase) for the 3-phase counterpart.
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Table 1.1 Poles-to-Coil combinations for multi-3-phase motors according with the proposed
algorithm

Machine Description NTC NTP q
3−2−5−2 12 10 2/5
3−2−7−2 12 14 2/7
3−3−8−1 9 8 3/8
3−3−10−1 9 10 3/10
3−3−8−2 18 16 3/8
3−3−10−2 18 20 3/10
3−4−11−2 24 22 4/11
3−4−13−2 24 26 4/13

Being NTC and NTP the total number of teeth and magnets, it appears immediately
evident that the machines this way realized have large poles number even for the
simpler structures.

The main advantage for the proposed structures is surely the easiness in the
winding realization. It will be shown in the Chapter 2 that the MMF harmonic
content in the NC −NS phase star is limited and the global torque is really smooth
[32, 33]. All of this is obtained still maintaining a concentrated winding stator in
what is typically called a double layer type. The winding factor of the multi-3-phase
solutions, designed and supplied according with the proposed rules, are generally
greater than the equivalents three phase counterparts characterized by a q. From the
slot winding layout in the electrical space, the windings factor for each phase has to
be calculated as the ratio between the resulting electromotive force and the number
of windings contribution for each phase [21, 34, 26].
For example, for the 3−3−10−1 solution ( or equivalent the 3−3−10−2) the
winding factor calculated on the synchronous harmonic is equal to 0.985 [35], [36],
while for the q3/10 solution the calculation of the winding factor for the 3-phase
solutions leads to the well known result of 0.945 [37].
In this case for example the ratio between the winding factor is equal to 0.96, which
can be seen as an increase in the torque density of the triple-3-phase solution by 4%,
or like an 8% reduction in the copper losses at the same delivered torque.

In the Chapter 2 the characteristics of multi-n-phase machines designed with the
rules proposed in the algorithm (1.1) will be analysed and their low torque ripple
capabilities will be analytically proven.
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1.4 Conclusions

The reasons to search for multi-phase structures are various. The main reason is the
reliability and the fault-tolerant capability that can be obtained with these motors and
converters. Additional degree of freedom in the control can be used to improved the
performances of the drive, and the increment in the number of phase allows to obtain
advantages in terms of torque ripple reduction. About all the possible solutions a
particular subset of machines, the multi-n-phase, has been chosen. A generalized
algorithm to identify the right stator-rotor coupling in order to obtain a tooth-coil
wound machine with a very low torque ripple contribution is presented and some
example of the proposed algorithm are reported. The definition of this algorithm
is the starting point for the modelling of the particular categories of multiphase
machines investigated in this thesis.



Chapter 2

Torque ripple modelling in
multiphase SMPM motors

Part of the work described in this chapter has been previously published in [38]

2.1 Introduction

The aim of this Chapter is to offer a methodology to calculate the torque components
for SMPM machines tooth-coil wound. The choices tooth-coil wound causes a
lot of harmonics contribution in the harmonic content of Magneto Motive Force
(MMF). For these, typically fractional slot concentrate windings are chosen. In
this Chapter an analytical calculation of the MMF and its harmonic compensation
in multi-n-phase solution is reported. The analysis done allows to understand and
quantify the harmonic compensation in the MMF in tooth-coil multiphase machines.
A formulation of the torque ripple is then proposed. The model is general and
allows to understand and justify the very low torque ripple results of Finite Element
Analysis (FEA) and allows to compare directly multiphase machines.

2.2 Multi Phase machine rotating magnetic fields

The calculation of the torque component starts from the calculation of the stator
MMF. A generalized approach is here reported for the multi-n-phase machines that
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follow some specific rules proposed in Capter 1. The approach can be generalized to
other machines.

In tooth-coil wound machines each coil has a rich harmonic spectrum, however,
the combination of the coils harmonic contributions in a multi-n-phase structure can
compensate for most of them.
It is possible to demonstrate this compensation considering the effect of each coil
to the rotating magnetic field. This means to consider the magnetic field produced
by all coils, distributed in the space and supplied by a proper sinusoidal current
sequence.
In order to analitically solve the magnetic field distribution in the airgap, the effects of
magnetic saturation is neglected and the distribution of the flux density is considered
to be constant along the axial lenght. As a consequence the magnetic vector potential
can be considered axially oriented and manipulated like a scalar [39]. Slot permeance
variations are neglected. The origin of statoric coordinate α is set at the center of the
phase 1. Like suggested in [40] phase 1, that is the origin for the mechanical and
electrical references systems (α), will contribute at the firs harmonics of MMF with
the component (2.1).

f s
1 ∗ cos(α) (2.1)

where f s
1 is the amplitude of the MMF at the time t and α is the stator reference

frame (Fig. 2.1).

Fig. 2.1 Definition of the reference frame for the generic NCNSNPNM machine: δ is the rotor
position that moves at mechanical speed ωm, α is the stator reference frame and ξ is the
rotor reference coordinate.
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In (2.2), (2.1) is generalized for the phase n

f s
n ∗ cos(α −αn) (2.2)

where αn is the angular position of the axis belonging to the generic coil n. The
amplitude of the MMF changes with the time according with the current variation in
the coil. Then for the generic coil (2.3) results:

f s
n = f s

npeak
∗ cos(ωt + γ −θe) (2.3)

where ω and γ are respectively the pulsation and the electric angle of the supply
current, leading with respect to the t = 0 position, θe is the electric angle of the
generic coil n.
Considering r, the generic harmonic order of the winding distribution, the MMF
contribution of the generic coil n supplied by a sinusoidal current is expressed in
(2.4)

∞

∑
r=1

f s
n,rcos(ωt + γ −θe)∗ cos(r(α −αn)) (2.4)

where f s
n,r is the amplitude of the rth harmonic of the MMF produced by the generic

coil n. The amplitude f s
n,r is given by (2.5) where as

n,r is the Fourier series amplitude
of the generic harmonic r of the windings distribution, Nn is the number of turn per
coil and in is the amplitude of the current supply of the generic coil n.

f s
n,r = as

n,rNnin (2.5)

In a symmetrical and balanced current system, the coefficients f s
n,r = f s

r are equal
for each coil.
To calculate the stator MMF the contribution of all N coils must be considered. The
stator MMF is expressed as in (2.6).

f s =
N

∑
n=1

∞

∑
r=1

f s
r cos(ωt + γ −θe)∗ cos(r(α −αn)) (2.6)

For a multi-n-phase machine that follows the rules proposed in Chapter 1, it is
possible to calculate (2.6) by substituting (2.7). The resulting stator MMF expression
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(2.8) is given.

N = NC ·NS ·NM

θe = (n−1) ·θS

αn =
(n−1)2π

N

(2.7)

f s =
N

∑
n=1

∞

∑
r=1

f s
r cos(ωt + γ − (n−1)θS)∗

cosr(α − (n−1)2π

N
)

(2.8)

The stator MMF in (2.8) can be now decomposed in two rotating fields, direct (2.9)
and reverse (2.10), provided that conditions (2.13) ,(2.14) are verified.

f sd =
NCNSNM

∑
n=1

∞

∑
r=1

1
2

f s
r cos((ωt + γ − rα)−

(n−1)(π ± π

NCNS
)+ r

2π(n−1)
NCNSNM

)

(2.9)

f sr =
NCNSNM

∑
n=1

∞

∑
r=1

1
2

f s
r cos((ωt + γ + rα)−

(n−1)(π ± π

NCNS
)− r

2π(n−1)
NCNSNM

)

(2.10)

The amplitudes of these rotating fields are equal to NCNSNM/2 times the MMF
amplitude of the r harmonic belonging to the single phase ( f s

r ).
To show this, equations (2.9), (2.10) can be written like in (2.11) and (2.12) to
highlight the arguments of the two sinusoidal functions.

f sd =
NCNSNM

∑
n=1

∞

∑
r=1

1
2

f s
r cos((ωt + γ − rα)−

2π(n−1)(
NM(NCNS ±1)−2r

2NCNSNM
))

(2.11)
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f sr =
NCNSNM

∑
n=1

∞

∑
r=1

1
2

f s
r cos((ωt + γ + rα)−

2π(n−1)(
NM(NCNS ±1)+2r

2NCNSNM
))

(2.12)

In order to have a generic rotating field of order r, the relationship (2.13), for the
direct sequence, or (2.14), for the reverse one, must be verified.

NM(NCNS ±1)−2r
2NCNSNM

= integer (2.13)

NM(NCNS ±1)+2r
2NCNSNM

= integer (2.14)

In this case, the contributions to stator MMF of each phase have the same angular
displacement and are additive. Equation (2.13) and (2.14) are verified for the orders
r for which the contributions to the stator MMF of the single phase have same
angular displacement and are additive. It is worth noticing that the r harmonics
that contribute to non-zero harmonic fields are slot harmonics. Once known the
parametric model, it is possible to forecast the harmonic spectrum of the rotating
fields in any multi-n-phase machine.

A graphical explanation of the formula is given in Fig. 2.2 for a machine 3−3−
10−1. The generic harmonic of the pulsating field of the single phase is decomposed
in its direct component (green arrow) and in its reverse component (purple arrow).
Summing the contribution for each coil some of that results in a zero sum, other sum
each other in order to generate a rotating magnetic field.

Fig. 2.2 Direct (green) and reverse (purple) f s component for the harmonic order r = 1,4,5
in 3−3−10−1 machine
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2.3 Torque ripple modelling

In the previous section the harmonic distribution of the stator MMF has been pre-
sented for a multi-n-phase coil wound motor. In this section the methodology that
leads to the evaluation of the torque ripple harmonic contributions is reported for a
generic NC, NS, NP, NM Surface Mounted Permanent Magnet (SMPM) multi-n-phase
motor.

Considering an isotropic machine, as the SMPM is, the reluctance torque compo-
nent is negligible. Cogging torque is not considered.
The instantaneous torque can be calculated by considering the Lorentz force law
[41] as in (2.15).

Te = rgl
∫

2π

Bgd fs = rgl
∫ 2π

0
Bm

d fs

dξ
dξ (2.15)

where rg is the radius at the air gap, l is the stack length, f s is the stator MMF and
Bg is the flux density at the air gap. It can be substituted by the flux density due
to the magnet Bm since, for a SMPM machine, the armature reaction field do not
contributes to the torque. ξ is the rotor reference coordinate.

The harmonic distribution of the stator MMF (2.8) can be expressed like in (2.16)
as a series of non-zero harmonic fields at the air gap,

f s =
∞

∑
k=0

f s
rdk

cos(ωt + γ − rdkα)+ f s
rrk

cos(ωt + γ + rrkα) (2.16)

where f s
rdk

and f s
rrk

are the amplitudes of the non-zero harmonic fields at the air gap
(equal to NCNSNM

2 f s
r ) and rdk and rrk are, respectively, the non-zero direct and reverse

corresponding harmonic orders for which (2.13) and (2.14) are verified.
The expressions of rdk and rrk are reported in (2.17) and (2.18).

rdk = k(NsNCNM)+
NM(NCNS ±1))

2
k = 0,1,2,3... (2.17)

rrk = k(NSNCNM)− NM(NCNs ±1))
2

k = 0,1,2,3... (2.18)

Considering the reference frame in Fig. 2.1, with a rotor that moves in synchronous
operation with the first direct stator harmonic, (2.16) can be written in the rotor
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reference frame as in (2.19) if the rotor is aligned to α = 0 axis at t = 0. The
derivative expression of (2.19) is reported in (2.20). The parameter p = NP/2 is the
polepairs.

f s =
∞

∑
k=0

f s
rdk

cos(ωt + γ − rdk(ξ +
ωt
p
))+

f s
rrk

cos(ωt + γ + rrk(ξ +
ωt
p
))

=
∞

∑
k=0

f s
rdk

cos((1−
rdk

p
)ωt − rdkξ + γ)+

f s
rrk

cos((1+
rrk

p
)ωt + rrkξ + γ)

(2.19)

d fs

dξ
=

∞

∑
k=0

f s
rdk

rdk sin((1−
rdk

p
)ωt − rdkξ + γ)−

f s
rrk

rrksin((1+
rrk

p
)ωt + rrkξ + γ)

(2.20)

For a given SMPM machine, it is assumed the magnets flux density to be a square
wave. Its Fourier series is given in (2.21).

Bm(ξ ) =
∞

∑
h̸=2,4,6...

bh cos(hpξ ) (2.21)

Substituting in (2.15) equations (2.20) and (2.21) it is possible to recognize the effect
of the interaction of Bm with the direct and reverse components of f s. Considering
the Werner’s formula, the instantaneous torque is given by (2.22).

Te = ∑
k

∑
h

1
2

rgl∗

(
∫

π

−π

f s
rdk

rdkbh sin
[
(1−

rdk

p
)ωt − (rdk ± ph)ξ + γ

]
dξ

−
∫

π

−π

f s
rrk

rrkbh sin
[
((1+

rrk

p
)ωt +(rrk ∓ ph)ξ + γ)

]
dξ )

(2.22)

Only the stator and rotor harmonics that have the same orders interact to give a
torque component. The ones producing a torque component are the h, rk values for
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which (2.23) is valid.
rdk ∓ ph = 0;

rrk ± ph = 0; ;
(2.23)

Among these, the h, rk for which continuous torque occurs, are the ones that follow
(2.24) or (2.25). {

rdk ∓ ph = 0;
(1− rdk

p ) = 0
(2.24)

{
rrk ± ph = 0;
(1+

rrk
p ) = 0;

(2.25)

As a consequence, considering a machine with NP =NCNS+1, the continuous torque
occurs for rdk = ph with h = 1 (or rrk = ph and h = 1 if NP = NCNS−1 ). The torque,
then, follows equation (2.26).

Te =
1
2

rgl
∫

π

−π

f s
rd0

rd0b1 sinγ dξ

= πrgl f s
rd0

rd0b1 sinγ

(2.26)

The torque ripple, instead, occurs when (2.27) or (2.28) are valid and h ̸= 1.

rdk = ph → h =
rdk

p
(2.27)

rrk = ph → h =
rrk

p
(2.28)

It follows that, considerings (2.17) and (2.18), the order h for which torque ripple
occurs can be calculated as (2.29) and, considering the rules in (2.30) and (2.31), it
is possible to obtain the closed expression (2.32).

h =
k(2NMNSNC)±NM(NCNS ±1)

2p
(2.29)

(NCNS ±1) = NP (2.30)

NPNM = 2p (2.31)

h =
k(NMNSNC)

p
±1 (2.32)
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Considering NM = 1 and NM = 2, in order h to be an integer (2.33) must be verified.
Then the rotor harmonic h for which torque ripple occurs can be calculated as in
(2.34). If NM = 1 in order h to be an odd number m must assume only even value.

k = mp m = 1,2,3.. (2.33)

h = m(NMNSNC)±1 (2.34)

For the generic NCNSNPNM motor, only the rotor harmonic h matching (2.32) pro-
duces torque ripple pulsating at the harmonic i (2.35) on the mechanical period where
± is a function of the interaction with the direct or reverse sequence.

i = p(h±1) (2.35)

In the analysed stator MMF harmonic distribution, for the same (k,m) combination,
if the harmonics h (h ̸= 1) meets an rdk the following one (h+2) meets an rrk and
vice-versa.
For each m > 0 there are 2 contribution to torque whose pulsation and phase are
a function of r and γ . Following these rules the first harmonic that gives a torque
ripple can occur at very high frequency.

2.4 Application of the model

This section is focused on the application of the proposed model to two specific
multi-n-phase machines:

• 3−3−10−1 machine characterize by NC = 3, NS = 3, NP = 10,NM = 1

• 3−4−13−2 machine characterized by NC = 3, NS = 4, NP = 13, NM = 2

The machine, defined as 3-3-10-1, is depicted in Fig. 2.3a. The machine phasor
diagram is shows in Fig. 2.3b. The winding distribution of a generic coil for the
3−3−10−1 machine is depicted in Fig. 2.4. Its harmonic spectrum is very rich
and is reported in Fig. 2.5. Most of the harmonic present in the spectrum compensate
each other. For example for the harmonic order r = 1 direct and inverse sequences
have both a null resultant. For r = 4 the contributions to the direct sequence is null
and only the reverse sequence remains. The opposite happens for r = 5. When all
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Fig. 2.3 3-3-10-1 machine: a) motor structure, yellow, blue and cyan teeth identify the first
3-phase contribution b) Phasor diagram 3-3-10-1 motor structure in which the number at the
end of the phasors represents the sequential numbering of the coils starting from the yellow
one.

Fig. 2.4 a) 3-3-10-1 machine: winding distribution to the generic coil normalized for the
number of turns per coil

harmonics orders are considered the stator MMF spectral distribution is calculated
resulting like in Fig. 2.6. The same result should be obtained with (2.17), and (2.18)
applied to the 3-3-10-1 machine considering only the positives results, that is (2.36)
that are slot harmonics [4]. {

rdk = 9k+5
rrk = 9k−5

(2.36)

The amplitude of each rk is proportional to the amplitude of the corresponding
Fourier series coefficient for the single coil (as

n,r) as in (2.37) for the 3-3-10-1
machine.

f srdk =
9
2Nninas

n,rdk
= 9

2Nnin 2
rdkπ

sin(rdk
π

9 )

f srrk =
9
2Nninas

n,rrk
= 9

2Nnin 2
rrkπ

sin(rrk
π

9 )

(2.37)
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Fig. 2.5 3-3-10-1 machine: MMF harmonic component of the 3-3-10-1 machine with Nn = 1
and in = 1. .

Fig. 2.6 3-3-10-1 machine: MMF harmonic component of the 3-3-10-1 machine with Nn = 1
and in = 1. In red the orders that contribute to continuous and ripple torque.

For the 3-3-10-1 machine, (2.21) became (2.38).

Bm(ξ ) =
n

∑
h̸=2,4,6...

bh cos(5hξ ) (2.38)
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Being a SMPM machine the coefficient bh can be expressed as in (2.39) where B is
the square wave amplitude of the flux density due to the magnets.

bh = (−1)
h−1

2
4

hπ
B (2.39)

The interaction between the 5th direct stator harmonic and the 1st rotor harmonic
order provides continuous torque. Considering (2.40) the mean torque is (2.41).{

rdk = ph → h = 1
rdk = p = 5

(2.40)

Te = πrgl f s
rd0

5b1 sinγ (2.41)

The harmonic orders h,r for which torque ripple occurs are summarized in (2.42).
Under the hypothesis that h should be only an odd numbers the m must assume only
even number. {

h = 9m±1
rk = ph = 5(9m±1)

(2.42)

The resulting torque ripple orders of the mechanical revolution are defined in (2.43).

i = 5(h±1) (2.43)

In Tab. 2.1 the orders h, k, r, the stator MMF and flux density harmonics components
(normalized to those that provide continuous torque), and the corresponding torque
contributions are reported. From Tab. 2.1 the torque ripple dependence on the current
argument gamma is evidenced. For γ = 90° the two contributions to the same ripple
order (e.g. 18th) are out of phase and this reduces the ripple content. Of course, this
is no more true if some flux weakening is driven. In Fig. 2.6 the (r,h) couples that
contribute to the torque (continuous and ripple) are highlighted in red.

Same considerations are valid for any multi-n-phase machine defined following
the rule in (1.1). As an example, for the 3-4-13-2 machine the harmonic spectrum
of the stator MMF is characterized by positive results in (2.44) and is reported in
Fig.2.7 {

rdk = 24k+13
rrk = 24k−13

(2.44)
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Table 2.1 Torque harmonic pulsation for the 3−3−10−1 machine

m h k r
f s
rd,ik
f s
rd0

bh
b1

Torque pulsation

0 1 0 5 +1 +1 sinγ

2 17 10 85 -0.056 +0.059 −sin(18ωt + γ)
2 19 10 95 +0.051 -0.053 −sin(18ωt − γ)
4 35 20 175 -0.027 -0.028 −sin(36ωt + γ)
4 37 20 185 +0.026 +0.027 −sin(36ωt − γ)
6 53 30 265 -0.011 +0.024 −sin(54ωt + γ)
6 55 30 275 +0.010 -0.023 −sin(54ωt − γ)

Fig. 2.7 3-3-10-1 machine: MMF harmonic component of the 3-4-13-2 machine with Nn = 1
and in = 1. In green are evidenced the orders that contribute to torque components.

The amplitude of the harmonics r can be evaluated like in 2.45

f srdk =
24
2 Nninas

n,rdk
= 24

2 Nnin 2
rdkπ

sin(rdk
π

24)

f srrk =
24
2 Nninas

n,rrk
= 24

2 Nnin 2
rrkπ

sin(rrk
π

24)

(2.45)

The amplitude of the rotor harmonics h can be evaluated like in 2.39. Among all
the harmonics the couples h,r that interact for the ripple generation are defined in
(2.46). The harmonic order of the torque ripple occurs at the frequency (2.47). For
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m = 0, (h = 1, r = 13) the mean torque results.{
h = 24m±1

r = ph = 13(24m±1);
(2.46)

i = 13(h±1); (2.47)

2.5 Validation

In the previous section two examples of the application of the model have been
presented, focusing on the stator MMF and torque harmonic order components. This
section is dedicated to the verification of the torque model by FEA.

2.5.1 3-3-10-1 SMPM

The 3-3-10-1 machine under test is shown in Fig. 2.3a and the motor dimension
are collected in Tab.2.2. The rotor interpolar width has been minimized in order to
obtain a squared rotor flux density distribution. The machines are supplied according

Table 2.2 Motors Dimensions

Machine 3-3-10-1 3-4-13-2
External diameter 140mm 219mm
Internal diameter 77,8mm 158mm
Airgap 0,5mm 0,5mm
Active length 100 mm 100mm
Nn ∗ in 1054 A 471 A

to Chapter 1. The torque evaluation is achieved by processing the results of a 2D-
FEMM simulation along a complete electric turn and a torque angle of 90 electrical
degree. In Fig. 2.8 the flux density map is reported in one of the calculated points.
Simulation and model results are reported in Fig. 2.9 and in Tab. 2.3. In Tab. 2.3
only the torque harmonic components taken into account by the model are reported.
Otherwise, all the other harmonics that occur from the FEA have a value lower
than 0.1% of the continuous torque. The second line of Tab. 2.3 reports the value
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achieved by the model. It is worth noticing that the value of flux density B used in
the calculation of (2.39) plays a key role in the correct evaluation of the torque and
has been identified by FEA.

Fig. 2.8 Simulation results: 3-3-10-1 motor cross section flux density distribution at full load
FEMM 2D solution.

Fig. 2.9 Instantaneous torque expressed in Nm on the electric period: 3-3-10-1 motor
simulation results (blue line) and model results (pink line).

2.5.2 3-4-13-2 SMPM

The simulation has been repeated for the 3-4-13-2 machine in Fig. 2.11 with di-
mensions collected in Tab.2.2. The torque behaviour along one electrical degree
is reported in Table 2.4 collects the torque informations for the simulation and the
modelling.
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Table 2.3 Mean torque and the rms torque ripple harmonic expressed in Nm for the 3-3-10-1
motor

Harmonic order 0 18 36 54

9-Phase Simulation 41.8781 0.1360 0.064 0.0082
9-Phase Model 41.9508 0.2583 0.06381 0.0282

Fig. 2.10 Simulation results: 3-4-13-2 motor cross section flux density distribution at full
load FEMM 2D solution.

Fig. 2.11 Instantaneous torque expressed in Nm on the electric period: 3-4-13-2 motor
simulation results (blue line) and model result (pink line).

Table 2.4 Torque harmonic components expressed in Nm for the 3-4-13-2 motor

Harmonic order 0 24

12-Phase Simulation 109.026 0.2408
12-Phase Model 108.9398 0.5740
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2.6 Conclusions

In this chapter a torque modelling for multi-n-phase machine that follows the rules
proposed in the previous chapter has been presented. In this chapter has been
demonstrate how, following the proposed rules, it is possible to built a very simple
structure machine with a cleaner stator MMF spectrum with advantages in terms
of magnetic circuit load capability. The cleaner stator MMF spectrum has a direct
impact on the torque ripple. A torque ripple harmonic formulation make available a
simple predicting formula, allowing to instantly compare multi-n-phase machines.
The proposed model has been validated by simulation results for two multiphase
machine. The torque rms ripple value for 3-3-10-1 machine and 3-4-13-2 machine
simulated is less than 0.33% of the mean torque if the electric angle is chosen equal
to 90 degree. The approach used in the torque calculation allows to understand the
mechanism of torque ripple production and how it depends on the electric angle of
the supply current. The very low value of the torque ripple found in the reported
simulations can be only partially explained by the model that overestimate the torque
ripple. Moreover an additive effect is found in the rectified tooth shaping chosen.
This argument will be analysed more in detail in the next chapter.



Chapter 3

Design of a 9 phase machine with a
very simple structure

3.1 Introduction

The aim of the research was to investigate the advantages introduced by Multiphase
synchronous machines with a simple structure, mainly focusing on the advantages in
terms of torque performances. The stator structure chosen was the tooth-coil wound
because of its realization and maintenance. In this chapter, the design of the machine
is reported.

The context is the one of the automotive application. Multiphase machines are
welcome in high pole-pairs structures such as the direct drive solutions for flywheel
starter alternator or in high frequency traction machines.
The chapter presents the design of a 20kW, 8000rpm motor for traction application
based on concentrated windings stator structures.
Tooth-coil windings are appreciated for their easy realization and maintenance
prospective. The choices tooth-coil wound causes a lot of harmonics contribution in
the harmonic content of Magneto Motive Force (MMF) but thanks to the combination
multiphase-machine/ tooth-coil-wound it is possible to obtain a simple structure
machine with a limited harmonic spectrum in the MMF.

The machine design was validated by Finite Element Analysis (FEA). The design
started from the stator analyses. The torque performances were evaluated by FEA
considering a classical Surface Mounted Permanent Magnet (SMPM) rotor. Then a
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PM-inset rotor was analysed and the performances are reported. The machine 9-slot
9-coil inset 10 pole rotor was realized and then tested in order to validate the results.
More details about the manufacturing process are reported in the Affendix B.

3.2 Stator Design and preliminary studies

The concentrated winding stator introduces performance benefit, like simple con-
struction, reduction of frontal connections and the related Joule losses reduction, and
the constant power speed range can be properly increased thanks to the high MMF
harmonic contribution that affects the stator inductance. [42].

The machine design constraints are given by the allowable volume. A ring shape
is chosen whose dimensions are shown in Table 3.1

Table 3.1 Motor data for the design

External Diameter 142 mm
Internal Diameter 79.66 mm
Airgap 0.5 mm
Active lenght 101 mm
PM remanence 20° 1.2 T
Current density 13 A/mm2

Total number of Teeth 9 −
Total Number of PM 8−10 −

Among the multi-n-phase solutions, the multi-3-phase is one of the most interest-
ing because of the availability of 3-phase commercial inverters.
Regarding all the possible solutions, the design focuses on the solution that allows
to obtain the lowest number of slots. A triple-3-phase machine (NC = 3,NS = 3)
has then been selected. Both solutions NP = 10 or NP = 8 can be chosen. Being
NP an even number the minimum number of base machines is NM = 1. In order to
better clarify the concept, lets calculate the numbers of slot for a double-3-phase
machine (NC = 3,NS = 2) designed according to the rules proposed in Chapter 2.
In this case, being NP an odd number, the minimum number of base machines is
NM = 2. Then the double-3-phase solution lead to a machine design with a greater
number of slots compared to the triple-3-phase machine solution. The proposed
triple-3-phase structure in the 3-phase version, can be seen as an extension of the
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q = 3/10 (or q = 3/8) fractional slot two layer windings motor that is known to be a
low torque ripple solution.
The stator structure proposed is the coil wound one as depicted in Fig.3.1.

Fig. 3.1 Stator structure proposed.

As previous mentioned, thanks to the combination multiphase-machine/tooth-
coil-wound it is possible to obtain a limited harmonic spectrum in the MMF. In the
Subsection 3.2.1 the analysis of the MMF for the stator proposed is reported.

3.2.1 MMF

In the Chapter 2, the parametric model to define the machine has been presented
together with the mathematical rules to recognize the torque ripple orders for an
SMPM machine. In this section the model is applied to the specific triple-3-phase
solution characterized by NC = 3,NS = 3.

Considering this triple-3-phase machine the quantities defined in (1.2), (1.3),
(1.4) result in (3.1)

θC = 10·π
9

θph = 3π + π

3 = π + π

3

θS = π + π

9

(3.1)



3.2 Stator Design and preliminary studies 29

The stator structure presented in Fig.3.1, is supplied by a symmetrical star in which
each phase is displaced by the characteristic angles in (3.1). Applying the equation
(2.13) and (2.14) the harmonic orders that contribute to the rotating magnetic field
are identified in 3.2 and 3.3.

rdk = k(9)+5 k = 0,1,2,3... (3.2)

rrk = k(9)−5 k = 1,2,3,4... (3.3)

The harmonic that results from 3.2 contributes to the direct sequence of the MMF
and the harmonic that results from 3.3 contributes to the reverse sequence harmonic.
The resulting MMF harmonic spectrum is reported in Fig.3.2. The harmonics that
contribute to the rotating field are only slot harmonics. The same stator can be
combined with a 4 pole pairs rotor or with the 5 pole pairs rotor. In Fig.3.2 are
highlighted the harmonic components of the MMF that can interact with the 4p
rotor’s harmonic (in green) and with the 5p rotor’s harmonic (in red) in order to
produce torque components.

Fig. 3.2 MMF harmonics in the triple-3-phase tooth-coil machine.

According to (2.32) and (2.35) the first harmonic order of the torque ripple is
18th on the electric period for the SMPM solution. For the combination stator-rotor
solution proposed high frequency torque ripple is expected. In the next subsection,
some preliminary torque performances are evaluated by FEA for simplified SMPM
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rotor in the 4p and 5p version. In order to understand the potentiality of the structure
an IPM version was also considered. In the Section 3.4 the performance analysis is
reported for the designed real machine.

3.2.2 Preliminary simulations

Imposing the same stator, it is possible to build different multi-n-phase motors
solutions, adopting different rotor types.
In the following section the torque produced by 5p pairs and 4p motor combinations
supplied with the same stars and same current density, are compared. According to
the nomenclature introduced in Chapter 2 we talk of 3−3−10−1 if the 5p rotor is
considered and 3−3−8−1 machine if the 4p rotor is considered. The analysis is
conducted by time stepping FEA 2D simulations on one mechanical revolution and
focused on the torque performances. The software used is FEMM 4.2. Due to the
asymmetry in the stator, all the machine must be simulated in the 2D plane. With the
aim of comparison, for each rotor solution, the same machine structure has been also
simulated with the current supply of a 3-phase q=3/10 (or q=3/8) machine.

The simulations were performed for motors with dimensions reported in 3.2. The
peak phase’s current amplitude was settled to 25A.

Table 3.2 Motor Dimensions

External diameter 140 mm
Internal diameter 77,8 mm
Airgap 0,5 mm
Active length 100 mm

SMPM 3-3-10-1 and 3-3-8-1 machines

Time stepping simulations were executed along one mechanical revolution for the
3−3−10−1 machine and for the 3−3−8−1. The flux density plots are reported in
Fig.3.3 for the 3−3−10−1 and for the 3−3−8−1 machine. The torque results in
Nm are reported in Fig.3.4. The torque of the triple-3-phase motor is shown by green
lines. The torque for the same motor structure wound like a 3-phase q = 3/10 (or
q = 3/8) machine with the same current densities and torque angles is also reported
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by blue lines. The torque ripple is very low and spans from 1.64% to 0.69% of the
mean torque for the 3−3−10−1 solution and from 2.45% to 1.38% of the mean
torque for 3−3−8−1 solution, always occurring at a mechanical frequency 18p for
the triple-3-phase one. A 6p harmonic order occurs for the 3-phase solutions. This
machine already presents a low torque ripple but its performances can be improved
in the multi-n-phase configuration.
In the analyses done it is possible to see typical benefit of multiphase machines. The
most significant component of the torque ripple moves at higher frequency and the
torque mean value increases due to the greater winding factor [20]. Moreover, the
absence of the sixth ripple harmonic will certainly reduce the core loss content.

Mean torque is greater in the triple-3-phases than in their 3-phase counterparts
because of the greater windings factor. The torque contributions in more detail are
reported in Tab. 3.4 for all simulated machines.

Fig. 3.3 Flux density plot: on the left simulation result for 3−3−10−1 SMPM, on the right
simulation result for 3−3−8−1 SMPM. Highest mean induction on the teeth |B|= 1.44T .

Brush-less PM-inset 3-3-10-1 machine and IPM 3-3-8-1 machine

The low torque ripple benefits from the proposed structure and the possible extension
of the model to other rotors design are shown by coupling the chosen stator structure
with an Permanent Magnet (PM)-inset and with an Interior Permanent Magnet (IPM)
rotor. For small size high speed applications where the PM bandage wants to be
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Fig. 3.4 Simulation results (Nm vs mechanical degree on one mechanical turn): torque
evolution for SMPM 3−3−10−1 and 3−3−8−1 machines (green lines) and their three
phase counterpart (blue lines).

avoided, a magnets inset rotor design can be useful. A simplified PM-inset structure
is simulated and the flux density plot is reported on the left picture of Fig.3.5. In
Fig.3.5 is also reported, on the right, the flux density solution for the 3−3−8−1
IPM machine. The choice of 8 as the number of poles is done because of the more
realistic mechanical design. Considering the machine dimensions in Tab.2.2 the 8
poles solution allows to obtain a feasible flux guide shape. The machines have the
same dimensions with respect to the SMPM machines previously simulated and are
supplied in the same way. The analysis of the torque ripple is extended considering
the equivalent 3-phase counterparts. The results are reportet in Fig.3.6.

Also for PM-Inset solution, the first component of the torque ripple occurs at the
18p mechanical harmonic (top picture of Fig.3.6). The ripple is 0.9% of the mean
torque but a reduction of the 6.7% on the mean torque occurs.

For the IPM version a significant contribution of 2,67% still occurs at 18p
harmonic order but also a 9p harmonic occurs. Comparing the 3-phase solution with
the triple-3-phase one it is possible to outline a reduction of the torque ripple from
8.79% to 2.72% and the increase in the mean torque.
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Fig. 3.5 Flux density plot: on the left picture simulation result for 3−3−10−1 PM-Inset
(highest mean induction on the teeth |B|= 1.39T ), on the right picture simulation result for
3−3−8−1 IPM version (Highest mean induction on the teeth |B|= 1.68T ).

Fig. 3.6 Simulation results (Nm vs mechanical degree one mechanical turn): the green lines
represent torque evolution for PM-Inset 3− 3− 10− 1 (up) and for an IPM 3− 3− 8− 1
machines (down). Blue lines identifies their three phase counterparts.

Torque evolution under fault conditions

To complete the analysis made in the previous sections some fault conditions have
been considered.

The fault conditions analysed are the converters faults. At a single leg fault the
disconnection of the related 3-phase converter follows. No changes in the current
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TABLE 3.2.b Simulation results: the table collects the mean torque and the peak-to-peak torque
ripple harmonic on the mechanical period expressed in Nm for the 3-3-10-1 and 3-3-8-1 versions in

healthy case, under stars faults together with 3-phase counterparts.

control are provided in the remaining inverters. The three stars are considered
independent from each other and with separated center taps. Under the hypothesis
that each star is connected to a 3-phase converter the number of admissible star faults
is two.

Under fault the stator MMF harmonic compensation is less efficient and the
harmonic spectrum is enhanced by other non-zero terms. In Fig.3.7 it is possible
to compare the stator MMF harmonic contribution for the triple 3-phase machine
for no fault operation (green), single inverter fault operation (yellow) and double
inverter fault operation (red). As a result, the harmonic contribution to torque ripple
becomes more important for faulted cases. In Fig.3.8 and in Fig.3.9 are reported
the torque behaviours for the single inverter fault (yellow line) and double inverter
fault (red line) respectively for the SMPM 3−3−10−1 machine and for the IPM
3−3−8−1. The detailed harmonic spectra of the torques for all the solutions are
reported in Table 3.2.b for all the solutions analysed. The mean torque is reduced
near to 2/3 and 1/3 of the full torque for single and double inverter fault respectively
as expected.

3.2.3 Tooth shaping

The decision to design a stator structure with open slots is in principle related to
the manufacturing simplicity. An open slot solution is also desirable in order to
reduce the mutual inductance between phases and between stars in the machine.
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Fig. 3.7 Stator MMF harmonic spectrum for the triple 3-phase machine in normal opera-
tion (green), single inverter fault operation (yellow), double inverter fault one (red). The
amplitudes are calculated considering a single turn per coil supplied by 1A current.

Fig. 3.8 Simulation results (Nm vs mechanical angle): torque evolution for SMPM 3−3−
10−1 machine in normal operation (green), single inverter fault operation (yellow), double
inverter fault one (red) and its three phase counterpart (blue).

The very low value of the torque ripple found in the reported simulations can be
only partially explained by the amplitudes and signs of the harmonic components
of the stator MMF and flux density due to the magnets. The torque coefficients
in equation (2.22) are, roughly, inversely proportional to the harmonic order. In
fact, being the bh coefficient and f s

rdk
f s
rrk

in (2.22) both inverse proportional to the
harmonic order, a further multiplication by the harmonic order itself comes from
(2.15). As a consequence, the two contributions to 18th torque ripple harmonic look
still quite large, as 1/17 and 1/19 of the mean torque. However, it has be shown in
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Fig. 3.9 Simulation results (Nm vs mechanical angle): torque evolution for IPM 3−3−8−1
machine in normal operation (green), single inverter fault operation (yellow), double inverter
fault one (red) and its three phase counterpart (blue).

[43] that they are out of phase, at least when a current angle γ = 90 is applied. As a
consequence, the expected peak to peak ripple can be near to 1.2%.
Moreover an additive effect is found in the tooth shoe shaping pointed out in
Fig.3.10a.

Fig. 3.10 Tooth shoe shaping: (a) tooth shoe rectified, (b) constant air gap tooth shaping. β

is the tooth width variation in mm

To show this, a further simulation has been performed, by considering a different
constant air gap tooth shoe as shown in Fig.3.10b. As a result, the 18th harmonic
peak-to-peak torque ripple is increased from 0.69% (tooth a) to 2.31% (tooth b).
This assesses that the impact of the tooth shaping is relevant in reducing the torque
ripple. In addition, the tooth shaping helps in reducing the ripple sensitivity to tooth
width, which has a non negligible effect on the torque ripple itself, as it would be
expected from the quite high order of the considered MMF harmonics.
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Table 3.3 Torque and peak-to-peak torque ripple for different tooth shoe shaping for 3-3-10-1
solution

Shaping β T nom[Nm] Tripple18p[Nm] %

a 0 41.3 0.286 0.69
a +0.4mm 40.8 0.350 0.85
a −0.4mm 39.6 0.175 0.44
b 0 42.3 0.978 2.31
b +0.4mm 42.8 1.19 2.80
b −0.4mm 41.2 0.424 1.03

To show this, reference can be made to Table.3.3 where different tooth widths
are reported, for both tooth shapes a and b in Fig.3.10, together with the related
torque values. As it can be seen the peak-to-peak torque ripple varies between 0.44%
and 2.80% by varying shoe type and tooth width (considering a 1° variation). Mean
torque also varies with tooth width, than a compromised solution has been adopted
for the final design.
In the following, main reference will be made to the stator in Fig.3.1 and tooth type
a in Fig.3.10.

3.2.4 Forces

It is well noticing that the three phase conterparts of the proposed structures is one of
the not recommended in terms of radial forces due to the asymmetry in the machine
layout [44] and it is characterized by vibration mode 1 [45]. These behaviour has
been analyzed by Prof. Zhu et all in [46] for the three phase solution. In this
subsection the radial forces are evaluated for the proposed multiphase structure,
in order to understand the differences compared to the three phase counterparts.
The evaluation of the Unbalanced Magnetic Forces (UMF) by FEM analysis has
been conducted for the 3− 3− 10− 1 machine and for the 3− 3− 8− 1 machine
and or their 3-phase counterparts. The results of the radial forces in their x and y
components are reported in Fig.3.11 over 360 electrical degree (the same forces
system occurs two times during the mechanical period).

As in the three phase version, the solution 3− 3− 10− 1 has a smaller con-
tribution of the first radial force harmonic compared to the 3− 3− 8− 1. As a
consequences in the next only the 10 poles solution is analysed.
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Fig. 3.11 UMF for q = 3/10 (green ring) 3−3−10−1 machine (blue ring) q = 3/8 (red
ring) and 3−3−8−1 (purple ring).
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3.3 Rotor design

In the preliminary analyses a simplified inset rotor has been considered. In this
section a real rotor design is analysed and the results collected. An inner PM-inset
rotor with the magnets drowned under the rotor surface is proposed. Preliminary
analyses of the load lines for the magnet are reported. The effect of the proposed
structure is analysed considering three different permanent magnets configurations.
Then mechanical feasibility of the structure is analysed and the results are here
reported.

3.3.1 Material properties

The magnet chosen is a NdFeB 38UH magnet. The load lines for the classical SMPM
version can be evaluated, under the hypothesis of infinite permeability, by to the
definition of the flux density of the magnet like in (3.4).

Bm =
Hclm−Nsi

Hclm
Br

−
Amlg
Agµ0

(3.4)

In 3.4 Hc is the coercive force lm is the length of the magnet in the direction of
the flux Ns is the number of turn per coil i is the current in the coil Br is the remanent
flux density Am is the surface of the magnet lg is the length of the air gap Ag is the air
of the air gap and µ0 is permeability of the material in the vacuum. The parameter
for the calculation are reported in the Table 3.4.

The load lines for different value of length of the air gap and for different current
value are reported in Fig. 3.12 and Fig. 3.13.

3.3.2 External ring effect

We chosen a PM-Inset solution for the rotor in order to avoid bandaging of the
magnets. The solution proposed presents an housing slot for the magnets by means
of an external ring on the magnets surface. The cross section of the rotor is reported
in Fig. 3.14.
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Table 3.4 Data Table

Hc 860−915 kA/m
Br 1.22−1.26 T
µ0 4π10−7 H/m
lm 4∗10−3 m
Am 2.4∗10−3 m2

lg 0.5−1.2∗10−3 m
Ag (2.4592−2.4812)∗10−3 m2

Ns 42 -
i 0−25 A

Fig. 3.12 Demagnetization curves for NdFeB 38UH and load line for different values of lg at
i = 0 .

The effect of the external ring was evaluated by FEA, collecting the informations
of the flux densities on the rotor surface in the case of rotor surrounded by air and
in the case of rotor surrounded by an iron ring. We conducted 2D simulations
considering three different magnets design:

• array of magnets: 5 magnet side by side for each pole

• magnets with radial magnetization

• magnets with parallel magnetization
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Fig. 3.13 Demagnetization curves for NdFeB 38UH and load line for different values of i.

Fig. 3.14 PM-Inset rotor solution.

and the flux density on the rotor surface is collected. The results were also compared
with the classical surface mounted permanent magnets rotor. In order to make the
results comparable all the rotor had the same external dimensions and the magnets
had the same areas.
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Array of magnets

The particular rotor design chosen allows to use commercial magnets that don’t need
further customization. In fact, in each housing slot it is possible to insert a row of
magnets side by side like in Fig. 3.15. Here the analysis is reported for a row of
five magnets. This row can then be repeated in the axial dimension of the rotor.
The rotor was analysed by 2D FEM and the flux density plot is reported in the left

Fig. 3.15 Array of magnets solution: cross section of the inset rotor solution with a row of
five magnet for each rotor’s housing slot.

picture of Fig. 3.16 for a rotor surrounded by air, and in the right picture of Fig. 3.16
for the rotor surrounded by an iron. The first case means to consider the rotor by
itself. In the second case it is possible to understand the rotor behaviour without
consider stator anisotropy. It is worth to notice that the magnet were appositely
considered inserted in unsymmetrical way in order to emulate some errors that can
occurs during assembly. The normal flux density was evaluated on the external ring
surface for both the solutions and the results are reported in Fig. 3.17 The same
results of Fig. 3.17 are reported with more detail in the left picture of Fig. 3.18 for the
rotor surrounded by air and in the right picture of Fig. 3.18 for the rotor surrounded
by iron. In Fig. 3.18 the normal flux densities are reported for material M250-35A
(blue line) and for M300-35A5 (green line).

Radial magnetization

The external ring effect is here analysed for customized magnet with radial magneti-
zation. We conduct simulations with a single magnet with radial magnetization in



3.3 Rotor design 43

Fig. 3.16 Array of magnets solution: flux density plot for inset rotor with a row of 5 magnets
in each rotor’s slot. On the left the flux density plot for the rotor surrounded by air, on the
right is reported the flux density plot when the rotor is surrounded by iron. Materials are
M250-35A (IEC 60404-8-4:1998) for the iron and NdFeB 38UH for the magnets

Fig. 3.17 Array of magnets solution: normal flux density on the whole rotor surface. Green
line is the normal flux density for the rotor surrounded by air. Red line is the normal flux
density for the rotor surrounded by iron.

each housing slot like in Fig. 3.19. The rotor was analysed by 2D FEM and the flux
density plot is reported in the left picture of Fig. 3.20 for a rotor surrounded by air,
and in the right picture of Fig. 3.20 for the rotor surrounded by an iron. According to
the analysis previous reported, the normal flux density was evaluated on the external
ring surface for both the solutions and the results are reported in Fig. 3.21. The same
results of Fig. 3.21 are reported with more detail in Fig. 3.22 for the rotor surrounded
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Fig. 3.18 Array of magnets solution: normal flux density for inset rotor with a row of 5
magnets in each rotor’s slot. On the left picture the rotor is considered surrounded by air, ,
on the right one the iron is surrounded by iron. The normal flux density is calculated along
72 mechanical degree (two poles). The results are reported for the material M250-35A (blue
line) and for M300-35A5 (green line).

Fig. 3.19 Radial magnetization solution: cross section for PM-inset rotor with radial magnets
for each rotor’s housing slot.

by air (left picture) and for the rotor surrounded by iron (right picture). In Fig. 3.22
the normal flux density are reported with more detail for material M250-35A (blue
line) and for M300-35A5 (green line). In Fig. 3.22 it is worth noticing the effect of
the iron segment across two magnets.

Parallel magnetization

The effect of the external ring has been also analysed for magnets with parallel mag-
netization. The cross section of the PM-inset rotor used for the 2D FEA simulation



3.3 Rotor design 45

Fig. 3.20 Radial magnetization solution: Flux density plot for PM-inset rotor with radial
magnets. On the left the flux density plot for the rotor surrounded by air, on the right is
reported the flux density plot when the rotor is surrounded by iron. Materials are M250-35A
(IEC 60404-8-4:1998) for the iron and NdFeB 38UH for the magnets

Fig. 3.21 Radial magnetization solution: normal flux density on the whole rotor surface.
Green line is the normal flux density for the rotor surrounded by air. Red line is the normal
flux density for the rotor surrounded by iron.

is reported in Fig. 3.23. The rotor is equipped by parallel magnetized permanent
magnet. The flux density plot is reported in the left picture of Fig. 3.24 for the
PM-inset rotor surrounded by air, and in the right picture of Fig. 3.24 for the rotor
surrounded by an iron. According to the analysis previous reported, the normal flux
density was evaluated on the external ring surface for both the solutions and the
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Fig. 3.22 Radial magnetization solution: normal flux density for PM-inset rotor surrounded
by air (left picture) and for the rotor surrounded by iron (right picture). The normal flux
density is calculated along 72 mechanical degree (two poles). The results are reported for
the material M250-35A (blue line) and for M300-35A5 (green line).

Fig. 3.23 Parallel magnetization solution: inset rotor with parallel magnetizations magnets
for each rotor’s housing slot.

results are reported in Fig. 3.25. The same results of Fig. 3.25 are reported with
more detail in Fig. 3.26 for the rotor surrounded by air (left picture) and for the rotor
surrounded by iron (right picture). In Fig. 3.26 the normal flux densities are reported
for material M250-35A (blue line) and for M300-35A5 (green line).

Comparison

With the aim to compare the results obtained for the different magnets solution, the
normal flux densities are reported in Fig. 3.27. In these pictures, the normal flux
density evaluated on the rotor surface for a classical surface mounted permanent
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Fig. 3.24 Parallel magnetization solution: Flux density plot for PM-inset rotor with parallel
magnetization magnets. On the left the flux density plot for the rotor surrounded by air, on
the right is reported the flux density plot when the rotor is surrounded by iron. Materials are
M250-35A (IEC 60404-8-4:1998) for the iron and NdFeB 38UH for the magnets

Fig. 3.25 Parallel magnetization solution: normal flux density on the whole rotor surface.
Green line is the normal flux density for the rotor surrounded by air. Red line is the normal
flux density for the rotor surrounded by iron.

magnet is also reported. The area of the magnets used in the SMPM, parallel, and
radial magnetization solution is the same.
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Fig. 3.26 Parallel magnetization solution: normal flux density for PM-inset rotor surrounded
by air (left) and for PM-inset rotor surrounded by iron (right). The normal flux density is
calculated along 72 mechanical degree (two poles). The results are reported for the material
M250-35A (blue line) and for M300-35A5 (green line).

Fig. 3.27 Normal flux density for inset rotor surrounded by air along the rotor surface (up
picture) and surrounded by iron along the rotor surface (down picture) for: magnets array
solutions (blue line), radial magnetization (red line), parallel magnetization (green line),
classical surface mounded (pink line).
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3.3.3 Mechanical stress

The mechanical feasibility of the external ring was tested by FEA by using the
simulation tool of the software SOLIDWORKS. A centrifugal force from 0 to 34.600
rpm was applied and the equivalent tensile stress (Von Mises stress), resultant of
the displacement (URES) and the equivalent strain (ESTRN). The Von Mises Stress
represent the ratio between the applied force and the area, the URES measures the
displacement from the initial location of each element, and the strain (ESTRN)
measure the change in length from applied force respect to the original length. It
is worth noticing that the ratio between strain and stress is the Elastic Modulus or
Young’s Modulus. The highest tensile stress occurs in the piece of iron across two
hosting slot. The yield strength is 4.5∗108N/m2. The main results are here reported
Fig. 3.28, Fig. 3.29 Fig. 3.30 for a speed of 8.000 rpm. The maximum value of the

Fig. 3.28 Equivalent tensile stress plot for the M250-35A inset rotor under centrifugal force
of 8.000 rpm

equivalent equivalent tensile stress, URES and ESTRN were collected for different
speeds and the results are reported in Fig. 3.31 and in Fig. 3.32. The dots identify the
simulated results and the lines are obtained applying a cubic spline data interpolation
to the simulation data. The red dots identify the speed for which the yield strength
occurs. The factor of safety, that is the ratio between the maximum stress that the
rotor can withstand and the maximum stress it will be subjected, at 8.000 rpm, that
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Fig. 3.29 Displacement from the initial location of each element plot for the M250-35A inset
rotor under centrifugal force of 8.000 rpm

Fig. 3.30 Equivalent strain plot for the M250-35A inset rotor under centrifugal force at 8.000
rpm

is the maximum speed for the drive, is very high and no further verification were
executed.
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Fig. 3.31 Maximum equivalent tensile stress for the M250-35A inset rotor under centrifugal
force for a speed that varies from 0 to 35.000 rpm

Fig. 3.32 Maximum URES (blue line) and maximum ESTRN (red line) for M250-35A inset
rotor under centrifugal force for a speed that varies from 0 to 35.000 rpm
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3.4 Performances

In the section 3.3, three different magnet configuration are considered for the rotor
sheet in Fig. 3.14:

• array of magnets

• magnets with radial magnetization

• magnets with parallel magnetization

This section reports the performances expected from the three PM-inset magnets
variant. The results are compared with the results of a classical SMPM solution. The
machine machines are simulated in 2D simulation with FEMM 4.2 software. The
entire machine must to be simulated due to the stator asymmetry. Time stepping
simulation have been carried along 360 electrical degree, for the evaluation of the
torque performances and fluxes and across 360 mechanical degree for the evaluation
of the cogging torque. The main simulation results that are going to be considered
are:

• linked flux spectrum

• mean torque

• ripple torque

The simulation were conducted for different current value and the results are col-
lected.
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3.4.1 Linked fluxes

The PM linked flux with each phases in the electric period at zero current is reported
in Fig. 3.33 for the PM-inset solution with parallel magnetization. The PM linked
flux spectrum of the single phase is reported in detail in the right picture of Fig. 3.33.
The comparison between the harmonic spectra of the PM flux linkages at zero current
for each tested solutions is reported in Fig. 3.34.

The same analysis is conducted at the nominal current in order to shown the
sinusoidal behaviour of the flux linkage (Fig. 3.35). Fig. 3.35 shows the flux linkage
with the nine phases at the nominal current and the harmonic spectrum of the flux
linkage with the first phase for the PM-Inset parallel magnetization solution. The
comparison between the harmonic spectra of the flux linkages at the nominal current
for each tested solutions is reported in Fig. 3.36.
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Fig. 3.33 PM-Inset Parallel Magnetization: On the left pictures the PM flux linkage with the
nine phases, on the right the harmonic spectrum of the PM flux linkage with the first phase.

Fig. 3.34 FFT PM-flux linkage with the phase 1 comparison between solution at zero
current: PM-inset with array of magnets(blue line), radial magnetization (red line), parallel
magnetization (green line) and for the classical SMPM (pink one)
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Fig. 3.35 PM-Inset Parallel Magnetization: On the left pictures the flux linkage with the nine
phases at the nominal current, on the right picture the harmonic spectrum of the flux linkage
with the first phase.

Fig. 3.36 FFT PM-flux linkage with the phase 1 comparison between solution at the nominal
current: PM-inset with array of magnets(blue line), radial magnetization (red line), parallel
magnetization (green line) and for the classical SMPM (pink one)
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3.4.2 Torque performance

The mean torque for different currents value is reported in Fig.3.37 for each analysed
solution. The current value is varied from 0.1 to 1.3 times the nominal current. As

Fig. 3.37 Mean Torque [Nm] vs % of the nominal current for the solution PM-inset with
array of magnet(blue line), radial magnetization (red line), parallel magnetization (green
line) and for the classical SMPM (pink one).

demonstrate from the preliminary analyses in the section 3.2.2 the main contribution
of torque ripple occurs at the frequency 18th on the electric period also for the PM
inset version. Fig.3.38 and Fig.3.39 report, for each solution analysed, the values
of the 18th harmonic of the torque ripple vs different currents value. The torque
performances at the nominal current are reported in Fig.3.41. In Fig.3.41 is reported
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Fig. 3.38 18th torque component [Nm] vs % of the nominal current for the solutions: PM-
inset with array of magnet(blue line), radial magnetization (red line), parallel magnetization
(green line) and for the classical SMPM (pink one).

Fig. 3.39 18th torque component in % of the mean torque vs % of the nominal current for the
solutions: PM-inset with array of magnet(blue line), radial magnetization (red line), parallel
magnetization (green line) and for the classical SMPM (pink one).
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Fig. 3.40 Mean torque vs 18th torque component in % of the nominal torque for the solu-
tions: PM-inset with array of magnet(blue line), radial magnetization (red line), parallel
magnetization (green line) and for the classical SMPM (pink one).

Fig. 3.41 Mean Torque vs cogging torque component in % of the mean torque for the
solutions: PM-inset with array of magnet(blue line), radial magnetization (red line), parallel
magnetization (green line) and for the classical SMPM (pink one).
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3.5 Testing

The aim of the tests is to evaluate the torque and the torque ripple for the multiphase
machine designed at different current amplitudes. Fig. 3.42 and Fig.3.43 show the
experimental set-up.

Fig. 3.42 Laboratory set-up: shaft connection.

The test bench is composed by: the nine phase motor under test, a AC motor
reductor and the acquisition system. The acquisition system includes an HBM T40B
torque transducer and an HBM Gen3i data recorder[47]. The torque, the currents
and the voltages have been acquired with a sampling rate of 2MS/s. In order to
guarantee a good resolution of the torque, the speed has been settled to 10rpm. The
motor under test is controlled by a triple 3-phase power converter IGBT based. The
converter is managed by a control unit, that communicate with an host computer. An
user interface has been realized on the host computer in order to manage the tests.
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Fig. 3.43 Laboratory set-up: control system.

3.5.1 Power electronics and control

The converter structure is a dual-triple-3-phase converter. The power electronic was
designed in order to control two triple-3- phase motors. The whole structure has
been designed as combination of modular parts. Each module is a 3-phase converter
constituted by a low level control board and a power board based on an intelligent
power module, both are visible in Fig. 3.44. The modules have been realized in

Fig. 3.44 Converter module: Low level control board and power board.

order to meet the following maximum specifications: 20A peak phase current, 400V
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max DC-link voltage, 20kHz max PWM frequency. The modules have a reduced
dimension (PCB 102.24 mm x 78.61 mm). The intelligent power module adopted is
the ST microelectronics STGIPL30C60, 30 A 600 V IGBT based [13]. In Fig. 3.44 is
possible to see TDK CKG57N 450 V 2.2uF capacitors and LEM HO 15NP ±37.5A
250 kHz. The maximum current tested is equal to 18 A and not 25A.

The whole application requires the presence of an high-level controller to manage
the power conversion. A single control board unit manages the three low level control
boards. The single control board unit is a board that host the master of the system
that is a sbRIO 9651. The sbRIO include a real time and a FPGA modules (Xilinx
Zynq All Programmable System on Chip (SoC)).

The architecture of the control realized from scratch for embedded control,
is reported in Fig. 3.45. The master communicate by Serial Peripheral Interface

Fig. 3.45 Control architecture.

(SPI) in a synchronous way with the low level control boards. Each power module
is controlled by an Spartan3A FPGA (Field Programmable Gate Array) Xilinx
XC3200AVQ100 that performs all measurement tasks.



62 Design of a 9 phase machine with a very simple structure

Three independents currents controls are realized on the master control unit.
The master control unit receives the measurements from the low level control board
and the signal from the encoder. The measurement are used in order to realize
three field oriented controls. The measurement and the modulation signals must
to be communicated through a strong communication protocol. The speed of the
communication is set to 20MHz 12 bit based. In detail the control unit and the low
level control unit communicates each others:

• MOSI: Status command

• MOSI: Modulation indexes

• MOSI: Angular phase shifting between PWM

• MISO: Status

• MISO: Current measurements

• MISO: Voltages

all of this information are exchanged nine times in the PWM period. The structure
proposed is very flexible and has been used in other research activities. The same
structure was used in order to realize an interleaved boost converter for charging a
vehicle during dynamic inductive power transfer [48]. The firmware of the single
control board unit (the master) was developed from scratch in LabVIEW environment.
The main task of each modules are evidenced in Fig. 3.45. An user interface has
been realized on the host computer in order to manage the tests. Trough the control
panel of the user interface is possible to control and check the status of the power
converter, to imposed the d-q reference currents (one for each board) and define the
phase shifting between PWM carriers (more details are reported in Chapter 4). In
addition all the measurement acquired by the measurement board, and used for in
control, are visible on the screen.

3.5.2 Experimental Results

The tests are executed in order to measure the torque, mean value and torque ripple,
for different current amplitudes. Three current controls, one for each stars, are
driven. In this way is possible to control the three different stars of the machine
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independently. In figure Fig. 3.46 is shown the torque behaviours when the three
stars are sequentially powered. The sequence is: the first star of the motor is powered
on, then the second one is powered on and then the third one. The same dq-reference
is imposed for each control. The peack current in each phase current 15.9A. In the

Fig. 3.46 Torque evolution powering each stars in sequence: the first star of the motor is
powered on then the second stars is powered on and then the third one.

same way it is possible to remove the power supply from each star independently.
The shut-down sequences is : the first star is power off then the second one and then
the third one Fig. 3.47. All the stars contribute in the same way to produce the torque.

Fig. 3.47 Torque evolution powering off each stars in sequence: the first star of the motor is
powered off then the second stars is powered on and then the third one is powered off.

The torque measurements during an electric period, for the 4-operating conditions,
are reported in Fig. 3.48. The torque ripple, when only one or two stars are powered
on, is mainly related to the 6th harmonic on the electric period (30th harmonic on
the mechanical period). This torque ripple component is not present any more when
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Fig. 3.48 Torque evolution in the electric period for four operating condition: one star on
(green line), two stars on (blue line), three phase on (red line). The black line report the
torque ripple measured when all the stars are power off.

the three stars are powered, as expected from the simulations and from the torque
ripple modelling. The harmonic spectrum of the torque ripple measured during the
four operating conditions is reported in Fig. 3.49. We can try to categorize the torque
ripple harmonics in:

• harmonics not multiple of p

• harmonic multiple of p

The harmonics not multiple of p result from a not perfect centring of the rotor. The
harmonic multiple of p are more interested. Some of that, like the 30th, 60th and the
90th were predicted by FEA and by the torque modelling. The others like the 5th
and the 10th are proportional to the amplitude of the currents and can probably result
form the radial forces due to the asymmetry of the stator. Otherwise the amplitude
of these harmonics is very low. Only a qualitative analyses can be done, being the
amplitude of the torque ripple very close to the resolution of the torque-meter. In
Fig. 3.51 the torque ripple harmonic spectrum is reported for different values of
the phase currents. Fig. 3.51 reports the Root Mean Square (RMS) value of the
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Fig. 3.49 FFT Torque ripple in the mechanical period for the four operating condition: one
star on (green bars), two stars on (blue bars), three phase on (red bars). The black bars report
the torque ripple measured when all the stars are power off.

Fig. 3.50 FFT Torque ripple in the mechanical period for different currents. The amplitude
of the current span from 0 to 18A from the left to the right bars
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measured torque normalized respect to the mean torque. This allows to have an
idea about the impact of all the ripple harmonics. The red circles represent the
measured point. It is possible to see that the torque ripple RMS value exponentially
decreases with the amplitude of the currents. The fitting curves (blue line) is obtained
excluding from the fitting function the outliers measured points. The mean value of

Fig. 3.51 RMS value of the torque pu respect to the mean torque vs the current applied.

the torque for different phase current is reported in the top picture of Fig. 3.52. The
bottom picture of Fig. 3.52 shown the pk-to-pk torque ripple value in p.u of the mean
torque for different amplitudes of current. In these pictures the measurement data are
represented by red circles and the fitting curves are reported by blue lines. With the
aim of comparison the simulation results are reported by green lines. Comparing the
2D FEA with experimental data it is evident a discrepancy in the mean value of the
torque. Typically the 3D FEA allows to reduce the difference between the numerical
solutions and experiments. This can be related to the border effects. On the other
hand , considering the torque ripple measurement, an error between experimental
and simulations is evident at low current when the cogging torque and the presences
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Fig. 3.52 Experimental VS FEA results: Up picture represents the mean torque vs phase cur-
rent amplitude, while the bottom picture reports the pk to pk torque ripple value normalized
to the mean torque vs phase current amplitude.

of the radial forces are predominant. The errors become lower for greater current
levels.
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3.6 Conclusions

In this chapter the main issues tackled in the design of a nine phase machine are
reported. Between the possible solutions a 9 slot-10 poles machine has been cho-
sen. The design results in a open slot stator, tooth-coil wound. A particular tooth
shaping (that realize a not constant air gap ) has been chosen in order to reduce the
torque ripple. An PM-inset rotor topology has been chosen, and different magnet
configuration tested. The PM-inset sheet has been studied from the mechanical
point of view by FEA. The results shown how the solution is feasible in terms of
stress with a very high factor of safety. FEA were conducted in order to valuate
the performance of the machine. The FEA highlighted how for this solution the
flux linkage is almost sinusoidal and the torque ripple is very low. The external
ring affect the torque performances in therms of mean torque and in terms of torque
ripple that results greater compared to the classical SMPM version. Between all
the possible solutions the more promising solution in terms of performances is the
PM-inset version with customized magnet with parallel magnetization. Otherwise
the solution characterized by an array of magnet in the rotor slots can allows to
reduce the cost. In the end the machine designed was tested in a reduced operating
area. Some differences between experimental and simulation results occurs and are
mainly related to constructive defect in the mechanical machine realization, and
limits in the simulations conducted. In particular 3D simulations can allows to obtain
results more similar to the experimental data, and multiphysics simulations can allow
to investigate more the effect of the radial forces on the torque ripple. Otherwise,
despite its simplicity, the machine tested results in a very low torque ripple solution
with value of pk-pk torque ripple under 1 Nm for each operating condition tested.
A more accurate mechanical design and realization can be done in order guarantee
a better centring of the rotor eliminating some harmonics from the ripple. Passing
from the 3−3−10−1 solution to the 3−3−10−2 solutions allows to eliminate
any problem related to the radial forces.



Chapter 4

Control strategy to reduce the
DC-link stress

Part of the work described in this chapter has been previously published in [35] and
in [27]

4.1 Introduction

The DC-link capacitor it is an important element in an electric drive for voltage
source converter, both in terms of cost and space [49]. The energy density of the
applications typically required electrolytic capacitor that are typically bulky and
heavy. Currently the DC bus capacitor contributes up to 20% of the cost and weight
of an inverter and up to 30% of an inverter’s volume [50]. Moreover the life time of
electrolytic capacitor usually decides that life time of the overall system [51].

The reliability requirements in the field of electric vehicle (EV) and hybrid elec-
tric vehicle (HEV) has lead to the strong use of film capacitors. For this technology
the large ripple currents become even more problematic in high temperature envi-
ronments. The impact of the capacitor design is so important that, according with
the Oack Ridge from national laboratories, "can presents a significant barrier to
meeting the U.S. DRIVE targets for cost, volume, and weight established by the U.S.
Department of Energy and its industrial partner" [50].
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The DC-link capacitor can performs several functions. The main role of the
capacitor it is to allow for compatible hard switching commutations firstly , to allow
for the impulsive converter currents supply without involves the main supply, to
absorbs the energy of the drive in case of fault, to assure energy for power peaks and
to protect the converter from the transient voltages peaks if connected to a power
grid.

The capacitor size depends on: the capacitor current, its main frequency compo-
nents, and the DC-link operating voltage. As well explained by Kolar and Round in
[52], the most critical parameter that affect the Dc-link capacitor life is the working
temperature. The thermal analysis strongly influences the capacitor design. In fact
for an aluminium electrolitytic Capacitors a reduction of the 10% of the rated voltage
leads to a reduction of 60% of the failure rate but the working life of the capacitor
became double each times that the working temperature decrease of 10◦C . A method
for predicting the expected life of bus capacitors is reported in [53] together with
the capacitor model. The core temperaturate, that affect the DC-link capacitor life it
is strictly related to the capacitor RMS (ICrms) other than the ambient temperature
[52]. Therefore a reduction of the RMS capacitor current reflecting a reduction of
the dimension of the capacitor or a increment in the capacitor lifetime.

The chance to reduce the design of the capacitor is an important issue because
allow to reduce the cost, space and weight and , often, the physical shape of the
capacitor itself can lead to difficult practical solutions resulting in large commutation
path. In addition the presence of bulky and heavy capacitor can reduce the feasibility
of converter motor integration [54]. The techniques that allow the reduction of the
dimension of the capacitor are very appreciated in electric vehicle market where the
requirements are weight, dimension and low cost.

The goal of the research is related to the investigation of the benefit introduced
by the multiphase drives from the converter point of view introducing a simple
modulation strategy that allows to reduce the DC-link stress. In this context the
research it is interesting because introduces some aspects able to give a further boost
to the use of multi-n-phase drives on the electric vehicles.

After a description of the background technique the modulation strategy is
presented with simulation and experimental results for the specific drive solution
(nine phase one). Than a short analyses is reported for the sectored multiphase
solution.
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4.2 Background

As previoous said the ICrms current affect the dimension of the capacitor. In order to
offer a guideline for the dimension of the capacitor a lot of paper has been produced
in the past for analytical calculation of the rms current for n phase system. In [52]
the author offer a simple analytical expression for the DC-Link current in a 3 phase
converter. In the paper the output current ripple has been neglected, this lead to an
average error of 8% of the evaluation of the current ripple respect to experimental
results. A similar analysis has been conducted for multi phase drives [55].

Technique to reduce the DC-link stress

A lot of paper in the last decades focused on reducing DC-link stress . In [56] has
been proposed a method to reduce the DC-link stress by variation of the DC-link link
voltage through a PWM current source rectified and holding the modulation index
constant in adjustable speed application. The authors start from the model proposed
[53] in order to calculate the losses. A very appreciated, althought dated work is the
paper of Kim and Sul [51] in which they propose a control algorithm for AC/DC/AC
converter without electrolytic capacitor but distributed ceramic capacitors.
In [50] the authors proposed a traction drive solution that use a sectored three phase
machine supplied by two converter (a six phase motor supplied by two inverter
like a three phase one ) in which the PWM has been interleaved in order to reduce
the DC-link stress obtaining a reduction of the 60% of the volume capacitors, the
results for three different angle between carrier has been theoretically proposed. A
complete analysys has been also offered for sectored three phase machine supplied
by three inverter in [38] offering a design point for this particular sectored three
phase solution and is reported in the following.
Also a proposal that use multilevel multiphase induction motor drives it is proposed
in [57].
In the field of multiphase drives in 2015 different works introduced the phase shifting
between carriers in order to reduce the DC-link stress for a six-hase machine [58]
and for a nine-phase machine [38], in order to reduce the harmonic distortion and
power losses [59][60] or to improved the quality of the line-to-line output voltages
[61].
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4.3 Proposed Modulation Technique

The basic idea it is to exploit an additional degree of freedom, the phase shifting
between PWM carriers for the different n-phase inverters in order to allow the
reduction of the DC-link rms current. The novelty of the research it is mainly related
to the investigation of the best angle of shifting between carriers in order to reduce
the DC-link rms current in multi-3-phase drives. In addition, the analysis carried out
shown that no variation in the control strategies and in the optimal angle are needed
under fault conditions. This means that the phase shifting between carriers appear
like a real additional degree of freedom offered by multi-n-phase drives. In this way
the authors offer conscious guideline for the correct choice of the DC-link capacitor
suggesting a reasonable design point. The control strategy can be extended to other
multiphase drive solutions but, different results about the best phase shifting between
angle occur.

4.3.1 Modulation technique

What here is defined as PWM control strategy is an extension of the Sine triangle
PWM (SPWM) with the common mode injection calculated from the balanced
envelopment [62] where more than one carrier have been used for different section
of the multiphase converter.

A 10 poles permanent magnet surface mounted (PMSM) machine, 9 coils double
layer concentrated windings can been considered. According to the algorithm
proposed in 1 this machine is called 3−3−10−1, meaning 3 stars of 3 phases, 10
pole, repeated 1 times, in the multi-n-phase version. As base machine, rotor and
stator structures are reported in Fig. 4.2a. It is possible to observe that the structure
is the same of the well known q3/10 as a resulting 3-phase double layer machine,
defined by the parameter q (number of slot-per-pole-per-phase) and by the number
of permanent magnets (poles). Since in the next this will be identified as the three
phase counterpart the winding configuration is reported here Fig. 4.1a.

The control strategy proposed consider to supply the triple-3-phase machine by
a triple-3-phase converter with coils connections as in Fig. 4.2 and the center taps
insulated from each other.
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Fig. 4.1 Case I: base machine (a) and phasor diagrams (b). Red stator teeth are the axes of
the coil supplied by the converter a.

Fig. 4.2 Case III: base machine (a) and phasor diagrams (a). Red teeth and red star supplied
by the converter a, yellow teeth and yellow star supplied by the converter b; blue teeth and
yellow star supplied by the converter c.

A 9-phase converter (one leg for each coil of the base machine) like the one in
Fig. 4.3 has been adopted. The whole structure, in this latter case, has been designed
as combination of modular parts. Each module is a 3-phase converter constituted by
a control board and a power board based on an a standard control and modulation
technique. The modular structure of the converter offers different choices in how
to supply the different machine portions. Then for the triple-3-phase solution the 3
coils of the first star are supplied by the first inverter, the second star by another and
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Fig. 4.3 Triple-3-phase converter IGBT based. The converter is obtained from the composi-
tion of three 3-phase converter modules. Each 3-phase converter (a,b,c) supplies a 3-phase
star of the machine.

so on (Fig. 4.3).
The 3 converters have to obtain 3 voltage stars as in Fig. 4.2b. The electrical
displacement between two sequential stars is defined by θS electrical degrees [25]
(citare la formula quando ci sarà),

θS =
NP ·π
NC ·NS

(4.1)

where:

NC: Number of Coils that constitute star (considering always one coil per phase,
here NC = 3),

NS: Number of Stars (here NS = 3),

NP: Number of Poles (i.e. PM) (here NP = 10)

For a 3-3-10-1 machine the θS = 200 electrical degree.
The drive control block scheme is reported in Fig. 4.4. Three equal dq current

current loop with three equal references are generated from a lookup table (LUT),
one for each star.
In the proposed control scheme, three different synchronous carriers signals have to
be used in the PWM control of the three sections. Triangle carried with rising and
falling symmetrical edge have been used in this work.
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.

Fig. 4.4 Control block scheme for the triple-3-phase drive: each current loop have the same
reference current.

Fig. 4.5 Phase shifting between carriers signals: the results of the analysis are the same
regardless of the reference (1) and (2) if the three PWM carriers signals have equal mutual
phase shift.

Different relationships between the carriers signals can be chosen. In this work
is discussed the effects of a specific simple relationship between PWM carriers: the
three carriers have the same mutual phase shift, as show in Fig. 4.5. In Fig. 4.6 an
example of the relationship between carrier has been reported for an angle αu = 45
degree).

It is worth noticing that the introduction of a displacement between PWM carrier
could also positively affect output torque ripple [63]. In this analysis the authors
focused on the effect of the control technique on the converter side also testing the
effectiveness on a test bench.

In the following section a detailed analysis based on simulations of the effect on
the DC-link capacitor bench of the just described PWM strategy is proposed.
The results will be compared with the one of the classical 3-phase drives. Reference
case is then the case I, i.e. the 3-phase machine supplied by a single inverter with
a simple current control in SPWM. In general ICrms decreases as the number of
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Fig. 4.6 Carriers tra,trb,trc related to an angle of αu = 45degree.

phases increases [55],[64], and the value of the ICrms changes for different operating
conditions.
As an example, for a three-phase machine supplied by a single inverter, the simulated
ICrms values for different operating condition are reported in Fig. 4.7 [52].

4.3.2 Simulation Results

In order to have a complete description, simulations have been carried out for the
3-phase drive and for the triple-3-phase one.
The software used in simulation is Pspice. The switching frequency is fixed to 20kHz
and dead time are not considered.
In the 3-phase solution, a single inverter supplies a motor simply modelled by current
generators. No ripple current effect is considered at the simulation level.
In order to reduce the mutual coupling between phases belonging to difference stars
a double layer tooth-coil open slot stator solution has been chosen. For the specific
motor design chosen finite element analyses have been conducted. The value of the
mutual inductance is equal to 1.37mH that is about the 12.5% of the self inductance,
equal to 10.9mH. Instead in a closed slot solution the value of the mutual inductance
is equal to 97% of the self inductance. In Chapter 2 and in Chapter 3 has been
demonstrate that also a so simple stator structure allows to obtain a very low torque
ripple solution. In the triple-3-phase solution each module of the triple-3-phase
converter (Fig. 4.3) supplies one 3-phase star as in Fig. 4.24 and Fig. 4.2. Discarding
the output current ripple in a current loop control the motor can be modelled by
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current generators. This approximation can in general be done as shown in [52] and
in [65]

The variations of the following parameters have been considered:

• Modulation index (M = 2V Phase/V bus)

• Displacement between PWM carriers (αu)

• Phase between voltage and current (VI-phase).

Steady state simulations have been performed in all of the possible combinations
of the above parameters. Considers different values of VI-phase mean evaluate the
effect of the proposed technique through different operating condition like that one
related to the constant power speed range in which the rotation of the current vector
lead to a variation of the power factor of the machine. The ICrms values and their
harmonic spectrum for all the operating points have been stored and here proposed.
All results have been normalized to ease the comparison. DC-link rms currents have
been normalized to the rms phase current value of the 3-phase case. The modulation
index M can vary from 0 to 2/

√
3 according to the linear inverter range extended

through the injection of the proper common mode [62]. Data processing has been
performed to search for the worst case in all conditions so to guide for the DC-link
capacitor choice. In the following the more representative results are proposed.

3-phase counterpart

3-phase machine q3/10 powered by a single-3-phase converter as in Fig. 4.1 For the
case I the values of the ICrms for different operative conditions are collected in the
Fig. 4.7 like in [52]. The capacitor design value is ICrms = 0.64 p.u

Triple 3-phase

In the triple-3-phase case ICrms also depends on M and VI-phase. In Fig. 4.9 it is
possible to see the benefits of the introduction of the displacement αu. The results
for different value of M are reported in the pictures Fig. 4.8

The graph in Fig. 4.9 refers to the M value for which the greatest variation with
αu in the ICrms values occurs. It can be noticed that, for the chosen M value, the ICrms
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Fig. 4.7 Case I 3-phase machine q3/10 3-phase powered: ICrms variation depends on EMF for
different value of electric angle between voltage and current (VI-phase).

is barely constant independently of the VI-phase for 4 values of αu: 50, 70, 110, 130
carrier degrees approximately.
For different operating conditions the minimum of ICrms moves and the trend become
barely flat as the M increases as it will be shown in detail in the experimental part.
In Fig. 4.10 a 3D picture collects all results for all simulated M, αu and VI-phase
values.
Once known the drive operating condition it is possible to define the DC-link design
point. To make the analysis independent on any particular application, it is possible
to assume that the drive could explore all the operating conditions (all VI-phase/M
couples). It is possible to see how for the triple-3-phase machine it is sufficient to
calculate the value of ICrms for VI-phase 0 and 90 in order to calculate the worst
case design. In Fig. 4.11 and Fig. 4.12 iso-level curves report the value of the ICrms

in p.u respect to the rms value of the phase current. It is possible to see how the
design point it is influenced by the operating conditions. If the VI-phase variation
it is limited from 0 to 30 electrical degrees two equivalent αu angle are 60 and 120
degree but if the operating range of the drive it is not well defined or the VI-phase
moves from 0 to 90 electrical degrees the design point moves and a optimal angle
can be chosen around 45 degree. Data in Fig. 4.10 are then analysed in order to
identify the locus of greatest values of ICrms versus αu in all operating conditions.
Fig. 4.13, in detail, represents this locus for each αu carrier displacement. The mutual
phase shifting between PWM carriers αu for which the minimum of the greatest ICrms

occurs can be chosen as the optimal PWM displacement angle. In [35] the analysis
on the simulated results includes the evaluation of the DC-link current harmonic
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Fig. 4.8 Case III triple 3-phase machine triple 3-phase powered: ICrms variation depends on
M for different value of electric angle between voltage and current (VI-phase).

contributions for different αu. The design point chosen (αu = 45 degrees) is the
point where the first and the second harmonic contributions meet each other.
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Fig. 4.9 Simulated results triple-3-phase machine: ICrms for different displacement between
PWM carriers signals (αu) and different V-I phases. At M = 0.35 there is the larger variation
of ICrms as function of αu.

Fig. 4.10 Simulated results: triple-3-phase phase machine: values of ICrms with the variation
of M and αu. Each surface represents a different value of VI-phase.

The same analysis, described above, has been extended for αu larger than 180
degree and the collected results suggest a mirror behaviour. More, for V-I phases
greater than 90 degree electrical degrees graphs regress overlapping previous curves.
As an example, the ICrms resulting for 100 electrical degrees is equal to the one for
80 el. deg. and for 180 el. deg. the curve overlaps the 0 one.
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Fig. 4.11 Simulated results: Isolevel of greatest ICrms in p.u respect to the rms value of the
phase current worst case vs αu for all M value. The different figure represent the locus of the
greatest ICrms values for a specific operating range.

Fig. 4.12 Simulated results: Isolevel of greatest ICrms in p.u respect to the rms value of the
phase current worst case vs αu for all M value. The different figure represent the locus of the
greatest ICrms values for a specific operating range.

Modulation in fault condition

As said in Chapter 1 multiphase drives offer additional degree of freedom that can be
used for different purposes, such as torque enhancement and design of fault tolerant
strategies. The aim of this chapter is to highlight that, in the proposed PWM strategy,
adjustments are not needed under fault operation. The displacement between carriers
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Fig. 4.13 Simulated results: triple-3-phase phase machine: ICrms worst case vs αu for all M
value. The different curves represent the maximum ICrms values for different V-I phases.

Fig. 4.14 Simulated results: triple-3-phase machine: ICrms worst case vs αu for all M/VI-phase
combinations including in fault conditions.

signals are also applicable under single or double inverter faults appearing as a real
additional DoF. The analysis is conduced considering only inverter faults. If one
phase of one converter fails the whole converter is removed. Considering the adopted
fault scheme, then, the maximum number of admitted inverter faults is 2 (removing
6 inverter legs).

The analysis in previous section is here repeated considering one modular con-
verter fault at a time. The proposed configuration, in fact, is not symmetric and
two different faults could occur. For a single inverter fault, then, the value of ICrms

depends on which converted has been shut down.
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The ICrms values for a double inverter fault are equal to the values for 3-phase case
(Fig. 4.7) reduced by a factor of 3, i.e. a constant maximum value of 0.21 p.u.
independently of αu.

Fig. 4.14 shows the locus of the greatest ICrms as a function of αu for any value of
V-I phase and M including fault conditions. The fault of the inverter a and c leads to
the same points and to the same harmonic spectrum, highlighting that the harmonic
compensation depend by the mutual phase shift αu independently by the sign of
the shifting. The fault in the b inverter leads to the doubling of the adopted phase
shifting.
Overlapping the locus of the greatest ICrms for each fault condition it is possible to
define a new design point that represents the global best worst case design point for
the proposed drive, considering all operating conditions (continuous line in Fig. 4.14).
The value of optimal displacement angle αu on witch the minimum ICrms occurs, also
including the fault conditions, is close to the design point that could be defined if no
faults would have been introduced.

Harmonics in DC-link

The analysis concludes with the valuation of the capacitor current harmonic contri-
bution for different αu values. The value of current harmonic contribution depends
on M and V-I phase . For each current harmonic contribution the worst cases for
all operatives condition are considered. The results for the first 8 harmonics are
collected in Fig. 4.15 for the triple-3-phase drive.

Fig. 4.15 triple-3-phase machine triple 3-phase converter powered: harmonic contribution to
the ICrms with αu
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The αu value that reduces the first harmonic and the second harmonic is near to
45°. This is the angle that reduce the ICrms and that can be considered an optimal
solutions also for the implementation view point.

The αu angles that reduce the single contribution for the triple-3-phase solution
are collected in the Table 3.4.

Table 4.1 αu that minimize the maximum value for each harmonic order for 3-phase machine
triple three phase powered

h order 1 2 3 4 5 6 7 8
αu 0 60 120 58 71 40 49 60

4.4 Experimental part

Measurements from two different laboratory setups verify the simulated values of the
ICrms shown in previous sections. These verifications allow the simulated approach
the capability to predict results and to define the appropriate design point. The
reduction of the rms current in the capacitor has been tested for three asynchronous
motors over a wide variety of operating conditions and then for a triple 3-phase
motor. The tests are both essential in order to validate the effectiveness of the
simulation methodology.

4.4.1 Three 3-Phase Motors Experimental Setup

The experimental setup adopted in this set of measurements is shown in Figure 4.16.
In the following a detailed explanation of the various elements that composed the
test bed is given.

Power Electronics

The power electronics used for the test are composed of three inverter boards and a
single control unit (Figure 4.16). Each inverter board has a capacitor (260 nF, 600 V)
on each leg in order to reduce the commutation path as shown in Figure 4.17 and then
to reduce the overvoltage related to the current commutation of each half bridge. The
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Fig. 4.16 Experimental setup: three 3-phase motors, the control board and the power section
with two triple-3-phase converter.

dimension of the ceramic capacitors are one order of magnitude lower with respect to
the DC-link one (27 uF); as a consequence, it is possible to consider that the biggest
amount of the current ripple flows through the DC-link capacitor. The three boards
are connected in a parallel way to a common DC-bus. If the internal DC-bus is not
directly accessible, then the values of the ICrms are estimated through the measurement
of the AC current downstream the bus (inverters input). The measurement procedure
itself affects the results. In fact, the wires introduced to allow for a high bandwidth
current probe placing modify the characteristic impedance of the commutation path.
The wires and the current probe introduce a parasitic inductance that reduces the
amount of current that flows through the DC-link capacitor. In order to complete
the analysis, the simulations have been extended including also parasitic parameters,
commutation path capacitors and the parameters of the wires introduced for the
measurement in Figure 4.18. Taking into account the parasitic parameters in the
model is important since they affect the current flowing in the DC-link capacitor
showing how the power electronics layout can affect the results. The values reported
in Figure 4.18 have been estimated and are considered equal to Lpar = 1 nH,
Rm = 5 mΩ and inductance Lm = 10 nH.

Electrical Machines

In order to validate the control technique, three equal induction machines have been
adopted (Figure 4.16). This choice has been done in order to verify the validity of
the control technique neglecting high frequency phenomena. The results in this case
are then compatible with a triple-3-phase machine in which the phases belonging
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Fig. 4.17 3-phase module: in the picture, the Intelligent Power Module (IPM) and the ceramic
capacitors introduced in order to reduce the commutation path are highlighted.

Fig. 4.18 Triple-3-phase converter IGBT based including parassitic inductance Lpar, com-
mutation path capacitors Ccp, DC-link connecting cable resistance Rm and inductance
Lm.

to different stars are magnetically insulated. The chosen motor design allows for
minimizing the mutual coupling between adjacent stars. As a consequence, the
interaction between phases belonging to different stars can be neglected in a first
approach. The three motors used are motors for home appliance application with the
following characteristics (Table 4.2).

The three motors are driven by simple V/Hz control with the three voltage stars
displaced one with the other according to Figure 4.2b. No-load and locked rotor tests
have also been realized to investigate different value of VI-phase.
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Table 4.2 Induction machine data

Characteristics Value
Poles 2
Nominal Current rms 3.2 A
Nominal Voltage rms 190 V
Speed Max 17.900 rpm

Experimental and Simulated Results Comparison

The ICrms in different operating conditions for different values of αu are depicted in
Figure 4.19.

The graphs show different curves:

• the simulated values of ICrms for triple-3-phase converter in (Figure 4.3) (blue
line).

• the simulated values of ICrms considering a model of the triple-3-phase converter
used in the laboratory setup with estimated concentrated resonance parameters
(green line).

• the measured values of ICrms with the laboratory setup (red line).

Similarly to what has been done in Section 4.3.2, it is possible to represent the
locus of the greatest ICrms (Figure 4.13) so as to compare for the worst case for the
capacitor bench in the simulations and in the experimental results.

Even if the experimental tests ICrms are limited in number and do not cover the
whole operating area, the loci of the greatest ICrms for the three different evaluations
are compared in Figure 4.20.

Figures 4.19 and 4.20 show that the simulation model well represents the evolu-
tion of the phenomena with small differences for high M values. The comparison
between the blue curve and the green one highlight that the ICrms values depend by
the converter layout. The proposed PWM control technique become more effective
if a proper commutation path is adopted, as always happens.

The experimental results provide ICrms trends for αu close to what was expected.
The difference between the green curve and red ones could be due to two factors:
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Fig. 4.19 Each picture shows ICrms values for different αu and different couples of M and
VI-phase. The blue line is the simulated ICrms for triple-3-phase converter in Figure 4.3, the
green line is the simulated ICrms considering a model of the triple-3-phase converter used in
the laboratory setup with estimated concentrated resonance parameters, and the red line is
the measured evolution of ICrms with the laboratory setup.
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Fig. 4.20 ICrms worst case for αu variation for considered couples of M and V-I phases values.
The blue line is the simulated ICrms for triple-3-phase converter in Figure 4.3, the green line is
the simulated ICrms considering a model of the triple-3-phase converter used in the laboratory
setup with estimated concentrated resonance parameters, and the red line is the measured
evolution of ICrms with the laboratory setup.

• It is difficult to identify the resonant parameters of the commutation path.
These parameters are estimated and inserts it in the simulation model as
concentrated parameters.

• The DC bus is not directly accessible: as a consequence, the measurements
are conditioned by the measurement procedure itself.

Simulation and experimental results, anyway, indicate that the αu minimizing the
ICrms for the proposed PWM strategy is not a constant, and it is not necessarily equal
to 120 carrier degrees as could be at first thought. The optimal αu depends on the
converter layout and by operating conditions. Downstream from the simulations and
the experimental results, the present work suggests defining the DC-link capacitor
bench dimension considering a phase shifting between PWM carriers equal to 45
carrier degrees. In this case, it is possible to contain the value of ICrms in all operating
conditions, also considering faults operation. The adoption of this αu value is
advantageous also in terms of implementation being 1/8 of the PWM period time,
typically an integer number in the digital implementations.
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4.4.2 Triple 3-Phase Motor Experimental Setup

In Figure 4.21, the test bench is reported. A triple 3-phase machine is driven by a
I/Hz control with three equal dq reference current.

Fig. 4.21 Experimental setup: triple 3-phase motors, the control board and the power section
with one triple-3-phase converter.

Power Electronics

The power electronics used for the test is composed by three inverter boards and
a single control unit (Figure 4.16). Each inverter board has a capacitor (1.1 uF,
600 V) on each leg in order to reduce the commutation path. An external DC-link
film capacitor has been used (60 uF) and the DC-link capacitor is directly acces-
sible. With respect to the previous case, a bigger DC-link inductance is presented
(measured Lm = 220 nH). Like has been done for the experimental setup previously
presented, the estimated parameters shown in Figure 4.18 have been inserted in the
simulation. Thanks to the chance to measure directly the DC-link capacitor current,
the simulation and the experimental results become much more congruent and the
effect of the parasitic element is more evident compared to the previous case.

Electrical Machines

In order to validate the control technique, the has been adopted. The motor used is
a different prototype of the triple-3-phase machine presented in Chapter3 in which
the array of magnets solution were adopted. This motor has some manufacturing
defects and does not present sinusoidal EMF. As a consequence, if a I/Hz control is
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driven at low speed, the shape of the modulation indexes is not perfectly sinusoidal.
In Figure 4.22, the value of a phase current and corresponding modulation index
acquired by a Digital to Analog Converter (DAC) have been reported.

Two different operatives’ conditions have been tested.

In Figure 4.21, the test bench and the measurement layout have been reported.

Fig. 4.22 Measurement of the current (blue) and the corresponding modulation index (red)
for a single phase. In yellow and green, the corresponding first harmonic of the waves is
reported.

Experimental and Simulated Results Comparison

In Figure 4.23, results have been reported in detail for no load and on load conditions.
For the same operatives’ conditions, the simulations have been conducted without
considering the parasitic parameters in order to compare the results with the ideal
case. Measurements and simulations highlight how the parasitic parameters can
affect the final results.
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Fig. 4.23 Each picture shows ICrms values for different αu and different couples of M and
VI-phase. The blue line is the simulated ICrms for triple-3-phase converter in Figure 4.3, the
green line is the simulated ICrms considering a model of the triple-3-phase converter used in
the laboratory setup with estimated concentrated resonance parameters, and the red line is
the measured evolution of ICrms with the laboratory setup.

The main differences between the simulation and experimental results are related
to:

• the error in the estimation of the resonance parameters of the commutation
path,

• the realized modulation index is not purely sinusoidal due to the not perfect
sine EMF at load operation
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4.5 Sectored 3-phase

With the same stator rotor structure by choosing the correct winding arrangement it
is possible to obtain the classical q3/10 motor solution. This machine can be powered
by a single inverter in a classical way or by a triple-3-phase converter in order to
obtain what is here called sectored multiphase drive.

If the 3-phase machine is supplied by a triple three phase converter the per unit
phase ripple current is reduced by a factor near to 3. As a first approximation, in fact,
same phase voltage means to have 3 times the wires in each coil with an inductance
that grows by a factor 9. Phase current is reduced by a factor 3, their ratio presents an
advantage of a factor 3 in the per unit phase current ripple (at the same modulation
frequency and the same motor voltage).

In this section the analysis previous done has been extended in order to see the
possible benefits introduced by the technique of the displacement of the carriers also
in these drives.

The 3-phase machine q3/10 is supposed powered by a triple-3-phase converter
with coils connections as in Fig. 4.24a. It is worth to notice that the currents in the
three windings must be the same, and must considers a phase shifting between 3
EMF. This phase shifting is equal to slot electrical displacement. Consequently the
voltages applied at the three windings in parallel is such that the currents in the three
windings are the same. The center taps Na, Nb, Nc (Fig. 4.3) are connect together.

In Fig. 4.26b the phasor diagram is reported. In this case the modular structure
of the converter is exploited in order to supply each sector of the same phase by a
single converter module (each converter module supplies a star of 3-phase). Red
stator teeth are supplied by the converter a, yellow teeth by the converter b; blue
teeth by the converter c.

The machine control is based on three current controls, with the same reference
of current, SPWM based with three different carrier signal.

The simulation setup previously presented has been repeated for this case and
the results are collected in Fig. 4.25, Fig. 4.26.

In order to have a global description of the phenomena the results of the DC-link
rms current are reported in 4.27 in the form of locus of the greatest.
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Fig. 4.24 Base machine (a) phasor diagrams (a) . Red stator teeth are supplied by the
converter a, yellow teeth by the converter b; blue teeth by the converter c.

Fig. 4.25 3-phase machine q3/10 triple 3-phase powered: ICrms for different displacement
between PWM carrier signal(αu) and different V-I phases. For M=0.35 p.u there is the larger
variation of ICrms as function of αu.

The loci of the greatest can be also been evaluated under single and double
inverter faults

It has to be noticed that the ICrms behaviour looks mirrored in the case of the
sectored 3-phase drive and triple-3-phase solutions with a small difference in the
absolute values. The analyses of the frequency reported in 4.29 gives an explanation
at the mirrored behaviour on the ICrms for the triple-3-phase case and sectored 3-phase
one that is related in principle to the evolution of the first harmonic (20kHz).
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Fig. 4.26 3-phase machine q3/10 triple 3-phase powered: values of ICrms with the variation of
M and αu. Any surface represent a different value different values of VI-phases.

Fig. 4.27 3-phase machine q3/10 triple 3-phase powered: worst case for αu for all M value.
The different curves represent the maximum value of ICrms for different V-I phases.

The αu angles that reduce the single contribution for the 3-phase counterpart are
collected in the Tab.4.3

The analyses conducted shown that also using a three phase machine triple three
phase powered (sectored multiphase machine) it is possible to obtain interesting
benefits from the converter point of view if the PWM carrier displacement is imple-
mented. The results shown that the angle αu for each the minimum of the greatest
occurs is different in this last case. This is not an additional advantage for sectored
multi-phase machine as in multiphase one.
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Fig. 4.28 3-phase machine q3/10 triple 3-phase converter powered: worst case for αu variation
for all EMF value in fault condition.

Fig. 4.29 3-phase machine q3/10 triple-3-phase converter powered: harmonic contribution to
the ICrms with αu

Table 4.3 αu that minimize the maximum value for each harmonic order for 3-phase machine
triple three phase powered

h order 1 2 3 4 5 6 7 8
αu 162 111 60 122 109 142 129 60
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4.6 Conclusions

The present section highlights some of the benefits of the multi-n-phase structures
and presents a simple modulation strategy that reduces the DC-link stress in terms of
rms capacitor current for a triple-3-phase drive. The approach to exploit an additional
degree of freedom, the phase shifting between PWM carriers for the different 3-phase
inverters, leads to a positive result and allows for the reduction of the DC-link rms
current in triple-3-phase drives. The analysis of the benefits introduced by PWM
phase shifting are extended to all possible operating conditions including the fault
one. The analysis includes the evaluation of harmonic contribution of the capacitor
current for different displacement between carrier signal for different operative
condition. In order to find the optimal solution to minimize the value of ICrms other
condition of PWM phase shifting must be tested especially in the fault conditions.
Simulated and experimental results show that the optimal PWM phase shifting is
not a constant and the ICrms design point is affected by converters’ layout as well as
operating conditions.

The same analysis has been extended to sectored multiphase machine and allows
to obtain the same benefits. Otherwise sectored multiphase machine not allows to
obtain the same benefits in therms of winding factor and reduction of torque ripple.
The analysis and the procedure to identify can be extended to other multiphase
structure but different results in therms of optimal phase shifting angle occur.



Chapter 5

Torque ripple modelling in fractional
slot tooth coil wound Synchronous
Reluctance machine

5.1 Introduction

In Chapter 1, the harmonic compensation in the MMF of tooth-coil/multiphase
machines has been presented. The advantages that were obtained by the combination
of tooth-coil/multiphase solutions can arise interest in reluctance rotor solution, in
which the high harmonic content in the MMF has a heavier impact on performances
[66, 67]. In this Chapter a mathematical model is proposed in order to evaluate the
torque and the torque ripple in fractional slot tooth-coil wound (TCW) Synchronous
Reluctance (SyR) machines. Considering a generic harmonic field and an ideal SyR
rotor, the rotor magnetic potential and the torque equations are calculated.

The ideal rotor considered is a rotor able to separately react to any harmonic field
generated by the stator. In this way the analysis is independent by the specific rotor
layout. The ideal synchronous reluctance rotor pole is constituted by an unlimited
number of segments separated by an ideal insulator with a constant permeance in
each flux barrier. A description about how to design this rotor is reported in Appendix
A. The procedure chosen for the calculation of the torque starts from the evaluation
of the single pole reaction (in scalar magnetic potential) to a generic stator MMF.
This approach allows to analytically justify the pole-per-pole contributions to the
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torque component in a SyR motor considering a generic stator MMF. As shown by
Bianchi et all in [67] by FEA for Fractional Slot Concentrated Windings (FSCW)
Permanent Magnet Assisted synchronous Relactance machine (PMAREL) the poles
of the machine can contribute to the torque in a non uniform way. The pole-per-
pole modelling approach allows to study positive and negative TCW SyR motors.
Transversally laminated SyR machines can be divided in two categories [66]:

• positive machines: if the iron is present across the d-axis of the rotor

• negative machines: if air is present across the d-axis of the rotor

Negative rotors are traditionally disregarded due to the poor shaft embedding
suitability. Fig.5.1 shown the example of negative rotor reported by Vagati in [68].
Otherwise if the number of poles is greater than 2 some solutions are feasible Fig.5.2.
If the number of segments tents toward infinity there is no more difference between
positive and negative solutions.

Fig. 5.1 Negative rotor solution: the image is reproduced from A. Vagati, Synchronous
reluctance electrical motor having a low torque-ripple design, US5818140A, year 1995 .

The analysis identifies the harmonics that for a generic multiphase TCW machine
are potentially involved in the production of torque, by identifying the mechanisms
through which they produce torque components.
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Fig. 5.2 Examples of feasible negatives rotor solutions. On the left p=2 nr = 8 on the right
p=8 nr = 4. nr is defined as the equivalent rotor slot per pole pairs.

5.2 Stator MMF

Based on Chapter 2, the generic harmonic field of a multiphase machine can be
expressed by (5.1):

fsh =
ˆfsh cos(hα ∓ωt + γd) (5.1)

where ˆfsh is the peak value of the generic harmonic h of the stator MMF, α is
the stator coordinate, ω is the electrical pulsation of the current, and γd is electrical
angle of the current vector with respect the d axis.
The sign ∓ in (5.1) depends on the direction of the generic rotating field produced
by the stator windings. The sign (−) is related to the direct fields and the sign (+) is
related to the reverse fields. The angle γi in Fig.5.3 is the angle of the current with
axis α = 0 and is equal to γd for t = 0.
In Fig. 5.3 the q axis is considered to be at the center of the generic pole, and a rotor

mechanical coordinate ξ , starting from this axis, is assumed to be positive in the
counter clockwise direction. The stator coordinate can be written as in (5.2). The
generic harmonic field can then be written in the rotor reference frame as in (5.3).

α = ωrt +
π

2p
+ξ (5.2)

fsh =
ˆfsh cos

(
hξ +hωrt +h

π

2p
∓ωt ∓ γd

)
(5.3)
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Fig. 5.3 Definition of the reference frame for the a generic ideal rotor p = 3 .

Where ωr is the mechanical pulsation and p is the pole pair. Equation (5.3) can
be written as a function of the mechanical pulsation being (5.4).

ω = ωrsgn(ωr) p (5.4)

For compactness, the function ϕ(t) is introduced.

ϕ (t) =−ωrt (h∓ psgn(ωr))± γd −h
π

2p
(5.5)

In conclusion, the generic harmonic of the stator MMF can be expressed in the rotor
reference frame as in (5.6) in which ϕ is the phase angle that contains the time’s
dependence.

fsh =
ˆfshcos(hξ −ϕ) (5.6)
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5.3 Rotor magnetic potential

In this section the magnetic potential of an ideal rotor is calculated. The ideal rotor is
a rotor with distributed isotropy in which each flux barrier has a constant permeance.
Under this hypothesis the rotor is able to react to each harmonic component of the
stator MMF. For an ideal rotor the rotor magnetic potential is only related to the q
component of the stator MMF. The d and q components of (5.6) can be calculated as
in (5.7) and (5.8).

Fig. 5.4 Rotor reference frame. The flux barrier has been designed with constant permeance.

2 fsdh = fsh(−ξ )− fsh(ξ ) (5.7)

2 fsqh = fsh(−ξ )+ fsh(ξ ) (5.8)

fsh(−ξ ) and fsh(ξ ) are the odd and the even function of the stator MMF respect
to the q-axis.

In order to calculate the rotor reaction to a specific harmonic the rotor reference
frame is proposed in Fig.5.4. Considering the generic pole i, the ideal magnetic
potential of the i pole is equal to the symmetric component with respect to the generic
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qi reduced by a factor kh as in (5.9). The pole magnetic potential results in (5.10)
that after some manipulation become (5.11). The rotor mechanical coordinate ξ is
then defined, starting from the q0 axis corresponding to the i = 0 pole.

frh,i = kh fsqh (5.9)

frh,i = kh
ˆfsh

2

{
cos(hξ −ϕ)+ cos

[
h
(
−ξ +2i

π

p

)
−ϕ

]}
(5.10)

frh,i = kh ˆfshcos
(

i
hπ

p
−ϕ

)
cos

(
hξ − i

hπ

p

)
(5.11)

The coefficient kh reported in (5.10) is a reduction coefficient that takes into
account how the capability of reaction to the harmonics becomes lower as the
harmonic order h increases. It depends on the air gap g, the radius at the air gap R,
the harmonic order h of the MMF, and the permeance parameter ρ .

kh =
1

1+ g
Rρh2 (5.12)

A description about how this parameter has been obtained is reported in Appendix
A together with a description of how to obtain a constant permeance rotor.

In 5.11 it is possible to see that the rotor magnetic potential of the single pole de-
pends on the time through ϕ except for the synchronous harmonic h = p. Observing
the equation (5.11), it is possible to note that at the generic time t the rotor magnetic
potential of two adjacent poles can be different. The rotor reaction calculated for
each pole at the border between two adjacent poles can leads to have

• the same scalar magnetic potential

– equal to zero if h is a multiple odd of p

– not equal to zero if h is a multiple even of p

• different scalar magnetic potentials if h is not a multiple of p

on the left and on the right of the cross section between two adjacent poles.
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This behaviour is shown in Fig.5.5, Fig.5.6, Fig.5.7, Fig.5.8 for a generic 2 pole
pair machine in which the harmonics 1,2,4,5 are applied. This harmonics are the
ones generated by a classical q = 1/4 machine TCW , where q is the number of slot
per pole per phase. In these figures are reported the generic MMF harmonic applied
(black line), their symmetric component respect to the generic qi (grey one,) and the
corresponding magnetic potential (red line) obtained from equation (5.11) on the
mechanical period for t = 0 and the generic supply angle γd = 55◦. Vertical lines
identify the section between poles (d-axes).

Fig. 5.5 Rotor reaction to the generic harmonic h = 1 for q = 1/4 and γd = 55◦ at t = 0
number of turns per coil Ns = 45 supply current 25A.

How these harmonics can affect the torque will be shown in the next section.

5.4 Torque calculation

In the previous section it has been shown how a single pole of an ideal rotor reacts
to a specific harmonic of MMF. In this section is calculated the torque produced by
the interaction of the stator harmonic of hw order fshw

with the rotor reaction frhv
to
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Fig. 5.6 Rotor reaction to the generic harmonic h = 2 for q = 1/4 and γd = 55◦ at t = 0.

Fig. 5.7 Rotor reaction to the generic harmonic h = 4 for q = 1/4 and γd = 55◦ at t = 0,
number of turns per coil Ns = 45 supply current 25A.
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Fig. 5.8 Rotor reaction to the generic harmonic h = 5 for q = 1/4 and γd = 55◦ at t = 0,
number of turns per coil Ns = 45 supply current 25A.

another stator harmonic fshv
of hv order. In order to evaluate the torque, the Lorentz

torque law can be written along the rotor periphery as in (5.13).

T = rgl
∫ 2π

0
Bgd fs = rgl

µ0

g

∫ 2π

0
( fr − fs)d fs (5.13)

where rg is the radius at the airgap, Bg is the flux density at the air gap, l is the
stack length, µ0 is the magnetic permeability of the void, fs is the stator magneto
motive force and fr is the rotor magnetic potential.

∫ 2π

0
fsd fs = 0 (5.14)

Being (5.14) the torque equation results in (5.15).

T = rgl
µ0

g

∫ 2π

0
fr

d fs

dξ
dξ (5.15)
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It is worth noting that in the torque calculation the superposition principle has
not been applied. Both fs and fr can be written as Fourier series. However, since
the torque calculation process is non-linear, the superposition principle cannot be
applied and each stator harmonic could interact with any other rotor harmonic, in
general. Instead, the rotor magnetic potential is evaluated harmonic by harmonic and
then summed up to get the rotor reaction. This can be done under the hypothesis
of linearity of the magnetic circuit. The torque contribution of one stator harmonic
can then be calculated as the interaction between the rotor reaction and the single
stator harmonic. In addition since in general different poles of the machine can react
to specific harmonics in a different way the calculation of the torque is conducted
pole-per-pole.

The generic pole i lying between − π

2p +
iπ
p and π

2p +
iπ
p .

For the pole i the torque produced by the interaction between the magnetic potential
fri,hv

, due to the application of the stator harmonic hv, and the generic stator harmonic
hw of the MM fshw

can be calculated like in (5.16).
It is worth noticing that hv and hw are considered integers and hw > hv.

T = rgl
µ0

g

∫ + π

2p+
iπ
p

− π

2p+
iπ
p

fri,hv

d fshw

dξ
dξ (5.16)

The magnetic potential fri,hv
due to the application of the stator harmonic hv is

reported in (5.17), while the derivative of the stator harmonic MMF is reported in
(5.18).

frhv,i
= khv

ˆfshv
cos

(
i
hvπ

p
−ϕv

)
cos

(
hvξ − i

hvπ

p

)
(5.17)

d fshw

dξ
=−hw ˆfshw

sin(hwξ −ϕw) (5.18)
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By substitution of 5.17 and 5.18 in 5.16 and after some manipulation the torque per
pole results (5.19).

Ti,hv,hw =−hwKhvrgl
µ0

g
ˆfshv

ˆfshw

1
2
·[

sin
(
(hw +hv) i

π

p
−ϕv −ϕw

)
+ sin

(
(hw −hv) i

π

p
+ϕv −ϕw

)]
·sin

(
(hw +hv)

π

2p

)
hw +hv

+
sin

(
(hw −hv)

π

2p

)
hw −hv


(5.19)

In order to understand how (5.19) can be simplified, the analysis from here is
divided into two sub-cases: one that analyses the case hw = hv and one that analyses
the case of hw ̸= hv. In the first case we talk about Mirror Torque while in the second
case we talk about Mixed Torque.

Mirror Torque

The mirror torque is the torque component related to the interaction between the
rotor reaction and the MMF stator harmonic that has generated it.
In the 5.19 hw = hv = h has been substituted. Considering (5.20) for (sinc(0) = 1),
the expression of the torque per pole produced by the generic harmonic h is reported
in 5.21 and then in a more compact way in 5.22.

sin
(
(hw −hv)

π

2p

)
hw −hv

=
π

2p
sinc

(
(hw −hv)

π

2p

)
(5.20)

Ti,h =−hKhrgl
µ0

g
( ˆfsh)

2 1
2
·
[

sin
(

2hi
π

p
−2ϕ

)]
·

sin
(

hπ

p

)
2h

+
π

2p

 (5.21)

Ti,hv,hv =−Khrgl
µ0

g
( ˆfsh)

2 1
4
·
[

sin
(

2hi
π

p
−2ϕ

)]
·
[

sin
(

h
π

p

)
+h

π

p

]
(5.22)
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Summing up the torque contribution for each pole for variation of i = 0 to 2p−1,
the torque produced by the generic harmonic h results. In some cases a zero sum
results.
In details, only for the harmonic h multiple (odd or even) of pole pairs p the torque
contributions of each pole are in phase and sum each other. Otherwise the torque
contributions constituted a regular star at zero sum. This in particular results by the
observation of the first square bracket in (5.22).
If the harmonic applied (hv = hw = h) is an integer multiple of p the torque compo-
nent on the whole rotor results in (5.23).

Th =
2p−1

∑
i=0

Ti,h = 2pKhhrgl
µ0

g
( ˆfsh)

2 1
2

sin(2ϕ)
π

2p

= Khhrglπ
µ0

2g
( ˆfsh)

2 · sin2ϕ

(5.23)

Equation (5.23) for h = p results in the synchronous torque (5.24) that present
maximum value for γd = 45◦. All the other harmonics multiple of pole pairs give
torque ripple. The harmonic order of this torque ripple is defined by ϕ .

Th=p =−Kh prglπ
µ0

2g
( ˆfsh)

2 · sin2γd (5.24)

The total torque of this kind is then obtained from (5.23), by summing up from 1
to infinity the index (h/p) as in (5.25).

Tmirror =
∞

∑
h
p=1

Khhrglπ
µ0

2g
( ˆfsh)

2 · sin2ϕ (5.25)

The analysis conducted up to here highlights the fact that, even if an harmonic is
present in the stator MMF and if it is able to generate a rotor magnetic potential, it
doesn’t means that it is able to generate a torque component on the whole rotor. This
is for example the case of the harmonic h = 1 in a p = 2 rotor. This sub harmonics
can polarize the rotor poles but each pole contributes to the torque in a different way,
and results in a zero sum. It is worth noticing that the harmonics not multiple of pole
pairs can not be discarded from the analysis of the torque, as it is done for example
for the SMPM solution. This concept will be clarified in the next section.
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Mixed Torque

In FSCW, the harmonic content of the MMF is very rich. We have seen that the
harmonics multiple of p polarize the rotor poles in a symmetrical way and can
generate torque components. Instead, the harmonics that are not multiples of p can
polarize each pole of the rotor in a different way, but they are not able to produce
mirror torque components. In this section, it will be shown that also the harmonics
which are not multiple of p have the potential to produce torque ripple.
In particular, it will be demonstrated that some pairs of harmonics of different order
(hv and hw), if they are present simultaneously, can interact to generate torque com-
ponents. We call these torque components Mixed Torque.
The simultaneous presence of two harmonics hv and hw is then considered in the
torque calculation. The torque produced by the interaction between the rotor mag-
netic potential, due to the harmonic hv, and the stator harmonic hw is reported in
(5.26).

Ti,hv,hw =−hwKhvrgl
µ0

g
ˆfshv

ˆfshw

1
2
·[

sin
(
(hw +hv) i

π

p
−ϕv −ϕw

)
+ sin

(
(hw −hv) i

π

p
+ϕv −ϕw

)]
·sin

(
(hw +hv)

π

2p

)
hw +hv

+
sin

(
(hw −hv)

π

2p

)
hw −hv


(5.26)

In the same way, the torque produced by the interaction between the rotor
magnetic potential due to the harmonic hw, and the stator harmonic hv is reported in
(5.27)
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Ti,hw,hv =−hvKhwrgl
µ0

g
ˆfshw

ˆfshv

1
2
·[

sin
(
(hw +hv) i

π

p
−ϕw −ϕv

)
− sin

(
(hw −hv) i

π

p
+ϕv −ϕw

)]
·sin

(
(hw +hv)

π

2p

)
hw +hv

+
sin

(
(hw −hv)

π

2p

)
hw −hv


(5.27)

Being hv and hw of the stator MMF present simultaneously the torque contribution
of each pole is equal to 5.28.

Ti,hw,hv =−rgl
µ0

g
ˆfshw

ˆfshv

1
2
·[

(hwKhv +hvKhw)sin
(
(hw +hv) i

π

p
−ϕw −ϕv

)
+(hwKhv −hvKhw)sin

(
(hw −hv) i

π

p
+ϕv −ϕw

)]
·sin

(
(hw +hv)

π

2p

)
hw +hv

+
sin

(
(hw −hv)

π

2p

)
hw −hv


(5.28)

Summing up the contributions of the poles, some of them result in a zero sum.
In fact, by the observation of the first bracket of the formula (5.28):

• when hw+hv is an even multiple of p, the sin
(
(hw +hv) iπ

p −ϕw −ϕv

)
results

in a non zero sum

• when hw−hv is an even multiple of p, the sin
(
(hw −hv) iπ

p +ϕv −ϕw

)
results

in a non zero sum

Instead to the observation of the second bracket of the formula:

• when hw +hv is an even multiple of p the term sin
(
(hw +hv)

π

2p

)
is zero

• when hw −hv is an even multiple of p the term sin
(
(hw −hv)

π

2p

)
is zero
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As a consequence the harmonics hv and hw must respect the conditions in 5.29 in
order to contribute to the torque:

{
hw +hv = mp
hw −hv = np

(5.29)

with m integer even and n integer odd or alternative m integer odd and n integer
even. Equation (5.29) say that only the pair of harmonics for which their sum is an
even multiple of p and their difference is an odd number of p (or vice versa) can
interact to give a torque component. As a consequence, the harmonics that are object
of interest according to the 5.28, are those ones for which 5.30 is valid.{

hw = m+n
2 p

hv =
m−n

2 p
(5.30)

Being m even and n odd or vice versa, also the sum and the difference of m and
n results in a odd number. In order to have h as an integer the number of p must be
even. This means that only for the machines characterized by an even number of p
must be taken into account the contribution of the mixed torque.
Being the sum and the differences of m and n an odd number, only the harmonics
that are odd multiple of p/2 can interact between each other in order to produce
torque.
It is worth noticing that the case hw = hv occurs for n = 0. In order to obtain 5.22
from 5.28 it is needed to substitute hw = hv and to divide the results by 2 since in
(5.28) the two dual torque terms are present.

For a SyR machine with p being odd, only the harmonics multiple of pole pair
can contribute to the torque and then only "mirror torque" formulation must be
considered. In the case of p being even the cross effect of non-multiple harmonics of
the pole pair must be taken into account through the mixed torque formulation.

Two expressions of the torque can be written. One that considers m even and the
other one that considers m odd.
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Tmeven =+prgl
µ0

g
ˆfshw

ˆfshv
· (hwKhv +hvKhw)sin(ϕw +ϕv) ·

sin
(
(hw −hv)

π

2p

)
hw −hv


(5.31)

Tmodd =+prgl
µ0

g
ˆfshw

ˆfshv
· (hwKhv −hvKhw)sin(ϕw −ϕv) ·

sin
(
(hw +hv)

π

2p

)
hw +hv


(5.32)

In (5.31) and (5.32) the parameters ϕv and ϕw contain the dependence of the
phase angle (γd). It is worth noticing that the sum and the difference of ϕv and ϕw

can leads to torque components that are dependent on the phase angle or to torque
components that are independent by the phase angle.

According to( 5.30) it is possible to realize a matrix like the one in Fig. 5.9, in
which the allowed m,n pairs identifies uniquely the pairs of harmonics that if present
can give a mixed torque component. The not allowed situations (the sum and the
difference between n and m are both even or both odd ) are evidenced by a small
cross.

Fig. 5.9 m,n points allowed .
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In a 3-phase motor for example the table can be built excluding also the case in
which the the sum or the difference of m and n gives an harmonic multiple of 3. The
void space in the table identifies the pairs of harmonics that, if present in the stator
MMF, are able to produce torque components. It is worth noticing that the elements
in the row characterized by n = 2 give independent of time contributes to the torque.
In all other cases they constitute vertices of a square characterized by a specific
ripple harmonic ( Fig. 5.10). For example in a 3-phase 4 poles machine the pairs
of harmonics (7,5),(7,1),(11,5),(11,1) if present can contribute to the torque with
a sixth harmonic, the harmonics (13,11),(13,7),(17,11),(17,7), if present, can
contribute to the torque with a 12 harmonics and so on. For the red dots (5.31) must
to be used while for the purple dots (5.32) must be used. The line n=2 is related to
the continuous components of mixed torque for which (5.32) must be used. All this
harmonic are present in the q = 1/4 solution. The model is valid for any multiphase
machine. For example, considering a 5-phase 4 poles machine (as the 5−1−4−1
solution is) the pairs of harmonics (13,3),(13,7)(17,3),(17,7) contribute to the
torque with a tenth harmonic, while the harmonics (23,7),(27,7),(23,13),(27,13)
contribute to the torque with a fifteenth harmonic. Also in this case the line n=2 is
related to the continuous components of mixed torque for which (5.32) must be used.
Fig. 5.11 shows the squares related to the 5-phase 4 poles machine.

The total torque due to interaction of harmonics of different order is obtained
from (5.31) and (5.32) , by summing up to infinity all the allowed m values, while n
is summed up to m−1 only as in (5.33).

Tmixed =
∞

∑
m=1

m−1

∑
n=1

Tm,n (5.33)

where Tm,n is equal to (5.31) if m is even and is equal to (5.32) when m is odd.

5.5 Validation

In order to validate the model, FEA have been conducted. The motor chosen is a 4
poles rotor. For the motor characterized by p even, also the harmonics not multiple
of pole pairs can contribute to the torque. In this section the main characteristic of
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Fig. 5.10 m,n point allowed and vertex of the squares that contribute to a specific harmonic
order for a 3-phase 4 poles machine. In red the vertex related to m even, in purple related to
m odd.

Fig. 5.11 m,n point allowed and vertex of the squares that contribute to a specific harmonic
order for a 5-phase 4 poles machine. In red the vertex related to m even, in purple related to
m odd.

the stator and the rotor used for validation are reported and the simulation results are
collected.
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The rotor

The rotor must be as close as possible to the ideal one. The main limitation is
imposed by the impossibility to simulate a very large number of segments due to the
limit imposed by the solver. The machine has been designed in an automatic way
using the formulas reported in appendix A. In order to realize a constant permeance
rotor the percentage of air in each segment must be reduced going from the d-axis to
the q-axis. If the width of segments is constant this will lead to have a thickness that
increases going from the d to the q-axis. In order to design a reasonable solution
from the flux distribution point of view it is possible to follow an iterative procedure
in which the thickness of the sections is reduced going from the d to the q-axis. In
this way, it is possible obtain a reduction in the air ratio a(ξ ′) as in the left picture
of Fig. 5.12 with a reduction of the segment thickness as in the right picture of Fig.
5.12.

Fig. 5.12 a(ξ ′) ratio and the thickness function implemented in order to obtain a reduction
in the iron from d to q axis.

Fig.5.13 shown the resulting rotor pole designed according to Appendix A, in
which it has been implemented the segment thickness function in the right picture of
Fig. 5.12 and the air ratio a(ξ ′) is reduced as in left picture of Fig.5.12.

In order to conduct a simulation closer to the ideal case, the iron used is linear
and with the maximum permeability admitted by the solver. Between two adjacent
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Fig. 5.13 Ideal rotor pole p = 2 .

poles a small width of air has been positioned and a boundary condition between
the poles has been put. The previous assumptions can also be removed in order to
approach the real case.

The stator

In order to verify the analysis a special stator must be designed. Since in the model
no stator slots have been taken into account, a real stator structure can not be used in
the simulations. What we want to realize is a stator structure that allows to generate
the same rotating magnetic field at the air gap of a real stator without introducing
phenomena related to the slots. In addition, it is better to realize a system that allows
to apply the stator harmonics once at time (or a pair of harmonics) in order to see
how the rotor reacts to each of them. This can be done using a stator ring in which
on the surface is applied a linear current density that reproduces the effect of stator
MMF harmonics. This method was used by Tessarolo et al in [69–72] in order to
evaluate the rotor eddy current losses in PM machines.

The software used for the FEA validation is the Finite Element Method Magnetics
(FEMM 4.2). In this environment it is possible to realize a linear current density by
the use of points in which the current can be applied. The stator can be modelled by
an iron ring with nd point (dot) equally distributed on air gap surface. According
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to [72] the current ∆Id that must be applied to each point identified by d ( can vary
from 1 to nd) is equal to 5.34.

∆Id (t) = rg∆αdJ (d∆αd, t) (5.34)

where ∆αd = 2π

nd
identifies the distance between two points and the αd is the

mechanical angle of the generic point d. The current density is related to the stator
MMF by the equation 5.35 ( that discend by the Ampere’s circuital law).

J (α, t) =
1
rg

∂ fsh (α, t)
∂α

(5.35)

The generic harmonic h of the MMF in the stator reference frame is equal to 5.36
, where ∓ identify if the harmonic is associated to a direct or reverse rotating field.
Then the density current that has to be considered in the simulation is 5.37.

fsh =
ˆfshcos(hα ∓ωt ∓ γd) (5.36)

Jh (α, t) =−h ˆfshsin(hα ∓ωt ∓ γd) (5.37)

The harmonics that must be applied are the harmonics of the stator MMF (the
harmonic of the rotating magnetic field) of the real stator that we want to emulate.

The ideal stator, coupled with an isotropic rotor is reported in Fig.5.14. In the
picture the harmonic applied by (5.37) is the 4th with a phase angle of γd = 45◦.

Results

In a 4 poles machine the harmonics that if present on the stator MMF can contribute
to the torque are:

• the harmonics multiple of p (2,4,6,8...)

• the harmonics that result from the table m,n in Fig.5.10
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Fig. 5.14 Ideal stator coupled with an iron rotor : flux density plot considering the application
of the harmonich = 4.

In order to verify the results some of the harmonics of the machine q = 1/4 have
been applied. The harmonic spectrum of the machine q = 1/4 is reported in Fig
5.15.

Fig. 5.15 Harmonic spectrum for the machine q = 1/4.

In Fig. 5.15 the harmonics that contribute mirror torque are reported in blue. In
red are reported the harmonics that contribute to the mixed torque. Thanks to the
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specific stator designed for the validation it is possible to apply each harmonic once
a time or all together in order to evaluate the results.

The flux density plot when the harmonic h = 1, h = 2 and h = 4 are applied are
reported in Fig. 5.16.

Fig. 5.16 Ideal stator coupled with an the ideal rotor: Flux density plot for different harmonic
orders.

The rotor reaction to the sub harmonic, to the synchronous harmonic and to the
multiple harmonics are reported in the Fig. 5.17, Fig. 5.18, Fig. 5.19 .

Fig. 5.17 Rotor reaction to the sub-harmonic h=1.

In order to evaluate the torque, time stepping simulations have been performed.
In the simulations the rotor is moved for each step according to the synchronous
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Fig. 5.18 Rotor reaction to the synchronous harmonic h=2.

Fig. 5.19 Rotor reaction to the harmonic h=4.

harmonic. By the application of the stator harmonics that contribute to the mean
torque and to the 6th torque ripple harmonic the torque results in Fig. 5.20.
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Fig. 5.20 Simulation results (in red) vs analytical calculation (green line) over an electric
period for the machine q = 1/4 considering the application of the harmonics that contribute
to the mean torque and to the 6th torque ripple harmonic.
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5.6 Conclusions

In this Chapter a mathematical model is proposed in order to evaluate the torque
and the torque ripple in SyR solutions. A pole-per-pole approach has been followed
and allows to highlight the non uniform rotor reaction, when harmonics not multiple
of pole pairs are present, and to understand the mechanism of the torque ripple
production in SyR FSCW solutions. The main results is that, in a SyR machine with
a number of pole pair odd, only the harmonics multiple of pole pair can contribute to
the torque and then only the mirror torque formulation must be considered. In the
case of pole pair even, the cross effect of harmonics not multiple of pole pair must to
be taken into account through the mixed torque formulation.
For the harmonics not multiple of pole pairs the rotor reaction has a jump across
the d-axis. In the real case, at least in the positive one, this jump is not physically
acceptable. Adjacent poles in fact react to the same harmonic in different way forcing
the spider to assume locally different potential. Across the d-axis a rotor reaction
imposed the continuity of the potential. As a consequence the rotor reaction will be
modified. This has a direct impact on the torque components of the mixed torque
for n=2 that result strongly reduced in their amplitudes. The model proposed offers
a torque and torque ripple predicting formula in a generic m-phase machine in a
2p ideal rotor. Being the rotor able to react to each harmonic, the model proposed
identifies also the worst case since, the filtering effect of the reduction of the segments
or the specific rotor design are not considered. In addition looking forward to the
real case, the analysis proposed here represents the starting point for the calculation
of the rotor reaction in the case of a limited number of flux barriers. Starting from
the ideal rotor reaction in equation (5.17) following a sampling and hold approach
as in [73] it is possible to obtain the staircase rotor reaction. The torque expression
can then be rewritten considering the typical staircase rotor function. All of this will
allow to compare positive and negative rotor solutions. This development is part of a
work in progress that is not reported in the thesis.
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Conclusions

The aim of the research was to investigate the advantages introduced by multiphase
synchronous electric machines with a simple structure, mainly focusing on the
advantages in terms of torque performance. The stator structure chosen was the tooth-
coil wound because of its realization and maintenance simplicity. The combination
of multiphase machine and tooth-coil woundings allows to obtain a very simple
structure with a limited harmonic spectrum in the magnetic field if some specific rules
are chosen. A generalized algorithm to identify the right stator-rotor coupling in order
to obtain a tooth-coil wound machine with a very low torque ripple contribution
is presented, and some examples of the proposed algorithm are reported. The
harmonic field produced by the generic multiphase tooth-coil wound stator was
studied analytically. An analytical model that allows to estimate the torque for
Surface Mounted Permanent Magnet (SMPM) Multiphase machines is proposed.
The model was validated by Finite element analysis (FEA) for different multi-3-
phase motor solutions. Between all the possible solutions the triple-3-phase one
was deeply analysed. Different rotor solutions have been considered. The design
results in a 9-phase 10-poles SMPM machine. An inset rotor solution has been
studied considering three different permanent magnets configurations and appear
like a good compromise solution when bandaging wants to be avoided. The motor
designed by following the specific rules, exhibits a very low torque ripple value. The
torque ripple harmonics are the ones predicted by FEA and by the model. Although
small, additional harmonics are present due to constructive defects in the mechanical
machine realization, and due to the presences of radial forces not taken into account
in the FEA or in the modelling. The experimental results suggest to execute multi-
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physics simulations in order to investigate the effect of the radial forces on the
torque ripple. Otherwise, despite its simplicity, the machine tested results in a very
low torque ripple solution. An improvement of the performance can be obtained
by repeating the machine two times. The machine built is simple, maintainable
and suitable for integration with the power electronic especially if the COOL-TIE
concept presented is implemented. The cost of this simplicity in the motor realization
is in the increased converter complexity. Otherwise additional advantages for the
converter point of view exist. In this thesis an additional degree of freedom, the
PWM shifting between carriers, has been studied. A control strategy was proposed,
fully analysed by simulation and then tested. The control technique proposed allows
to obtain a significant reduction of the dimensioning DC-link rms current. The
research was extended to multiphase tooth-coil wound Synchronous Reluctance
machine (SyR) and an analytical model for torque calculation was presented. A pole-
per-pole approach has been followed and allows to highlight the non uniform rotor
reaction, when harmonics not multiple of pole pairs are present, and to understand
the mechanism of the torque ripple production in SyR FSCW solutions. The analysis
is limited to an ideal rotor and represent the starting point for a generalized theory
that allows to study and compare positive and negatives multiphase SyR solutions
independently by the flux barrier design.



Appendix A

Constant Permeance 2p SyR rotor

Lets us consider an ideal rotor pole of a machine with 2p poles characterized by
a very large number of rotor barriers, as in Fig.A.1. This can be seen as a sort of
"distributed anisotropy" pole. The q axis of this pole is defined at the center of this
pole and from this axis the mechanical coordinate ξ is defined and is positive in the
clockwise direction. Is then considered the application of the sinusoidal stator MMF
of harmonic h as in (A.1) where the dependence of time is contained in ϕ:

fsh =
ˆfshcos(hξ −ϕ) (A.1)

This can be always split into two components, being odd and even functions with
respect the q axis (A.2),(A.3).

2 fdh = fsh (−ξ )− fsh (ξ )) (A.2)

2 fqh = fsh (−ξ )+ fsh (ξ ) (A.3)

The rotor pole reacts to the q axis component of the stator MMF by an even
magnetic potential distribution frh(ξ ). But the rotor magnetic potential frh(ξ ) is not
sinusoidal, in general, due to the rotor shape.



127

Fig. A.1 Definition of the refernce frame ξ for a generic pole of an ideal rotor with a very
large number of rotor barriers

In this Appendix is demonstrated that the rotor reaction is still sinusoidal of the
same h order of the stator MMF, if the permeance of each flux barrier is constant.
Then the rules to obtain a constant permeance rotor are presented.

As done in [74] a differential analysis can be conducted considering a rotor
segment very thin. According to [74] and considering the rotor geometry in Fig A.4
the permeance parameter can be expressed by (A.4).

ρ(ξ ′) =
f (ξ ′)

a(ξ ′)
(A.4)

in which f (ξ ′) is the lamination shape equal to A.5 and a(ξ ) is the ratio between
non magnetic and magnetic materials in the segments, that can be a function of the
rotor coordinate ξ ′ in general . The lamination shape function depends by half-length
of a lamination y(ξ ′) and by the angle ς .
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f (ξ ′) =
y(ξ ′)

dx
dξ ′

(A.5)

As a consequences the parameter permeance results in (A.6).

ρ(ξ ′) =
y(ξ ′)

Ra(ξ ′)senς(ξ ′)
(A.6)

Since each flux barrier is supposed to have constant thickness, the inside flux
density Bah is uniform and can be written as in (A.7), where frh is the rotor magnetic
potential related to the hth harmonic order of the stator MMF.

Ba = µ0
d frh

a(ξ ′)dx
(A.7)

Introducing the parameter ρ equation (A.8) results in which the term Bay rep-
resents one half the flux flowing through the flux barrier identified by ξ ′. The flux
flowing trough the flux barriers is also called adjacency flux.

Bay = µ0ρ(ξ ′)
d frh

d(ξ ′)
(A.8)

Fig. A.2 Rotor geometry parameter.The picture is reproduced from I. Marongiu and A.
Vagati, Improved modelling of a distributed anisotropy synchronous reluctance machine,
presented in Conference Record of the 1991 IEEE Industry Applications Society Annual
Meeting.

With reference to the schematic magnetic segment in Fig. A.3 the flux balance
can be written in A.9
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Fig. A.3 Balance of the flux across the lamination. The picture is reproduced from I.
Marongiu and A. Vagati, Improved modelling of a distributed anisotropy synchronous
reluctance machine, presented in Conference Record of the 1991 IEEE Industry Applications
Society Annual Meeting.

−d (Bahy) = Bqh ·R ·d
(
ξ
′) (A.9)

Being

Bqh = µ0
(

fqh − frh

)
(A.10)

Moving from d to q axis the decrement of the adjacency flux is compensated by
the symmetrical q-axis at the rotor surface.

From (A.9) and (A.8) the equation (A.11) results

ρ

(
d2 frh

dξ ′2

)
+

(
dρ

dξ ′

)(
d frh

dξ ′

)
+

R
g

(
fqh − frh

)
= 0 (A.11)

where g is the constant airgap. If the applied MMF is sinusoidal the frh is not, in
general, due to the terms ( dρ

dξ ′ ). But if the permenance ρ(ξ ′) is constant the equation
(A.11) reduces in to the linear and costant coefficient equation in (A.12) and the frh

results sinusoidal too. Being ξ ′ = xi+π/p then dξ ′ = dξ .

fqh − frh =− g
R

ρ
d2 frh

dξ 2 (A.12)

From (A.12), let us observe that the first term in the expression multiplied by
µo/g represent the q component of the airgap flux density. The q component of
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the pole flux density is then obtained by integrating this component across the pole
span. As a consequence the q component of the pole flux results proportional to the
derivative d f rh/dξ calculated at the pole border π/2p.

By substitution of the (A.1) and (A.3) in (A.12) equation (A.13) results.

frh =
ˆfqh cos(hξ )

1+ g
Rρh2 (A.13)

In practice, the rotor magnetic potential is a sinusoidal function in phase with fqh

but of a reduced amplitude. The reduction coefficient is given in (A.14) that become
heavier and heavier when the harmonic order increases. This means that the salient
behaviour of the ideally rotor rapidly decrease as harmonic order multiple of p are
increased.

kh =
1

1+ g
Rρh2 (A.14)

In order to obtain a parameter ρ(ξ ′) constant the percentage of air a(ξ ′) must to
change according with y(ξ ′) and ς(ξ ′) as in (A.15).

a(ξ ′) =
y(ξ ′)

Rρsenς(ξ ′)
(A.15)

By geometric consideration from Fig.A.4 equations (A.16),(A.17),(A.18),(A.19)
and (A.20) results.

y(ξ ′) = r(ξ ′)β (ξ ′) (A.16)

r(ξ ′) =
2Rsin

(
ξ ′

2

)2

sinβ
(A.17)

β
′ (

ξ
′)= sin−1

(
R

r (ξ ′)
sin

(
π

2p
−ξ

′
))

(A.18)

β
(
ξ
′)= π

2
− π

2p
−β

′ (
ξ
′) (A.19)
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Fig. A.4 Design parameters that define the permeance in the rotor.

ς
(
ξ
′)= π

2
−ξ

′−β
(
ξ
′) (A.20)

Fig A.5 reports the function a(ξ ′) for different poles fixing the initial amount of
air a(0) = 0.5. The corresponding value of ρ are reported. The parameter ρ assumes
value equal to 2 for pole pairs p = 1 (for which the parameter a(ξ ′) is constant) and
reduces going to p greater.

Following the formulas reported in this appendix it is possible to obtain a constant
permeance rotor, an ideal rotor, able to react to the q component of the generic
harmonic h of the stator MMF with a rotor magnetic potential that is still sinusoidal
of the same order h.
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Fig. A.5 Air ratio a(ξ ′) in order to have constant permeance in each flux barrier.



Appendix B

Manufacturing Process

The machine has been designed in all its parts (Fig. B.1) in order to have a motor
that can be easily manufactured and easily maintained.

Fig. B.1 Electrical motor components

All the assembly steps are here reported.

The iron available is a pre-glued M250 35A. The stator and the rotor pack was
obtained from the iron block in Fig. B.2 with the dimension 140∗140∗104mm using
wire Electrical Discharge Machining (EDM).
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Fig. B.2 Pre glued iron block M250-35A and the stator obtained by EDM

The stator was positioned in the outer casing with thermal interference fit. The
stator position must be controlled in order to achieve an alignment between the
two end shields of the motor frame. This allows an easier connection of the wire
terminals and the installation of the cooling system designed, that is described in
the next section. In order to execute the centring of the stator in the stator frame the
scrap of the stator from the EDM process (the negative) in Fig. B.3 can be used like a
guide. Three pins screwed on the frontal shield and connected to the negatives of the
stator allow the correct positioning inside to the casing. These three elements were
then placed in an oven until they reach 120 ◦ C, and after the extraction, the stator
lowered into the heated pieces. The negative acts like a guide for the stator allowing
the correct centring. The thermal contraction of the aluminium of the stator casing
put the stator and the casing in contact by interferences. The maximum achievable
precision is in the order of +−0.2mm. That is two times the tolerances of the EDM
process.

As discussed previously the windings are tooth coil wound obtained from 9
preformed coils. The coil was made from copper enameled wire (magnet wire) in
order to create a better fill factor . The coil realized is shown in Fig. B.10. A Nomex
sheet was placed on the surface of the coil in contact with the iron.

Before mounting, the coil was compacted. A forming system was realized in
order to compact the windings in terms of the width and hight. Then this forming
system and the coil that needs to be formed was put in a press and the end connection
was modelled to better fit into the available space. The coils were putted in contact
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Fig. B.3 Negatives of the stator from the EDM process positioned inside the rotor. In the
picture it is possible to see the pins

with the stator without any glue or resin. This was done to place the cooling system
(not yet available) and to allow the reversibility of the operation in case damage to
the insulation. A fixing by resin under pressure can be done in a second time.

The rotor pole was designed with an housing slot for the magnets. Some attention
must be done in the position of the magnets in the housing slots. In order to avoid
that the repulsion of the magnets push them out of the housing slots, the scrap of the
rotor from the EDM process was used. The rotor was positioned inside the negatives
of the rotor and the insertion of the magnets starts . Glue was used inside the hosting
slots in order to facilitate the placement of the magnets and once cures to keep the
magnets inside the rotor.

For the solution called array of magnets, commercial magnets of dimension
4mm ∗ 4mm ∗ 20mm were chosen. Each housing slot can contain five rows of five
magnets side by side. The magnets have a precision of ±0.1mm. For the solution
characterized by customized magnets with axial magnetization five rows of 1 magnets
can be used.
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Fig. B.4 Negatives of the stator from the EDM process connected to the frontal shield.

B.0.1 Constrait and drownback

Electrical Discharge Machining make it possible to machine complex form with high
precision thanks with the finishing processes. Otherwise some complication can
occur during electro erosion. Surface problems are generated by residue of material
between the electrode and the iron, that can be present if the filtering system of
the dielectric liquid is not effective. In Fig. B.11 the lamination and the corrosion
phenomena are well evidenced. In addition, electrolytic corrosion can occur,even
if the material is corrosion resistant, due to the eddy currents that interact with the
metal ions that can corrode the machined piece. This situation can worsen if the
duration of the increases. In addition this corrosive phenomena has the potential to
cause cracks that can affect the straight of the piece.

The observation of the cutting surface in Fig B.11 shown that the corrosion
is present more in the internal surface of the stator than in the external surface.
Corrosion is in our application very damaging since lead all the laminated pack in
short circuit. In order to remove the oxide present on the surface of the packs a
sandblasting procedure can be performed.

Another problem found in the first prototype is related to the use of the array of
magnets. This solution, although cheaper, is very risky and the process of positioning
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Fig. B.5 Negatives of the stator from the EDM process inside the external casing in order to
allow the correct positioning of the stator.

Fig. B.6 Final position of the stator inside the casing.
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Fig. B.7 Tooth coil, number of turn per coil 42.

Fig. B.8 Tooth coil former in the press.

Fig. B.9 Tooth coil former in the press.
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Fig. B.10 Inset rotor inside its negative from EDM.

Fig. B.11 Oxidation phenomena after EDM process. On the left the internal stator surface
with oxidation, and in the right the external rotor surface

of the magnets it is very time consuming. In the first prototype realized some magnet
along the axis of the machine has assumed a unwanted position that lead to some
asymmetry in the rotor. Another rotor has been realized with the use of customized
magnet with parallel magnetization.

An additional problem is related to the not perfect shaping of the coils. The
forming process in fact has damaged the insulation of the coils and during the electric
discharges occurs. This operation must then to be avoided.



Appendix C

The COOL-TIE concept

The solution here briefly proposed is under patenting process and is part of a proof of
concept under the acronym COOL-TIE (COOLing Topologies for Integrated Electric
Drives) financed by Politecnico di Torino.

The machine has been thought to simplify the manufacturing process. The void
space in the slot, between two adjacent space can be used in order to realize a
thermal exchange channel. In this way it is possible to realize a simple direct cooling
system. This allow to obtain an increment in the power density of the drive in small,
medium applications (under100kW ). Typically the direct cooling system is used in
fact in hight power application. For small application direct cooling solutions are not
typically used since results in a complicated structure for a series production.

In particular is possible to design a cooling devices for an electric machine that
can be put in thermal exchange with the stator winding. The shape of the device
chosen is reported in picture Fig. C.1, in Fig. C.2, Fig. C.3 .

The shape is of the device is elongated and present a cross-section which is
compatible with the cross-section of a cavity within the stator.

The material of the channel must have a greater thermal conductivity than the
material of the stator (higher than 100W/(mK)). In addition a good electric resistivity
higher than 1.0ωm and a good dielectric rigidity positioned between two phases. If a
material characterized by an hight dielectric rigidity (greater than 1MV/m) is chosen
an improvement of the reliability can be obtained or in other terms a higher voltage
level can be used. Of course the material chosen must he be not magnetic in order
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Fig. C.1 Cooling device

to not change the flux distribution in the machine. The device has been though to
have a duct for the passage of a refrigerating fluid. The material chosen must to be
resistant to corrosion.

Among the materials the more promising is the Silicon carbide (SiC or SiSiC).
Another possible material is the Aluminum Nitride (AlN) but its mechanical fragility
not allows to obtain feasible solutions due to the shape chosen.

The devices characteristic are compatible with a power electronic integration.
The device can host part of the power electronic, at least the power modules, on its
surface. Power electronic and motor can share the same cooling system with a direct
reduction of the spaces. In an integrated solution the cable length between motor and
inverter is reduced with advantages in terms of overvoltages on the motor side [75],
and allows to obtain a better International Protection Rating (IP). It is worth noticing
that the proximity between power electronic and motor allows to reduce the problem
related to Electromagnetic interference (EMI) and Electromagnetic Compatibility
(EMC).



142 The COOL-TIE concept

Fig. C.2 Electrical motor with direct cooling system

Fig. C.3 Thermal fluxes in the system
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