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Abstract: In this paper original analytical models to determine the electromagnetic performances of
segmented permanent magnet synchronous machines (with removed active parts in the stator or the
rotor) are presented. These models are adapted to PMSM with large air gap width, large diameter,
a high number of poles and large angular gaps. This method based on analytical approach is validated
by comparizon with a 2D Finite Element calculation (Altair Flux™ 2D) for the specifications of a
large diameter, low speed tidal high power current turbine generator. The presented method allows
fast and accurate evaluation of the performances of this kind of particular machine and can be used
in a systematic design process.

Keywords: permanent magnet motors; segmented machines; electromagnetic performances; analyti—
cal model

1. Introduction

The presented study deals with unconventional structures of Permanent Magnet
Synchronous (shortened as PMS) electrical machines. In the following, these machines
are called segmented machines. Studies of these kinds of machine appear in the literature
for some years [1-4]. In these particular structures of electrical machines, the stator [1-3]
or the rotor [4] is divided into several parts which contain active parts (named sectors)
which are separated by non-active areas (called gaps and which does not contain active
parts). Figure 1 presents structures with a segmented stator or a segmented rotor with
ns = 2 sectors. The ratio between total gap width and circumference is equal to pg,p = 0.125
for the stator-segmented structure and pg,p = 0.25 for the rotor-segmented machine.

The gaps can be filled with amagnetic materials (for example, specific resin) or soft
ferromagnetic materials (iron laminations). Indeed, using ferromagnetic materials in the
gap leads to a better cooling than if non-metallic gaps are used because the internal heat
sources (losses) can be evacuated by these non-active metallic parts.

These very unconventional structures can be used to reduce the losses part related to
the end-windings in very large diameter electrical machines with small axial length and/or
to increase efficiency and reliability [5,6]. These structures can be for example used in
Rim-Driven machine for tidal turbine or marine propeller where the machine diameter is
directly linked to the turbine or propeller external diameter.

Test cases corresponding to a high power Rim-Driven generator for tidal turbine are
considered. In a Rim-Driven system, the electric generator active parts are located in a duck
surrounding the turbine blades. In this configuration, if a non-segmented design is used
for a Rim-Driven turbine, the axial active length of the electrical machine is very small and
the majority of copper is located in the end-windings (almost 80% for the non-segmented
reference machine presented in [7]). This is why segmented stator PM machines have the
expected advantage to reduce the part of the end-windings copper volume and so the
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global copper losses into Rim-Driven systems as shown in [5]. Furthermore, these low-
speed generators have a high number of pole pairs which allow many rotor and stator
segmentation possibilities. Rotor-segmented structures are proposed here to reduce the
mass of magnets. Only structures with segmented stator or segmented rotor with amagnetic
gaps are studied in this paper. The combination of both segmented structures is not studied
in this paper.

This article is a significantly extended version of the conference paper presented in
Compumag 2019 [6], where an estimation of cogging torque in the case of a segmented
stator was studied based on the same non-segmented reference machine.

To estimate the electromagnetic performances of an electrical machine, a Finite Ele-
ment Method (FEM) could be used. In the case of a segmented structure, the increase of
the simulation domain leads to increase the computation time. In order to evaluate the
performances in a faster way, analytical models could be used. Those ones can be useful
at the pre-design step or can be integrated into a systematic design process. Analytical
magnetic flux density, cogging torque, electromotive forces, and global torque calculation
models have been presented and used in the literature for classical non-segmented slotted
machines. In the presented work, these models are modified to be adapted for stator-
segmented structures and rotor-segmented structures. Original analytical methods which
are presented in this paper allow precise and fast estimation of the EM performances of
such structures. They allow also estimating the impact of the suppression of active parts of
the stator or the rotor. A sensibility analysis is done for different gap ratios and different
numbers of gaps to estimate the validity domain of the proposed methods.

(a) (b)

Figure 1. Structures of permanent magnet synchronous machines with (a) stator and (b) rotor segmentations.

2. Context, Hypotheses and Segmentation Protocol

In this paper, large diameter PMS machines with a high number of poles and with
surface mounted radially magnetized magnet are considered. This kind of machines are
widely used in naval propulsion application or associated with tidal or wind turbines
for renewable power generation [7,8]. In these kinds of applications, as shown in [5],
introducing segmentation can lead to significant improvements in terms of performances
and/or reliability. The segmentation consists of removing some active parts (in the stator
or in the rotor), like coils, permanent magnets and/or yoke. For the stator segmentation,
coils and the corresponding part of the stator magnetic circuit are removed and replaced
by an amagnetic material (amagnetic gaps). For the rotor segmentation: the magnets and
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the corresponding part of the magnetic circuit are removed and replaced by amagnetic
materials (amagnetic gaps).

Large segmentations with gaps larger than one pole pair are considered. In fact, to keep
the windings and flux balanced, entire number of pole pairs (for rotor segmentation) and
entire number of winding periods (for stator segmentation) are removed. This is why
the considered hypothesis and proposed models fit well with large diameter machines
with a high number of pole pairs. Indeed, a high number of pole pairs allows a large
number of segmentation possibilities. The segmentation topology can be defined by
two parameters: the number of introduced gaps in the circumference ng,,, and the gap
ratio pgap. The considered structures comprise 1¢,, gaps with the same angular width.
These 14,y gaps are regularly distributed in the structure circumference. The gap ratio pgap
corresponds to the proportion of the gap angular parts in regards to the entire circumference
of the machine. So pg,p = 0 corresponds to the classical machine without angular gaps,
and pgqp = 1 would correspond to a hypothetical machine without stator (or rotor).

Figure 2 presents a part of a stator-segmented machine (with concentrated windings)
where the different parts of the machine are described. Figure 3 shows the different
structures which are studied in this paper: non-segmented machine Figure 3a, stator-
segmented machine with amagnetic gaps Figure 3b and rotor-segmented machine with
amagnetic gaps Figure 3c.
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(permanent magnets) slots which contains three-
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stator yoke
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Figure 2. Stator-segmented structure.
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Figure 3. Magnetic circuits of the studied machines: (a) non-segmented machine, (b) stator-segmented machine with
amagnetic gaps, (c) rotor-segmented machine with amagnetic gaps.
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3. EM Analytical Model
3.1. EM Models for Non-Segmented PMS Machines

For a clearer understanding of the original contributions of the presented work , firstly,
existing methods dedicated to classical non segmented PMS are briefly presented. This is
why this subsection is a brief description and reminder of the known analytical methods for
calculating the EM performance of classical non-segmented PMS machines which will be
adapted to the case of segmented structures in order to establish new models dedicated to
segmented structures. It can be noted that for all the presented analytical models, the iron
core material magnetic permeability is classically considered to be infinite (in fact the
influence of the value of the iron permeability is negligible because iron permeability is
very high compared to other material permeability).

3.1.1. Magnetic Flux Density Due to PM

B,r wich is the flux density located in the air gap can be calculated analytically for
an equivalent slotless machine B,_g. In this case the resolution of Poisson equation by
variable separation allows to obtain the classical expression of this flux density as a Fourier
Series which is given in this reference paper [9] . A permeance function A(6) is used to take
into account the variation of magnetic flux density in the slot openings (1). Then the flux
density generated by rotor permanent magnets in the air gap (at a r radius) is given by (2).

hg +

st
MO) = —— (1)
B/r = B/r—si(r,0) x A(0) )

In (1), hg, by and p, are the air gap and magnet thicknesses and magnet magnetic
permeability, respectively. 75,7 is the flux line additional length located inside the slot
opening area (as shown in Figure 4). The considered flux lines used are considered as
circular arcs in the slot openings areas.

e /2

s!

S

Figure 4. Flux lines in a slot opening for a radial magnetization.

Figure 5 presents the relative permeance function for the non-segmented machine
used in the validation section (Section 4.1.1) for an angular width corresponding to one
pair of poles (this machine has 414 slots and 138 pole pairs with non-closed slots and a
ratio between slots and slot period equal to Bs = 0.46).
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Figure 5. Permeance function taking into account the slot openings for a non-segmented machine.

3.1.2. Cogging Torque

An analytical cogging torque model is presented in [10]. In this model, the calculation
of cogging torque is based on the estimation of the magnetic pressure applied on each slot
opening frontiers. The magnetic flux density created by the rotor By is first evaluated in
each stator openings and the contributions of each slot frontier are added as shown in (3),
for a position of the rotor 6,.

s

2

210 [ Br(0) x (Rs +rp(6))d0 - /(f B2 (8) % (Rq +rﬂ<e))deﬂ 3)

LZ QsO
Tc,slotted(er) =5 X Z{
1

In the Equation (3), €; is the slot-opening width and r is an additional length cor-
responding to the flux line radius applied on the slot side at the position £ as shown in
Figure 4. R; is the internal stator radius, L, is the iron axial length of the machine, y( the
permeability of free space and Qs is the number of slots.

3.1.3. Electromotive Forces and Electromagnetic Torque

A classical method to determine electromotive forces (EMF) E; (4) is based on the
estimation of the no-load flux ¢; (5) of each phase [7].

E(6,) = %) @
27
$i(6,) = Ry x L /7 W;(8) x B,g(6,6,)d6 5)

In (4) and (5) 6, = O, 3, and W;(0) are the rotor position, rotor speed and winding
function of the phase i, respectivelypectively.
The knowing of the EMF allows the determination of the electromagnetic torque T,
by (6).
X E;(6r) x I;(6
Tem (6r) = Z i r)Q (%)

i=1

(6)

E;(6r) and I;(6,) are, respectively the EM forces and the currents associated with the
phase i, and m is the number of phase.

3.2. New Models for Stator-Segmented Structures

The EM models presented for non-segmented machines (magnetic flux density, cog-
ging torque and electromotive forces) are adapted for stator-segmented structures in
this section.

3.2.1. Magnetic Flux Density Due to PM

For the stator-segmented structure, the flux density B, is calculated from the Equation (2)
(as in [9]). For the studied segmentation, the classical relative permeance function A () is
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considered and adapted to take into account the effects into the gaps in addition to the
flux density attenuation related to the slot openings. The approach is an extension of the
classical permeance function (1) by considering that the gap is a large slot, with opening-slot
higher than the pole pitch, as illustrated by Figure 6.

Figure 6. Areas used for the calculation of the cogging torque.

Figure 7 presents the obtained relative permeance function for the segmented-stator
machine considered in the following (7 gaps, 336 slots, 140 pole pairs, and Pgap = 0.25).

1
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Figure 7. Permeance function (relative value) for the machine under consideration with stator
segmentation by an amagnetic material (336 slots, 140 pole pairs, 7 gaps, and 25% of gap).

The contributions related to the slots and to the gaps can be distinguished: the periodic
waveform (waveform variation from 1 to about 0.54) correspond to the effects of the slots
(obtained by the classical methods), whereas the variation between 13 and 26 degrees
results from the effects of a gap. The lower value of the permeance function in the gap
is determined for each structure dimensions set. This value corresponds to the ratio of
the magnetic flux density of permanent magnet without ferromagnetic part in front of
rotor (noted “infinite air gap”) with the magnetic flux density in a slotless machine with
the corresponding dimensions as shown in Figure 8. This value is determined in a first
step by analytical calculation for the two configurations (slotless and infinite air gap).
For the considered test case, this ratio is equal to 0.48. This approach has been validated by
numerical calculations using Flux™ 2D.
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Figure 8. Analytical evaluation of the ratio between the magnetic flux density of a machine with an

infinite air gap and of a slotless machine.

3.2.2. Cogging Torque

In a stator-segmented structure with a amagnetic gap, the cogging torque is due to

PM electromagnetic interaction with the sectors/gaps in addition to the interaction with
slots/teeth. So it is necessary to determine the contribution of gaps to the cogging torque.

1.

Superposition principle

The estimation of the cogging torque for a segmented structure is based on the su-
perposition principle [11]. It is assumed that the contributions of slots and angular
gaps to the cogging torque are independent and can be added. The cogging torque is
evaluated for two basic structures: a non-segmented slotted machine with the same
geometry as the studied segmented machine, and a structure with the same dimen-
sions with no slot and with only one gap on the stator (named mono-gap structure).
An example of this theoretical mono-gap configuration is presented in Figure 9b.
The contribution of slots and angular gaps are estimated separately and then added.
The classical analytical model for calculating the cogging torque (as in [10]) is used to
estimate the first contribution (due to slots).

For the proposed mono-gap model, it is supposed that angular gaps contain entire
number of pole pairs. In fact, to keep a regular winding distribution, the gap angular
width must be a multiple of the winding period which corresponds to a number of
slots defined by Equation (7) and called reduced number of slots.

Po
—red = Spp X2 X ————~xm ’
Qso—red = Spp ppem(Qso, Po) ?

In this equation, Sy, is the number of slots per pole and per phase.

2D FEM (with the software Flux™ 2D) is used in a preliminary step to validate the
mono-gap model. This numerical study shows that the gap width does not influence
the cogging torque peak value nor its frequency for a mono-gap structure, if the gaps
contain entire number of pole pair. Figure 10 presents the cogging torque calculated
by 2D FEM for two single-gap structures with the same geometry (as depicted in
Figure 9b) and two different gap widths, in function of the rotor position 6,. It can
then be seen that the contribution of one gap to the cogging torque is the same for
similar structures with several gap widths .

For a stator-segmented structure, the cogging torque is estimated for the whole slotted
machine T, o404 (Figure 9a) (with the Equation (3)). This contribution is multiplied
by the active part proportion (1 — pgsp). In addition, the mono-gap contribution to
the cogging torque T¢ ronoGap is €valuated and multiplied by the number of gaps 7144
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included in the structure, as shown by (8). This calculation method is valid because
all the gaps are in the same relative position relatively to the rotor poles.

Tc,StatorGap (97) = AL¢slotted (97> X (1 - Pgap) + TC,MonoGap (97) X Ngap (8)

Mono-gap cogging torque estimation

The proposed mono-gap model to evaluate the cogging torque is based on the classical
analytical calculation for a non-segmented structure presented in [10]. The estima-
tion of the mono-gap cogging torque depends on the magnetic pressure in each
active sector/gap interface. The calculation is done on the red shaded area of the
Figure 6. This calculation area corresponds to half a pole pitch in each gap extremity.
The method is extended to the stator-segmented machine by using the flux density cre-
ated by permanent magnets into gaps and the extended permeance function adapted
for gaps in the stator.

The proposed mono-gap model is validated for the mono-gap structure used for
the previous numerical study (Figure 10). Figure 11 presents the mono-gap cogging
torque obtained with the numerical (2D FEM) and proposed analytical methods for a
mono-gap machine with a gap width of ten pole pitches.

For the test case of a large diameter structure, the proposed analytical mono-gap
model gives good evaluations of the cogging torque related to the mono-gap effect.

@)

(b)

Figure 9. Magnetic circuit of the two basics structures. (a) Slotted machine. (b) Mono-gap machine.
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Figure 10. Cogging torque for two mono-gap widths estimated by numerical method (FEM).
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Figure 11. Cogging torques obtained by numerical and analytical models for a machine with only
one gap of ten-pole pitches.

3.2.3. Electromotive Forces

The suppression of some coils impacts the electromotive forces. From the knowledge
of B/r_g4 and the new permeance function, the model (4) for the entire machine (i.e., all the
coils) is used and only the proportion of active parts and so the proportion of coils in the
segmented machine is taken into account.

3.3. New Models for Rotor-Segmented Structures

In this section, the magnetic flux density, cogging torque and electromotive forces
models presented for non-segmented machines are adapted for rotor-segmented structures.

3.3.1. Magnetic Flux Density Due to PM

A modulation function which is 1 where there are magnets and 0 in the parts where
the magnets are removed (gaps) [12,13] is used. This kind of modulation is also used to
model salient pole machines.
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Figure 12 presents the modulation function in the case of a machine with six gaps
regularly distributed over the circumference of the rotor and with pg,, around 20%.

‘l I I T I I

0.8+ i

0.6 |- _

Modulation function

0 I I ! I | | I
0 50 100 150 200 250 300 350

Mechanical position in the air gap (°)

Figure 12. Modulation function to take into account the parts without magnet for a structure with
Pgap around 20% and ngap = 6 gaps.

3.3.2. Cogging Torque

Considering previous assumptions, the cogging torque of rotor-segmented structures
expression (3) is modulated by the active part proportion (1 — pgap) (9).

Tc,RotorGap(Qr) = c,slotted(er) X (1 - pgﬂp) (9)

3.3.3. Electromotive Forces

The rotor segmentation does not modify the winding of the machine. However,
only the coils in front of magnets are taken into account. The classical model (4) is also
modulated by the active part proportion (1 — pgap).

4. Validation
4.1. Methods and Objectives

In the case of segmented machines, the use of numerical simulation can be highly time
consuming because the segmentation leads to a strong increase of the calculation domain
which is directly related to the spatial periodicity of the studied EM structure. This is why,
if EM models have to be used in a systematic design method (optimization for example),
fast and accurate models as the proposed analytical methods are needed. This is why,
a comparison with numerical simulations is achieved to validate the proposed model and
parametric variations are done. The main objective is to demonstrate the ability of the
presented analytical approach to correctly take into account the effects of the parameter
variations with a good accuracy.

4.1.1. Non-Segmented Reference Machines

The segmented structures are based and compared to a reference machine design
with a non-segmented structure. This reference machine has been previously designed
by our team in previous works and corresponds to the specifications of a 300 kW /15 rpm
Rim-Driven generator for tidal turbine [7]. The stator internal diameter value is, in this
case, equal to 11.151 m. In this reference design, around 80% of copper volume (and
consequently Joule losses) corresponds to the end-windings parts. These large losses
leads to a significant reduction of electrical machine efficiency. In order to solve this
problem, unconventional machine structures with segmentation of active parts can be an
interesting solution. The common characteristics of all the studied machines (segmented
and non-segmented structures) are presented in Table 1.
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Table 1. Main parameters of Rim-Driven machine (derived from [7]).

Power P (kW) 300
Turbine speed N (rpm) 15
Air gap length kg (m) 0.02
Linear electric loading Ay (kAxm™1!) 60
Current density J (A X mm?2) 4
Magnet width () to pole pitch (7,) ratio B 0.7
Stator internal diameter D (m) 11.151
Magnet remanence B, (T) 1.2
Magnet relative permeability y, 1.05

To reduce copper volume, a first machine, directly derived from [7], is proposed
with a concentrated winding (with a number of slot per pole and per phase equal to
Spp =1/2). Thus, the geometric parameters are determined to have a half slot per pole per
phase. This machine (named RS-machine) will be used to study the rotor segmentation
effects. Because the winding of this first machine is not divisible due to a two layers
winding topology, a second machine (named SS-machine) is proposed to study the stator
segmentation. This machine is also derived from [7] and keeps the characteristics given in
Table 1. The winding is modified and a machine with a fractional number of slots per pole
and per phase equal to 2/5 is chosen. The choice is motivated by the 1st harmonic winding
coefficient close to 1 [14] and a relatively small winding periodicity (10 poles). In this case,
the number of pole pairs should be slightly modified. Tables 2 and 3 present the different
geometric parameters determined for both reference machines. Figure 13 depicts these
geometric parameters.

c [ S
hys

L=(01- ﬁg)lns
L = Beliss
<>

o I o

Rine T Ry Rm Rs Rexe

Figure 13. Representation of the geometric parameters.

Studies of this kind of machine with large diameter, large air gap, and a small axial
length, like Rim-Driven systems, show that strong leakage 3D effects on the axial ends
of the machines modify the EM behavior of the structure. Due to this phenomenon,
2D calculation (numerical and analytical) overestimates the magnetic fluxes, EMF or torque.
In [15], a correction factor {3p corresponding to the relative error related to the 3D effects is
introduced. The relative error depends on the magnetic air gap length g, (which includes
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both mechanical air gap and magnet height) to the axial length L ratio. The expression of
the corrective factor is given by (10).

Gsp=1-02x f—”; (10)
Z

Table 2. Main geometric parameters of reference machine designed to the rotor segmentation.

Number of slots per pole and per phase S;, 1/2

1st harmonic winding coefficient k;, 0.866 [14]
Pole pair angular width (rad) 27t/138
Magnet height h,;, (m) 0.0208
Slot depth ks (m) 0.0434
Tooth to slot pitch ratio ¢ 0.54
Stator and rotor yoke height /1, (m) 0.0236
Iron axial length L, (m) 0.0564

Table 3. Main geometric parameters of reference machine designed to the stator segmentation.

Number of slots per pole and per phase Sy, 2/5

1st harmonic winding coefficient k, 0.966 [14]
Pole pair angular width (rad) 27t/140
Magnet height h,;, (m) 0.0210
Slot depth ks (m) 0.0472
Tooth to slot pitch ratio B; 0.58
Stator and rotor yoke height f;, (m) 0.0248
Iron axial length L,y (m) 0.0518

Including this corrective factor, Equation (11) expresses the EM torque.

2
Tom = (3D X V2 X kg X AL X By X cos(h) x Lo X % (11)

By corresponds to the fundamental of the air gap flux density (due to rotor at no load)
and is estimated using 2D analytical method as in [9]. k;, is the first harmonic winding
coefficient (see Tables 2 and 3), and A} is the linear electric loading.

Equation (11) is considered to determine the axial length (12) for the EM torque
corresponding to specifications of Table 1. For all the studied cases, the magnets and the air
gap are the same, thus the value of B; is considered as constant, the linear electric loading
Ay given by the Equation (13) is also considered as constant (see Table 1).

Tem
L, = (12)
: {30 X V2 X ko X AL X By X cos(¢) x ZXD2
AL _ Neg X I x QsO (13)

T X D

In Equation (13), I is the current RMS and 1 is the angle between the stator current
and the induced EMF. The axial length values presented in Tables 2 and 3 already are
determined using this methodology.
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4.1.2. Segmented Machines Test Cases

The studied segmented structures (both stator and rotor segmentation) corresponds
to the same specifications than the two reference structures of Tables 2 and 3. All the
parameters of Tables 2 and 3 except the axial length are kept constant.

In the case of a stator-segmented structure, the expression of the average linear
electrical loading became (14) where 1, is the total number of conductors per slot.

/ _ncdexQS_ncdeszo(l—pgap)_
A= nxD Tx D = AL X (1= pgap) (14)

In fact a global linear electric loading A/L, which will varie to be proportional with
(1 — pgap), is introduced in the torque equation without considering the 3D correction
factor (15). The local linear loading, Ay, is maintained as constant (Ay is in this case the
linear loading in the stator sector parts). In fact, to maintain, at first order, the same thermal
behavior of the statoric parts for all the studied structures, A; and | (current density in
the conductors) are kept identical for all the studied cases (heat sources are supposed only
located in the stator windings and heat is supposed to be evacuated radially).

, D?
Tom = V2 X kyy X A} X By x cos(9) x Ly X HT (15)

To keep a constant torque, a new preliminary iron axial length, L. needs to be recalcu-
lated as a function of the segmentation rate pgq)p (16).

/ T,
Lz = = x D2 (16)
ﬁkaXALX(1_Pgup)><Bl><COS(¢)X 1

It can be noticed that the 1st harmonic of the no-load air gap flux density B; does
not vary with pg,,. However the corrective factor {3p depends on the axial length (10),
and thus depends on the gap ratio pggp.

For each preliminary axial length, L,, found for the different Pgap Value, a corrective
factor is calculated with the Equation (10). Thus this preliminary axial length is divided
by the corresponding correction value {3p to have a final axial length, L., that take into
account the end effects in the segmented machine (Equation (17)).

!

LZ
T (D) 1

Figure 14 shows the evolution of the axial length depending on the proportion of
segmentation, with and without considering the 3D correction, for the machines designed
for stator segmentation (Figure 14a) and for the ones designed for rotor segmentation
(Figure 14b).

It can be noticed that the suppression of the active part is compensated by the increase
of the axial length. In other words, with the increase of pg,p, the removed part due to
the segmentation is added at the end of the machine in order to obtain the same torque
performances. The relative parts of 3D effects decrease with the segmentation because
higher the axial length value is, lower the relative part of 3D effects is.

For the validation part, the considered gap topologies are presented in the Table 4.

For the pg,)p variation, angular gaps are located on the circumference of the machine
with a regular distribution, as said in Section 2.
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Figure 14. Axial length depending on the proportion of segmentation, with and without considering
the 3D correction, for the machines (a) with S, = 2/5 and (b) with Sp, = 1/2.

In the case of a rotor-segmented structure, the equations that describe the analytical
models presented earlier (Section 3.3), does not depend of 11¢4,. So the number of gaps
does not affect electromagnetic performance estimation like the cogging torque and the
electromotive forces for this case. This hypothesis is verified by numerical simulations.
The effects of n¢,, are negligible for structure with segmented rotor (1g,, > 0). So the
influence of the variation of 74, is only studied for stator-segmented structures.

Table 4. Test case topology for the parametric variations.

Qs p Segmented Part Pgap Neap
336 140 none 0 0
336 140 stator 0.25 7
336 140 stator 0.50 7
336 140 stator 0.50 14
414 138 none 0 0
414 138 rotor 0.217 6
414 138 rotor 0.391 6

4.1.3. Methodology

Magnetic flux density due to PM, cogging torques, electromotive forces, and electro-
magnetic torques, are calculated using 2D Finite Element Method (2D FEM) and analytical
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model. Results obtained by analytical and numerical models are compared using several
criteria. The first comparison criterion is the correlation value between the numerical
and analytical calculated waveforms of the considered EM quantities. As a reminder,
the correlation value, C(x,y), between two periodic signals x and y is given by (18) (where
(x,y) is the dot product) [16].

{x.y) (18)
(0, x) (v, y)

Peak and mean values of the calculated waveforms corresponding to each considered
quantities are also compared.

For the RS-machines, if 6 gaps are included, the new period is 1/6th of the machine as
shown on Figure 15¢,d. Furthermore, if 7 gaps are regularly introduced on the stator of the
SS-machine, the new simulation domain should correspond to 1/7th of the whole machine
(Figure 15a,b). For the simulation of 1/6th of the RS-machine on the Flux™ 2D software
it takes around 15 min, and around 30 min for the SS-machine (simulation of 1/7th of
the whole machine) in a Intel(R) Core(TM) i5-6500 CPU with 8 Go of RAM. This time,
that it is rather long, attests that a fast calculation procedure can be useful for systematic
design processes.

s
e

Figure 15. Studied machines. (a) Non-segmented machine with S,, = 2/5. (b) Stator-segmented

Clx,y) =

machine with 25% of amagnetic gap. (c) Non-segmented machine with S,, = 1/2. (d) Rotor-
segmented machine with around 20% of amagnetic gap.

4.2. No-Load Flux Densities

The analytical models presented on the Sections 3.2.1 and 3.3.1 are used to estimate
the magnetic flux density created by magnets in the rotor of the test machines (55-machines
and RS-machines).

4.2.1. Stator-Segmented Case

For the estimation of the magnetic flux density created by magnets, it is necessary to
adapt the permeance function. Figure 16 presents both permeance function used for the
SS-machine with pgsp = 50% and 144, = 7 and 14 gaps, respectively.

Figure 17 shows the comparison between the magnetic flux density due to PM in the
air gap for a fixed rotor position as a function of the angular position, given by analytical
and numerical (2D FEM) models for stator-segmented structures with different pg,, and
ngap (Waveforms and spectrum).
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Figure 16. Permeance function for the SS-machine with pg,p = 0.50. (a) ngsp = 7 gaps.
(b) ngap = 14 gaps.

The use of extended permeance functions for flux density calculation give similar
results than numerical simulations. Indeed waveforms are similar, and harmonics contents
and values calculated by the two methods are comparable. The permeance function allows
replicating well the effects due to slotting, as well as the effect of the amagnetic gaps.
The spectral analysis done on the obtained waveforms shows that all the phenomena
related to permeance variation are taken into account using the analytical method.

To complete the study, Figures 18 and 19 present the comparison of the peak values
for the magnetic flux density created by magnets in the air gap calculated by 2D FEM and
analytical model with variations on pg,p and ng,, from the initial design.

There is a small difference between peak values of B, calculated by analytical and
numerical methods which can also be seen in the curves presented in Figure 17. However,
the relative difference between the peak values obtained by 2D FEM and analytical model
is less than 8%.

Figures 18b and 19b show the correlation between the waveforms of the magnetic flux
density due to PM in the air gap given by analytical and numerical models. Results show
that analytical model gives a great estimation of B, in the air gap (stator internal radius)
(correlation value greater than 0.99 for all the studied pg,p and ng,,). However, on one
hand, the increase of pg,p leads to a decrease of the correlation value in the case of stator
segmentation with a amagnetic material. This is due to approximation on the permeance
function related to amagnetic gaps. On the other hand, the increase of the number of gaps
leads to an increase of the correlation between analytical and numerical results.
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Figure 17. Waveforms and spectral analysis of magnetic flux density for the SS-machine with different pgsp and ngqp.
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Figure 19. Comparison between numerical and analytical calculation of magnetic flux densities due
to PM for the SS-machine with p¢a, = 0.50 and with different n1¢4,. (a) Peak values. (b) Correlation.

4.2.2. Rotor-Segmented Case

The waveforms and spectral analysis of no-load flux density, in the case of a amagnetic
rotor-sectorisation, is presented in Figure 20. In the same way that stator-segmentation,
Figure 21 compares peak values and correlation between waveforms obtained by analytical
and 2D FE methods for two different gaps ratios.

With the introduction of modulation function (Figure 12), the analytical estimation
of the magnetic flux density due to the permanent magnets in the rotor is very accurate.
Even if the correlation between analytical and numerical results (Figure 21b) presents a
small decrease when the gap proportion increase, the correlation value between analytical
and numerical waveforms remains higher than 0.998.
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Figure 20. Waveforms and spectral analysis of magnetic flux density for the RS-machine with different pgq, and

ngap = 6 gaps. (al,a2) Reference machine. (b1,b2) RS-machine with pgs, = 0.217. (c1,c2) RS-machine with pgqp = 0.391.
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Figure 21. Comparison between numerical and analytical calculation of magnetic flux densities due
to PM for the RS-machine with n¢,, = 6 gaps and with different peqp. (a) Peak values. (b) Correlation.

4.3. Cogging Torque

The magnetic flux density is used for the estimation of the no-load torque (cogging
torque). The analytical models presented on the Sections 3.2.2 and 3.3.2 are also used.

4.3.1. Stator-Segmented Case

Figure 22 shows the waveforms, the spectral analysis of the cogging torques calculated
by Finite Element and analytical methods, for different pgs, and 1144, values.

The choice of Sy, = 2/5 leads to a very low value for the slots contribution to the
cogging torque. The numerical estimation of this very small cogging torque contribution is
difficult. The high relative difference between cogging torque amplitudes obtained by 2D
FEM and analytical method for the reference machine can be explained by these difficulties
(as shown on Figure 22(al)).

The stator segmentation with amagnetic gaps introduces very large cogging torque
contribution (Figure 10) compared to the slots contribution. Thus the amplitude of the cog-
ging torque in the case of the stator-segmented structure is important (Figure 22b1,c1,d1).

Figures 23a and 24a present a comparison between the cogging torque peak values
calculated by the two methods in the case of amagnetic gaps with different pg,p and 14,
values. Figures 23b and 24b show the correlation values for cogging torque waveforms
calculated by numerical and analytical models for the different stator gap width.

Figure 24a shows that the cogging torque related to the slots is negligible when the
number of gaps increase. This is due to the low value of this cogging torque. For the
studied numbers of gaps, the analytical models provide accurate estimations of the cogging
torque in the case of the stator-segmented structure. The increase of 14,4, allows reducing
the difference between analytical and numerical results. Indeed, there is 7% of difference
for seven gaps versus 4% for the 14 gaps structure.

It can be noticed that, analytical and numerical models give similar results with
a difference of the amplitudes of lower than 7% for all the presented stator-segmented
structures, and similar cogging torque spectrum (Figure 22(a2,b2,c2,d2)). The analytical
model developed with the mono-gap method allows to well transcribe the increase of the
cogging torque peak value with the raise of pgsp and 7ng,,. Then the mono-gap model
allows determining the cogging torque of this kind of machine and can be used in a
pre-design step.
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Figure 22. Waveforms and spectral analysis of cogging torques for the SS-machine with different pga, and n¢4p. (al-a3) Ref-
erence machine. (b1-b3) SS-machine with pgs, = 0.25 and ngqp = 7 gaps. (c1-c3) SS-machine with pgs, = 0.50 and
Ngap = 7 gaps. (d1-d3) SS-machine with pea, = 0.50 and ng4, = 14 gaps.



Appl. Sci. 2021, 11, 459

21 of 29

7,000 1
’g —©— Numerical
= 6,000 | |[—8—Analytical s
<, £ 09998
o =

5 5000 ®
Fl Q
<2 [s] .
S 4,000 o 0.9996
g .
g 3000 S 0.9994
Q =
o
£ 2,000 g
=] j=]
£ S 0.9992
% 1,000 3
=

0 0.999

0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

Gap ratio Gap ratio
P Pgap P Pgap
@) (b)

Figure 23. Comparison between numerical and analytical calculation of cogging torque for the
SS-machine with ng¢q) = 7 gaps and with different pgqp. (a) Peak values. (b) Correlation.
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Figure 24. Comparison between numerical and analytical calculation of cogging torque for the

p

SS-machine with pgs, = 0.50 and with different n1¢,4,. (a) Peak values. (b) Correlation.

4.3.2. Rotor-Segmented Case

In the case of a rotor segmentation, the cogging torque amplitude is due to the
stator configuration (slotting and tooth without tooth tips). In this way, the estimation
of the cogging torque results from the classical method computation. Figure 25 shows
the waveforms and harmonic contents for the RS-machines with different gap ratios, pgap.
In this case the peak value of the cogging torque is about 2.5 % of the rated torque of the
machine. For the three presented cases the results are similar.

To validate more closely the analytical model to compute cogging torque, Figure 26
proposes to compare peak values and waveform correlation values for each cases.

The analytical estimation of the cogging torque for a rotor-segmented machine offers
very good correlation results (Figure 26b) with numerical calculation. Regarding the
maximum values presented in Figure 26a, analytical and numerical models lead to the
same evolution in function of the gap proportion pga, with a difference of around 7%.
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Figure 25. Waveforms and spectral analysis of cogging torques for the RS-machine with different pgqp and ngqp = 6 gaps.
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Figure 26. Comparison between numerical and analytical calculation of cogging torque for the
RS-machine with n1¢,, = 6 gaps and with different p¢qp. (a) Peak values. (b) Correlation.

4.4. Electromotive Force

The magnetic flux density is also used for the estimation of the electromotive forces. The an-
alytical models used and validated in this section are presented on the Sections 3.2.3 and 3.3.3.

4.4.1. Stator-Segmented Case

A no-load simulation allows to determine the electromotive forces created by the magnets
on the stator windings. Figure 27 shows the comparison between EMF at 1 rd/s calculated
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by 2D FEM and analytical model for one of the phase (the EMF at 1 rd /s corresponds to the
angular position derivative of the no-load flux in a phase using (4) and (5)).

In the case of amagnetic gaps introduced in the stator, the used analytical model
leads to a very good accurate estimation of the EMF. It can be notices that only pg,p has
an influence on the EMF. The results are the same for different ng,), if the gap ratio is
kept constant.

Figure 28a shows the decrease of the peak values, for both analytical and numerical
methods. That decrease is due to the corrected axial length. In other words, when the
correction factor is taking into account, the increase of the segmentation rate (and so the
increase of the axial length) leads to a small decrease of the electromotive forces peak value.
Analytical peak values of EMF is less than 1% overestimated compared to numerical results.

In term of correlation between waveforms (Figure 28b), the electromotive forces
obtained by analytical and numerical methods have a correlation around 0.999 for the three
Pgap values.
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Figure 27. Waveforms of electromotive forces in one phase (neutral phase) at 1rd/s for the SS-machine with different
Pgap- (a) Reference machine. (b) SS-machine with pgsp, = 0.25 and ngqp =7 gaps. (¢) SS-machine with pg,p = 0.50 and

Ngap =7 gaps.
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Figure 28. Comparison between electromotive forces obtained by numerical and analytical methods
in one phase at 1 rd/s for the SS-machine with ngq, =7 gaps and with different p¢,p. (a) Peak values.

(b) Correlation.

4.4.2. Rotor-Segmented Case

The Figure 29 presents the electromotive forces created by the magnets on the stator
windings in the case of a rotor-segmented structure.
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Figure 29. Calculated waveforms of electromotive forces at 1 rd/s for the RS-machine with different pgs). (a) Reference
machine. (b) RS-machine with pg,, = 0.217 and n¢,p = 7 gaps. (c) RS-machine with pg,p = 0.391 and ng,), = 6 gaps.
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The waveforms obtained by analytical and numerical methods are very close. The
Figure 30 shows a comparison between peak values from both models and the correlation
value between the waveforms.

The difference between analytical and numerical peak values is less than 2%, and the
correlation value is around 0.999 whatever the gap ratio (Figure 30b).

All the cases lead to good results in term of waveform correlation, peak values and
change with the parameter variations.
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Figure 30. Comparison between EMF obtained by numerical and analytical methods at 1 rd/s for

=}
e

the RS-machine with n¢,4, = 6 gaps and with different pg,p. (a) Peak values. (b) Correlation.

4.5. Electromagnetic Torque

The analytical models for the estimation of the electromotive forces ares now validated
and can also be used to compute the electromagnetic (EM) torque.

4.5.1. Stator-Segmented Case

Figure 31 presents electromagnetic torques obtained using (6) from numerical and
analytical models, and considering rated value sinusoidal currents.

The number of gaps does not affect the EMF calculation. So, with the same current
distribution, the EM torque does not change with a variation of 7¢,).

For a more precisely comparison, Figure 32a presents the comparison of the amplitude
of the EM torque ripples calculated by 2D FEM and analytical models. Figure 32b presents
correlations between EMF and electromagnetic torques calculated using the two methods.

Analytical models give an accurate estimation of the electromagnetic torque, compared
to results from 2D FEM. The correlation value between waveforms is more than 0.999.
However, the estimation of the amplitude of the ripples can be improved.

The comparison between the mean electromagnetic torques values is done in Table 5.
It shows that the analytical model leads to difference less than 2% on these two quantities
between numerical and analytical results.

Table 5. Evolution of the mean electromagnetic torques for the SS-machine with ng,, = 7 gaps.

Gap Proportion 0% 25% 50%
Numerical (T, ) (KN xm) 226 213 213
Analytical (T, ) (KN xm) 222 209 209

Ratio (%) 98.2 98.1 98.1
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Figure 31. Waveforms of EM torques for the SS-machine with different p¢sp. (a) Reference machine. (b) SS-machine with
Pgap = 0.25 and ngqp = 7 gaps. (c) SS-machine with pgsp = 0.50 and ngap = 7 gaps.
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Figure 32. Comparison between EM torques obtained by numerical and analytical methods for the
SS-machine with ng,, =7 gaps and with different pga),. (a) Amplitude of the ripples. (b) Correlation.

4.5.2. Rotor-Segmented Case

In the case of a rotor-segmented structure, Figure 33 presents the evolution of the
electromagnetic torques calculated by 2D FEM and analytical models. Figure 34 shows the
comparison of the amplitude of the ripples and the correlation between results obtained by
both models.
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Figure 33. Waveforms of EM torques for the RS-machine with different pg,p. (a) Reference machine. (b) RS-machine with
Pgap = 0.217 and ngqp = 7 gaps. (c) RS-machine with pg,p = 0.391 and ng4) = 6 gaps.
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Figure 34. Comparison between EM torques obtained by numerical and analytical methods for the
RS-machine with n1¢,,=6 and with different p¢,p. (a) Amplitude of the ripples. (b) Correlation.

The analytical model leads too to the same evolution of the amplitude of the ripples
regardless to the gap ratio, and the correlation value is more than 0.999.

The analytical model allows determining also the average value of electromagnetic
torque with less than 2% difference with numerical results from Flux™ 2D as shown in
Table 6.
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Table 6. Evolution of the mean electromagnetic torques for the RS-machine with n¢,, = 6 gaps.

Gap Proportion 0% ~20% ~40%
Numerical (T;,;) (KNxm) 215 205 198
Analytical (T,p,) (KNxm) 217 208 201
Ratio (%) 99.1 98.6 98.5
4.6. Summary

This summary corresponds to the results obtained in the case of PMSM with large
diameter, large air gap length, with a large number of pairs of poles and with a magnet
width to pole pitch ratio equal to 0.7. The studied segmentations are done separately on
stator and rotor and contain entire pole pairs.

Table 7 presents a summary of the ratio between analytical and numerical peak values
obtained for the different pg,p and nggp.

Table 7. Ratio between analytical and numerical value calculated for the studied EM quantities.

Qs P Segmented Part Pgap Ngap Maximum Bjg Maximum Cy4 Maximum EMF
336 140 none 0 0 0.93 0.47 1.00
336 140 stator 0.25 7 0.92 0.92 1.00
336 140 stator 0.50 7 0.92 0.93 1.00
336 140 stator 0.50 14 0.93 0.96 1.01
414 138 none 0 0 0.93 0.92 1.0
414 138 rotor 0.217 6 091 0.93 1.01
414 138 rotor 0.391 6 091 0.93 1.01

The analytical model for the estimation of the cogging torque for the reference machine
with 336 slots and 280 poles seems to doesn’t work (ratio of 0.47). This difference can
be explained by the fractional slot number which leads to a very low value of cogging
torque for the non-segmented structure. This very low value leads to difficulties to estimate
accurately the cogging torque by FEM.

5. Conclusions

Original Permanent Magnet Synchronous Machines with segmentation of stator or
rotor are considered in this study. Original models are developed to evaluate the electro-
magnetic performances of these machines. These models are based on adapted permeance
functions which are introduced in the field density calculation to take into account the
effects of the gaps. An original cogging torque calculation method is also proposed. For the
cogging torque estimation, the contribution of one mono gap structure and one slotted struc-
ture are calculated independently and added. Comparison with 2D FE Method (Flux™
2D) results in several typical test cases exhibits the accuracy of the proposed methods.

These analytical models are appropriate to evaluate the performances of PMSM with
large air gap width and where entire pairs of poles are removed in the stator or in the rotor.
Indeed, all the correlations between analytical and numerical results indicate less than
1% difference and mean or maximal values of electromagnetic torques are found with an
error around 2%. The proposed original analytical calculation methods allows accurate
and very fast calculation of the main EM characteristics of the studied unconventional
electrical machines. This is why these calculation tools seems very suitable to be used for
the pre-design steps or systematic design steps of such unconventional structures.
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Abbreviations

The following abbreviations are used in this manuscript:

PMSM Permanent Magnet Synchronous Machine
PM permanent magnet

FEM Finite Element Method

EM electromagnetic

EMF electromotive force

SS-machine  stator-segmented machine
RS-machine rotor-segmented machine
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