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Abstract: In new generations of wind turbines and electric vehicles, cost reduction,
efficiency improvement, enhanced reliability, extended maintenance life, noise and
vibration reduction, as well as environmental considerations, are of great importance. In
the meantime, segmented hybrid-permanent magnet (SHPM) machines, mainly the
technology that combines segmented-PMs with different materials, dimensions and
magnetization orientation, provide an opportunity to satisfy these demands. In this
research, while presenting nine topologies of SHPM generator with segmented-PM rotor
based on the Taguchi design of experiments method, a simple precise semi-analytical
model is offered based on the subdomain method to estimate the magnetic performance
characteristics of the SHPM machine. Magnetic partial differential equations (MPDES)
have been expressed in a pseudo-Cartesian coordinate system, and by using the suitable
boundary conditions (BCs) and interface conditions (ICs), the general solution and their
Fourier coefficients have been extracted using the separation of the variables approach.
The performance characteristics of nine investigated SHPM machines were compared
semi-analytically and numerically. A prototype SHPM machine has been fabricated and
the results of semi-analytical modeling have been compared with the results of finite
element analysis (FEA) method and the experimental tests in generating (charging mode).
The FEA simulation and experimental test results have a maximum error percentage of
about 3, confirming the high accuracy of the provided semi-analytical model. A
comparison of induced voltage, torque ripple and magnetic torque is done between the
studied topologies.

Keywords: Segmented Hybrid-PM Machine, Semi-Analytical Modeling, Design
Concept, FEA, Experimental Test.

Nomenclature S The area of the stator slot
Parameter  Description @ The rptor angular speed
T, Electromagnetic torque Ya flux linkage per phase A
€ . I The peak current in phase A
L Axial length of the motor 4
S - - E The phase A back-emf
R Effective radius a -
Ne Number of conductors per slot La Self- inductance of phase A
¢ A matrix connection beF:ween the stator Map mutual inductance of phase A and phase B
. N the number of phase turns
slots and phase connections . !
Pap magnetic flux in phase A and B
¢ The slot flux I the peak current in phase B
ke The stator fill factor B P P
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1 Introduction

VER the past decade, multiple PM machine

topologies have emerged as one of the hottest
research topics in the electromechanical field. Rare
earth PM machines exhibit higher torque and
efficiency compared to conventional PM machines
and are currently used in various torque speed level
systems [1-2]. High-torque, low-speed applications
such as Wind turbines and electric vehicles typically
combine high-speed electric  machines  with
mechanical drive trains [3]. These expensive systems
can inherently suffer from high levels of acoustic
noise, mechanical vibration, and maintenance issues.
However, rare earth PM machines are expensive
compared to their traditional counterparts.
Electromagnetic torque ripple, reluctance torque
ripple, and cogging torque are the three main
components of system noise, vibration, and pulsating
torque phenomena that can lead to desired
performance. SHPM machines, especially techniques
that combine segmented PM with different materials,
different dimensions, and different magnetization
directions, offer a way to meet these needs. In other
words, in SHPM machines, the PM rotor consists of an
optimal cost-effective PM combination that largely
eliminates system problems in addition to meeting
performance requirements.

There are many reports on the use of PM machines
in the field of electric vehicles. In the work [4], a low
rare earth interior permanent magnet synchronous
machine (LRE-IPMSM) was investigated. They
applied a multi-objective optimization technique to
explore the effects of PM thickness and width on
machine performance and optimized the PM width. In
the work [5], an optimization study is performed to
minimize the torque ripple component of a 150 kW
interior PM synchronous machine with delta
configuration rotor magnets used in electric vehicles.
They combined analytical calculations with finite
element analysis and also used genetic algorithm
methods. The effect of rotor configuration on the
performance of internal permanent magnet (IPM)
electric machines has been studied in [6]. They
compared different machine topologies with the same
amount of PM in terms of torque capability, flux-
weakening capability, and demagnetization. A rare-
earth free PM traction machine has been developed for
C-segment electric vehicles [7]. Four different ferrite
PM synchronous machine topologies with different
magnet arrangements and number of magnetic pole
pairs were presented, selected for their high
probability, and compared using a computer FEA tool.
In the work [8], a new brushless machine with PM flux
mnemonics is proposed and implemented as an
integrated starter generator for electric vehicles. The

key lies in the integration of the memory engine
concept, the flux mnemonic, and the double protrusion
PM machine. Therefore, it offers the advantages of
mechanical robustness, controllable air-gap flux, and
efficient on-line PM magnetization. By further using
outer rotor and double layer stator topology, the
proposed 1SG achieves direct drive capability and low
armature reaction. In the work [9], researchers
discussed the analysis of new PM machine topologies.
It also compares different types of electric motors
suitable for automotive applications in terms of their
strengths and weaknesses. In the work [10], authors
present an automated methodology aimed at
minimizing the PMSM design time for HEV
applications through a systematic approach and
parallel computation.

Applications of SHPM machines in electric vehicles
have been investigated in several papers. In the work
[11], the researcher proposed the two-layer HPM and
the non-uniform air-gap motor topology for the EV
applications. Simulation results indicate that the
proposed motor has a favorable flux-weakening ability
and a wide speed range. Design and research of 6-
phase in-wheel surface-mounted permanent magnet
motors (SPMs) and internal permanent synchronous
motors for electric vehicle (EV) applications [12].
Several methods have been proposed to reduce torque
ripple in PM machines. Some known techniques
include optimal pole/stator slot skew angles [13-16],
optimal pole width to pole pitch ratio or slot width to
slot pitch ratio [17], dummy slots [18-21], and magnet
segmentation [22]. The most common method used to
reduce the pulsating torque component of PM
machines is magnet segmentation. This method offers
the possibility of combining magnet segments with
different materials, different sizes, and magnetization
directions. Determining the exact number and
dimensions of the segments is very important when
applying the magnet segmentation method. Accurate
estimation of the magnetic vector potential is therefore
essential to calculate mechanical performance such as
cogging torque, electromagnetic torque, back
electromotive force, self-inductance and mutual
inductance, and to determine the optimum values of
design parameters. Various methods, including semi-
analytical and numerical methods, have been used to
estimate magnetic flux density distributions in
electrical machines. Accurate results can be obtained
using numerical techniques such as FEA, but these
techniques are very time consuming, especially in the
early stages of engineering design.

Powerful commercial software is currently used to
design PM machines. Numerical techniques, such as
FEM approaches, are often used in this program to
calculate the magnetic properties of machine
performance. For some of them, it is easy to
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parametrically  model  conventional electrical
machines and find their magnetic performance.
However, research shows that parametric modeling of
geometry and parametric mapping of electrical and
magnetic properties of SHPM machines are not
considered in existing commercial software.
Therefore, modeling them numerically is very difficult
and time consuming. Analyses suitable for modeling
electrical machines, such as conformal maps [23-25],
and subdomain methods [27-43], which take into
account the relative permeability of slots, have been
published for initial design steps and design
optimization.

An accurate solution for enabling parametric
modeling of arbitrary topologies of SHPM machines
and estimating the magnetic performance of SHPM
machines quickly and accurately is analytical
modeling based on the subdomain approach. In this
method, the SHPM machine is divided into several
different regions and the partial differential equations
(PDEs) are rewritten for each region. The general
solution of the PDE is computed by the separation of
variables method with the corresponding boundary
conditions (BC), then the initial conditions (IC) of the
adjacent region are used to compute the Fourier
coefficients of these PDEs.

A comprehensive review of recent research confirms
that many researchers have analytically modeled PM
machines. In the general classification of PM machine
modeling, these models consider magnetization
orientation (radial [50], parallel or Halbach, [51]), PM
placement (surface mount, surface inset, or spoke type
[44], [45, 53]), whether it occurs with infinite
permeability [54] or finite permeability, and the use of
linear or nonlinear ferromagnetic materials [55-59]. A
simple modeling of a segmented PM machine is
presented in [22, 60]. Therefore, there are no reports
of semi-analytical models of SHPM machines.
However, some performance data for SHPM machines
has been presented separately in other studies and can
be used to develop semi-analytical models for SHPM
machines.

In this research study, a new SHPM machine is first
presented and then a semi-analytical model is refined
to accurately calculate the features of the machine. The
five different topologies of presented SHPM machines
are considered and the features of these machines are
compared. Within the model developed, the effects of
stator slots, placement, and magnetic orientation of the
PM can be considered. To obtain the accuracy of the
improved model, the SHPM machine with specific

geometric size and electromagnetic parameters was
considered. The performance of the SHPM machine is
first estimated by a semi-analytical model and then
compared with results calculated by numerical
methods using FEA-based software. To evaluate the
accuracy of the developed model, a prototype of the
SHPM machine is built and semi-analytical and
experimental waveforms are extracted. These
comparisons confirmed a maximum error of
approximately 3% for the semi-analytical, FEA, and
experimental results, indicating that the improved
model has a high level of accuracy. The proposed
SHPM machine employs a segmented pole rotor
design to reduce machine cost, reduce ripple torque,
reduce demagnetization limitation, and increase
machine dynamic strength. Using cost-effective
SHPM  technology  reduces the risk of
demagnetization, thermal issues, and system weight.

This paper is organized as follows: Section 2
describes the design concept, working principle of the
proposed SHPM machine, and the development of the
magnetic semi-analytical model. Section 3 covers
FEM simulation of the machine is performed in
commercial software. A prototype SHPM machine has
also been manufactured and experimental tests are
presented in Section 4. This section compares results
from semi-analytical models, FEA simulations, and
experimental tests.

2 Development of Electromagnetic Semi-
Analytical Model

In this section, we introduce the concept of the
proposed electric SHPM machine and express the
presented semi-analytical method to estimate the
features of the SHPM machine.

2.1 SHPM Machine Topology

Figure 1 shows schematics of five topologies of
electric PM machines. In the rotor section, the
permanent magnet arrangements are as shown in
Figure 1: conventional surface-mounted PMs, surface-
inset PMs, consequent-pole PMs, magnets segmented
with similar PM materials, and heterogeneous (hybrid)
magnets segmented in PM materials (a), (b), (c), (d)
and (e) respectively. The last two topologies can have
similar/dissimilar PMs  with  similar/dissimilar
magnetization directions. The stator slots are also
equipped with several coils in a three-phase winding
arrangement.
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(e) SHPM with dissimilar PM materials
Fig. 1 Schematics representation of five topologies of the PM electric machine. 1- rotor, 2-airgap, 3-stator.

machine. Figures 2(a) and (b) show the 2D
2.2 Electromagnetic/Magnetic Modeling geometrical features of the SHPM machine in polar
. . . . and pseudo-Cartesian coordinates, respectively. As

In this section, we present a semi-analytical method

ou can see, the machine is divided into the 10
of the magnetic features of the investigated SHPM 4
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subdomains. These regions are represented by 1-10
labels in the 2D shape model of the machine. Field
patterns can be repeated in each sub-area of the
machine. These areas are then denoted by the i, j, k,
and | indices. For example, the magnetic poles of a
surface-mount segmented permanent magnet rotor are
denoted by 1(i), where 1 is the area number and i is the
number of poles from 1 to 6.

2.2.1 Electromagnetic/Magnetic Modeling

To estimate the performance characteristics of the
SHPM machine, partial differential equations
(Laplace’s equation for the periodic air gap and
Poisson’s equation for the aperiodic PM and
windings) are used with a variable separation
approach that considers solving the appropriate
variables. BC, find the magnetic vector potential
waveform for each region. The IC between two or
more adjacent regions can then be used to determine
the Fourier coefficients of the equation. The magnetic
vector potential can be used to compute the radial and
tangential components of the magnetic flux density.
Maxwell's equations are used to estimate the
electromagnetic torque.

In general, Laplace's equation and Poisson's
equation in the polar coordinate system of a rotating
electrical machine are represented by Equations (1)
and (2).

0%2A(r.0)
972

r
L 104Gr-0) R, <r <R,
F o forfg oS
N 1 92A(r.0) 1="="2
r2 002
=0

0%2A(r.0) 10A(r.6) for
52 Y7 o {RlerRz
1 02A(r.0 0:<0<6; (2
r2 0602

= f(r.0)

By rewriting the partial differential equations in the
pseudo-Cartesian coordinate system [59], we can
obtain a simpler mathematical model in hyperbolic
form for rotating electrical machines. Figure 2 shows
the geometry of the 2D machine model studied in the
coordinate system proposed by Jabbari. The Laplace
and Poisson equations in the pseudo-Cartesian
coordinate system are given by (3) and (4),
respectively.

924 0%A

for{tlStStz 3
22 T 302 0:<60<0, (3)
%A 0%A for{tl St=st

a2 " ap? 6,<0<6, (4
= f(t.0)

where t = In(0), t; = In (%) and t, = 0.
1 1

The PDE equations related to each subdomain are
presented in Table 1.

(@)

—>|<-y-b¢-6+.
i | :

_.u‘_? 9
9 a; B

(b)
Fig. 2 Definition of the SHPM machine subdomains in
the (a) R — 6 coordinates system, (b) t — 6 coordinates
system.

Figure 3 shows the PDE, BC, and IC corresponding
to each region of the investigated SHPM machine.
These equations are presented in the quasi-Cartesian
coordinate system and are shown for the domains
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corresponding to each region in Table 1. The BCs for
various areas of the system are shown in Table 2 for t-
edges and 0-edges.

Stator Yoke AF% + AFS=0
Ft = Ft P 9 _po _
- |t=ta t=tq ; |£:tﬂ F L to g4(8)
t £ _ t _
Fo=Us6) AFg oy + AF gy = f4(1,6) JFo=0s0) ¢ 0 _ | Fo=Us(®)
0 ; o o o | AF7em +AF7am=0 i
Ff =0 AFE oy +AFg = f4(t,0) F§ =0 Fj =0
0=04 ‘/’L' e ~ 6=65 0=6,
F|7 =F| =0 F|_=F|_=gs50
t=t; -~ li=tg t=7 t=tg
Airgap AF: + AF8=
_ N 8|  xpe _
/F't|t:t4 = F t=tg /F- |l=f4 =F |f=ts =92(6)
Fly=U,(6) . T FY = U,(0) 5 = Fp = U3(8)
F9| _o | AFhw +AFS ) = £i(60) _.F9| B | AFS ) + AF§ ;=0 _’FS o
?lo=p, N blo=p, ~ =83
Ft = Ft =0 p? _ o _
|t=t3 / |t=t2 F |t:r3 ; |t:t2 91(9)
Rotor Yoke AFY + AF§=0
Fig. 3 The corresponding PDEs, BCs and ICs of each subdomain.
Table 1 PDE equations related to each subdomain.
PDEs equations Regllon Domain
62AQ azAQ N . I t3 = ln(R3/R4) <t< t4 =0
—ez T2 = 0 (Laplace’s Equation) (air-gap) { 0<6<2n
azAQ aZAQ . N . ] t4 = ln(R4/R5) <t< ts =0
oz T apz o/ (Poisson’s Equation) (stator slot) { 0, <6<6;+y
0%2Aq 0%Aq Uo oM, L, . I t, =In(Ry/R3) <t <t3=0
e Taer =y Me— g0 | (Poissoms Equation) | oy vy { 0, <0<6+a

for radial magnetization

_ 4B, .
ftn = S
Mg, =0

Aun(a,) = Sin(Gp + D2 fop + 1) 2
for parallel magnetization (@) = Sin((np )/ 2p

My = %“p' [Am(“p) + AZn(ap)] Aon(ay) = Sin((np — 1) T[z—o;p)/(np - l)nz—o;p for np #1
2n\Up ) =
Mg, = %ap- [Aln(ap) - AZn(ap)] 1 for np=1
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Table 2 6-edges interface conditions (ICs)

r=R, r=R3
AZl(i)'t:tz =Apli=e, Vo € [6,.6,] AZ3(j)|t:t5 = Al VO € [05.6,]
DZl(i)'t:tz = Dyoli=e, Vo € [6,.6,] D93U)|t:t5 = Dgal¢=¢, VO € [05.6,]

r=R, r=Rs
Fzs(k)lt:t7 = Frale=e, VO € [6s.64] Az7(k)|t=t9 = AzS(k)|t=t8 V6 € [6,.64]
D95(k)|t:t7 = Doyli=t, Vo € [0,.64] D97(k)|t=t9 = D95(k)|t=t V0 € [6,.04]

The general solutions of the partial differential
equations in the periodic and aperiodic domains
considering the given BC are given in Table 3.

Separation of variables is used to estimate the
magnetic vector potential of each region. IC is applied
to find the Fourier coefficients of the equation.

Table 3 The general solution of Laplace’s and Poisson’s equations for the proposed SHPM machine.

Region General solution
hn
|/ (p( —t) \
Gl G(—(t —tl))
Joi | Ag(t.8) = ap® + by t+f(t)+Z| hn} I (%(9—@)
h=1| 0@ —t) |
\ " h”G(—(t}—tl))/
( 1 F(n(t—t)) 1 F(n(t—t))
°° nG n(t,—t)) °° nG n(t]—t))
I Aq(t.0) = Zl . F n(t )) Cos(n6)+zl LF n(t )) |Sln(n0)
‘\ b, + g (t)/ = 4, Y+ g()
”G n(t —t)) ng n(t —t))

Where f(t) = —%uoji (e't‘ft +%e'2t+t4), 0=v,0=0,b"=b"=0¢t;=t,and tj = ts, F = Cosh, G=Sinh

at i region, F = Cosh, G = Sinh, t;

Cosh(n(t — tg))

1
_ —,(m+1) T A
Xp(t) = (1 e t)f"(t) Cosh(n(t; — tg))

anrn + Mﬁn ,
Ho———5Rie”t if np#1
_ 1-np
fa(8) =
My + Mgy -t —ty =1
Ho—— — RieT"In(Ree™) if mp =

3 Model and Machine Evaluation

In this section, we apply the implemented semi-
analytical model to estimate the air-gap flux density
waveform, magnetic torque, magnetic torque ripple,
and induced voltage for the presented SHPM machine
under generative mode of operation. Numerical
simulations are performed in FEM software, and a
prototype of the SHPM machine is also manufactured.
The results of the semi-analytical method are validated
by the results of FEM simulations and experimental
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tests. As shown in Table Al, the electromagnetic
torque, flux linkage, back electromotive force, self-
inductance, and mutual inductance can be calculated
by A(1) through A(9) respectively.

3.1 Semi-Analytical Modeling and Taguchi Design
of experiments Method

In this section, Taguchi's DOE method is used to
study the effect of three parameters: the number of
segments, the type of magnet, and the magnetization



direction of the magnet. The geometric and Table 7 shows orthogonal arrays based on the

electromagnetic parameters of the investigated SHPM Taguchi method, with nine tests proposed. A
machine are given in Tables 4 and 5, respectively. description of these combinations and the parameters
These parameters and their assigned values are listed for each experiment is shown in Table 8. Fig. 4 shows
in the L9 array in Table 6. a schematic diagram of the rotor in each experimental

test based on the Taguchi method.

Table 4 Geometrical parameters of the studied SHPM machine.

Symbol Value Symbol Value
Ri 10 9; 72
R2 28.5 a 32
Rs 335 B 28
R4 345 ) 12
Rs 45.5 0; 24
Re 57.5 y 5

R: radius in mm, 8: mechanical degree

Table 5 Magnetic and mechanical parameters of the studied SHPM machine.

Parameter/symbol Unit Value/Name

NdFeB-N35 B, =1.17

PM Type Alnico-1 T B, =0.72

SmCo-18 B, =0.86

Lamination material - M19-0.5
Wire material - Cu
Number of conductors per slot - 20

Rated speed (High speed rotor) RPM 1500

Table 6 Design parameters and their levels.

Level L1 L2 L3
Parameter
Segments No. 3 4 5
Material No. 1 2 3
(pure NdFeB) | (NdFeB+Alnico) | (NdFeB+SeCo+Alnico)
Magnetization Type Radial Tangential Compound

Table 7 Orthogonal array table.
1

3

©| 0| N o g | Wl N
W W Wl N NN R e
W N P W N | W NN

1
2
3
2
3
1
3
1
2
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Table 8 Design of Experiments based on the Taguchi approach.

Trial Trial Description
No. Combination
1 1-1-1 3 segments of PMs, pure NdFeB with radial magnetization
2 1-2-2 3 segments of PMs, one NdFeB (in center) + two Alnico segments, all with tangential
magnetization
3 1-3-3 3 segments of PMs, one NdFeB (in center with radial magnetization) + one Alnico+one SeCo
segments, both with tangential magnetization
4 2-1-2 4 segments of PMs, pure NdFeB with tangential magnetization
5 2-2-3 4 segments of PMs, two NdFeB (in center with radial magnetization) + two Alnico both with
tangential magnetization
6 2-3-1 4 segments of PMs, one NdFeB + one SeCO (in center) + two Alnico, all with radial
magnetization
7 3-1-3 5 segments of PMs, all NdFeB, 3 segments in center with radial magnetization, two adjacent
segments with tangential magnetization
8 3-2-1 5 segments of PMs, 3 NdFeB segments in center, two adjacent Alnico segments, all with radial
magnetization
9 3-3-2 5 segments of PMs, one NdFeB segments in center, two adjacent SeCo and two Alnico
segments, all with tangential magnetization

D7 ' D9
Fig. 4 Schematic representation of the proposed rotor combination based on L-9 array of the Taguchi method. NdFeB-35 (%),
Alnico-1 (), SeCo-18 (" ).
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Analytically estimate the resulting electromagnetic
torque and torque ripple values as shown in Table 9.

Optimal conditions are shown in Table 10.

Figure 5 shows an analytical comparison of the
electromagnetic torque waveforms of the initial (D1)
and optimal (D10) designs. A comparison of the total
cost of PM materials for each rotor investigated is
calculated and compared in Table 11. It is evident that
the optimum rotor torque ripple and magnet price are

Table 9 Results analysis.

reduced by 75.28% and 36.9% respectively compared
to the original design.

Trial No. | Average Electromagnetic Torque | Torque Ripple | Torque Ripple
(N.m) (N.m) Percentage
1 15.749 0.9819 6.234
2 26.625 0.2566 0.963
3 48.470 0.4025 0.830
4 45.470 0.6195 1.362
5 25.867 0.3629 1.402
6 11.555 0.1699 1.47
7 35.186 0.5675 1.612
8 11.244 0.3255 2.894
9 32.633 0.2122 0.650

Table 10 Optimum condition

and performance.

Column/Factor Level Description

Level

1 (Seg. No) 5 3

2 (Material No.) | NdFeB + Sm

Co + Alnico 3

3 (Magnetization) Tangential 2

Expected Result at Optimum Condition

12.624

Table 11 Total cost of permanent magnet materials for each studied machine.

Design type PMs type/dimension PM Per PM price Total Price redPL:::Ct(iaon

(mm) No. (%) (%) %)

D2 3NdFeB/20*6*6 24 1.9 45.6 45.6 12.3
1NdFeB/20*6*6 8 1.9 15.2

D3 2AlNico/20%6%6 16 0.33 508 2048 606
1NdFeB/20*6*6 8 1.9 15.2

D4 1AInico/20*6*6 8 0.33 5.28 32.48 375
1SeC0/20*6*6 8 1.5 12

D5 4 NdFeB/20*5*6 32 1.7 54.4 54.4 -4.6
2NdFeB/20*5*6 16 1.7 27.2

D6 2Alnico/20*5*6 16 0.28 4.48 3168 39.07
1NdFeB/20*5*6 8 1.7 13.6

D7 2Alnico/20*5*6 16 0.28 4.48 28.48 45.23
1SeC0/20*5*6 8 1.3 10.4

D8 5NdFeB/20*4*6 40 1.4 56 56 -7.6
3NdFeB/20*4*6 24 1.4 33.6

D9 2Alnico/20*4*6 16 0.25 4 376 27.69
D10 1INdFeB/20*4*6 8 1.4 11.2

(Optimal) 2Alnico/20*4*6 16 0.25 4 32.8 36.9
P 25eC0/20%4*6 16 11 176
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——Initial Design —— Optimal Design

" j\/’\\,«/\/\,«\j\/\\/\/\/\,«j\‘
30
_
E 25
7. 20
N’
15
10

0 5 10 15 20
Time (s)

Electromagnetic Torque

Fig. 5 Analytical estimation of electromagnetic torque
waveforms for initial and optimal designs.
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3.2 Semi-Analytical and FEA Result Comparison

The performance of the proposed machine in
production (load) mode is estimated semi-analytically
and numerically. We apply 2-D FEA to calculate the
magnetic vector potential and magnetic field
distribution in the air gap region, as shown in Figs. 6
and 7, respectively. Numerical and semi-analytical
comparisons of magnetic flux density waveforms in
the air gap region of the investigated machine are
shown in Figs. 8, 9, and 10. The performance of the
presented SHPM machine is investigated analytically
and numerically. Numerical and semi-analytical
comparisons of electromagnetic torque and back EMF
are shown in Figures 11 and 12.
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Fig. 6 Flux lines distribution in the investigated SHPM machines.
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Fig. 7 Magnetic flux density distribution in the investigated SHPM machines.
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Fig. 9 A comparison of analytical and numerical computation of the on-load-1 air-gap field plot in main air-gap for similar
SHPM machine type.
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3.3 Generation Operation Mode in Hybrid Electric the battery. When the SHPM rotor rotates at 1500 rpm,
Vehicle the generator-induced voltage equals the voltage
In charging mode, the SHPM rotor and windings act shown in Table 12, called charge mode.

as a generator. In this case, a lot of energy is stored in
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Table 12 A comparison between induced voltages of the 3.4 Semi-Analytical and Experimental

studied machines at charging mode. Comparison

MaChme_ type Induced voltage at rated speed, V This section first presents the fabrication steps for
conventional 10.03 the various parts of the SHPM machine, then describes
D1 8.67 the experimental tests. Table 10 shows the materials
D2 26.23 and sizes of the machine parts investigated. The rotor
D3 59.25 core is made from M-19 steel laminations using a laser
Bg gg'gg cutfcing process. NdfeB, Alnico, and SeCo PMs with
D6 8.i0 residual flux .densmes of B_r = 1.17T, 0.72T, and
D7 36.10 0.86T, respectively, are used in the rotor core. MO-45
D8 639 steel is used to manufacture machine shafts due to its
D9 2455 high static/dynamic strength. The manufactured
mechanical elements are shown in Figures 13, 14, and

15.

Table 13 Parts material and their dimensions.

Stator SHPM Rotor
Part Name Material Dimension Part Name Material Dimension
Lamination M-19 0.5mm Lamination M19 0.5mm

Caps Al 5.5mm NdFeB
PM Alnico

Wire Cu 1mm*20 Seco L=100mm

Shaft MO-45 -
D=10mm

The effective length of the rotor: 20 mm

.\*

o

(@) o )

Fig.13 (a) Cad model and (b) fabricated lamination of SHPM rotor
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Fig. 14 The fabricated rotors. (a) similar material rotor, (b) dissimilar material rotor.

©

Fig. 15 The fabricated SHPM machine parts, (a) SHPM rotor, (b) stator, (c) assembled motor.

Figure 16 shows how the SHPM motor and
generator are connected to the power supply and
oscilloscope. Note that the 3 phases of the machine are
connected in the star mode. To analyze the

performance of the SHPM machine, the generator is
connected to a PM DC motor rated at 1500 rpm and
shaft is aligned. It also uses a light sensor to determine
speed.

Iranian Journal of Electrical & Electronic Engineering, Vol. 19, No. 3, 2023 16



gy

’,; PEETN
O B S R (7|
e (%Y

: 3l

Fig. 16 The fabricated SHPM machine under experimental tests.

4 Conclusion

A new SHPM machine with nine topologies has
been investigated semi-analytical, numerically, and
experimentally. In this study, we compared the
magnetic torque, torque ripple, and charging voltage
of these topologies. The proposed machine has
attractive features that can improve pulsating torque
and reduce cost, noise, and vibration. A subdomain-
based analytical model was presented to calculate the

Appendix

performance characteristics of SHPM machines. In
this method, we divided the machine model into
several different regions and examined the PDE
expression in each region using the appropriate
boundary conditions (BC) and interface conditions
(IC). We applied this model to calculate the
performance of the prototype SHPM machine, and the
results of the proposed model were validated with an
error percentage of about 3 thanks to the FEM and
experimental test results.

Table Al Performance calculation of a 3-phase SHPM machine.
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