Jounsas GRS
|

TEKNOLOJI

Gazi Universitesi Gazi University n
Fen Bilimleri Dergisi Journal of Science S
WARAAN 1) 'n'-.'.‘r CLELLL]
PART C: TASARIM VE PART C: DESIGN AND g:-:;’?‘r £ nnnn

TECHNOLOGY

GU J Sci, Part C, 12(1): 148-156 (2024)

Design and Performance Analysis of an Outer-Rotor PMaSynRM

Burak YENIPINAR® 2

, Ali SAYGIN?®

, Yusuf SONMEZ* 2| Cemal YILMAZ 612 Cemil OCAK?

! Department of Electronic Technology, Vocational School, Ostim Technical University, Ankara, Turkey

2 Gazi University, Graduate School of Natural and Applied Science, 06500, Ankara, Turkey

3 Department of Electrical and Electronics Engineering, Faculty of Technology, Gazi University, Ankara, Turkey

4 Department of Computer Engineering, Faculty of Technology, Gazi University, Ankara, Turkey

S Department of Energy Engineering, Faculty of Engineering, Mingachevir State University, Mingegevir, Azerbaijan

Article Info

Graphical/Tabular Abstract (Grafik Ozet)

Research article

Received: 21/11/2023
Revision: 28/12/2023
Accepted: 05/01/2024

Keywords

Electric Motor Design
Demagnetization Analysis
Outer-Rotor PM Motor
Traction Motor
PMaSynRM

Makale Bilgisi

Aragtirma makalesi
Bagvuru: 21/11/2023
Diizeltme: 28/12/2023
Kabul: 05/01/2024

Anahtar Kelimeler

Elektrik Motor Tasarimi
Demagnetizasyon Analizi
Duis Rotorlu KMSM
Tahrik Motoru

Traction Motor
MD-SRM

In this study, unlike the commonly used inner-rotor PMaSynRMs in the literature, the design and
electromagnetic performance analysis of an outer-rotor PMaSynRM are presented. / Bu ¢alismada,
literatiirde yaygin olarak kullanilan i¢ rotorlu MD-SRM ’lerden farkli olarak, dis rotorlu bir MD-
SRM tasarimi ve elektromanyetik performans analizi sunulmaktadir.
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Figure A: a) Cross-section of the outer-rotor PMaSynRM b) The flowchart of the proposed motor
design / Sekil A: a) Dis rotorlu MD-SRM 'nin kesiti, b) Onerilen motor tasarimin akis semasi

Highlights (Onemli noktalar)
»  Outer-rotor permanent-magnet-assisted synchronous reluctance motor / Dis rotorlu
kalict miknatis destekli senkron reliiktans motor
»  Torque performance under different phase currents / Farkli faz akimlarinda tork
performansi
»  Demagnetization performance under different phase currents / Farkli faz akimlarinda
demagnetizasyon performansi

2

Aim (Amag): This study aims to design and electromagnetic performance analysis outer-rotor
permanent-magnet-assisted synchronous reluctance motor / Bu ¢calisma, dis rotorlu, kalict miknatis
destekli senkron reliiktans motorunun tasarimini ve elektromanyetik performans analizini
amaglamaktadir.

Originality (Ozgiinliik): This study presents the outer-rotor PMaSynRM design for use in electric
propulsion vehicles. / Bu ¢alisma, elektrik tahrikli araclarda kullanilmak iizere dis rotorlu MD-
SRM tasarimini sunmaktadir.

Results (Bulgular): The presented PMaSynRM, exhibiting low demagnetization risk and high
performance, can be utilized as a traction motor in electric vehicles. / Gelistirilen MD-SRM modeli
diigiik demagnetizasyon riski ve yiiksek performans sergilemesi sebebiyle elektrikli araglarda tahrik
motoru olarak kullanilabilir.

Conclusion (Sonug): The conducted study resulted in obtaining an PMaSynRM design without the
risk of demagnetization, featuring a maximum torque exceeding 35 Nm and achieving 90%
efficiency at rated conditions. / Yapilan ¢alisma sonucunda demagnetizasyon riski olmayan,
maksimum momenti 35 Nm iizerinde, anma noktasinda %90 verime sahip olan bir MD-SRM
tasarimi elde edilmigtir.
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Keywords

Permanent magnet synchronous motors (PMSMs) are consciously used as traction motors in
electric vehicles (EVs) and hybrid electric vehicles (HEVs). The rotor position (inner-rotor, outer-
rotor) and topology of PMSMs significantly impact their torque profile, efficiency, and
demagnetization characteristics. This article focuses on designing an outer-rotor permanent-
magnet-assisted synchronous reluctance motor (PMaSynRM) under traction motor requirements
and investigating its electromagnetic performance using the finite element method (FEM). This
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study's primary challenge is achieving optimal machine performance, considering high maximum
torque and the risk of demagnetization at low levels. The design, derived from analytical
calculations, was subjected to Finite Element Method (FEM) analyses. These analyses
investigated motor performance in terms of efficiency, the ability to generate torque at different
drive currents, and the risk of demagnetization. As a result of the study, the proposed PMaSynRM
design was obtained that provides an adequate demagnetization performance even under 300%
loading, has a maximum torque exceeding 35 Nm, and achieves an efficiency of 90% at rated
conditions.
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Anahtar Kelimeler

Kalict Miknatish Senkron Motorlar (KMSM) tahrik motoru olarak elektrikli (EA) ve hibrit
elektrikli (HEA) araglarda yaygin olarak kullanilmaktadir. KMSM’lerin rotor pozisyonu (i¢
rotorlu, disg rotorlu) ve miknatis yerlesim topolojisi, tork profili, verimi ve demagnetizasyon
ozellikleri tizerinde 6nemli bir etkiye sahiptir. Bu makalenin ana amaci tahrik motoru isterlerine
uygun bir sekilde dis rotorlu Miknatis Destekli Senkron Relitktans Motor (MD-SRM)’nin
tasarimi ve elektromanyetik performansinin sonlu eleman yontemi (SEY) ile analiz edilmesidir.

Elektrik Motor Tasarimi
Demagnetizasyon Analizi
Dus Rotorlu KMSM
Tahrik Motoru

Traction Motor
MD-SRM

Bu ¢alismadaki temel zorluk, yiiksek maksimum tork ve diigiik demagnetizasyon riski agisindan
en iyi makina performansini elde etmektir. Analitik hesaplamalar ile elde edilen tasarimin SEY
analizleri yapilmis ve motor performansi verimlilik, farkli siiriicii akimlarinda tork iiretme
kabiliyeti ve demagnetizasyon riski aragtirilmistir. Yapilan calisma sonucunda %300 yiiklenme
durumunda demagnetizasyon riski olmayan, maksimum momenti 35 Nm {izerinde, anma
noktasinda %90 verime sahip olan bir MD-SRM tasarimi elde edilmistir.

1. INTRODUCTION (GIRiS)

Electric Vehicles (EVs) and hybrid Electric
Vehicles (HEVs) are optimal solutions for reducing
carbon emissions, contributing to environmental
preservation, and achieving high-energy efficiency
in transportation. Therefore, research studies on
these vehicles and their components have increased
in recent years [1-3]. Indeed, the electric motor

stands out as a critical component in EVs and HEVS,
directly impacting the wvehicle’s range and
performance.

Due to their advantages, such as high power density
and efficiency, Permanent Magnet Synchronous
Motors (PMSMs) are widely preferred in EVs and
HEVs [4]. PMSMs are generally designed in two
different topologies. The first is the Surface
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Permanent Magnet Synchronous Motor (SPMSM),
where magnets are located on the rotor surface, and
the second is the Interior Permanent Magnet
Synchronous Motor (IPMSM), where magnets are
embedded within the rotor. In contrast to SPMSMs,
IPMSMs can produce a high reluctance torque
component [5]. IPMSMs with high reluctance
torque production capability are also referred to as
Permanent-Magnet-Assisted Synchronous
Reluctance Motors (PMaSynRMs). This reluctance
torque capability allows PMaSynRMs to generate
the same torque with less magnet volume than
SPMSMs. The magnet placement geometry is the
most crucial factor influencing the reluctance torque
component. Hence, numerous studies in the
literature regarding magnet geometries commonly
used in PMaSynRMs, such as V-shaped, double V-
shaped, U-shaped, and Delta-shaped, are illustrated
in Figure 1. These studies are summarized below.

Xiangdong and colleagues conducted a comparative
study on four different PMaSynRM rotor
topologies. It has been noted that the V-shaped
geometry possesses the highest reluctance torque
component, while the Tangential-type exhibits the
highest average torque and the lowest cogging
torque, torque ripple, and Total Harmonic
Distortion (THD%) [5]. Ling and colleagues
performed performance analyses on a motor with
five different rotor geometries: Tangential-type, V-
shaped, double V-shaped, Delta-shaped, and U-
shaped. They presented the results comparatively,
and the motor with a V-shaped rotor has been found
to outperform its competitors when evaluated for
the lowest demagnetization risk, the lowest
manufacturing cost of rotor sheet ($), and the
highest saliency ratio [6]. Sheng-Ching and

colleagues conducted a design optimization study to
increase the torque of a V-shaped motor with a rated
power, speed, and torque of 34 kW, 2250 Rpm, and
144.3 Nm, respectively [7].

(a)

(d)

\
/

(f)

Figure 1. Cross-sections of six basic PMaSynRM models. (a) Spoke-type. (b) Tangential-type. (c) U-
shaped.(d) V-shaped. (e) Double V-shaped. (f) Delta- shaped (Alti temel MD-SRM kesiti)

Dalcali conducted a design optimization for a V-
shaped PMaSynRM, considering crucial geometric
parameters such as magnet geometry and flux
barriers based on cost and efficiency criteria. Three
designs were obtained based on the criteria of
maximum output power, maximum efficiency/cost
ratio, and maximum efficiency. The study results
revealed that the motor optimized for maximum
output power resulted in low efficiency and high

cost, while the motor developed for maximum
efficiency ended up with high costs. The study
results indicate that the criterion of maximum
efficiency/cost ratio is the most suitable approach
[8]. Wang and colleagues conducted analyses of
five different rotor topologies, which include
surface, V-shaped, Tangential-type, two-segment
Tangential-type, and a hybrid geometry of V-
shaped and Tangential-type. The analyses presented
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the comparative values of back EMF, magnet mass,
iron loss, and torque ripple for the different motors.
The analyses revealed that the topology with the
highest torque production per unit magnet mass is
the V-shaped [9].

When evaluating the studies in the literature,
PMaSynRM has been seen widely used in the
literature for the last years. However, it is observed
that these studies have predominantly focused on
inner-rotor PMaSynRMs. Additionally, upon
reviewing the literature, it can be observed that each
of the PMaSynRMs presented in Figure 1 above has
its own advantages and disadvantages relative to
one another. The V-shaped inner-rotor topology
stands out when considering parameters such as low
demagnetization risk, low production cost, and a
high reluctance torque component. Therefore, this
study introduces a distinctive V-type outer-rotor
PMaSynRM design, differing from the literature.

Additionally, examining the studies on outer-rotor
PMSM from the literature reveals a predominant
focus on surface-mounted structures [10-13]. When
examining outer-rotor PMSM, it is observed that
these motors effectively meet the demand for high
torque at low speeds and are suitable for direct drive
applications. However, their saliency ratios are 1 (or
close to 1), so these motors do not provide a
sufficient reluctance torque component [14].
Additionally, they are not the most suitable
candidates for variable-speed applications due to
their low field-weakening capabilities [15].

In this study, unlike the commonly used inner-rotor
PMaSynRMs in the literature, the design and
electromagnetic performance analysis of a V-
shaped outer-rotor PMaSynRM are presented.
Efficiency map, torque-speed performance,
demagnetization characteristics under different
drive currents, and magnetic flux distributions of the
proposed design have been examined.

2. MATERIALS AND METHODS (MATERYAL
VE METOD)

2.1.Design Requirements (Tasarim Gereksinimleri)

The design of traction motors requires specific
design criteria compared to industrial motors. These
can be summarized as high maximum torque for
acceleration, low volume due to high power density,
and high efficiency across a wide speed and torque
range [4]. The design requirements considered in
this study are given in Table 1 below.

Table 1. Targeted design requirements (Hedeflenen
tasarim gereksinimleri)

DC Supply Voltage (V) 72
Peak Current (A) 150
Maximum Torque >30
Slot Fill Factor %45
Base Speed 2000 Rpm
Rated Torque 10 Nm
Torgue Ripple Rate <10
Efficiency Rated Power %85
Rated Current Density <6
Current and voltage limits were selected

considering the requirements of light EVs. The
ability of the traction motor to produce high
maximum torque is crucial for the climbing and
acceleration capabilities of the vehicle. Therefore,
the maximum torque value should be at least 300%
of the rated. The outer-rotor PMaSynRM design
flowchart that meets the given requirements is

shown in Figure 2.

Design requirements

Sizing and analytical
Calculations

FEM Based
electromagnetic analysis

Are the analysis
results appropriate?

Y
Final design

Figure 2. The flowchart of the proposed motor
design (Onerilen motor tasarimin akis semas)

Initially, analytical calculations were conducted to
obtain a design meeting the requirements. Some of
these calculations are provided in the next section.
Subsequently, FEM analyses were performed to
examine and verify the motor's performance based
on the obtained results, and the outcomes are
presented. JMAG Designer 22.1 was used for
analysis studies on a computer with an i5-10400
CPU and 8GB of RAM.

2.2.Basic Design Equations (Temal Tasarim Esitlikleri)

Sizing calculations are the starting point for
designing electric machines. Three independent
variables are used to determine the size of the
electric motor. These are the shape ratio (SR), the
torque per rotor volume (TRV), and the torque
density (TD) [16]. These variables are used to
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determine the rotor diameter, core length, and stator
diameter of the motor. SR, TRV, and TD can be
expressed by the following equations, respectively:
_ Tmax (l)

Tmax
—MAX =7
2DsLstk

") ’
2PRLsTK

SR =IK TRy =
Dgr

Lerk represents the core length, Ty ,x is the
maximum torque, Ds is the stator outer diameter,
and Dy, is the rotor diameter. These three parameters
are also employed as independent variables in the
design process when calculating the motor's
geometric parameters, such as stator slot geometry,
magnet geometry, and stator back iron distance.
After dimension calculation, some design equations
used to achieve the requirements specified in Table
1 are as follows. The equations in the d-q reference
plane for PMaSynRM are as follows [17].

. di .
Uy = igRs + deLtd — WeLgig (2)
U, =i Rs + Ly 22 — w,L i
q = lqRs + Lq 73" = WelLala + We@pm  (3)

In this context, U; and U, represent the stator
voltage components in the direct and quadrature
axes, ig and i, stand for the stator current
components in the direct and quadrature axes, @,m,
designates the magnet flux linkage, w, is the
electrical angular velocity, Ly and L, are the self-
inductance components in the d-q axes, and R is the
stator winding resistance. The electromagnetic
torque generated by the motor can be computed
using the following formula [18, 19].

Te = >p[@pmiq + (La — Lq)iaiq] (4)

Here, p represents the number of pole pairs. In
PMaSynRM, the motor torque consists of two
components: the magnet torque and the reluctance
torque.

3 .
Tmagnet = Ep(ppmlq (5)

3 P
Tretuctance = Ep(l‘d - Lq)ld lg (6)

In IPM motors, the saliency ratio Ly /L, directly
influences the amount of reluctance torque, as seen
in Eq. 6. The variation of the two torque
components and the total output torque of a typical
PMaSynRM, depending on the current phase angle
is presented in Figure 3 below. The reluctance
torque component, typically depicted in the torque-
current angle graph, varies depending on the

geometry of the magnet inside the rotor and the flux
barriers.

12 1

—— Total Torque
1.0 J— —Magnet Torque
- - - Reluctance Torque -
0.8 ’/ \\
= 06 - ~ \
Y - <2\
o < / . ~ .
5 7 // R ~
g o2 p / . <
= - / y
- 00
S 5 e
] © T— T
= -02 .
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Figure 3. The torque component of a PMaSynRM
(MD-SRM’nin tork bilesenleri)

Torque ripple is also an important performance
parameter for electric motors and can be expressed
as the equation below [20].

T,
Tripple = ﬁxl()()% (7)

Where T,,,, and T, are peak-to-peak torque and
average torque, respectively. The efficiency of the
motor can be calculated as follows:

n=- +”;l x100% (8)
Here, P, represents the electromagnetic power, and

P, IS the motor losses.

2.3.  Specification of the Designed Motor
(Tasarlanan Motorun Ozellikleri)

As a result of the calculations and FEM analyses
conducted in line with the design requirements, the
overall geometry of the PMaSynRM, as shown in
Figure 4, has been obtained.

\/ Stator

\
\\

Winding
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Figure 4. Cross-section of the outer-rotor
PMaSynRM (Dss rotorlu MD-SRM’nin Kesiti)

The general geometric dimensions of the obtained
motor, the core material, materials used for
magnets, and stator winding connection details are
provided in the following Table 2.

FRux Density ,T

Core losses contribute significantly to the overall
losses of an electric motor. Silicon steel laminations
with low W/kg values are typically used to
minimize core losses [1]. Therefore, in this study,
M270-35A  material has been preferred.
Additionally, for its high energy density, an N30-
grade neodymium magnet has been chosen as the
permanent magnet in the design. The B-H curves for
the magnet and core material are given in Figure 5
below. Furthermore, slot geometries with high fill
factor have been obtained for minimizing stator
copper losses.

24

0.5

Flux Density vs Magnetic Field

Hux Density,

T T T T T
30000 40000 50000 60000 70000

Magnetic Field ,A/m

T T
10000 20000

(a)
B-H Curve

1 ]

T
e =
0.5 =
gty

) _ / [
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— R e e e S IR T T
-1.2e+06 -1e+06 -800000 -600000 -400000 -200000
Magnetic Fiekd,
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(b)

0

1
80000

Figure 5. B-H Curve. (a) M270-35 Steel sheet. (b)
N30 permanent magnet (B-H Egrisi. (a) M270-35 Silisli

sac. (b) N30 miknatis)

Table 2. Specification of the proposed motor (Onerilen motorun 6zellikleri)

Basic Motor Parameters

Geometric Parameters

Outer radius of the Rotor 100 mm H1 (mm) 2.5
Inner radius of the Rotor 75 mm BS (mm) 6
Outer radius of the Stator 74 mm TW (mm) 3.4
Inner radius of the Stator 30 mm H2 (mm) 13.2
Axial length 50 mm MT (mm) 4
Stator/Rotor Number 48/8 ML (mm) 12.4
Connection Type Star Ribl (mm) 5.7
Number of turns 4 Rib2 (mm) 3.6
Core Material M270-35A Rib3 (mm) 1
Magnet Material N30 Angle 170

P TEN

Angle
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Figure 6. Winding diagram of the proposed design (Onerilen tasarimin sarg: diyagrami)

To reduce copper losses in an electric motor, a
fundamental method commonly employed involves
increasing the slot cross-sectional area and the wire
diameter, thus decreasing current density. This
method is commonly applied if the motor does not
have critical constraints, such as core size and
magnetic circuit. In the designed motor, attention
was paid to this aspect when determining the stator
tooth thickness, ensuring that the area of stator slots
is set to avoid core saturation. After determining the
slot fill factor, decisions were made regarding the
number of turns and stator winding topology, which
significantly affects the rated and maximum speed,
the rated and maximum torque, and the field-
weakening capability of the motor. The winding
diagram of the designed motor is given in Figure 6
above.

In this study, a distributed winding configuration
has been preferred, as shown in Figure 6 above, due
to its superior torque-speed characteristics, torque
ripple, efficiency, and power factor compared to the
concentrated winding PMSMs [22].

3. RESULTS (BULGULAR)

In this section, the results of the FEM analysis for
the outer-rotor PMaSynRM are given. The
distribution of magnetic flux density, efficiency
map, torque-speed performance under different
drive currents, and demagnetization risk analyses
obtained by FEM analyses are conducted and
presented. A dense mesh is applied to the stator
teeth and magnets to obtain a high-accuracy
analysis study, as seen in Figure 7. Although this
extends the analysis time, it increases the accuracy
of the results. Figure 8 shows the flux density
distribution and flux lines of the stator and rotor of
the proposed motor.

Magnetic Flux Density
Contour Plot: T

Figure 8. Distribution of magnetic flux density and
flux lines (Manyetik aki yogunlugu ve aki ¢izgilerinin
dagilimi)

In Figure 8, it can be seen that the maximum
magnetic flux density in the stator teeth is around
1.8 Tesla, while in the rotor and stator back iron
regions, it is significantly lower. To minimize
leakage magnetic flux in the rotor, the region
between the flux barrier and the inner diameter of
the rotor has been designed as short as mechanical
limits allow. In the specified region, the core has
been saturated to minimize leakage magnetic flux.
Considering the B-H curve of the M270-35A core
material provided in Figure 4-a, it is observed that
the magnetic flux values meet the requirements.
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Efficiency Map
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Figure 9. Efficiency map of the proposed motor
(Onerilen motorun verimlilik haritast)

Analyzing the results presented in Figure 9, it is
evident that the motor exhibits a maximum torque
exceeding 35 Nm. Moreover, within the range of
1000 to 3000 RPM and 5 Nm to 10 Nm, the motor
attains an efficiency of approximately 90%. The
torque-speed characteristics of the traction motors
used in EVs and HEVs are directly affected by the
maximum phase current that the motor drive can
supply. Figure 10 shows the output torque of the
proposed motor under different drive currents.
Upon careful examination of the outcomes, it
becomes apparent that the torque values produced
per ampere exhibit noteworthy uniformity across
nearly four current density levels. It can be asserted
that this situation represents another analysis output
indicating that the core has not undergone
saturation.

——150A
|——100A
——75A
|——50A

Rated Point

Torque [Nm]

T T T T 1
0 1000 2000 3000 4000 5000
Speed [Rpm]

Figure 10. Torque performance under different
phase currents (Farkli faz akimlarinda tork performansi)

The maximum torque and speed values the motor
produces also vary depending on the motor phase
current. In the proposed design, the winding cross-
sectional area is 10 mm?. In this case, the current

density at the rated point is 5 A/mm? The
determined current density is a suitable value for
motors operating in the S2-60 min duty cycle cooled
by natural convection and belonging to the H
insulation class. In permanent magnet motors, the
demagnetization of permanent magnets adversely
affects the motor performance [21]. Therefore, the
demagnetization characteristics of these motors are
a crucial parameter that needs to be examined for
motor  performance.  Magnet  temperature
dramatically influences the magnet's operating
point; hence, demagnetization prediction analyses
were conducted at a constant ambient temperature
of 40°C.

T

(d)

Figure 11. Demagnetization performance of the
designed motor under different phase currents. (a)
50 A, (b) 75 A, (c) 100 A, (d) 150 A (Tasarlanan

motorun arkli faz akimlarinda demagnetizasyon performansi)

B [tesla]
Max:  -1.700

-1.700
. -1.770
-1.840
-1.910
-1.980
-2.050
-2.120
-2.190
-2.260
-2.330
-2.400
-2.400

In Figure 11 above, the demagnetization risk of the
magnets can be observed at four different phase
currents. When the "demagnetization proximity"
value is negative in these graphs with the unit Tesla,
it can be regarded as there is no demagnetization
risk. As the temperature increases, the risk of
demagnetization will also increase. In this study,
apart from the current density, the thermal
performance of the motor has yet to be examined.

4. CONCLUSIONS (SONUCLAR)

In this study, a design and analysis of a VV-shaped
Outer-Rotor PMaSynRM applicable to EVs and
HEVs utilizing a 72V DC battery pack was
conducted. The design phase was culminated and

154



Yenipwnar, Saygin, Sonmez, Yilmaz, Ocak [ GU J Sci, Part C, 12(1): 148-156 (2024)

verified by electromagnetic performance analysis,
assessing motor performance under various
conditions.

The efficiency of the proposed motor under rated
conditions was determined to be 90%, and its
maximum torque was observed to exceed 35 Nm
based on the performed analyses. The torque-speed
characteristics of the motor were examined at phase
currents of 50A, 75A, 100A, and 150A, considering
the different capacity motor drives used in light
electric vehicles. The approximately consistent
maximum torque values per ampere across each
phase current indicate that the core is not
undergoing saturation. Similarly, the
demagnetization performance of the magnets was
examined at the specified current values. The
investigation concluded that there is no risk of
demagnetization in the current design.

In the further stages of this study, a design
optimization study for different magnet placement
geometries will be conducted, and the
electromagnetic and  thermal  performance
parameters of the optimized designs will be
comparatively analyzed and presented.
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