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Abstract

Synchronous generators (also known as alternators) used in conventional vehicles can also be used to charge batteries in
power systems of hybrid electric vehicles. As the alternator type, a synchronous generator with a claw pole (CPSG) is
generally preferred, which has similar features to quadrature-axis flux synchronous generators. The pole structures of CPSGs
are mostly excitation winding, but they can be designed as permanent magnets in recent years. In this study, comparative
electromagnetic modeling and simulation of a 0.55 kVVA rated power and 4-pole permanent magnet CPSG according to the
core material type was performed with ANSYS-Electronics software. The performance of the proposed new generation core
materials as amorphous and JFE supercore is investigated in comparison with the conventional core material (SiFe alloy).
Thus, it has been determined that the JFE supercore material is a much more suitable core material in the stator design of
CPSGs in terms of improving the performance in terms of core losses and efficiency. Comparative simulation studies have
reported that the highest efficiency of approximately 87% is achieved using new generation core materials such as amorphous
and jfe supercore. In addition, it was emphasized that a more compact generator could be designed thanks to the new
generation core materials with high electromagnetic characteristics and the power density of a much higher kVA/kg.

Keywords: Claw-Pole Synchronous Generator, New Generation Core Materials, Core Losses, Finite Element Analysis
(FEA) Modelling.

Pence-Kutuplu Senkron Generatorlerde Yeni Nesil Cekirdek Malzemelerin Kullanimiyla Performans
Artisi

Ozet

Geleneksel tasitlarda kullanilan senkron generatorler (alternatdr olarak da bilinir) hibrit elektrikli tasitlarin giig
sistemlerindeki bataryalari sarj etmek i¢in de kullanilabilir. Alternator tipi olarak genellikle, kare-eksen akili senkron
generatdrlere benzer ozelliklere sahip pence kutuplu senkron generatdr (CPSG) tercih edilir. CPSG'lerin kutup yapilari
¢ogunlukla uyarma sargilidir, ancak son yillarda kalict miknatishi olarak da tasarlanabilmektedir. Bu ¢aligmada, 0,55 kVA
anma giicline sahip ve 4 kutuplu kalici miknatisli bir CPSG'nin ¢ekirdek malzeme tipine gore karsilastirmali elektromanyetik
modellemesi ve benzetimi ANSYS-Electronics yazilimi ile yapilmustir. Onerilen yeni nesil cekirdek malzemelerinin
performansi amorf ve JFE super ¢ekirdek olarak gelencksel ¢ekirdek malzemesi (SiFe alasimi) ile karsilagtirmali
incelenmigtir. Boylece, JFE siiper¢ekirdek malzemesinin, gekirdek kayiplari ve verimlilik agisindan performansi iyilestirme
agisindan CPSG'lerin stator tasariminda ¢ok daha uygun bir ¢ekirdek malzemesi oldugu belirlenmistir. Gergeklestirilen
karsilastirmali benzetim calismalart ile en yiiksek verimin yaklasik %87 olarak amorf ve jfe supercore gibi yeni nesil niive
materyalleri kullanilarak saglandig1 rapor edilmistir. Ayrica, yiiksek elektromanyetik 6zelliklere sahip yeni nesil ¢ekirdek
malzemeleri ve ¢ok daha yiiksek kVA/kg giic yogunlugu sayesinde daha kompakt bir generator tasarlanabilecegi
vurgulanmustir.

Anahtar Kelimeler: Penge-Kutuplu Senkron Generator, Yeni Nesil Cekirdek Malzemeleri, Cekirdek Kayiplari, Sonlu
Elemanlar Analizi (SEA) Modellemesi
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NOMENCLATURE

Bm Magnetic flux density (Tesla) Greek Symbols

Epn Induced phase voltage of stator windings (Volts) Va Direct axis of stator phase fluxes

f Frequency (Hertz) Vq Quadrature-axis of stator phase fluxes
Ke Coefficients for the eddy-current losses 4 Phase angle

Kn Coefficients for the hysteresis losses (0] Magnetic flux (Weber)

Kwi Coefficient of stator windings dm Maximum flux (Weber)

Nw Number of turns for stator winding ur Relative permeability

Rc Stator winding resistance nr Rotor speed (rpm)

Xq Direct-axis reactance ® Angular synchronous speed (rad./sec.)
Xq Quadrature-axis reactance R Magnetic circuit reluctance

Teog Cogging torque of synchronous generators 0 Rotor position angle

@@@@ Bu makale Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) License
BY NC SA

ile lisanslanmustir.

1. INTRODUCTION

To obtain electrical energy, different types of generators with rated power values ranging from a few kW to
MW levels with varying design concepts depending on the usage area have been developed. Historically, the
squirrel-cage induction generator has often been used commercially. A second popular type is the wound rotor
generator, and the third is the separately excited synchronous generator. In this context, replacing the rotor
excitation winding with permanent type magnets in a synchronous machine does not require the use of additional
electrical and mechanical devices such as field windings, brush-ring arrangement, and excitation generators. At
the same time, it is highly advantageous that a simple rotor design with direct drive (without gearbox) allows
higher efficiency to be achieved with lower temperature rise and power loss. Permanent magnet synchronous
machines are designed with three different rotor topologies: surface-mounted permanent magnets, embedded
permanent magnets, and claw-pole configuration [1]. CPSGs are frequently preferred as automobile, wind and
hydroelectric generators in the past literature due to their simple structure, multipolar design and low
manufacturing costs. Thus, the high number of poles makes CPSGs an important alternative in variable speed
systems such as automobiles. Permanent magnets replace the excitation coil in the rotor and increase the overall
efficiency of the synchronous machine [2].

Traditionally, the claw-pole synchronous generator (CPSG) has been used with 100-200 W DC-excited
power to the rotor and has been used only with controlled diode rectified output in road vehicles since 1975 due
to its low cost, easy manufacturing, and high reliability despite the DC-conducting rings and brushes to the
excitation windings. However, the overall efficiency (with diode rectifier, DC excitation, stator core, rotor claw
eddy current and mechanical losses) is moderate (about 70% at 2.5 kW at 14 V DC and 6000 rpm). While using
copper (aluminum) coils to increase the winding fill factor of the stator slots and thus further reduce copper
losses, research continues the use of soft magnetic composites in core structures to reduce losses in the rotor,
especially in the stators. [3, 4]. CPSGs are widely used for automobile generators. In addition, with the increase
in hybrid and electric components in automobiles in recent years, the electrical power requirements have
increased. For this reason, studies on the design and performance improvements of claw pole alternators,
especially in hybrid electric vehicles (HEVS), have become one of the most important issues in automobile
technologies [5]. The popularity of this type of generator is mainly due to the compact structural features of the
multipole rotor design (integrating in a low volume) and the heteropolar structure of its rotor, which provides a
distinctive electricity generation capability. However, despite these advantages, the CPG has two major
drawbacks: its low efficiency, mainly due to the structural claw feature at the poles and the leakage fluxes
between the poles, the use of a brush-ring system to feed the magnetic field in the rotor in types with excitation
windings [6, 7, 8].

According to the degree of hybridization, hybrid vehicles can be divided into three categories: micro hybrid,
mild hybrid, and heavy hybrid [9]. The electric motor of micro-hybrid vehicles is connected to the internal
combustion engine via a belt-pulley system. When the internal combustion engine is idling for a long time, the
control system in the vehicle automatically stops the engine. When the car needs to be restarted, the electric
motor as the starter will quickly pull the engine from the belt to idle speed to realize the restart of the internal
combustion engine. In other normal driving conditions, this electric motor is driven by the internal combustion
engine (ICE) to generate electricity that powers the electrical devices and batteries inside the vehicle. Thus, the
CPSG operates both as a starter motor and as a generator to generate electricity, so it is also called a belt-driven
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starter generator (BSG). It uses low carbon steel (Steel 1008) as a base [10]. Therefore, many automakers are
working on the standardization of this type of technology for all ICEs, gasoline, or diesel, small or large. The
purpose of the electric machine used in a starter-alternator system is to both start the internal combustion engine
and charge the lead-acid battery [11].

The development of more electric vehicles has been an important trend worldwide, driven by increasing
energy consumption, the gradual reduction of fossil fuels and environmental protection concerns [12]. So far, the
all-electric vehicle has suffered from issues such as a limited driving range and more time consumption for
battery charging compared to refueling. Therefore, for now, HEVs can be considered a better transition option
[13].

Claw pole alternators are a type of winding field synchronous machine with salient pole structure that can
generate electricity in the stator coils, where the rotor acts as an electromagnet. It has been widely used in
automobiles for many years to power batteries through the three-phase rectifier circuit as shown in Figure 1 [14].
In addition, a study conducted for six-pulse rectifier (three-phase full bridge rectifier circuit) load cases CPSG
modeled with ANSYS-Maxwell 3D software. Filter circuits have been proposed for terminal voltage and current
harmonic distortion problems for power quality [15]. Thus, the use of low-pass type filters significantly reduces
the terminal voltage and current harmonic distortion levels for a six-pulse rectifier load [16].
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Figure 1. The basic topology of three-phase rectifier circuit connected to CPSGs

A permanent magnet claw pole machine can solve the mechanical problem in the brush-ring system and
increase the power density (KVA/kg) and efficiency by reducing the dimensions of the permanent magnet (PM)
excitation type machine [17]. On the other hand, the hybrid excitation method is very suitable for the power
system of electric vehicles because of the difficulty of voltage adjustment in PM type excitation method and
being easily affected by temperature changes [18, 19, 20]. In [21], the mechanical performance of a CPSG is
calculated using 3D finite element analysis (FEA). Thus, the CPSG core volume was successfully reduced to
78% and the amount of permanent magnet used was also reduced by 4%. The air gap distance between the stator
and rotor parts of claw pole alternators is greater than that of conventional salient pole generators. Thus, CPSGs
have more air circulation and the more easier cooling [22]. On the other hand, new design approaches proposed
in recent years are PMSG with permanent magnet excitation in the rotor and the phase windings only in the
stator. The rotor of CPSGhas four pieces of poles and is based on electromagnetic modeling and simulation
studies using FEA software [13, 23].

In this study, a comparative modeling of a CPSG with 0.55 kVA rated power and 4 piece of PM poles, with
a rated speed of 1500 rpm, was performed using FEA software. Comparative simulation studies were conducted
for the case of using classical non-oriented M19 core (3% SiFe), JFE supercore material (10JNEX900) and
amorphous core material (2605SA1) as stator core material. Thus, various suggestions have been made in terms
of performance enhancement, reducing power losses, and improving efficiency, for the use of new generation
core materials for CPSGs.
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2. MATERIALS and METHODS

In recent years, soft magnetic composite materials have gained popularity due to their many unique
properties such as high magnetic isotropy [24], much lower core losses, great mechanical design flexibility in
magnetic circuit elements such as inductors, transformers and electric motors/generators, and great potential for
mass production at very low cost. Research and development studies on technological development and their
application in electromagnetic devices have become very popular [25].

When designing electric motors or generators with new generation core materials, the accuracy of
simulation studies is very important before prototype production in determining the real energy savings that can
be expected from a new technology that is improved electrically and mechanically. In claw-pole generator
design, modeling and simulation studies, it becomes very difficult to examine the control laws such as
electromagnetic theory related to the realistic design of electrical machines, the temperature increases of the
generator and the efficiency of the obtained electrical energy with classical methods [26]. In this section, a brief
technical comparison of the classical core material and the new generation core materials is made. Also, the
electromagnetic modeling approach and the steps of simulation studies are explained with the FEA software.

2.1. Technical Comparison of the Core Materials

Today, the need to increase the efficiency of electrical machines and the magnetic materials used in the core
structures provide less specific power losses thanks to thinner and higher magnetic flux density materials. The
biggest problem in generator design in general is that the manufacturing process can be subjected to mechanical
stress and thermal stress that can degrade the magnetic quality of the core materials. In addition, with the current
knowledge, the rate of deterioration of the core materials during generator manufacturing is not linear and cannot
be predicted exactly. Therefore, the magnetic measurement techniques must be developed and applied to assess
the quality of core materials at various stages of the manufacturing [27, 28].
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Figure 2. B-H curve comparison of the core materials, (2) M19_24G, (b) 2605SA1 core, (c) 10JNEX900
core.

In order to obtain the properties of magnetic materials used in the stator and rotor core parts of electric
motors and generators in general, core material manufacturers present them as datasheets after experimental
studies according to IEC 60404-6. B-H curves are magnetization curves describing the saturation flux and
magnetic field strength values of the materials. In addition, specific power loss values for flux values up to
saturation point according to operating frequency values are given with graphics.

The technical specs of the core materials are given in the material library of the FEA software, and if a
different material is to be used, the B-H values and the B-P values showing the specific power losses can be
added to the material library of the software. B—H curves of three different core materials used in this study are
given in comparison with Figure 2 (a), (b), and (c), respectively [29]. As the supply frequency increases in
asynchronous motors, the losses in the magnetic core increase and gradually begin to dominate. Therefore,
lamination of reduced specific power losses, especially amorphous steel and JFE supercore, is recommended to
increase efficiency in such machines. However, such laminations tend to have lower repellent magnetizing
properties, which may affect the running characteristics of the motor, and are referred to as soft core material
[30].

Table 1. Comparison the technical specs of the core materials [31,32,33,34,35,36]

Parameters Core Material Type

Conventional Amorphous JFE
Material Content FeSi(3%) Fe(80%)Si(9%)B(11%) FeSi(6.5%)
Saturation Flux Density [T] 1.7 1.56 1.9
Relative Permeability, [ur] 4000 20000 23000
Curie Temperature [°C] 550 395 700
Coercivity Force, Hc[A/m] 150 4 30
Mass Density [kg/m3] 7650 7330 7490
Thickness of material [mm] 0.35 0.025 0.10
Stacking Factor 0.98 0.83 0.95
Electrical Resistivity [pQ m] 0.82 1.37 0.72
Hysteresis loss coefficient (Kh) 172.842 22.292 133.474
Eddy-current loss coefficient (Ke) 1.3684 1.173 0.01346
Specific Core Loss (W/kg at 50 Hz) 3.3 0.14 1.17
Thermal Conductivity [(W/m K)] 53 10 19.6

Cogent

Manufacturer and Material Code M19-24G Zl\élgé%lgsl 18555855(!0

(M330-350A)
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The core material, which is frequently used in the design of stator and rotor parts of electric motors in
general, is a 0.35 mm thickness of 3% SiFe alloy, also known as M19_24G type motor sheet. The specific core
loss value of this core material is 3.3 W/kg for an operating frequency of 50 Hz and a flux density of 1.5 T. In
addition, the JFE supercore core material, which has become popular in recent years, is commercially available
with a lamination structure three times thinner than the M19 24G core material. The saturation flux density
value of this material is 1.9 T and the specific core loss value is 1.7 W/kg, which remains quite low. In addition,
the permeability of 10JNEX900 core material as JFE supercore as 6.5% SiFe for 0.10 mm thickness is
approximately five times that of conventional core material for 0.10 mm thickness. Ribbon steel, with a
thickness of 0.025 mm as amorphous core material, is often used in inductor and transformer design with much
lower magnetic field strength values and much lower specific core loss values as soft magnetic material [31].
Comparative specs of core materials with these three different characteristics are given in Table 1. [32, 33, 34,
35, 36].

2.2. FEA modelling methodology

In order to design and simulate electrical machines (such as transformers, electric motors and generators,
etc.) with ANSYS-Maxwell software, the steps followed in electromagnetic modeling are followed
systematically as given in Figure 3. After determining the solution type in the steps given in the flow diagram,
2D/3D geometric drawings of electrical machines, meshing operations and excitation conditions should be
assigned for electromagnetic modeling. In the analysis settings stage, simulation conditions are determined for
the solution setup. According to the technical data obtained from FEA simulation studies, reports such as
numerical values such as current, voltage, inductance and power losses, 2D/3D graphics and flux distributions
are received [37, 38].

The power electronics circuits and FEA modeling equivalent circuits are run by co-simulation, and both
power electronics circuit performance and synchronous generator performance can be considered together. Thus,
the performances of electrical machines and power electronic circuits can be tested in detail before experimental
studies are carried out. Electromagnetic modeling analysis using FEA consists of three stages: preprocessing,
field solution, and postprocessing. In the preprocessing stage, the geometry is developed, the problem is defined
(core material selection, the nonlinear characteristics of ferromagnetic iron are introduced, magnetization of the
magnets in the required direction) and the mesh is produced. Electromagnetic modelling is performed using FEA
software, which is a powerful tool for the design of electrical machines and other electrical systems [23].
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Figure 3. FEA modelling methodology flowchart

2.3. Theoretical background for CPSGs

Generally, the synchronous generator induction principle and theory apply. Thus, the phase EMF in the
stator windings of a claw-pole synchronous generator whose stator windings are designed with 120 electrical
degrees of phase difference can be given as Equation 1 [23]:

ef = q)Nkanr (1)

where, @ represents the magnetic flux, Nw is the number of turns for stator winding, kb is the winding
factor, and nr is the rotor speed as rpm.



MAUN Muhendislik-Mimarlik Fakiltesi Dergisi,5(2),20-38,2024/MAUN Journal of the Faculty of Engineering and Architecture,5(2),20-
38,2024 Arastirma Makalesi/Research Article

The calculation of the magnetic flux induced by one full rotation of the permanent magnet rotor in the stator
depends on the magnetic field intensity. In addition, the rotor structure of the claw pole alternator is different
from ordinary generators and has a cylindrical pole structure surrounded by claw-shaped soft iron parts. The
modeled CPSG has a full mold three-phase winding structure and a cylindrical claw structure rotor with 4-pole
placed on the 24-slot stator. In steady state, the expression for the current of the stator windings with the dq0
conversion is given by Equation 2 [22]:

( 27z] ( 47zj_
COSp  COS - cos| p——

| 3
Id ~2| _sing —sinlo-2%]| —sin[ -7 Ial @

1 1 1
2 2 2

Thus, the three-phase stator currents that are 120 degrees electrically out of phase between them can be
clearly written as la, Ib, and Ic, respectively, with Equations 3-5:

I, =1,cos(wt+p) )
Ib=|pcos(a)t+go—2?”j (4)
IC=|pcos(a)t+go—4?”j ®)

where, Ip is the peak value of the stator phase current. Stator phase voltages for d-q axis are given in
Equations 6-7:

dyyg
dy,
Vq=Iqra+d—tq—a)l//d U]

The stator winding fluxes can be expressed by Equations 8-9 for the d-q axis form:

wg =—lglg + 15 Ly (8)

Ve =-lqlq 9)

Thus, the direct-axis reactance and quadrature-axis reactance of CPSG can be expressed as Equations 10-11
in the form of the d-q axis:
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Yq
Xq ="t (11)

Finally, the expression for the induced EMF per phase of a synchronous generator can be given by Equation
12:

Ep = 444K, @, N, (12)

where, ®m represents the maximum flux circulating between the stator and rotor cores, and f represents the
frequency. Also, Nw is total number of turns per stator phase. Also, a simplified expression for the EMF value
induced in the stator windings can be written as Equation 13 [7]:

E

N,o®, (13)

1
2

ph

The cogging torque (Tcog) of synchronous generators is a periodic torque oscillation without any
excitation current which can be derived with Equation 14 [13]:

T 12@

= =2% 4o e

where 0 is the rotor position angle, @ is the main flux, and Ris the general magnetic circuit reluctance of the
CPSG core.

2.4. Efficiency and Power Losses

In general, eddy current loss (Pedd) accounts for most core losses, depending on the lamination thickness of
the core material. Hysteresis losses (Phys) occur with the change of direction of the magnetic field poles
depending on the frequency. However, in case of poor heat dissipation of the core material, eddy current loss
also causes higher temperature to rise in the core parts. The losses of the stator windings (Pcu) depend on the
square of the current and the resistance values (Rc) of the windings, as given by Equation 15, and are released as
heat. The core losses can be given with Equations 16-17 for CPSG, and Equation 18 is given for efficiency (n)
[10, 21].

P, =R.1? (15)
Pys = K, B (16)
Py =K, f?B2 1)
n P (18)

P+ P + Bys + Peaa
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where, P is the electrical power from the generator, Bm is the magnetic flux density, and Kh and Ke are the
coefficients for the hysteresis and eddy current losses of the core material, respectively.

3. MODELLING of CPSG with FEA SOFTWARE

In general, CPSGs can be classified as synchronous generators. However, the operating conditions of HEVs
are quite different from other generator applications. The armature current is very large due to the low battery
voltage level connected to the alternator. The stator and rotor core parts are highly saturated due to machine size
limitations. Therefore, it is very difficult to fully apply the design methodologies of other synchronous
generators to CPSGs. For example, the technical characteristics of the alternator cannot be accurately predicted
by magnetic equivalent circuits whose parameters are determined under linear superposition assumptions based
on classical mathematical expressions using no-load voltage and armature reaction. Three-dimensional (3D)
electromagnetic field analysis is generally applied in many papers in the past literature that propose modeling
methodology with FEA software to predict the properties of CPSGs [5].

Finite Element analysis (FEA) 3D software can be used directly to accurately predict the electrical and
mechanical behavior of machines. However, electromagnetic modeling the claw poles is difficult, as it requires a
lot of computation time and memory, and using 3D FEA in the initial design is not recommended [39].
Therefore, CPSG was first performed with a short one-dimensional analysis using the ANSYS-Rmxprt module.
In this context, winding structures and core materials can be assigned by sizing the stator and rotor parts of the
generator.

ANSYS-Rmxprt academic version software is used primarily for the electromagnetic modeling of the three-
phase CPSG, and the three-phase 24-slot stator shown in Figure 4(a) and the proposed example as a permanent
magnet excited 4-pole rotor structure are selected. To compare the stator core structure, three different core
materials, namely M19 24G (3% SiFe), 2605SA1 (Amorphous) and 10JNEX900 (6.5% JFE supercore), are
determined and sizing processes are carried out according to the specs given in Table 2. The full slot pitch for the
stator phase windings is 24/4=6 according to the number of stator slots and the number of poles in the rotor, but
in this modeling, the slot pitch is set as 2-7 as seen in Figure 4(b) with a step abbreviation.

Fhasze | Tums | In Slot ‘OutSIDt‘
Coil_T|A 200 2 7
Coil_2|-C 200 4 9
Coil_3|B 200 B 1
Coil_4|-4 200 B 13
Coil_5|C 200 10 15
Coil_B|-B 200 12 17
Coil_7 A 200 14 19
Coil_8|-C 200 16 21
Coil_9|B 200 18 23
Coil_..|-4 200 20 1
Coil_.|C 200 22 3
Coil_.|-B 200 24 5

(b)

Figure 4. CPSG phase windings, (a) stator winding arrangement and (b) edited winding layout.

The stator phase windings consist 200 turns, and placed in the stator slots with 120 electrical degrees
between them. Thus, the CPSG is designed as if it were fabricated in a virtual environment and can be simulated
almost realistically.
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Table 2. CPSG's modelling specs [40]
Parameters Value
Rated apparent power 0.55 kVA
Rated power factor 0.71
Number of phases 3
Rated voltage 115V
Frequency 50 Hz
Stator outer diameter 120 mm
Stator inner diameter 80 mm
Stator length 65 mm
Number of stator slots 24
Stator core material *Comparative analysis
Stacking factor 0.95
Rotor outer diameter 78.8 mm
Rotor inner diameter 12 mm
Rotor length 80 mm
Rotor yoke diameter 50 mm
Rotor core material Steel_1008
Number of rotor poles 4
Pole magnet type XG196/96_3DSF1.000_X
Length of Magnet 10 mm
Air-gap length 0.60 mm
Rated synchrnous speed 1500 rpm
Load type Infinite bus

The cross-sectional view of the claw pole structure on the rotor is as in Figure 5 in the sizing section of
ANSYS-Rmxprt. Therefore, many changes regarding dimensioning such as rotor and pole lengths, pole foot
thickness and yoke diameter dimensions, slot depth, shaft diameter can be made as desired.

Rotor Length ———

= Fole Length———

Tip Embrace  Root Embrace

Slot Depth Root Thickness
——L

Shoe Thickness
‘oke Diarrneter

Shatft Diameter

Figure 5. Sizing parameters of claw pole rotor [40].

The rotor and pole structure of the modeled CPSG is shown in Figure 6. An extremely powerful magnet is
used with a disk-shaped XG196/96_3DSF1.000_X type Coercive Force value of 690 kA/m and Residual Flux
Density 0.96 T, which provides the excitation of the rotor poles.
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(@ (b)
Figure 6. The rotor (2), and pole structure (b) of CPSG.

The claw pole structure of the rotor resembles a crankshaft and can produce voltage in sinusoidal wave
form with its cylindrical pole structure. The full modeling image for the CPSG with the stator windings is given
in Figure 7. The stator windings are essentially like the stator windings of a three-phase asynchronous motor and
are placed with a 120-degree electrical angle between them.

—
=
T ”4‘?‘:

0 100 200 (mm) 0 50 100 (mm)
. @ . . ®)
Figure 7. The full modeling 3D image for the CPSG, (a) 3D image, (b) front view of generator.

The meshing process for CPSG modeled in 3D with Maxwell software is given in Figure 8. Mesh
refinement is very important for the convergence of the solution results, but at this point, the performance of the
computer running the software comes to the fore. In fact, the better the RAM memory capacity in performing the
meshing process, the more the solution start time changes. Since Maxwell software solves according to the finite
element method, if the meshing process fails, it cannot proceed to the solution. The solution process depends on
the processor capacity and memory capacity of the computer. The technical features of the computer used in this
study can be summarized as i7-8 cores, 16 GB RAM and 250 GB SSD. As the meshing precision increases, the
running times of the software also change.
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Figure 8. Mesh refinement of
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CPSG.

The power losses and efficiency of the CPSG, whose electromagnetic modeling was performed with
ANSYS-Electronics Rmxprt and Maxwell software, according to the full load technical data information, are

explained in detail in Table 3.

Table 3. Full load technical data of the modeled CPSG.

Parameters Value
Stator Phase Current (rms) 16 A
Stator Phase Voltage (rms) 115V
Apparent Power 0.55 kVA
Power Factor (Cos ¢) 0.98
Induced Phase Voltage (rms) 152.7V
Frictional and Windage Losses 24 W
Core Losses 4.25 W for M19_24G core material
Stator Copper Losses 7245 W
Total Losses 100.7 W
Output Electrical Power 539.897 W
Input Mechanical Power 640.597 W
Efficiency (%) 84.28%
Maximum Output Power 669.41 W

Even when only core losses are considered, CPSG performance varies significantly with core material type.
According to the graph given in Figure 9, the core loss behavior of the generator designed with Amorphous,
3%SIFe and JFE super core material is given comparatively.
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Figure 9. The core loss behavior of CPSG designed with M19_24G, Amorphous and JFE super core
materials.

Thus, it was determined that the most suitable core material in terms of core losses was 2605SA1 core. M19
core, known as the classical core lamination, used in the application, is the worst material in terms of core losses
and the core material where the temperature increase will be the highest. In addition, winding losses for CPSG
are also examined comparatively. In fact, winding losses are the most important cause of thermal increase in a
generator, and a slight difference was observed in winding losses due to reasons such as inductance that changes
according to the core material type. Thus, according to the comparative winding losses graph given in Figure 10,
the most loss emerges as the classical core material M19. The winding loss behavior for the other two materials
(Amorphous and JFE super core) is almost the same.
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Figure 10. The copper loss behavior of CPSG designed with M19 24G, Amorphous and JFE super core
materials.

Thus, it is summarized in Table 4 that higher efficiency can be obtained with the new generation core
materials for CPSG, which is analyzed comparatively according to the core material type.
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Table 4. The power losses and efficiency comparison of CPSG according to core material type

Comparison of Parameters Core Material Type

M19 24G 10JNEX900 2605SA1
Frictional and Windage Losses 24 W (fixed) 24 W (fixed) 24 W (fixed)
Core Losses 4.25W 0.75W 0.35 W
Stator Copper Losses 7245 W 55.82 W 55.35 W
Total Losses 100.70 W 80.57 W 79.70 W
Efficiency (%) 84.28% 87.02% 87.13%

The highest efficiency is achieved with amorphous material, but the design is limited to this material
according to the structural features of the stator grooves. Because amorphous materials are very hard and not
resistant to mechanical stresses with their crystallized film feature. However, JFE supercore material has almost
the same efficiency as amorphous. The core material type is also extremely important in terms of torque
behavior as seen in Figure 11. The core material with the least torque fluctuation can be summarized as a JFE
core with a high flux density of 1.9 T and a non-oriented core material.
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Figure 11. The torque behavior of CPSG designed with M19_24G, Amorphous and JFE super core materials.

The flux distributions in the CPSG core for the different core materials are given in Figure 12 in 2D. Since
the saturation flux value for M19 is 1.7 Tesla, it is seen that it is very close to the saturation point. There is no
saturation for the JFE supercore, which has a saturation flux value of about 1.9 T. For amorphous with a
saturation flux value of 1.56 T, there are regions close to the saturation point. However, since it is a soft
magnetic material due to its amorphous structure, the canceling magnetic field strength is very small, and the

thermal coefficient and specific core loss are at the lowest values.
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Figure 12. The flux distributions of CPSG core, (a) M19_24G core, (b) amorphous core, (c) JFE
supercore.

The findings obtained because of the modeling and simulation studies of the CPSG performed with the FEA
software can be listed as follows, comparatively according to the core material type:
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*M19 classical core material is widely used in practice.
*When the core loss behavior is examined, M 19 core material is the most unsuitable material.

*JFE supercore core loss is higher than amorphous material core loss values, but when design and
manufacturing are considered, amorphous material is not very suitable for the design of stator slots. Amorphous
material is mostly recommended for inductor and transformer design.

«JFE supercore is the most suitable material in terms of electromagnetic and torque performance.

In recent years, JFE supercore material has become popular both in electric motor design [33] and
generator design in terms of power losses and temperature behavior compared to M19 material. It also allows
more compact design such as core size reduction in motor/generator sizing.

*Although the classical core material (M19) is much cheaper than the new generation core materials, the
new generation core materials can be preferred for high efficiency CPSG designs due to their more compact
design and lower power loss values.

*The core material comparison discussed in this study highlights that JFE supercore material is very
suitable for performance enhancement for CPSG, which is frequently used in ICE and hybrid electric vehicles in
recent years.

«It is known that if the magnetic properties of the core materials are taken into account in the design
process of the CPSG dimensioning, it may lead to structures with different sizes. However, in this study, a short
performance comparison was performed using different magnetic materials for 0.55 kVA power. Thus, it was
seen that even for the same size, the power loss values of the new generation core materials were lower, and the
performance was improved.

*Maybe a few W core and winding losses will be reduced, but CPSGs, which are used as battery
charging units for millions of vehicles, can be used in the coming years for much larger power capacities,
especially in the stator core structures of wind generators. In this context, JFE supercore material is
advantageous in terms of high flux density, much finer lamination, and much smaller specific core losses.

4. CONCLUSION

In this study, the electromagnetic modeling and simulation studies of performance improvement are carried
out by using new generation core materials of CPSG, which is frequently used as a battery charging alternator of
ICE vehicle. Since the new generation core materials are produced with higher magnetic flux density and much
thinner structures than conventional core laminations, they have become the focus of attention in recent years
with less specific core loss values. In particular, the need for a more compact design and higher efficiency in the
power system for energy storage in hybrid electric vehicles has also intensified the efforts to increase the
performance of CPSGs.

The CPSG considered in this study is only 0.55 kVA power value, and this will gain more importance as the
power values increase, as the lamination material used in the core structure will increase. On the other hand,
when it is used in internal combustion land vehicles and considering millions of places of use, a reduction in
power loss of a few W may positively affect many factors such as the global economy and environmental
pollution. M19 24G core material is commercially easily available compared to others, but considering its
performance characteristics such as size, power losses and temperature behavior, it will leave its place to new
generation core materials as the technology of the future. Depending on the core material type, the CPSG
efficiency was determined as 84.28% for the classical core material M19, 87.02% for the jfe supercore, and
87.13% for the amorphous core material, respectively. Thus, it is seen that the CPSG designed with the new
generation core materials has higher efficiency. As a future study, a CPSG can be designed using new generation
core materials, for example, with jfe supercore, and its sizing, electrical and electromagnetic behavior can be
determined experimentally.
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