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Abstract: This paper presents a comparison of an AC radial �ux interior permanent magnet
(IPM)motor with the distributedwinding (DW) and concentratedwinding (CW). From time
to time,manufacturers of electric vehicles change the design of electricmotors, such changes
may include changing the DW into CW and vice versa. A change to the winding in a radial
permanent magnet synchronous motor may lead to a change in motor parameters during
motor operation and /or change in the distribution of the magnetic �eld and thermal circuit
of the electrical machine. The electromagnetic analysis, e�ciency map, mechanical stress,
and thermal analysis of the machine with the DW and CW are presented in this paper. This
article describes the advantages and disadvantages of selected stator winding designs and
helps understandmanufacturers’ designers how the DWandCWplay a key role in achieving
the designed motor’s operational parameters such as continuous performance. Analyzing
the performance of bothmachineswill help identify their advantages and disadvantageswith
regard to thermal phenomena, magnetic �eld and operational parameters of the presented
IPM prototypes. Both prototypes are based on commonly used topologies such as 12/8
(slot/pole) and 30/8 (slot/pole) IPM motors consisting of magnets arranged in a V-shape.
The AC IPM motor was designed for an 80 kW propulsion system to achieve 170 N�m
at a base speed of 4 500 rpm. Modern CAD tools are utilized throughout the numerical
computations based on 2-D �nite element methods. Selected test data are used to verify
and validate the accuracy of �nite element models.
Key words: AC losses, distributed and concentrated winding, motor performance, radial
�ux permanent magnet motor, slot �ll factor, thermal analysis
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1. Introduction

Despite the extensive evidence in the literature on the electromagnetic, thermal, mechanical
stress and e�ciency analysis of electric motors, research in this respect is repeated in detail when
new prototypes of electrical machines are designed. Many academic publications discuss the
electromagnetic analysis, thermal analysis and e�ciency map separately [1�6] for AC permanent
magnet propulsion motors. Also, many investigations were focused on the in�uence of winding
design on iron/copper/PM losses in brushless PM motors using the DW or CW [7�10]. For the
comparison of electric motors with the DW and CW, there is little guidance available [11�14].
Nevertheless, each new electric motor design requires comprehensive analysis, and the reason
for that is that di�erent operational parameters and construction dimensions are required for
electric motors [15�20]. When developing a new electrical machine, it is important to perform
a comprehensive analysis such as voltage waveforms induced in the armature winding and its
total harmonic distortion (THD), power losses, electromagnetic torque and its pulsations, thermal
analysis, e�ciency map etc. [21�23].

In this paper, the authors present two prototypes with a topology based on an IPM radial
�ux motor with Nd-Fe-B magnets inserted in the rotor core. One prototype consists of a 12-slot
8-pole motor with the CW, and the second one consists of a 30-slot 8-pole motor with the
DW. Based on the authors’ knowledge and experience, a number of technical and economic
requirements were taken into account, such as low noise level, high e�ciency, material cost, and
manufacturing constraints. These issues were described by the authors in [24]. In electric motors
with a power of several dozen kilowatts and a relatively low supply voltage (several hundred volts)
intended to drive electric vehicles, it is usually required to use a multi-wire winding. A multi-
wire winding was also used in both analysed prototypes. According to the authors, the use of
a multi-wire winding reduces the slot �ll factor. It results in the deterioration of the electric motor
parameters, regardless of the type of winding (e.g. increase in copper losses). The proposed 80 kW
prototypes are based on designed and optimized motors similar to those described in [25�27]. It
is commonly known that the stator winding distribution can have a profound in�uence on stator
and rotor iron losses. In terms of these losses, the most common winding con�gurations are used
in the presented prototypes. Of the many possible con�gurations for placing the magnets inside
the core, the V-shape con�guration was chosen. In addition, from an economic point of view,
this con�guration is most desirable and also a V-shape IPM motor has good performance in both
torque and extended speed [27,28]. Presented IPM prototypes were widely investigated in relation
to a winding short-circuit fault on demagnetization risk and local magnetic forces [29]. In this
paper, the authors have decided to extend the study of the performance and thermal investigations
in the proposed prototypes. Eighty kW prototypes are designed for a propulsion system achieving
an electromagnetic torque of 170 N�m at base speed. These machines are widely used for electric
and hybrid traction applications (in this particular project, IPM prototypes were designed for
electric SUVs). Two electric motors of the same type installed in the car drive will propel the
front and rear wheels. In electric vehicle propulsion, mechanical transmission occurs between
plugs, the battery, charges and power converter, and electrical transmission occurs between the
IPM AC motor and power converter. The motors are directly connected to the clutch, then to the
transmission and gearbox, and then to the front di�erential.

The analysis performed should demonstrate the di�erences, advantages and disadvantages
of the motor’s operational parameters and point out the weakest areas of the constructed IPM
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prototypes. The conclusions can be very useful to specify further modi�cations or optimization
processes to develop a new motor prototype with improved parameters such as torque constant,
voltage constant, cogging torque, torque ripple or e�ciency and output power characteristics. In
many automotive industry research units, engineers for di�erent reasons change, from time to
time, the topology of the electric motor and usually face several serious issues that must be sorted
out. This paper demonstrates two di�erent winding structures of the IPM motor to make it easier
for engineers to choose a machine for speci�c applications and requirements.

The CW design (with the same size, and stator/rotor radius as in an IPM using the DW design)
enables easy winding automation and has short end-windings, lower copper loss, and requires
less space than the DW [30]. On the other hand, the use of the CW leads to a higher winding
factor. One of the methods to improve the output torque of an IPM with the CW can be using
unequal tooth width of the stator and an appropriate choice of slot and pole numbers. It has been
proven in many studies that the DW with a high number of slots has a lower cogging torque, and
also higher resistance to mechanical deformation than an IPM motor with the CW [30]. Also, an
electric motor with a CWmotor can generate less copper and iron losses than a machine with the
DW operating in the constant power region [30], while in the constant torque region, the losses in
both machines can be similar. However, the researchers are concerned only with speci�c problems
such as electromagnetic analysis, improvement of output power, achieving high e�ciency etc.
Only a small amount of academic literature discusses widely the advantages and disadvantages of
using distributed and concentratedwindings based onmonitoring its performance and thermal and
mechanical analysis or at least demonstrates the necessity to perform thermal analysis and address
the related design problems. To bridge this gap, the authors conducted the necessary research to
present a comprehensive view of the comparison of an IPM motor with the DW and CW used
for automotive applications, and the conclusions should help engineers select the right motor
topology depending on their requirements. In the analysis performed, the in�uence of additional
AC losses in the motor windings was taken into account. The authors argue that additional
AC losses signi�cantly a�ect the temperature distribution in the electric motor. Failure to take
into account AC losses signi�cantly limits the maximum performance of the designed machines
operating in the range of constant power. According to the authors, the method/technology used
for making the winding plays an important role, which will be shown in the paper.

2. Experimental validation of �nite element analysis and
electromagnetic analysis

Designed IPM prototypes combine high performance with low-cost production, but without
the light weight or small size that are ideal for electric or hybrid SUVs. Reducing production
costs with the simultaneous use of a multi-wire winding requires reducing the slot �lling factor
by several percent. It is not possible to obtain a slot �lling factor of 70�75% with the use of
a multi-wire winding without incurring additional costs at the stage of the winding of the stator.
Relatively low supply voltage (400 VDC) and high power (80 kW) require the use of a multi-wire
winding (for skin e�ect elimination). Additionally, the cross-section of the winding wire limits
the opening of the slot space. Typically, the winding wire cross-section should be less than about
3 times the width of the slot opening.
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A cross-sectional view of the prototypes is shown in Fig. 1(a). The main dimensions and the
layout of thewinding arrangementswith the laminated core sheets are presented in Figs. 1(b)�1(c).
Due to the di�erence in the number of poles and slots for both IPM motors, it was necessary to
change the inside diameter of the stator and thus change the outside diameter of the rotor.Moreover,
minimizing the cogging torque to an acceptable level required changing the arrangement of the
permanent magnets. Additionally, both motor designs had to have comparable voltage constants.
Consequently, despite the use of a V-shape magnet system, this system is slightly di�erent in
both solutions. These prototypes included V-shaped interior PMs arranged in simple rectangular
magnet blocks that allow to reduce machining costs (there were six magnet segments in the
axial direction). Furthermore, the shape of the magnetic �ux barrier designed in the rotor core
is simple and ensures an acceptable �ux density distribution around this barrier. Also, the �ux
passing through the air gap assures a low total harmonic distortion of the back electromotive
force.

Shaft

Motor housing

Rotor

Stator

Bearings

IPM DW

IPM CW

409 mm

373 mm

Cooling
channels

(a) (b) (c)

Fig. 1. 30/8 and 12/8 IPM motors: 80 kW IPM AC motor prototypes used in the electric vehicle drive with
a 3D view and a cross-sectional view (a); dimensions (b); radial view of the DW and CW layout and the coil

mounted in a 3-phase stator (c)

The tested machines should be capable of delivering a nominal power of 80 kW when driven
by an inverter with sinusoidal voltage with controllable frequency and amplitude (load operation
be tested in the near future). The tested three-phase IPMprototypes based on radial �ux technology
that were set in the test rig are shown in Fig. 2. A comparison between the data from the numerical
calculations based on the �nite elementmethod/analysis (FEM/FEA) and the experiment involving
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the cogging torque, Back-EMF, and the electro-magnetic static torque show a good agreement.
The commercially available software based on the FEM was used to design and investigate the
geometry of the IPM motors. The shaft of the prototype was directly coupled with a �exible
coupling, and then to the driving machine. A test-stand application with a multichannel data
acquisition system programmed in LabView was used for electric machine operational parameter
measurements. For the static characteristics of electromagnetic torque measurements, the AC
drive motor was used and directly coupled with �exible couplings, torque transducer, and IPM
motor. For precise measurements of the cogging torque, a stepper motor with a planetary gear
was used instead of an AC drive motor. When the Back-EMF was measured, the stepper motor
was replaced with a load machine to spin the IPM motor with the required speed.

Fig. 2. The test rig with an IPM motor prototype used for torque and Back-EMF measurements

Several parameters representing general speci�cations for the test motors were set, as is typical
for most design projects, see Table 1. Table 1 also includes information on the windings used.
The outer diameter of the stator in both machines is 240 mm.

Measurement of the waveform of BEMF generated by the electric motor is one of the most
important parameters that must be compared with the one simulated using the FEA. The con-
vergence of the results should be as high as possible in order to con�rm the correctness of the
numerical model for the analysis of the magnetic �eld and integral parameters of electric mo-
tors. The test of no-load BEMF (phase-to-neutral voltage) was performed at 4 500 rpm and it is
presented in Fig 3. The phase BEMF conveys the most important information as its distortion
directly causes torque ripple. Also, it can be observed that with the decreasing number of slots
per pole and changing the winding type from the DW to CW, the waveform is more trapezoidal
and consists of more little ripples.

Observation of the line-to-line BEMF (between two phases) is important in most cases as
the star connection of electric machines. Those line-to-line voltage waveforms are important to
estimate voltage distortion in star connection, see Fig. 4. The line-to-line voltage waveforms of
the DW electric machine are smoother than those of phase BEMF. In the case of the CW electric
machine, the line-to-line BEMF waveforms are slightly �attened at the top of the sine waves and
have almost the same shape. In the case of an IPM motor with the DW, it can be concluded that
the 30-pole con�guration may be useful for the BLDC machine also in the star connection.
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Table 1. Details of a prototype three-phase IPM with DW and CW

Parameter IPM with DW IPM with CW Unit

Rated speed 4 500 4 500 rpm

Nominal torque 170 170 N�m

Rated power 80 80 kW

DC voltage 400 400 V

Number of stator slots/rotor poles 30/8 12/8 �

Iron core material M270-35A M270-35A �

Iron core electrical resistivity 52 52 ‘
�cm

Magnet width 17.6 18.9 elec.deg.

Magnet thickness 7.8 8.6 mm

Magnet grade N38UH N38UH �

Magnet electrical resistivity 180 180 ‘
�cm

Air gap length 1 1 mm

Stator/rotor outer diameter 240/150.2 240/138 mm

Stator/rotor inner diameter 152.2/42 140/42 mm

Slot height/pitch 29.7/12 31.9/28 mm/meh.deg.

Slot opening 2 2 mm

Yoke height 11 13.5 mm

Winding layers Double-layer Single-layer �

Overlapping Yes No �

Parallel paths 1 4 �

Winding throw 4 1 �

Winding factors 0.902 0.866 �

Wire slot �ll 0.5 0.52 �

Copper slot �ll 0.4 0.4 �

Strands in hand Yes Yes �

Phase resistance 0.006835 0.00512 


Armature turns per phase/coil 20/2 76 /19 �

Total harmonic distortion (THD) is a measure of how many of all the harmonics, except the
fundamental ones, there are. THD can be expressed by the formula described below.

THD =

vt 1Õ

==2
BEMF2

=

BEMF==1
� 100%� (1)
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Fig. 3. No-load line-to-neutral BEMF waveforms at 4 500 rpm comparison between measurements
and 2d FEA for prototypes with DW (a) and with CW (b)
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Fig. 4. Line-to-line BEMF voltage of DW (a), and CW (b) electric machine at 4 500 rpm

where BEMF= is the rms value of the =-th harmonic voltage representing amplitudes of all
harmonics except the signal harmonics and jBEMF==1 j is the amplitude of the signal in this case,
the signal is the fundamental frequency. By analyzing the THD of the phase-to-neutral BEMF
waveform, it can be con�rmed that the DW has less harmonic distortion (THD = 3�42%) and is
most suitable for synchronous drives than the electric machine with the CW (THD = 5�65%).
In line-to-line BEMF voltage, it can be observed that the 12-slot motor has far more distorted
waveforms (THD = 4�9%) than the DW machine (THD 2�08%).

During the test, the coolant systemwas not used, and in the FEA, the temperature was assumed
to be 25�C. To avoid a signi�cant impact of the heat transfer on the torque production at varying
loads and e�ciencies of PM motors using NdFeB magnets, the measurements were performed
quickly and at the same room temperature (25�C). As it was measured in detail in [29], the
measured peak cogging torque was 0.87 N�m and 1.25 N�m (the higher value applies to the CW
IPMmotor). At the same time, the obtained measurements were su�ciently convergent compared
to the calculated values of the cogging torque for the DW and CW, and the di�erence was not
greater than 2% and 16%, respectively. Electromagnetic torque )e static characteristics at load
conditions were only partially veri�ed (see Fig. 5). As it can be seen, more deformation of the
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torque wave was observed for the IPM motor with the CW when compared to the one with the
DW (see Fig. 5(b)). From the static characteristics of the torque, the DW motor generates a lower
torque ripple than the machine with a lower number of slots. For both versions of IPM motors,
the increase in current causes a decrease in the THD value of electromagnetic torque, as follows:
for the DW � 9.32% (30 A), 10.11% (20 A), 15.28% (10 A), and for the CW � 9.32% (30 A),
10.10% (20 A), 15.26% (10 A). As can be seen, the THD factor of the torque does not di�er
signi�cantly between both machines, nevertheless, the shape of the deformation characteristics
between the two machines di�ers signi�cantly. A detailed analysis of the electromagnetic torque
at sinusoidal current load operation is also shown in [29], where it was observed that a DW IPM
motor has a higher torque constant and a lower torque ripple.
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Fig. 5. Static characteristics of electromagnetic torque at load operation, IPM motor with:
DW (a) and CW (b)

Electromagnetic torque )e is calculated using the virtual work method which is based on
the stored magnetic co-energy change with a small displacement \. )e equals the derivative of
the magnetic co-energy ,co-eng with respect to the angular position at constant current, and is
expressed as:

)e =
�,co-eng

�\

����
�=const

� (2)

Figure 6(a) shows torque ripple factor Y expressed as a percentage, average value of the
waveform of )av, and torque constant :T at the rms load current for each tested electric motor.
Additionally, :T is de�ned as [23]:

:T =
)av

�
� (3)

where: :T is the torque constant in N�m/A, � is the rms current in A and )av is the electromagnetic
average torque in N�m obtained for each AF PMSM. Torque ripple factor can be expressed as
follows:

Y =
)max � )min

)av
100%� (4)

where )max, )min, represent the maximum and minimum value of the electromagnetic torque
waveform as illustrated in Fig. 6(b).
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Fig. 6. Comparison of selected IPMmotor parameters withDWandCW: torque ripple factor, torque constant,
and average electromagnetic torque vs. rms load current (a); an example of the waveform of electromagnetic
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In the range of normal IPM motor operation, no signi�cant change in the torque constant was
observed.

3. E�ciency maps

The expected operating range of the designed drive has been limited to 11 000 rpm. The
presented IPM electric motor should operate in an overload condition for brief periods when it
is required. The value of the permissible overload is determined by the value of the maximum
current drawn from the battery bank. Assuming that the battery packs allow one to temporarily
increase the value of the current (this occurs when the vehicle accelerates rapidly or the drive
system is di�cult to start), the characteristics of the maximum torque that can be obtained in
the analyzed IPM prototypes can be determined. Thus, the relationship between the torque on
the motor shaft, the output power and the e�ciency of the motor as a function of rotational
speed were determined for IPMs with the DW and those with the CW. It was assumed that in
the analyzed drive system it is possible to temporarily double the maximum value of the motor
current (� = 12�2 A/mm2).

For a proper comparison of the characteristics of both prototypes, it is important to take into
account AC losses in stator windings [31,32]. The AC losses in the windings due to the proximity
e�ect depend on [33]:

%AC = ;Fe
c32

2f„l�”2

124
� (5)

where: ;Fe is the active length of the conductors, � is the �ux density of the sinusoidal external
�eld,l is the angular frequency, f is the electrical conductivity and 32 is the conductor diameter.

These losses are particularly important for machines operating in the range of constant power
(the �eld weakening region). The authors attribute AC losses to the con�guration of the winding,
i.e. the position of individual turns in the slot or the number of wires in the bundle [34].When eddy
currents occurwithin the copper conductors, they become the source of the important phenomenon
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of proximity e�ect. The proximity e�ect occurs because of increased frequency and/or load of the
current. Therefore, it is very important to take into account the AC losses, especially in structures
with windings with multi-wire coils (analyzed prototype structures presented in this article). And
proximity losses can be predicted by using the real Joule e�ect formula considering the e�ective
AC resistance ’AC and the real DC resistance ’DC [34, 35]. The bulk value of resistance as
a function of power loss %cu and the rms current determines the increase of resistance under AC
excitation as compared to DC operations. If necessary, AC resistance can be calculated from the
Joule loss of winding coils:

%cu =
”

+

� � � d+ = d
”

+

�2 d+ = ;Fed
”

(

�2 d(� (6)

where: � is the electric �eld strength, d is the resistivity of copper.
For comparison, the characteristics obtained for typical operating conditions (� = 6�1 A/mm2)

are computed. The relationship between the torque on the motor shaft, the output power and the
e�ciency of themotor is shown in Fig. 7. The characteristics were determined assuming a constant
temperature of the stator winding (150�C) and permanent magnets (100�C).

0

50

100

150

200

250

300

350

0 1 2 3 4 5 6 7 8 9 10 11

Sh
a�

L 
 to

rq
ue

 [N
m

]

Speed [�u103 rpm]

IPM 30/8 - overload

IPM 12/8 - overload

IPM 30/8

IPM 12/8

overload

(a)

0

20

40

60

80

100

120

140

160

0 1 2 3 4 5 6 7 8 9 10 11 12

O
ut

pu
t  

po
w

er
 [k

W
]

Speed [�u103 rpm]

IPM 30/8 - overload
IPM 12/8 - overload
IPM 30/8
IPM 12/8

overload

(b)

0

20

40

60

80

100

0 1 2 3 4 5 6 7 8 9 10 11

E�
8c

ie
nc

y 
[%

]

Speed [�u103 rpm]

IPM 30/8 - overload

IPM 12/8 - overload

IPM 30/8

IPM 12/8

(c)

Fig. 7. FEA of selected parameters of IPM motor with DW and CW, operation at maximum current and
overload: shaft torque vs. speed (a); output power vs. speed (b); e�ciency vs. speed (c)



Vol. 71 (2022) Electromagnetic analysis, e�ciency map and thermal analysis 991

From Fig. 7, it can be concluded that the 12/8 structure has a lower overload capacity of 1.77
(1.93 for 30/8). The design 30/8 achieves greater maximum power. However, in terms of workwith
a constant power region (�eld weakening), the 12/8 design has much better parameters (taking
into account thermal limitations), i.e. a wider speed range and higher e�ciency. Additionally,
it has a slightly higher e�ciency in terms of constant torque operation. Also, the e�ciency of
the electric motor at constant power operation is signi�cantly higher. This is important when the
motor is operating in the �eld weakening zone.

Figures 8 and 9 show the e�ciency maps computed using commercially available soft-
ware [31�35] at the motor operation mode for a motor design with 12/8 and 30/8 poles, respec-
tively. When determining the e�ciency maps, it was assumed that a temporary twofold increase
in motor current density is permissible. In the numerical calculations used, two control strategies
are possible and were compared, i.e. a strategy aimed at maximizing the )��rms ratio or one

(a)

(b)

Fig. 8. E�ciency map of the 12/8 IPM motor: for the )��rms control strategy (a); for the control strategy
based on maximum e�ciency (b)
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aimed at maximizing e�ciency [35]. It is also possible to use the control strategy based only on
maximizing the torque produced (not used in the calculations considered in this paper).

The obtained maps of e�ciency con�rm the higher e�ciency of the 12/8 construction.

(a)

(b)

Fig. 9. E�ciency map of the 30/8 IPM motor: for the )��rms control strategy (a); for the control strategy
based on maximum e�ciency (b)

4. Mechanical stress analysis

In terms of mechanical limitations, IPM-type motors are much less problematic than rotors
with surface-mounted magnets [36]. However, due to the change in electric motor operation, e.g.
from the constant torque zone to the constant power (�eld weakening) zone, it should be ensured
that the maximum stresses in the rotor do not exceed the permissible values. In the case of rotors
with internallymountedmagnets, particular attention should be paid to the stresses in themagnetic
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gap between rotor slots. From an electromagnetic point of view, the thickness of rotor magnetic
�ux barriers at the air gap must be suitably designed and not be too thick. However, when working
in the �eld weakening range, the rotational speed of the rotor increases signi�cantly, which causes
an increase in stresses in the entire rotor. If magnetic bridges in the rotor (in magnetic �ux barrier
regions) are too thin, they become particularly susceptible to over-stresses. Figure 10 shows the
stress distribution for the motors with the CW and DW at a maximum speed of 11 000 rpm.
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Fig. 10. Mechanical stress at the max. speed of 11 000 rpm: IPM with DW (a); IPM with CW (b)

From the analysis of stress distribution, it can be seen that both analyzed IPM structures allow
the motors to operate in the required speed control range. The rotor’s safety factor is high for both
IPM motor designs. The rotor of the 30/8 design shows a higher safety factor (smaller volume of
permanent magnets used) compared to the 12/8 motor design.

5. Thermal network and temperature distribution analysis

In the motors under consideration, as well as all-electric machines used in electric and hybrid
vehicles, temperature has a key in�uence on stator windings and permanent magnets. In both
cases, exceeding the permissible temperature for these elements has catastrophic consequences.
Due to the high power density per unit volume, the machines are provided with forced cooling. In
the thermal model, the stator housing with channels through which the coolant �ows is designed
and taken into account (the cooling channels can be seen in Fig 1(a)). The calculations analysed
below were made using commercially available software [35�37] and were carried out for the
thermally steady state and for motor operation at rated parameters (4 500 rpm, 170 N�m). The
ambient temperature was set to 40�C, and the inlet temperature of the coolant system was set
to 50�C. For the rated operating point of the motor, it is more important to control and analyse
the temperature of stator windings. Moreover, a problem with the temperature of permanent
magnets may appear in the working zone at the �ux weakening �eld (above the rated speed). The
calculations were performed as co-simulation between the electromagnetic and thermal modules.
The results of the thermal analysis for the required operating point are shown in Figs. 11�13.
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The most appropriate algorithms used to calculate convection heat transfer and pressure drops
are set up in the numerical calculation. Thermal resistances for the conduction heat transfer paths
are calculated from the dimensions and thermal conductivity of each component of the motor.
Radiation, in turn, is computed from emissivity and view factor coe�cients and component

(a) 30/8 IPM motor

(b) 12/8 IPM motor

Fig. 12. Axial temperature distribution at the nominal operating point:
30/8 IPM motor (a); 12/8 IPM motor (b)
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surface area [35, 38, 39]. Based on the data on temperature loss, and on the velocity distribution
of the cooling �uid in the cooling channels depending on the machine, the thermal �ux values
were determined and the distribution of these values in components of the electric machine were
computed. The steady-state thermal network based on motor geometry and type of cooling with
regard to the power dissipated on individual elements is shown in Fig. 11. The thermal network
consists of thermal resistance, power sources, thermal capacitances, nodal temperatures and power
�ow through resistances. The steady-state schematic diagram presented below is an accessible
illustration of temperature distribution in regions such as the rotor (turquoise) and stator core
(red), windings (yellow), magnets (green), housing (blue), and motor shaft (grey). For example,
it can be observed that the main component of resistance between housing and stator back iron is
due to the e�ective interface gap. In addition, the temperature of the housing and stator back iron
of the DW motor is marked at the node and is 65.8�C and 81�C, respectively. In the case of the
CW motor, these temperature values are 52.5�C and 65.8�C, respectively.

The performed thermal analysis shows the possibilities of the prototypes’ operation. The
presented three-dimensional illustration of themain heat transfer pathswithin an IPMmotor shows
that the 30/8 variant of the motor requires better cooling to maintain the required parameters of the
motor’s performance (without having to modify the magnetic circuit or the size of the machine).
From the axial temperature distribution shown in Fig. 12, it is clear that in the 30/8 design, there
is a signi�cant problem with the acceptable temperature of the stator windings (especially inside
the stator slot) at the required load torque at 4 500 rpm. The maximum value of the stator winding
temperature that can be reached is 180�C. This unfortunately prevents the loading of the motor
with a torque of 170 N�m in a long-term operation. What is more, an increase in losses in magnets
beyond the nominal speed may lead to a partial demagnetization of the magnets.

It is clear from the above temperature investigation that the winding is the primary source of
heat in the investigated electrical machines. As shown in Fig. 13, the coils of the concentrated
winding located in the lower slot (near the air gap) are the most exposed to heat damage.

(a) (b)

Fig. 13. Stator temperature distribution at the nominal operating point in a selectedmagnetic circuit geometry:
30/8 IPM motor (a); 12/8 IPM motor (b)
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An additional thermal analysis concerns the assumption of limiting the maximum temperature
of the stator winding to 180�C and of permanentmagnets to 140�C.Assuming the adopted thermal
limitations, the motor’s parameters were determined under the analyzed cooling conditions,
mentioned at the beginning of this chapter. Figures 14(a) and 14(b) show the variability of the
shaft torque and output power, respectively, as a function of the rotational speed for both motor
designs.

Table 2 summarizes the parameters obtained at the rated speed (4 500 rpm) and the maximum
speed (11 000 rpm).

Table 2. Comparison of the obtained parameters of the prototype IPM with DW and CW

Parameter IPM with DW IPM with CW Unit

Rated speed 4 500 rpm

Output power 79.99 80.07 kW

Torque ripple 3.1 6.6 %

System e�ciency 95.5 96.3 %

Torque constant 0.5744 0.5642 N�m/A

Copper loss (DC‚AC) 1 888 1 152 W

AC copper loss 654 248 W

Iron loss 1 792 1 442 W

Magnet loss 12.1 55.9 W

Magnet temperature 126.2 105.3 �C

Winding temperature (avg) 153.7 127.6 �C

Winding temperature (max) 180.6 155.9 �C

Maximum speed 11 000 rpm

Output power 44.5 48 kW

Torque ripple 20 13 %

System e�ciency 89.9 93.7 %

Torque constant 0.23 0.26 N�m/A

Copper loss (DC‚AC) 1 787 626 W

AC copper loss 1 359 387 W

Iron loss 3 254 2 369 W

Magnet loss 33.2 580 W

Magnet temperature 136.5 140 �C

Winding temperature (avg) 144.7 107 �C

Winding temperature (max) 180 130 �C
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(a) (b)

Fig. 14. Comparison of the motors with DW and CW with thermal requirements for stator winding and
permanent magnet: shaft torque vs. speed (a); output power vs. speed with thermal requirements for stator

winding and permanent magnet (b)

6. Conclusions

The study aimed to compare two brushless IPM motors used in high-power electric vehicles.
These motors di�er in the number of slots per pole, and a signi�cant di�erence concerns the
stator where concentrated winding (12/8) was used in the �rst design and distributed winding
(30/8) in the second. The use of multi-wire winding reduces the e�ective slot �lling factor.
AC losses, which increase in constant power operation, have a signi�cant in�uence on motor
parameters. Both projects aimed at achieving the required electromagnetic torque (170 N�m).
These assumptions were successfully met, which was con�rmed by the results of calculations and
tests presented in Chapters 2 and 4. In the range of constant torque operation, the 30-slot/8-pole
structure is found to have a lower ripple of the electromagnetic torque (Fig. 6(b)). When the
electric machine enters the �eld weakening zone, torque ripple begins to rise. At a speed of
11 000 rpm, the 12-slot/8-pole motor design has a lower torque ripple (Table 2).

Both rotors are structurally adapted to work at amaximum rotational speed of 11 000 rpmwith
a large margin of the safety factor (above 3), see Chapter 4. In terms of thermal limitations, it can
be seen that the 12/8 IPM motor structure meets the stated requirements much better (compared
with the 30/8 structure), and it can work continuously with the required power of 80 kW at the
required operating point (and the speed range can be extended from the base speed of 4 500 rpm to
around 7 800 rpm without losing the required power). The calculation results show that under the
assumed cooling conditions of the 12/8 concentrated winding design, it is not possible to obtain
a power of 80 kW at a speed of 11 000 rpm. Therefore, this power was reduced to 48 kW. In turn,
the 30/8 design has much worse operating parameters. The AC losses were signi�cantly higher
in the 30/8 machine, which was the reason, why the maximum winding temperature signi�cantly
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limited the machine’s output power. In the case of the 12/8 motor in constant power operation,
the temperature of the magnets was the main reason for the reduction of the maximum achievable
power output. The use of parallel branches in the winding is more advantageous (more turns with
fewer wires in the bundle rather than one branch with fewer turns and more wires in the bundle).
The above conclusions indicate that the use of concentrated windings is more advantageous due
to thermal aspects and allows to obtain greater power on the machine shaft for the same operating
conditions of the motor.
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