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Abstract: The drive system of an electric car must meet road requirements related to overcoming
obstacles and driving dynamics depending on the class and purpose of the vehicle. The driving
dynamics of modern cars as well as size and weight limitations mean that wheel hub motors operate
with relatively high current density and high power supply frequency, which may generate significant
power losses in the windings and permanent magnets and increase their operating temperature.
Designers of this type of motor often face the need to minimize the motor’s weight, as it constitutes
the unsprung mass of the vehicle. Another limitation for motor designers is the motor dimensions,
which are limited by the dimensions of the rim, the arrangement of suspension elements and
the braking system. The article presents two directions in the design of wheel hub motors. The
first one involves minimizing the length of the stator magnetic core, which allows for shortening of
the axial dimension and mass of the motor but involves increasing the thermal load and the need
for deeper de-excitation. The second one involves increasing the number of pairs of magnetic poles,
which reduces the mass, increases the internal diameter of the motor and shortens the construction
of the fronts, but is associated with an increase in the motor operating frequency and increased
power losses. Additionally, increasing the number of pairs of magnetic poles is often associated with
reducing the number of slots per pole and the phase for technological reasons, which in turn leads to
a greater share of spatial harmonics of the magnetomotive force in the air gap and may lead to the
generation of higher power losses and higher operating temperatures of permanent magnets. The
analysis is based on a simulation of the motor operation, modeled on the basis of laboratory tests of
the prototype, while the car is driving in various driving cycles.

Keywords: wheel hub motor; electric drive; permanent magnet synchronous motor; electric car

1. Introduction

The use of wheel hub motors in cars opens up a number of new technical possibilities
for the automotive industry. This solution allows for the development of new concepts for
the drive units themselves but also brings about new possibilities for designing the shape
of the car or the arrangement of its interior. The new technical possibilities of this solution
result primarily from the elimination of all intermediary mechanisms used to transmit
torque between the motor and the wheel, such as differentials, drive axles, drive shafts
and gears.

In addition, the decentralization of the drive, which takes place in the case of electric
motors installed in wheel hubs, enables new functionalities regarding vehicle dynamics due
to direct control of the torque of each drive wheel separately. Decentralization of the drive
also allows for the introduction of electrodynamic forms of advanced steering support
systems, e.g., ABS, electronic stabilization system (ESP), or TCS (traction control system).
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The main advantages of using electric motors for installation in the wheels of electric

vehicles are presented below:

Eliminating elements intermediating the transmission of torque reduces the vehicle’s
weight by eliminating the weight of the transmission, axle shafts and differential,
which translates into energy consumption and, as a result, increases the vehicle’s range.
Increases the efficiency of the system due to the elimination of intermediary mech-
anisms, which themselves are characterized by power losses and whose efficiency,
depending on the gear, may vary even in the range of 96% to 76% in the case of
multi-speed gearboxes [1].

Provides additional space in the vehicle body that can be used to increase the cargo
area or install an additional battery, fuel cells or other components, e.g., inverters.
Another possibility is to optimize the crumple zone.

Elements that transmit torque are sources of noise, vibration and so-called “drive
hardness” while driving [2,3]. Their elimination increases the driver’s comfort when
using the vehicle.

Creation of new possibilities in the field of car control due to direct control of the
torque of each of the vehicle’s wheels. This solution ensures greater driving dynamics
and is less susceptible to vibrations during load changes compared to central drives
with a gear, clutch and drive shaft. It also allows for cooperation with vehicle steering
support systems—ABS, ESP and TCS [4].

Elimination of mechanical intermediary elements allows for the simplification of the
design of the drive system itself and a reduction in their maintenance costs [4].
Regenerative braking can be more effective due to the lack of intermediate elements
and associated power losses.

Direct drives guarantee the modularity of the design of drive units because they
are relatively easy to implement in various types of vehicles based on drives with a
different number of electric motors.

Elimination of the centrally mounted electric motor under the hood of the car and ele-
ments mediating the transmission of torque allows for the design of more aerodynamic
vehicle shapes.

Disassembly when servicing or replacing the motor is relatively easy.

The use of electric drive motors in wheels allows for the development of new hybrid
drive structures. The combustion engine can be supported by electric motors built
into the wheels in various operating modes, such as the following;:

- Only electric drive in “green zones” of cities;

- Support when driving on difficult terrain (overcoming obstacles, acceleration,
starting when driving outside zones closed to combustion cars);

- Regenerative braking and support for vehicle control systems when driving
outside zones closed to combustion cars.

Wheel hub motors perfectly fit into a number of current trends in the development of

drives and electric traction motors:

(a)
(b)
(©
(d)
©)
(f)

(8)
(h)

)

Improvement of motors installed in the wheels of cars and commercial vehicles;
Increasing the power density in electric traction motors;

Development of integrated drive units, e.g., motors with gears, motors with drive axles;
Drive modularity and drive scalability;

Evaluation of vehicle architecture and structure;

Universal platforms combining the needs of passenger transport and goods transport
and special applications;

Modular drive axles with innovative cooling system concepts;

Heat transfer and control strategies for each cooled component of the motor, inverter
and battery;

Increasing the efficiency of electric motors and the scope of regenerative braking.



Energies 2024, 17, 6091

3of 46

The mentioned directions of development of electric drives and motors aim to develop
compact, integrated solutions that will ensure flexibility in the use of drives in vehicles for
various purposes and will result in savings in the production of electric vehicles.

Compared to the central drive used, solutions based on electric motors in wheel hubs
have a number of challenges/disadvantages that make it difficult to implement this type of
drive unit in cars:

e  Challenges related to the design of drive motors in wheel hubs:

- Problems with heat dissipation;

- Dimension limitations of the motor (rim dimensions, location of suspension and
braking system elements);

- The need to limit the motor weight, which constitutes the unsprung mass of
the vehicle;

- The need to seal the motor.

e The need to develop a new control system and cooperation with vehicle steering
support systems—ABS, ESP and TCS.

e Increasing the number of inverters, which increase costs; in addition, these must be
properly located, preferably close to the motor and drive wheel.

e  More extensive cooling system. The coolant circuit must include more components,

including up to four inverters and four motors;

More extensive power supply system covering 2—4 drives.

Development of a new vehicle protection system against failure of the drive unit.

The need to strengthen the elements of the suspension and shock absorption system.

High costs and risks of entering the car market:

- The automotive market is restrictive and is based on a number of standards
related to the reliability and safety of vehicle use, and the discussed solution
of motors and control systems, especially for the automotive market, is in the
development stage.

- The limited number of manufacturers of this type of motors poses a risk related
to the lack of diversification of sub-suppliers.

- Limited number of specialists experienced in this area.

- Very high costs of entering the market (related to global training of specialists,
technicians and service technicians).

- Limited possibilities based on developed technologies, which in the case of the
automotive industry is a major disadvantage due to high initial costs and the costs
of risk incurred. Risk, from the perspective of project management, is the result
of probability and losses incurred in the event of its occurrence. It is difficult to
introduce such a solution gradually because the change affects the entire drive
topology and related technologies and design strategies of the entire vehicle.

If the driving characteristics of cars with wheel hub motors are to be comparable to
those of cars with combustion motors or cars with a centrally mounted electric motor with
a gearbox, the wheel hub motors must have a sufficiently high maximum torque. This
is necessary to guarantee the required acceleration or overcome obstacles such as curbs.
Overcoming the resistance to vehicle movement while driving at maximum speed also
requires a sufficiently large torque. It is important to provide the possibility of long-term
overload torque so that the vehicle can move at the required speed on slopes and climbs.
The most popular motors currently used for installation in wheel hubs, due to their high
power density in relation to their weight, are motors excited by permanent magnets [5-14].
In their case, a very difficult problem that must be solved by the designer and constructor is
maintaining the temperature of the elements (especially the winding and magnets) at a level
not exceeding the permissible value. The topic of thermal calculations of electric motors
excited by permanent magnets is the subject of many research works [14-25]. Additionally,
the motor of such an application should be designed to reduce cogging torque and torque
ripple [26-34].
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The design guidelines set very high requirements for the operating parameters of
the electric motor while maintaining its very low weight. The ratio of the sprung mass to
the unsprung mass of the vehicle is important. This problem has been described in many
publications [35-46]. Research is being carried out to introduce design changes aimed at
using the motor mass in the construction of the vibration absorber [47], or using a special
motor structure to transform the unsprung mass of the stator into a sprung mass [48,49].
For example, it was proposed to convert the unsprung mass of the motor in the wheel into
sprung mass by using an additional vibration-reducing mechanism that can be installed in
parallel with the suspension system. Some research works focus on the suspension system
and control system for drives with motors in vehicle wheels [50-52]. The wheel hub motors
of modern electric cars are relatively low-speed motors compared to their full-gear, mid-
mounted counterparts. Their maximum rotational speed usually reaches n = 1500 rpm [53].
Designers of this type of motor are often forced to reduce the motor’s weight and adapt its
overall dimensions to the rim diameter, axial length (due to the arrangement of suspension
system elements and the braking system) and internal diameter (due to adaptation to
the drum brake and brake system). The article presents two directions in the design of
electromagnetic circuits of this type of motor. The first one involves shortening the length
of the motor’s magnetic core. The second is to increase the number of magnetic poles.

The article aims to present the impact of design changes in the electromagnetic circuit
on the operating parameters of the wheel hub motor operating in a car. Publications dealing
with this type of considerations are usually based on selected work points, or on work
characteristics. This does not provide a complete practical view, especially since these are
electric motors with a compact design, which are very limited in size, and which must
operate in a wide operating range to meet the requirements of the diverse driving dynamics
of a modern car.

When constructors introduce design changes to the motor’s electromagnetic circuit,
the range of generated torque has to cover the required driving dynamics of the car in which
the motors operate. Other conditions that must be met are thermal requirements. During
operation forced by the driving dynamics of the car, the motor should not exceed the
operating temperatures of elements that may be damaged. Such elements may be winding
insulation, slot insulation, epoxy resin used for encapsulation and permanent magnets.
Additionally, the permissible operating temperature of permanent magnets depends on
the influence of the external magnetic field, the flux of which is directed opposite to the
magnetic flux from the magnet. This situation occurs when the motor is operating in the
second control zone, the field weakening zone.

When redesigning the motor’s electromagnetic circuit, it seems to be very interesting
for the designer to analyze how the temperatures and power losses generated in individual
elements will change during various car driving scenarios, especially since power losses in
individual elements of the electromagnetic circuit depend on the following variables that
change while the car is driving: current density, operating frequency, element temperature
and the influence of field weakening.

The article presents a computational model in the ANSYS Motor CAD program
(V15.1.7). The model incorporates three models, including a coupled model of the electro-
magnetic circuit with a thermal model. These models were calibrated based on laboratory
tests on a manufactured wheel hub motor prototype and from the car model, which allows
us to determine the requirements for the operating parameters of the electric motor. The
developed models were used to simulate the operation of the wheel hub motor in driving
cycles that represent the average driving dynamics of a car in real scenarios, such as driving
in the city or driving on the highway.

2. Computational Model

Wheel hub motors are often designed as multi-pole electric motors with an external
rotor. This is due to the space limitation, the structure of the rim and wheel mounting
elements in the wheel and the best use of space for the electromagnetic circuit. The
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electromagnetic circuit of such a motor is toroidal, so that space found inside this toroid
may be used. The cross-section of the three-dimensional (3D) model of the discussed
SMzs200532 (Manufactured by Lukasiewicz Research Nettwork—Upper Silesian Institute
of Technology, Gliwice, Poland) motor is shown in Figure 1.

Figure 1. Models: The cross-section of the disassembled three-dimensional (3D) model of the
SMzs200S32 motor, manufactured by Lukasiewicz Research Network—Upper Silesian Institute
of Technology (Gliwice, Poland), and dedicated for assembly in the wheel hub of a car: 1—rotor,
2—rotor’s magnetic core, 3—magnet, 4—stator’s magnetic core, 5—stator winding coil ends, 6—resin,
7—permanent anchoring shield, 8—supporting structure, 9—casing with coolant ducts, 10—radiator
of winding end, at drive end, 11—radiator of winding end, at non-drive side, 12—brake drum,
13—bearing assembly, 14—entry for supply wires, 15—cooling system ports, 16—rotor assembly
openings, 17—stator assembly openings.

Figure 2 shows a model of the electromagnetic circuit of the motor, made in the
ANSYS Motor CAD program. The computational model was calibrated with the results of
laboratory tests, as presented in publications [54,55]. Calibration consisted of comparing
the simulation results and measurements on the test stand. Sample results are presented
later in the article (in Tables 1-5 and Figures 11-15).

Power losses in traction motors (especially those with high power and torque den-
sity) determine their efficiency, which affects not only the vehicle’s range and economy,
but also the drive operating range and vehicle parameters such as maximum speed and
driving dynamics.

In traction motors, the distribution of individual losses may vary depending on the
operating condition of the motors. This may involve operation at high speeds and high
power frequency. It may also include high temporary overload or low overload but for a
long period of time. This is due to the current driving parameters of the car, which may be
extremely different.
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(b) Hybrid FEA.

The full FEA method uses calculations on an accurate FEM model, taking into account
induced eddy currents. In this method, losses are calculated separately in each conductor,
which is very time-consuming. Because the analyses carried out in the work take into
account calculations in a wide range of load and rotational speed, the hybrid FEA method
was used for AC loss calculations.

The hybrid FEA method uses the distribution of magnetic induction in the slot deter-
mined using FEM to analytically calculate power losses, which are then multiplied by the
selected correction factor. For the motor operating point corresponding to the maximum
rotational speed and maximum load torque, power losses in the winding were calculated
using both methods, and then the correction factor was determined from the formula:

APcyrul
k Full =

Ayerid  APcypybrid

where APc,p,;—winding losses related to the current displacement effect calculated using
the full method; APcypyprig—winding losses related to the current displacement effect
calculated using the hybrid method.

2.2. Power Losses in the Motor’s Magnetic Core

In the developed models, the Bertotti method [57-60] was used to calculate losses in
the magnetic core of the motor, which allows hysteresis losses, losses caused by the flow of
eddy currents and excess losses to be taken into account in the calculations. Total power
losses in the motor core were determined by the formula:

APre(t) = kubu'f ”i(?j(t)f +kg(‘jl’f<t>)g

where kj,—the hysteresis coefficient; B,,—maximum value of magnetic induction; f—frequency
of the supply voltage; c—electrical conductivity of the core sheets; b—thickness of a single
electrical sheet (without insulation); and k,—excess loss factor.

Figure 3 shows the measured idle losses of the SMzs200S32 motor in generator and
motor operation mode. The drive was powered by Upc = 350 V, which is the rated voltage
of the inverter selected for use in the drive.

In motor applications such as vehicle drives, the supply voltage from the inverter
contains higher harmonics, which cause additional losses in the motor’s magnetic core [61].
The research results presented in the literature [62] show that losses in the magnetic core
of a motor powered by an inverter may be up to 45% higher. For this reason, the losses in
the ferromagnetic core of the motor in the model were determined by subtracting from
measured no-load loss (measured for motor work, with inverter and nominal voltage) the
measured mechanical losses and the calculated no-load losses in the permanent magnets.

Figure 4 shows the dependence of core losses on the rotational speed when the motor
is powered from an inverter with a voltage containing higher harmonics (determined using
the previously described method) and calculated in the ANSYS Motor CAD program when
powered with a sinusoidal voltage on the rotational speed. The calculated characteristic,
presented in the figure below, was determined on the basis of multiplying the calculated
no-load losses in the magnetic core by the coefficient resulting from the losses determined
in the laboratory, so that the measured and calculated characteristics are as close as possible.
Based on these characteristics, a coefficient (depending on the rotational speed) can be
determined for a given type of inverter, which allows us, to some extent, to correct the
losses in the motor core, calculated in the Motor CAD program, and to take into account
the change caused by the higher harmonics of the supply voltage.
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Figure 3. Laboratory determined no-load losses of the SMzs200532 motor during generator operation
and during motor operation and drive power supply with Upc =350 V.

APg. (W)

1100
1000
900
800
700
600
500
400
300
200
100

No load stator core loss

//

/S

L
yd4

—losses determined

from tests

—1losses calculated

200

400 600 800 1000 1200 1400

n (rpm)

Figure 4. Determined power losses in the magnetic core of motor, based on the measured no-load
characteristics and the characteristic calculated in the ANSYS Motor CAD program.
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2.3. Mechanical Power Losses

The literature [63,64] provides empirical formulas for calculating total mechanical
losses, giving approximate results that do not always take into account the type of bearings,
the condition of the bearings and the actual ventilation system of the machine. In the case
of non-standard structures, it is worth determining mechanical losses by measurement,
especially since such measurement can be used to determine losses in the magnetic core of
the stator.

Mechanical losses in the adopted motor design include the following:

(a) Ventilation losses.

(b) Bearing losses.

Ventilation losses result from air resistance, which, in the case of the motor with an
external rotor, include losses related to air friction of the motor’s movable disk and the
rotor body.

Bearing losses result from friction in the bearing and depend on the bearing type and
its condition. In the case of the motor in question, the motor structure is mounted on an
original car bearing.

Mechanical losses were implemented in the computational model as a value depen-
dent on the rotational speed. These losses were measured using a dynamometer on the
motor without permanent magnets installed. Figure 5 shows the relationship between
the measured mechanical losses and the rotational speed for the SMzs200532 motor and
calculated losses in the ANSYS Motor CAD program.

290 Total mechanical losses of the motor

200 /
180

160

140
120
100

AP mech. (W)

80
~—losses determined from

60 tests

40

—losses calculated
20

0 200 400 600 800 1000 1200 1400 1600
n (rpm)

Figure 5. Mechanical losses of the SMzs200532, measured in the laboratory and calculated in the
simulation model.

2.4. Power Losses in Permanent Magnets

An important issue regarding power losses in traction motors with permanent magnets
is the power loss generated in the permanent magnets. In the ideal case, when the magnetic
field in the air gap contains only spatial harmonics synchronized with the rotor, no eddy
currents flow in the magnets. In an electric motor with concentrated winding, the magnetic
flux in the air gap, in addition to the fundamental harmonic, also contains subharmonics
and higher harmonics, which cause eddy currents to be induced in the permanent magnets.

Literature analysis shows that there is no direct method for simple measurement
of losses in permanent magnets. These losses can be estimated by calculation and esti-
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mated by balancing the measured total power losses and the determined individual losses:
mechanical losses, losses in the magnetic core and resistive losses [61].

The ANSYS Motor CAD program used in this work, using a two-dimensional field
model of the motor, determines the induced eddy current density from the change in time
of the potential of the magnetic vector A [56,65].

2.5. Thermal Model

The thermal model of the electric motor used to conduct the research work, was
developed in the ANSYS Motor CAD program. The ANSYS Motor CAD program uses
a cuboid winding model [56,66]. This approach allows for accurate representation of
the three-dimensional heat transfer in all parts of the winding. The cuboid model, also
known as the cuboid winding model, introduces the division of the winding into several
cuboids. These three-dimensional volumes have different conductivities in each of the three
dimensions (i.e., radially, tangentially and axially). This type of winding discretization
allows for representation of heat transfer not only between different parts of the winding
but also between different parts of the motor.

Figure 6 shows a thermal network for a synchronous motor excited by permanent
magnets, with a single-bearing external rotor and a liquid cooling system in the supporting
structure on which the stator is mounted.
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Figure 6. Thermal model of the motor in ANSYS Motor CAD.
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The computational model consisting of the electromagnetic circuit and thermal model
was calibrated based on the results of laboratory tests of the prototype motor. The
SMzs200S32 prototype motor, manufactured by the Lukasiewicz Research network, Upper
Silesian Institute of Technology, was equipped with a large number of temperature sensors.
Small-sized Pt100 resistance sensors were placed not only in the winding end, which is
standard, but also in other key components of the motor. The sensors were located in the
stator winding and stator core on magnets in the rotor, on elements of the cooling system
and on both sides of the motor (drive side (D) and non-drive side (ND)). The sensors
were connected to a multi-channel recorder, enabling us to record temperature changes at
individual measurement points. The sensor arrangement diagram is shown in Figure 7,
a prototype of the motor is shown in Figure 8, and the sample sensors and their pinouts are
shown in Figure 9.

Figure 7. Cross-section of the SMzs200S32 prototype motor. Location of PT-100 temperature sensors
in motor: 1—winding in slot, ND side, 2—winding in slot, D side, 3—zero point of the winding,
4—ND-side windings, 5—D-side windings, 6—D-side windings, 7—ND-side windings, 8—winding
end D-side radiator, 9—winding end ND-side radiator, 10—D-side radiator element, 11—ND-side
radiator element, 12—coolant inlet, 13—water outlet, 14—permanent magnets. ND—mnon-drive;
D—drive.

() (b)

Figure 8. Prototype of SMzs200S32 motor: (a) in laboratory, (b) with wheel rim.
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(d) (e)

Figure 9. Arrangement of temperature sensors: (a) on the magnet, (b) in the slot (top of the slot),
(c) temperature sensor terminals from the winding fronts, (d) temperature sensor terminals from the
stator core (top of the tooth) and (e) stator core temperature sensor (bottom of the tooth/stator yoke).

In order to assess the accuracy of the thermal model, the calculation results of the
ANSYS Motor CAD program were compared with the temperatures measured during
laboratory tests. The temperatures of the top of the tooth, in the slot, in the winding fronts
and of the side radiators were compared. Due to the impossibility of placing the sensors
deep in the slot in the middle of the magnetic core (due to its large filling), temperature
sensors were placed in the slot at a depth of several millimeters on each side of the motor,
and their measurement was compared with the temperature of the straight part of the
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winding face calculated in the model. The temperatures in these places of the winding
should be very similar. The temperature sensor in the winding ends on the driving side
was placed slightly lower than the temperature sensor on the side opposite to the driving
side, which was also taken into account in the analysis. Figure 10 shows an example of the
program calculation result with marked places where temperature sensors were placed
in the real model. Tables 1-4 present exemplary comparisons of measured and calculated

temperatures in the motor in a thermally steady state.

bt *111,3°C
84,6°C ¢107.9°C

, *116,4°C
85,4°C ¢109,7°C +118,1°C
: : *1186°C
*117,0°C

*111,0°C

+988'C
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ossgic *756'C
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Figure 10. Calculated steady temperatures for the motor operating point: T =400 N-m, n = 950 rpm.

(V=105 km/h), Tot. = 18 °C, coolant = 15.3 °C, g = 10 L /min.

€94,4°C

*67.9°C
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Table 1. Comparison of the measured temperatures of individual motor components during the
motor tests on the laboratory stand, with the temperatures calculated using the developed model in
the ANSYS Motor CAD program: Tr, = 300 N-m, nn = 950 rpm (V =105 km/h), Tympient = 28.3 °C,
TCoolant = 23.8 °C, g = 10 L/min.

Calculation o o
Component Laboratory Tests Model AT [°C] AT [%]
Stator slot D 75 73.2 1.8 240
Stator slot ND 76.5 75.7 0.8 1.05
Winding end D 72.3 70.5 1.8 2.49
Winding end ND 76.8 76.1 0.7 091
Stator tooth D 65 64.4 0.6 0.92
Stator tooth ND 65.8 64.4 1.4 2.13
Magnets 67.1 64.9 22 3.28
Winding end
radiator D side 49.5 49.1 0.4 0.81
Winding end
radiator ND side 414 41.7 -0.3 —0.72

Table 2. Comparison of the measured temperatures of individual motor components during the
motor tests on the laboratory stand, with the temperatures calculated using the developed model in
the ANSYS Motor CAD program: T, = 350 N-m, 7 = 950 rpm. (V =105 km/h), Tampient = 28.8 °C,
Tcoolant = 24.1 °C, g =10 L/min.

Calculation o o
Component Laboratory Tests Model AT [°C] AT [%]
Stator slot D 92.3 91.2 1.1 1.19
Stator slot ND 94 94.6 —0.6 —0.64
Winding end D 88.9 88.7 0.2 0.22
Winding end ND 95.8 96.4 —0.6 —0.63
Stator tooth D 78.7 77 1.7 2.16
Stator tooth ND 77.5 77 0.5 0.65
Magnets 72.1 72 0.1 0.14
Winding end
radiator D side 57.5 57.8 -0.3 —0.52
Winding end
radiator ND side 47.5 47.6 -0.1 -0.21

Table 3. Comparison of the measured temperatures of individual motor components during the
motor tests on the laboratory stand, with the temperatures calculated using the developed model
in the ANSYS Motor CAD program: Ty, =400 N-m, # = 950 rpm. (V =105 km/h), Tampient = 18 °C,
TCoolant = 23.8 °C, g = 10 L/min.

Calculation o o
Component Laboratory Tests Model AT [°C] AT [%]
Stator slot D 103.5 103.5 0 0.00
Stator slot ND 105.6 108 —24 —227
Winding end D 99.3 101.3 -2 —-2.01
Winding end ND 108 111.5 -35 —3.24
Stator tooth D 85.7 83 2.7 3.15
Stator tooth ND 83.9 83 0.9 1.07
Magnets 70.8 70.5 0.3 0.42
Winding end
radiator D side 60 58.9 11 183
Winding end 459 455 0.4 0.87

radiator ND side
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Table 4. Comparison of the measured temperatures of individual motor components during the
motor tests on the laboratory stand, with the temperatures calculated using the developed model in
the ANSYS Motor CAD program: T, = 315 N-m, n = 1360 rpm. (V = 150 km/h), Tampient = 24 °C,
Tcoolant = 19 °C, g4 =10 L/min.

Calculation o o
Component Laboratory Tests Model AT [°C] AT [%]
Stator slot D 104 107.2 -3.2 -3.08
Stator slot ND 105.6 111.5 -59 —5.59
Winding end D 103.2 103.9 -0.7 —0.68
Winding end ND 108.3 113.6 —5.3 —4.89
Stator tooth D 85 86.6 -1.6 —1.88
Stator tooth ND 82.9 86.6 -3.7 —4.46
Magnets 76.5 73 3.5 4.58
Winding end
radiator D side 59.9 61.5 -1.6 —2.67
Winding end
radiator ND side 49.1 49.6 -0.5 —1.02

Figures 11-15 present both the temperature courses of motor components calculated
by the program and measured during the heating tests for the selected point of work:
n =950 rpm and T, =400 N-m.

Winding Temperature in the Slot - close to the air gap
120
110
100
90
80
¢
=~ 70
5 —Winding in slot (D)- laboratory
60
—Winding in slot (N)- laboratory
50
40 Winding in slot (D)- calculation
model
30 / —Winding in slot (N)- calculation
model
20
0 5 10 15 20 25 30
t (min)

Figure 11. Comparison of calculated winding temperatures in the slot with measured temperatures
at the test stand. T, =400 N-m, n = 950 rpm. (V =105 km/h), Tampient = 18 °C, Tcoolant = 15.3 °C,
g =10 L/min.
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Figure 12. Comparison of calculated winding end temperatures in the slot with measured tempera-
tures at the test stand. T, =400 N-m, 7 =950 rpm. (V =105 km/h), Tympient = 18 °C, Tcoolant = 15.3 °C,
g =10 L/min.

Stator Tooth Temperature - close to the air gap

Tkooth (OC)

45 // —Stator tooth (D)-laboratory

—Stator tooth (N)- laboratory

—Stator tooth - calculation
model

0 5 10 15 20 25 30
t (min)

Figure 13. Comparison of calculated stator tooth temperatures in the slot with measured temperatures
at the test stand. T, =400 N-m, n = 950 rpm. (V = 105 km/h), Tampient = 18 °C, Tcoolant = 15.3 °C,
g =10 L/min.
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Figure 14. Comparison of calculated magnet temperatures in the slot with measured temperatures
at the test stand. Trm =400 N m, n = 950 rpm. (V = 105 km/h), Tympient = 18 °C, Tcoolant = 15.3 °C,
g =10 L/min.

Temperature of Winding End Radiators
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Figure 15. Comparison of calculated winding end radiator temperatures in the slot with measured
temperatures at the test stand. Trm =400 N m, n = 950 rpm. (V = 105 km/h), Tympient = 18 °C,
Tcoolant = 15.3 °C, g =10 L/min.

Comparing the results of heating tests in the laboratory with the calculation results
of the ANSYS Motor CAD program allows us to determine whether the computational
model reflects the actual thermal states of the motor. The comparison included not only
steady states but also transient states because the model was to be used to simulate motor
operation during car driving cycles.
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The discrepancy between the program calculation results and the laboratory test
results for the main elements of the electromagnetic circuit (such as the stator winding,
magnetic core or permanent magnets) in the places of temperature measurement does not
exceed AT = 6 K, which is a difference of several percent.

3. Driving Cycles

The Lab module of the ANSYS Motor CAD program was used to conduct thermal
analysis of the motor while the car was driving. It allows simulations to be performed on
a coupled electromagnetic-thermal model of the motor. In electric motor tests, various
cycles can be assigned using a model created for a selected type of car. Based on the
vehicle speed course in the driving cycle under consideration, the program calculates the
torque demand. Calculations can be performed taking into account the coupling of the
electromagnetic field with the temperature field. Such calculations take into account the
effect of temperature on the operating parameters of the electromagnetic circuit.

The vehicle model is based on the analysis of forces acting on the vehicle while driving
at a constant speed and during acceleration and braking. The individual formulas for the
forces occurring in the vehicle model are as follows [56]:

Fr = k;-m-g-cosb,

where Fr—force caused by rolling resistance; k,—rolling resistance coefficient; m—vehicle
mass; g—gravitational acceleration; and 6—slope of the hill.

1
Fp = Ep(v + W )2CdAfr

where Fp—force caused by aerodynamic drag; p—air density; V—vehicle speed; V—headwind
speed; C;—vehicle air drag coefficient; and Ap—vehicle frontal area.

F. = m-g-sinf,
where Fc—climbing force.
Fr = mg(kscosf + sinf) + %p(V +Vo)*CaAy,
where Fr—total force required to keep the vehicle moving continuously.
F, = m-a-d,

where Fa—dynamic force caused by vehicle acceleration; /—mass correction factor.

(Fa + FT)'rw
ng

Tmotor =

where Ty0t0r—motor torque; r,,—wheel radius; and n;—final drive ratio.

The driving cycles are described as a set of points on the speed curve determined
during tests on real vehicles.

The Artemis transient cycles [67-69] were used to conduct the thermal analysis of
the motor:

(a) Artemis Urban;

(b) Artemis Road,;

(c) Motorway150;

(d) US06.

Table 5 presents the parameters of the considered driving cycles, while Table 6 presents
the parameters adopted for the car model.
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Table 5. Parameters of the driving cycles considered.

Artemis Motorway
Parameter Urban 150 USo06
Driving time (s) 993 1068 596
Distance on the road (km) 4.874 29.547 12.89
Average vehicle speed (km/h) 17.7 99.6 77.84
Maximum vehicle speed (km/h) 57.3 150.4 129
Percentage of speed range in cycle
(%)
Stop (V =0km/h) 21 1 6.7
Low speed (0 < V < 50 km/h) 77 14 23
Average speed (50 <V <90 km/h) 2 14 13.3
High speed (V > 90 km/h) 0 71 57

Table 6. The parameters of various car models used for calculations.

Parameter Nissan Leaf
Vehicle weight (kg) 1820
Vehicle frontal area (m?) 2.3

Circle radius (m) 0.3

Vehicle rolling resistance coefficient 0.007
Vehicle drag coefficient 0.28

Mass correction factor 1.04

Air density (kg/m?) 1.225
Mechanical transmission 1

Share of electric motor
in driving torque
Electric motor share
in braking torque

0.5

0.25

On this basis, the required torque curves for individual driving cycles were calculated.
Figure 16 shows the required torque curves and vehicle speed curves.

The first cycle analyzed was the Artemis Urban cycle. The courses show that the
highest torque is required after about 200 s during vehicle start-up and after about 350 s
during braking. In the course of the required torque for the Artemis Motorway 150 cycle,
it can be seen that the highest torques are required at lower speeds, during simulated
motorway access (up to about V =70 km/h), while at higher vehicle speeds, the required
torque is lower. The last cycle considered is the dynamic cycle characterized by the highest
torque requirements among the cycles considered, visible at the beginning of the cycle,
when driving at increased speed and during dynamic maneuvers at the end of the cycle.
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Figure 16. Calculated course of the required motor torque in a Nissan Leaf vehicle with dual-wheel

drive, running in the driving cycle: (a) Artemis Urban, (b) Artemis Motorway 150, (¢) US06 (motor
share factor in braking torque 0.25).

4. Changing the Length of the Motor’s Magnetic Core

The design change of reducing the length of a motor intended for installation in the
wheel hub may result from the desire/necessity to reduce the mass of the motor or from the
need to adapt its axial dimension to the position of the suspension system elements or brake
system elements such as brake disks. Reducing the length of the magnetic core reduces the
generated torque of the motor. The aim of this analysis was to compare the operation of
motors meeting the requirements of the driving cycles under consideration. For this reason,
the number of turns had to be increased to meet the requirements of the US06 driving cycle
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in the following chapters. The number of turns and the length of the magnetic core were
selected so that the maximum torque was as close as possible in the compared motors and
met the demand for the maximum torque of all the driving cycles under consideration. The
selection of the length and number of turns due to the dependence of the maximum torque
on saturations must be carried out to some extent by trial and error.

Calculations were performed for three different lengths of the magnetic core of the motor:

(a) Lpe= 60 mm.

(b) Lge = 50 mm.

(c) Lge = 45 mm.

Table 7 presents selected parameters of the electromagnetic circuit with different
magnetic core lengths.

Table 7. Parameters of the electromagnetic circuit.

Parameter L, = 60 mm Lge = 50 mm Lpe =45 mm Unit
Stator core 9.5 8 7.2 kg
Winding 4.5 4 3.8 kg
Rotor core 4.4 3.7 3.3 kg
Magnets 1.6 14 1.2 kg
Weight of the 20 17.1 155 kg
electromagnetic circuit
Number of parallel wires 31 22 17 -
Filling the stator slot 0.7022 0.7067 0.69 -
Number of turns/phase 80 112 144 -
0.65 copper 0.65 copper 0.65 copper
Winding wire diameter 0.729 with 0.729 with 0.729 with -
insulation insulation insulation

Figure 17 shows the maximum torque characteristics of the three motors under consid-
eration. The course of the characteristics can be divided into zones according to the motor
control method. The first control zone covers the motor operation range with constant
torque. The second control zone covers the motor operation range in which the motor
is de-excited.

The characteristic operating point of the motor, with given power supply parameters
(with given supply voltage and supply current), is the so-called base point, which is the
operating point with constant torque at the highest rotational speed. The base point moves
to increasingly lower rotational speeds with the reduction in the magnetic core length. For
comparison, the motor with the longest package has a maximum torque up to a car speed of
approx. V =110 km/h, while the motor with the shortest package has the same maximum
torque up to a car speed of V = 60 km/h.

Additionally, Figure 5 shows the dependencies of the maximum motor torques on
the rotational speed, which are required for the modeled vehicle driving cycles: Artemis
Urban, Artemis Motorway 150 and US06. It is worth noting that the Artemis Urban driving
cycle is within the rotational speed range in the first control zone of all three motors.

As expected, the most demanding drive cycle in terms of the torque demand generated
by the motor is the US06 cycle, which is characterized by the highest torque requirement in
both the first and second control zones.

Shortening the magnetic core results in a reduction in the mass of the electromagnetic
circuit but also limits the range of the motor in the second control zone. The mass of the
electromagnetic circuit of a motor with a core length of Lg, = 45 mm is approximately
15.5 kg and of a motor with a core length of L, = 50 mm is approximately 17 kg, while
for the motor with a core length of Lg. = 60 mm and 2p = 32, for which the prototype was
made, m =20 kg.
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Figure 17. Calculated characteristics of maximum motor torques for different magnetic core lengths
with plotted maximum torques occurring for the considered Nissan Leaf car model for the Artemis
Urban, Artemis Motorway 150 and US06 driving cycles.

4.1. Changing the Length of the Motor’s Magnetic Core—Artemis Urban Driving Cycle

Figure 18a shows the temperature curves in the motor for a cycle repeated five times.
As expected, the winding temperature reaches the highest values for the motor with the
shortest package. The maximum temperature for the motor with the shortest package
was Ty =108 °C in the last repetition of the cycle and was approximately AT¢c, =26 °C
higher than the temperature of the motor with the longest package. The achieved oper-
ating temperatures of the motor winding are relatively low in relation to the permissible
temperature of the slot insulation, winding wire and epoxy resin. Similarly, the operating
temperatures of the permanent magnets in all the motors did not exceed the value of
Tmag. = 65 °C, which is a safe temperature, especially in the absence of de-excitation. The
temperature difference in the magnets of the motor with the longest and shortest package
does not exceed ATmag, =4 °C. Similarly, the temperature difference in the stator magnetic
core between motors with extremely different core lengths in the tooth at the air gap is
approximately ATom = 10 °C and in the yoke approximately ATyqke =5 °C.

Figure 19 shows the calculated power loss curves in the winding, in the permanent
magnets and in the stator magnetic core. Figure 19a—c compare the calculation results for
three magnetic core lengths. The power losses in the winding increase with decreasing core
length, as expected, and the temperature difference between the motor models increases
with the current intensity. The losses in the magnets and in the magnetic core decrease with
decreasing magnetic core length.
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Figure 18. Calculated temperature profile of individual motor components (for three core lengths)
in the considered Nissan Leaf car with dual-motor drive, running in the Artemis Urban driving
cycle repeated 5 times (braking torque participation factor 0.25): (a) maximum winding temperature,
(b) magnet temperature, (c) stator magnetic core temperature.
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Figure 19. Calculated course of motor power losses (for three core lengths) in the considered Nissan
Leaf car with dual-motor in-wheel drive, moving in the Artemis Urban driving cycle: (a) in the

4.2. Changing the Length of the Magnetic Core of the Motor—Artemis Motorway

winding, (b) in the magnets, (c) in the stator magnetic core.
150 Driving Cycle

The next analyzed driving cycle is the Artemis Motorway 150 cycle. The cycle involves
driving the car at a speed higher than the city driving range, forcing the motor to work

in the second control zone. In this range,

the motors operate in different power supply

field weakening. As a result, the motor must be supplied with a higher current to obtain the
required torque. Figure 8 presents, analogously to the analysis of the Artemis Urban cycle,

conditions. The shorter the magnetic core package, the more the motor must work with
the temperature curves of the winding, permanent magnets and magnetic core. Figure 20a,
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showing the winding temperature curve, shows how from about the 150th second of the
cycle, when the car begins to increase speed above V =70 km/h, the temperature of the
motor with the shortest package begins to increase significantly in relation to the other
two motors. This is due to the need for earlier field weakening in relation to the other

two motors.
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Figure 20. Calculated course of temperatures of individual motor components in the considered

Nissan Leaf car with dual-motor drive in the Artemis Motorway 150 driving cycle repeated 5 times

(motor participation factor in braking moment 0.25). Courses for three lengths of magnetic cores:

(a) maximum winding temperature, (b) magnet temperature, (c) stator magnetic core temperature.

The temperature of the motor with the Lg. = 50 mm package also begins to increase
significantly in relation to the motor with the Ly, = 60 mm package, but only from about
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700 s, when the vehicle speed increases above V = 120 km/h. At this time, the motor
with the Lg. = 50 mm magnetic core package is already operating with relatively large
de-excitation. The motor with the Lg. = 60 mm package is on the verge of starting to work
in the second control zone, while the motor with the Lg, = 45 mm package is de-excited
very strongly.

The compared motor winding temperature curves reflect the process of significant
temperature increase during de-excitation very well. At f = 864 s, the winding temperature
of the motor with the shortest core reaches a maximum value of approx. Ty = 125 °C. The
winding temperature of the motor with the medium-length package reaches a value of
approx. Tcy =90 °C at this time. This is a local extreme of the curve, and the corresponding
maximum temperature is comparable to the temperatures reached at the end of the cycle,
where there is an exit from the motorway and a series of braking and accelerations with
higher torques, at lower speeds, not including the second motor control zone. The motor
with the longest package reaches higher winding temperatures in other ranges of the work
cycle, where higher torques are required. Control using field weakening has a beneficial
effect on the temperature of permanent magnets, which is visible in the course of the
magnet temperature in Figure 20. In contrast to the winding temperature, the lowest
magnet temperatures are achieved by the motor with the shortest package. The courses
also show the influence of the motor speed on the temperature course. The motor with the
shortest package, after starting work in the second control zone, is characterized by a small
temperature variability around the level of approx. Tmag. =70 °C from the second repetition
of the driving cycle. The course of the magnet temperature of the motor with the longest
package shows a greater dependence of the temperature on the increase in vehicle speed.
This is also supported by the calculated power losses generated in permanent magnets,
shown in Figure 21. Power losses generated in magnets, which have a direct effect on their
operating temperature, for a motor with a package length of Lr.= 60 mm, visibly increase
with the vehicle speed. In turn, the power losses in the magnets of the shortest motor
decrease after the vehicle speed exceeds approx. V = 60 km/h, and then increase with
decreasing vehicle speed.

In the motor with the Ly, = 50 mm package, when the vehicle speed exceeds approx.
V =90 km/h, the magnet losses are maintained at a practically constant level, while when
the vehicle speed exceeds approx. V = 140 km/h, the magnet losses decrease with the
vehicle acceleration. A similar relationship applies to the power losses in the magnetic
core (Figure 21c), which are also limited in the second control zone. On the other hand,
the stator magnetic core temperature is more dependent on the winding temperature;
therefore, despite field weakening, the core temperature increases with the shortening of
the magnetic core.
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Figure 21. Calculated course of motor power losses in the considered Nissan Leaf car with dual-motor
drive in the Artemis Motorway 150 driving cycle: (a) in the winding, (b) in the magnets, (c) in the

stator magnetic core.

4.3. Change in the Length of the Magnetic Core of the Motor—US06 Driving Cycle

The last driving cycle considered is the US06 cycle, which reflects the dynamic driving
of the car at low speeds and when driving at a higher speed. Figure 22a presents the
calculated courses of maximum temperatures of the motor winding. Due to significant
differences between the winding temperatures of motors with different package lengths,
additional driving simulations were performed, taking into account different coefficients of
the motor’s participation in the car’s braking. Simulations were performed for the braking
participation coefficient equal to 0.25, 0.1 and 0.35 for the motor with the longest magnetic
core package.

The analysis showed that the motor with the shortest package, after the first repetition
of the driving cycle, reaches very high winding temperatures equal to T, = 195 °C with
the motor participation coefficient in braking equal to 0.25 and T, = 185 °C with the motor
participation coefficient in braking equal to 0.1. These temperatures are relatively high,
exceeding the operating temperature of the epoxy resin used at the Institute. If the cycle is
repeated five times, the maximum winding temperature increases to T, = 250 °C, while in
the second repetition of the driving cycle, the temperature is already significantly higher
than the permissible insulation temperature.

The motor with the shortest package should not operate in a repeated dynamic cycle.
In the first repetition of the cycle, the motor with a package length Ly, = 50 mm reaches
the maximum winding temperature of approximately Tc, = 155 °C; in the next cycle,
Tcy =170 °C, and then it reaches Ty, = 180 °C. If regenerative braking is limited, tempera-
tures in subsequent cycles are additionally reduced by AT, = 10 °C. This temperature is
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significantly lower and is safe for grooved insulation and winding wire. It does not exceed
the permissible operating temperature of the epoxy resin used.
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Figure 22. Calculated temperature course of individual motor components in the considered Nissan
Leaf car with a drive with two motors in the wheels, moving in the US06 driving cycle repeated
5 times (motor participation coefficient at the moment of braking 0.25). Waveforms for three lengths
of magnetic cores: (a) maximum winding temperature, (b) magnet temperature, (c) stator magnetic
core temperature.

In the case of the motor with the longest magnetic core, the maximum winding
temperature, even when the cycle is repeated five times, does not exceed Ty, = 130 °C. It is
also possible to increase the motor’s share in braking the car to 0.35 of the total braking
torque, without exceeding the temperature T¢,, = 140 °C.
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The temperature patterns of the magnets are influenced by the transition to the second
control zone. For example, in the first driving cycle, after 300 s, the temperature increase
rate is limited and then it decreases. This phenomenon is illustrated by the course of losses
in magnets shown in Figure 23, the value of which first stabilizes and then decreases.
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Figure 23. The course of individual losses of the electromagnetic circuit of the motor in the considered
Nissan Leaf car during a drive with two motors in the wheels, moving in the US06 driving cycle
repeated 5 times (motor participation coefficient at the moment of braking 0.25). Waveforms for

three lengths of magnetic cores: (a) in the winding, (b) in the magnets, (c) in the stator magnetic core.

With subsequent repetitions of driving cycles, the temperature ratio of the magnets of
the considered motors changes. In the first cycle, the motor with the shortest core has the
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lowest magnet temperature, then in subsequent cycles, the temperature of the magnets of
this motor increases in relation to the other motors and finally reaches the highest value.
This is the result of three factors: an increase in the initial temperature of the permanent
magnets of each repetition, an increase in the temperature of the winding and the magnetic
core, which transfer part of the heat to the rotor, and the fact that as the temperature of the
permanent magnets increases, their operating point changes and the magnet requires less
field weakening (lower current Id), which reduces the scope for limiting power losses and
necessitates a larger current to generate the required torque (higher current Iq).

For a motor with a package length of Lg. = 45 mm, the stator yoke temperature changes
from Tpe = 75 °C in the first repetition of the cycle to T, = 103 °C in the fifth repetition of
the cycle. For a motor with Lg, = 50 mm, the maximum stator yoke temperature varies from
Tre =70 °C to Tpe = 90 °C, while when Lg, = 60 mm, the stator yoke temperature varies
from T, = 68 °C to T = 78 °C. Such an analysis of the yoke temperature is important due
to the design of the motor with an external rotor because too large a temperature difference
between the stator yoke and the aluminum supporting structure (on which it is mounted)
may lead to a deterioration of the contact between these two elements and a reduction
in heat collection from the winding, and, as a consequence, motor failure due to thermal
reasons or cracking of the resin caused by too much stress as a result of various thermal
expansions of the materials.

5. Changing the Number of Motor Pole Pairs

In order to reduce the weight of the motor, in addition to using light and durable
materials for the construction of the supporting structure, hull and anchor shield, it is
necessary to reduce the weight of the electromagnetic circuit as much as possible, as
it usually constitutes more than 50% of the weight of the entire motor. Shortening the
electromagnetic circuit package reduces weight but also reduces the motor operating range.

Another direction to reduce the mass of an electromagnetic circuit is to increase the
number of pairs of magnetic poles. When designing an electromagnetic circuit, one should
strive to obtain as many magnetic poles as possible, which allows for a reduction in the
volume of the electromagnetic circuit due to the smaller magnetic flux in the area of a single
pole. As a result, the width of the stator yoke and the rotor yoke of the magnetic circuit can
be significantly reduced, which gives a more favorable ratio of the volume and mass of the
core to the rated torque.

When considering the possibilities of reducing the mass of an electromagnetic circuit
by increasing the number of pole pairs, attention should be paid to a number of existing
limitations. Increasing the number of poles in SPM motors is technologically simple but
may be limited by the minimum dimensions of a single magnet. Another limitation is the
maximum voltage frequency with which the used inverter can supply the motor. It should
also be remembered that when the yoke thickness is reduced, the mechanical strength
of the rotor decreases. Another limitation is the voltage induced by the magnetic flux of
permanent magnets when the machine is operating at idle speed, which should not exceed
the so-called non-operating voltage of the inverter. If the driver loses control of the motor
while operating at maximum speed, exceeding this voltage during generator operation at
idle speed of the motor may result in damage to the inverter. Increasing the number of pairs
of magnetic poles also affects the number of stator slots and the number of winding coils,
which consequently results in a reduction in the width of the stator teeth. The limitation is
the minimum bending radius of the coil and ensuring its feasibility and the cost of building
the winding. Another limitation of the increase in the number of pairs of magnetic poles is
introduced by the speed measurement sensor used (usually an encoder or resolver), the
stable operation of which may be difficult due to the resolution range.

An additional problem arises when, as the number of poles increases, we want to
proportionally increase the number of stator slots. For example, in a motor with the number
of poles 2p = 32 and the number of slots Qs = 48, the number of slots per pole and phase
is g = 0.5. If we increase the number of poles to 2p = 56, to maintain g = 0.5, the number
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of slots would have to increase to Qs = 84. Given the imposed external dimensions of
the motor, such a large number of slots may be impossible or unreasonable to use due
to the technological limitations of the machinery (as the number of slots increases, their
cross-section decreases). Additionally, the cost of making the winding also increases due
to the increasing number of coils that need to be made and then connected. The active
cross-section of the nursery also decreases because as the number of nurseries increases,
the share of nursery insulation increases.
A solution may be to reduce the number of slots per pole and phase:

q=Q/2p-m

where Q—is the number of stator slots; m—number of motor phases; and 2p—number of
magnetic poles.

However, it should be remembered that for motors where g < 0.5, the spatial distri-
bution of the magnetomotive force is distorted, which causes an increase in eddy current
losses in permanent magnets [70].

Typically, in electric motors, the factor limiting the torque is the winding temperature,
limited by the permissible insulation temperature. In the case of multi-pole motors, espe-
cially with the number of slots per pole and phase g equal to or less than 0.5, increased
losses in the permanent magnets may cause the temperature of the magnets to limit the
maximum load of the motor, especially when the motor is running at the so-called de-
excitation to increase the rotational speed range [71]. During de-excitation, the magnets are
exposed not only to an increase in temperature caused by power losses depending on the
supply current and frequency but also to the action of an external magnetic field. Selecting
a fractional number of slots per pole and phase can significantly reduce the cogging torque
of the motor.

There are many publications on the selection of the number of slots per pole and phase
and various aspects of this selection [72-75].

Therefore, this paper focuses on comparing the operating parameters and temperatures
of the motor in relation to the requirements for a car drive.

Increasing the number of pairs of magnetic poles allows you to obtain a toroid-shaped
motor that increases its internal diameter. In this way, in addition to reducing weight, you
also gain additional space for installing, for example, a brake drum, suspension elements
or a braking system.

Another advantage of increasing the number of pairs of magnetic poles and the
number of stator slots is a smaller coil cross-section and a shorter overhang of the winding
ends, which allows us to shorten the length of the supporting structure and the entire
motor body or increase the length of the motor package, using the available space for the
electromagnetic circuit.

For the analysis, it was assumed that the shortening of the ends would be used to
extend the magnetic core package from 60 mm to 65 mm.

The motor with an increased number of pairs of magnetic poles 2p = 56 was designed
in such a way that the maximum torque at the supply current Iryps = 350A was comparable
to the maximum torque of the mapped motor (Figure 24).
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Figure 24. Calculated characteristics of maximum torque as a function of rotational speed of the
modeled motor and the motor with an increased number of pole pairs (2p = 56 and g = 0.375).

The electromechanical characteristics of both motors are very similar throughout the
entire operating range. The difference in torque does not exceed 2%, assuming that the
magnets in both motors operate at the same temperature. Table 8 shows a comparison of
the mass of the electromagnetic circuit elements of both motors. The electromagnet circuit
with an increased number of pole pairs is characterized by a mass that is 12.5% lower.

Table 8. Comparison of the mass of electromagnetic circuits of motors.

Parameter Motor 1 Motor 2 Unit
Number of stator slots Q 48 63 -
Number of magnetic pole pairs 2p 32 56 -
Magnetic core length L, (mm) 60 65 -
Number of stator slots per pole and phaseg 0.5 0.375 -
Winding mass 4.5 3.6 kg
Stator core mass 9.5 8.8 kg
Rotor core mass 44 3.3 kg
Permanent magnets mass 1.6 1.8 kg
Total mass of the electromagnetic circuit 20 17.5 kg
Stator internal diameter 280 302 mm
Cogging torque 19.5 1.5 Nm

The distribution of magnetic induction in the core of both motor models is shown
in Figures 25 and 26 and Table 9. The circuits are comparable in terms of the use of the
magnetic core.
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Figure 25. Distribution of magnetic induction from permanent magnets of the considered motor
model: Q =48,2p=32,4=05.

Figure 26. Distribution of magnetic induction from permanent magnets of the considered motor
model Q =63, 2p =56, q = 0.375.

Table 9. Distribution of magnetic induction from permanent magnets (I = 0 A).

Magnetic Induction (T) 2p =32 2p =56
In the air gap (average) 0.72 0.8

In the air gap (peak) 1.05 1.03

In the stator tooth (peak) 1.71 1.7

In the upper part of the stator tooth (peak) 2.31 2.16
Stator yoke (peak) 1.12 1.25

Rotor yoke (peak) 1.5 1.45
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The voltages from the permanent magnets during no-load generator operation in both
motors are very similar. In the case of the modeled motor, this voltage is U,k v rMSs = 1785V,
while in the case of the considered motor with an increased number of pole pairs, it is
Upack BMFRMS = 172 V.

In the case of the cogging torque, the differences are greater. In the motor modeled
with g = 0.5, the cogging torque is Tcog. = 19.5 N-m, and in the motor with an increased
number of pole pairs and g = 0.375, it is Tcog. = 1.5 N-m.

For the motor with an increased number of magnetic pole pairs, a model was made
for thermal calculations while maintaining the same thermal contact resistances and using
the same materials. Figure 27 shows cross-sections of the models of both motors. The
model with an increased number of pole pairs, in accordance with the assumptions, is
characterized by a larger internal diameter, a slightly shorter overhang of the fronts and a
longer magnetic core package of the stator and rotor.

(c)

(d)

Figure 27. Motor model cross-sections: (a) cross section of the model 2p = 32, g = 0.5; (b) cross section
of the model 2p = 56, g = 0.375. (c) longitudinal section of the model 2p = 32, g = 0.5. (d) longitudinal
section of the model 2p = 56, g = 0.375.
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5.1. Changing the Number of Motor Magnetic Poles—Artemis Urban Driving Cycle

Figure 28 compares the maximum temperature curves of the winding, permanent
magnets and the magnetic core of a motor with the number of magnetic pole pairs 2p = 32
and 2p = 56.
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Figure 28. Calculated temperature curves of individual motor components in the considered Nissan
Leaf car with dual-motor drive, running in the Artemis Urban driving cycle repeated 5 times (braking
torque participation factor 0.25): (a) maximum winding, (b) magnet, (c) stator magnetic core.
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Figure 29. Calculated motor power loss curves for a Nissan Leaf with dual-wheel drive, running in

the Artemis Urban driving cycle: (a) winding, (b) magnet, (c) stator magnetic core.
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5.2. Changing the Number of Motor Magnetic Poles—Artemis Motorway 150 Driving Cycle
The analysis of the car’s driving in the Artemis Motorway 150 cycle showed that the

maximum winding temperature in the cycle is equal to about T¢,, = 87 °C (Figures 30 and 31)
for both motors, but its courses during the cycle are different.
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Figure 30. Calculated temperature curves of individual motor components in the considered Nissan
Leaf car with dual-motor drive, running in the Artemis Motorway 150 driving cycle repeated 5 times
(braking torque participation factor 0.25): (a) maximum winding, (b) magnet, (c) stator magnetic core.
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Figure 31. Calculated motor power loss curves for the considered Nissan Leaf vehicle with dual-
motor in-wheel drive, operating in the Artemis Motorway 150 driving cycle: losses in (a) winding,

(b) magnets, (c) stator magnetic core.

Higher temperatures are obtained by the motor with the number of magnetic poles
2p = 32 at the beginning and end of the cycle, when entering and leaving the motorway.
In turn, the motor with an increased number of magnetic pole pairs of 2p = 56 operates
with a higher maximum temperature while the car is driving at a higher speed. The
core temperature, analogously to the course of power losses in the core, is higher in the
motor with the increased number of pole pairs. The operating temperature of permanent
magnets is more than ATmag. = 10 °C lower when the car is driving at higher speeds, about

V =130 km/h.
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5.3. Changing the Number of Magnetic Poles of the Motor—US06 Driving Cycle

The analysis of the dynamic driving cycle (Figures 32 and 33) showed that the maxi-
mum winding temperatures were higher in the motor with the number of magnetic poles
2p = 32, even by as much as AT = 17 °C in the last repetition of the cycle.
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Figure 32. Calculated temperature curves of individual motor components in the considered Nissan
Leaf car with dual-motor drive, running in the US06 driving cycle repeated 5 times (braking torque
participation factor 0.25): (a) maximum winding, (b) magnet, (c) stator magnetic core.
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Figure 33. Calculated power loss curves of the motor in the considered Nissan Leaf car with

a dual-motor drive, moving in the US06 driving cycle repeated 5 times (motor participation factor in

the braking moment 0.25): (a) in the winding, (b) in the magnets, (c) in the stator magnetic core.

Simulations have shown that the 2p = 32 motor achieves higher temperatures when
driving at low speeds and high torque. In the case of driving at higher speeds in the US06
cycle, in the first repetition of the cycle, the temperature of the 2p = 56 motor is slightly

higher, while in the next repetitions, the influence of the temperature at the beginning
of the cycle is visible, which changes this relationship in the subsequent repetitions. The
temperature of the permanent magnets is higher in the 2p = 32 motor throughout the cycle.
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6. Conclusions
6.1. Discussion on Results

The research shows that the most intuitive axial shortening of the magnetic core of the
motor allows for a relatively large reduction in length and the mass of the electromagnetic
circuit (Table 7) but is associated with a limitation of operating parameters due to tempera-
ture reasons. With the shortening of the magnetic core length, the axial dimension of the
motor is shortened, while its thermal load increases throughout the entire operating range
(Figures 18a, 20a and 22a).

In the first motor control zone (constant torque zone), the thermal load increases. This
is the result of the need to increase the number of winding turns at the expense of the wire
cross-section and increase the current density. In this way, the length of the magnetic core
is shortened, while the maximum torque is maintained, and in the second motor control
zone (in the zone of weakened permanent magnets) the additional load increases the range
of flux weakening. Shortening the package and the necessary change in the winding in
order to provide the required torque causes the base point of the motor characteristic to
shift to lower rotational speeds.

Increasing the range of operation with field weakening during the driving cycle results
in an increase in the Igpg current.

During city driving, in the Artemis Urban cycle (Figure 16a), the maximum winding
temperature courses differed in value, while the shape of the course itself was the same for
all three magnetic core lengths. The reason is that for all three versions of the motor, with
different lengths of the magnetic core considered, this cycle is carried out in the first control
zone (Figure 17).

For the motorway driving cycle (Figure 16b), the graphs differ not only in value. The
maximum operating temperature for the shortest motor occurs at a different time moment
when the car is driving at the highest speed (Figure 20a). The differences in the courses
deepen with the increase in the range of operation of the motor with weakening of the
magnetic field of permanent magnets (Figure 17).

The temperature of permanent magnets during city driving (Figure 18b) is slightly
higher in motors with the shortest package, while the situation is the opposite when driving
on the motorway (Figure 20b). The increased range of field weakening causes a reduction
in the power losses generated in permanent magnets (Figure 21b) and a reduction in the
operating temperature of the magnets.

In the dynamic cycle (Figure 16¢), the main difference is the maximum stator winding
temperature (Figure 22a), which reaches high values during vehicle acceleration after
a series of rapid accelerations and decelerations at the beginning of the driving cycle and
during dynamic maneuvers at the end of the driving cycle.

It may be noted that although the wheel hub motor with the shortest magnetic core
is able to generate the torque required by the US06 duty cycle (Figure 17), the winding
operating temperatures reach T, = 190 °C in the first repetition and up to T, =250 °C in
subsequent repetitions of the cycle. The winding temperature is limited not only by the
permissible operating temperature of the insulation but also by the epoxy resin in which
the wound motor stator is encapsulated (Figure 1). The analysis gives information that
such dynamic driving may occur occasionally or in cases of emergency. The drive with the
shortest magnetic core does not allow for constant, very dynamic driving.

A large temperature difference can also be seen in the stator magnetic core (Figure 22c),
where the difference in the dynamic cycle between the Lg. = 60 mm and Lge = 45 mm
packages is about AT =40 °C in the tooth and about AT =24 °C in the stator yoke when
the cooling liquid at the motor shaft is the same temperature. The high temperature of the
magnetic core is dangerous for the motor structure because it can introduce stresses that
can lead to cracking of the epoxy resin and can increase the contact resistance between the
stator and the structure on which the stator is mounted, causing a significant deterioration
in heat dissipation from the winding.
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Increasing the number of pole pairs from 32 to 56 resulted in a reduction in the mass
of the electromagnetic circuit by over 12% and the creation of additional space inside the
wheel by increasing the internal diameter of the motor (Figure 24, Table 8).

The motor with an increased number of magnetic pole pairs and g = 0.375 is character-
ized by a significantly lower cogging torque (Table 8), which in the case of an electric vehicle
drive can have a significant impact on the comfort of driving and controllability of the
vehicle. To reduce the value of the cogging torque, a skew in the stator or a discrete skew
of the rotor magnets can be used. However, this is associated with a reduction in torque
and the need to increase the supply current, which will increase the working temperature
of the winding and result in an even greater temperature difference in favor of the motor
with an increased number of magnetic pole pairs.

The new proposal for the electromagnetic circuit seems to be more advantageous both
in terms of mass and thermal parameters. It opens up the possibility of shortening the
package and, consequently, an even greater reduction in the mass of the electromagnetic
circuit and also a reduction in the axial length of the motor.

The maximum operating temperature of the motor with an increased number of
magnetic pole pairs during the Artemis Urban cycle is approximately AT =10 °C lower.
The temperatures of the magnetic core and magnets are similar (Figure 28).

During the Artemis Motorway 150 cycle, the winding temperature of the motor with an
increased number of magnetic poles is higher when driving at speeds above V =100 km/h by
approximately AT = 10 °C and is lower at lower vehicle speeds (Figure 30a). The variable
advantage of the winding temperature between the compared motors in this duty cycle
is influenced by the dependence of the winding temperature on the temperature of the
magnetic core and indirectly generated power losses in the magnetic core (Figure 31c).

The temperature of the permanent magnets in the motor with a smaller number of
magnetic poles is higher (Figure 30b), which correlates with the calculated power losses in
the magnets for this driving cycle (Figure 31b).

The maximum operating temperature of the winding and permanent magnets is also
higher in the motor with a smaller number of magnetic pole pairs in the dynamic driving
cycle under consideration (Figure 32a).

During the first repetition of the US06 cycle, the motor with an increased number
of magnetic pole pairs is characterized by a slightly higher winding temperature in the
middle part of the cycle (Figure 32a). During this time, the car moves at a higher speed,
which results in a greater impact on the winding temperature of the losses generated in
the stator magnetic core (Figure 33c). This situation does not repeat in the following cycle
repetitions because the motor winding with fewer magnetic pole pairs starts the cycle at a
higher temperature.

The analysis showed that increasing the number of magnetic pole pairs can provide
additional space in the vehicle wheel (Table 8), e.g., for the installation of a drum brake,
and can reduce the motor mass while maintaining the operating temperature at a safe level;
in various driving scenarios, it even lowers the temperature. Changing the core length
while maintaining the maximum torque at the required level effectively reduces the axial
dimension of the machine and the motor mass while increasing the current density in the
entire motor operating range and increasing the motor operating area with weakening
of permanent magnets, which additionally increases the current load. The simulation
analysis performed allowed for the visualization of the effect of these changes on the motor
operating temperature and detection of the situations in which the operating temperatures
reach unacceptable values.

6.2. Conclusions—Summary

The article presents the most important issue in the field of designing motors for
installation in a car wheel, which is the search for methods to reduce its dimensions and
weight while meeting very high requirements regarding motor parameters, in particular,
obtaining the highest possible torque. Modern simulation tools were used for the research
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to determine the operating parameters of an electric motor operating in a car in various
conditions occurring during typical city driving, on the motorway and dynamic driving,
not assuming a constant motor load (as is often the case in other studies).

The analysis carried out allowed us to draw attention to the operating parameters of
the wheel hub motor while driving the car, taking into account the design changes that
lead to changes in the overall dimensions of the motor and its mass.

To carry out the analysis, a prototype wheel hub motor was made to take into account
the actual dimensions and the real structure of the wheel hub motor, which is intended for
use in a car. The motor prototype was also used to verify the calculations and calibrate
the computational model. Carrying out the analysis on realistic driving cycles made it
possible to check what temperature curves will be achieved with changes in the design of
the electromagnetic circuit.

The analysis concerned the direction of redesigning the electromagnetic circuit of the
wheel hub motor in order to check the possibility of reducing its weight and obtaining
additional space in the car rim. This space may limit the motor design in the axial direction
and on the inside diameter side. Calculations showed that shortening the length of the
magnetic core resulted in an increase in the winding temperature during city and highway
driving but without exceeding very high temperatures. The highest winding temperatures
were reached by the motors during dynamic driving in the US06 cycle. The combination of
deep field weakening when driving the car at high speed and dynamic maneuvers at the
beginning and end of the cycle caused the winding temperature to significantly exceed 180 °C.

The motor with the shortest magnetic core cannot operate with such dynamic driving.
Another danger that was noticed in the calculations for this motor is the high temperature
increase in the magnetic core. This may result in an increase in thermal resistance between
the stator magnetic core and the cooling system and cracking of the epoxy resin.

Increasing the number of magnetic poles and redesigning the electromagnetic circuit
allowed the internal diameter of the motor to be increased and its weight to be reduced
without significantly affecting the temperature of individual motor components.

In addition to the winding, permanent magnets are important elements exposed
to temperature. The permissible operating temperature of permanent magnets is lower
when they are under the influence of an external magnetic field directed opposite to the
magnet field. This situation occurs when the motor is operating in the second control zone,
i.e., at a higher rotor speed, which is equivalent to the vehicle moving at a higher speed. The
magnet temperature depends on the motor’s power supply frequency and its load resulting
from the variable dynamics of the vehicle’s movement. The analysis of motor operation
during real driving cycles, based on a calibrated electromagnetic and thermal-flow model,
allows for the assessment of the safety of the operating temperature of the rotor permanent
magnets in both control zones.

Power losses depend not only on the power supply parameters but also on the tem-
perature of individual motor components. Without conducting an analysis, as proposed by
the authors of the article, it is difficult to predict in what conditions the wheel hub motor
will operate and which of its components may fail while the car is driving.
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