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Abstract

Throughout the last few years, permanent magnet synchronous motors have been proven 
suitable candidates for hybrid electric vehicles (HEVs). Among them, the outer rotor 
topology with surface mounted magnets and concentrated windings seems to be very 
promising and has not been extensively investigated in literature. In this study, an over-
all optimization and modelling procedure is proposed for the design and operational 
assessment of high-power density direct-drive in-wheel motors, targeted towards a light 
HEV application. The analytical model of an HEV’s subsystems is then implemented for 
a more accurate evaluation of overall powertrain performance. Furthermore, a simple but 
effective cooling system configuration, which is taking into account the specific problem 
requirements, is also proposed.

Keywords: hybrid electric vehicle, high power density, in-wheel motor, optimization, 

permanent magnet motor, dynamic modelling, electrical machines design

1. Introduction

Recent environmental concerns due to global warming and air pollution motivated many 

countries around the world to legislate fuel economy and emission regulations for ground 

vehicles [1]. Furthermore, the necessity of developing alternative methods to generate energy 

for vehicles owing to depletion of conventional resources was greater than ever [2]. These 

features encouraged the introduction of fuel cell vehicles (FCVs), electric vehicles (EVs) and 

hybrid electric vehicles (HEVs) as suitable candidates for the replacement of the conventional 

internal combustion engine counterparts. Since the performance of EVs and FCVs is still far 

behind the requirements, HEVs are considered as the most reliable and preferred choice 

among similar technologies by manufacturers, governments and consumers [3, 4]. Comparing 
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to those technologies, HEVs are advantageous, as they exhibit high fuel economy, lower emis-

sions, lower operating cost and noise, higher resale price, smaller engine size, longer operat-

ing life and longer driving range [5]. The world HEVs market has been rapidly growing and 
existing hybrid powertrains include passenger cars, small, medium and heavy trucks, buses, 
vehicles used in construction domain (e.g. forklifts, excavators), etc.

Despite HEV’s high performance, their design and control strategies are not trivial. Multiple 

hybrid electric architectures have been developed and incorporated so far into commercially 

available vehicles in order to find acceptable design solutions with respect to various objec-

tives and constraints [6]. Each configuration presents particular characteristics and the archi-
tecture selection depends on the application requirements and vehicle’s type. For instance, 

series configuration is mainly used in heavy vehicles, whereas parallel-series one is preferable 
in small and medium automobiles, such as passenger cars and smaller buses, notwithstand-

ing its more complex structure [7]. The specific topology combines the advantages of both 
series and parallel HEVs and has a greater potential in improving fuel economy and effi-

ciency of the overall powertrain [8]. The HEV performance is even more enhanced when new 

design methodologies are implemented in order to find optimal configurations for power 
split devices, whereas at the same time, a single planetary gear is used [1].

However, the performance of an HEV is strictly dependent on the individual characteristics 

of its components (i.e. the internal combustion engine, the electrical motor and generator, 

the electronic equipment, the batteries, etc.). There is a strong “connection” among them and 
their collaboration interacts with the performance of the vehicle [9]. Several techniques, pre-

sented in [10], can be applied in order to achieve the optimal design and energy management 

of an HEV. According to [11], multi-objective optimization procedure and decision-making 
approach are necessary since there is a great amount of variables and goals to be taken into 
account. Moreover, among the most crucial decisions in the design of a HEV is the selection 

of the electric motor’s type and its topology. A large amount of requirements such as (a) high 

power and torque density, (b) flux-weakening capability, (c) high efficiency over a wide range 
of speed, (d) high fault tolerance and overload capability, (e) high reliability and robustness, 

(f) low acoustic noise during operation and (g) low cost have to be met if a motor is to be con-

sidered as a suitable one for such an application [4].

Nowadays, various structures have been tested by HEV manufacturers and even more have 

been investigated in recent studies, e.g. [12]. Some of them, such as switched-reluctance 

motors (SRMs), despite their important advantages (high fault tolerance, simple construction, 

outstanding torque-speed characteristics and low cost) are currently not widely used for HEV 

applications. This is associated with the fact that they exhibit high acoustic noise, high torque 

ripple and low power factor [13]. Among the most popular topologies for this kind of traction 
system are induction and permanent magnet synchronous motors [14]. These two types are 

thoroughly examined and compared to each other [15] and their specific features are quite 
well known so far [16].

In order to meet the continuously increasing power density and efficiency requirements, PMSMs 
have become the dominant topology for light duty HEVs [14]. PMSMs with one or multiple 
layers of interior magnets fulfil the aforementioned characteristics and are commonly used in 
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several commercial HEVs. Their typical output power varies from 30 to 70 kW for full hybrid 
passengers cars and can exceed 120 kW in the case of sport utility vehicles (SUVs). Recently, 
it has been found that surface-mounted permanent magnet synchronous motors (SPMSMs), 
especially when they are combined with concentrated windings instead of distributed ones, 

are also promising candidates for HEV propulsion [16]. They present high efficiency, satisfac-

tory flux-weakening capability, low cogging torque and facile manufacturing procedure [17]. 

Honda Insight was one of the first commercial HEVs that incorporated this specific motor con-

figuration. Since then, there has been increasing research interest for this topology.

That research effort though was carried out mainly for inner rotor topologies, in which the 
propulsion is provided by a single traction motor coupled with a gearbox and a differential. 
Thus, the perspective of mounting a motor with outer rotor to the wheel of a vehicle is very 

interesting and may present plenty of advantages. In this case, much lower flux density and 
respectively less magnet mass is required for the achievement of the same maximum torque. 

Copper as well as mechanical losses can be significantly lower than the corresponding ones 
of inner rotor topology. The manufacturing cost is lower, whereas at the same time, the total 

structure is lighter and can be constructed more easily [18]. Numerous in-wheel concepts for 

HEVs have been developed in the last years, mainly by Protean Electric and Mitsubishi.

The design procedure of direct-drive SPMSMs for an HEV presents increased complexity. 
There is a large number of variables and geometrical parameters that have to be estimated, 

while simultaneously numerous problem constraints have to be satisfied. The applied con-

straints refer to the maximum acceptable value of current density, the maximum value 

of dc-link voltage, the motor’s volume and weight due to the limited available space, etc. 
Additionally, SPMSMs have to exhibit low-current harmonic content, non-saturable opera-

tion, low torque ripple and cogging torque. The determination of motor’s thermal behaviour 

during different operating conditions and the implementation of the suitable cooling system 
are also of great importance. The adequate temperature alleviation can ensure the high driving 

performance, the motor’s durability and the elimination of magnets demagnetization risk [19].

Based on the above, this chapter aims to investigate, optimize, compare and propose suitable 

high-power density in-wheel SPMSMs for a light HEV application. For this purpose, a design, 
optimization and modelling methodology for in-wheel motors is analytically presented in 

Section 2. According to this approach, the specifications of the derived topology are incor-

porated to an analytical HEV’s model, which has been developed in Matlab/Simulink. In this 
way, the better approximation of the dynamic behaviour of the entire system is allowed. The 
performance estimation of each single subsystem and the calculation of parameters, such as 

the fuel consumption during different driving cycles, are also far more accurate. This meth-

odology is compared to so far commonly used techniques, which are reviewed here too. Next, 

the proposed approach is applied to the case of two 15.3 kW in-wheel motors, which are 
going to be part of the driving system of a hybrid passenger car with series-parallel configura-

tion. The derived results are given in Section 3 and relevant discussion is made regarding the 

motor and overall HEV system performance. Moreover, motors thermal behaviour is studied 

and a simple and effective cooling system for this kind of traction system is proposed. Finally, 
Section 4 summarizes and concludes the work.

Design, Optimization and Modelling of High Power Density Direct-Drive Wheel Motor for Light Hybrid Electric Vehicles
http://dx.doi.org/10.5772/intechopen.68455

127



2. High-power density direct-drive in-wheel motors

2.1. Requirements overview

The development of a direct-drive SPMSM, which will exhibit desirable performance, requires 
a large amount of problem variables, constants and constraints to be taken into account 
according to [20]. Moreover, meta-heuristic optimization techniques can be applied along 

with the classical design theory and the analytical equations. In this case, the multi-objective 
SPMSM optimization has to be modelled and performed carefully, especially when certain 
quantities are of primary concern [21]. The problem complexity is increased if an in-wheel 

PMSM is supposed to be incorporated into the powertrain of an HEV, whereas its operating 
point varies almost ceaselessly. Thus, the study of motor performance in the rated operat-

ing point or in the point of maximum provided torque, using finite element method (FEM) 
or fixed permeability method (FPM) has been proven inefficient enough [22]. Consequently, 

various design approaches and optimization methodologies have been revealed so far and 

each of them has its own advantages and disadvantages.

In classical HEV design process motor’s efficiency map or torque-speed curve is a convenient 
way to represent drive system’s performance. The determination of efficiency, torque and 
speed for different operating points permits the preliminary estimation of motor’s charac-

teristics in agreement with vehicle’s attribute. Also, different topologies that are investigated 
as possible candidates for the same application can be easily compared to each other [23]. 

However, by using efficiency maps the motor is considered as a black box, which responds to 
certain inputs (voltage and current). These two variables are assumed to be optimal in order 

to achieve the highest efficiency at a specific torque and speed output. Furthermore, a map 
scaling factor model (MSFM), based again on the knowledge of an efficiency map, is generally 
used for the selection of motor’s output power rating and specifications. The efficiency and 
torque are scaled using a linear dependency on the rated power. At the same time, few HEV’s 

subsystems, such as the internal combustion engine, wheels, batteries and control scheme, can 
also be modelled constructing the appropriate equations and then a joint optimization of all 
the subsystems using dynamic programming can be performed [24].

Although the aforementioned procedure permits a better interaction between the electric 
motor/s and the other vehicle’s subsystems, the approximation of the dynamic behaviour of 

the entire system is not satisfactory enough. It lacks accuracy concerning energy management 
estimation and fuel consumption calculation. Additionally, there is no association between 

motor’s performance and its geometrical parameters. A compromise between FEA and MSFM 

method is introduced in [9], in which the detailed magnetic circuit model is incorporated 

in the optimization process. Starting from a preliminary topology, the final configuration 
can be derived when the user’s requirements are met. The drawback of this approach is that 
only a restricted number of variables can be treated simultaneously. Thus, some geometrical 

parameters, such as motor’s diameter and length, should be specified by the designer and 
this method should be applied only for the optimization of magnets and windings modula-

tion. A fast magnetostatic FEA is proposed in [25] in order to address the specific problem. 
The derived results are now more precise and the computational time and complexity are 
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significantly reduced. The final proposed PMSM configuration is developed studying motor’s 
torque behaviour and minimizing stator flux linkage for the efficiency enhancement.

Another important requirement for the optimal HEV’s operation is the minimization of 

motor’s losses during different driving cycles or the overall profile of the HEV [26]. It is 

evident that design parameters that are optimized for one average assumed drive cycle are 

not necessarily optimal when an alternative use of the vehicle is carried out [27]. At least 

twelve characteristics points of representative driving cycles should be used for the analysis 

of motor’s performance according to [28]. These points have to include acceleration, cruis-

ing and regenerative modes for more accurate fuel consumption calculation. A methodology 

based upon the overall driving cycle efficiency of the traction drive, which also takes into 
account the inverter losses, cooling system specifications and energy consumption of other 
subsystems, is presented in [29]. The implementation of the appropriate cooling system and 

the determination of its specifications are also of great importance as stated in [30].

2.2. Description of proposed methodology

The complex problem of the development of high-power density direct-drive SPMSMs for a 
light HEV can be solved by using a knowledge-based system (KBS), similar to that analyti-
cally described in [31]. The proposed architecture scheme (depicted in Figure 1) involves a 

number of knowledge sources (KS) and several layers that interact with each other, in order 
to ensure that the final solution is acceptable from technical, economical and manufacturing 
point of view. The first two layers (layer 0 and 1) incorporate the provided information about 

Figure 1. Structure of the developed knowledge-based system software.
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the properties of high quality steels, soft magnetic conductors and insulation materials, while 

at the same time user’s demands, machine’s specifications, design variables and problem con-

straints are also determined. At the next level, the appropriate objective functions, taking into 
account the aforementioned, are constructed and an optimization method (e.g. genetic algo-

rithm) is applied. At layer 3, an analytical evaluation of all the alternative derived solutions is 

conducted through FEA and post-processing analysis. Finally, the optimal motor configura-

tion is selected (layer 4) and its application in HEV industry is thoroughly investigated.

The above approach was enhanced and finally an overall PMSM design and HEV performance 
assessment procedure is introduced in order to be a useful tool in the HEV design industrial 

process. This methodology is based upon the efficient design of the in-wheel motors and 
the determination of their average driving cycle efficiency. Furthermore, an analytical HEV’s 
model, which has been developed in Matlab/Simulink, incorporates all the necessary subsys-

tems of the vehicle. The internal combustion engine, the two identical SPMSMs coupled in 
the front wheels, the batteries pack, the dc-dc converter, the three-phase inverter, the power-
split device and the control strategy are implemented in this model in order to permit a more 

realistic study of HEV’s behaviour. For instance, the batteries model would make it possible to 
define the maximum provided voltage dynamically, while the state of their charge, the effect 
of their internal resistance, the effect of the prevailing temperature and working conditions 
can also be studied. Thus, a more appropriate selection of each single subsystem can be made 

resulting to an optimal energy management and performance.

The first step of the proposed methodology, which is presented in flowchart form in Figure 2, is 

the determination of motor’s rated parameters, such as output power, speed and torque. These 

features are defined based on vehicle’s speed and grade-ability along with the collaboration 
of in-wheel motors with the internal combustion engine. The outer motor diameter is fixed by 
the size of the wheel and the maximum dc-link voltage is also estimated by the battery pack 
and converter specifications. For the design of the SPMSMs a combination of classical design 
theory and meta-heuristic optimization techniques can be applied. The designer can choose 

among popular techniques based on swarm intelligence, such as genetic algorithm (GA), par-

ticle swarm optimization (PSO), ant colony optimization (ACO), etc. In [32], it is outlined that 

another new method called“Grey Wolf Optimizer” (GWO) exhibits acceptable and satisfactory 
performance when implemented in similar machine design problems. Based on the results 

of authors’ previous works (i.e. [20, 21]), where different optimization methods were applied 
and compared, it was found out that all the adopted algorithms succeeded to converge to a 

(sub)-optimum design solution. Despite the fact that GA presents higher computational cost 

and complexity than PSO, fmincon and pattern search, its solutions have been proven the most 
attractive among others. The same conclusion was validated for all the examined case studies, 
in which different performance quantities were also of primary concern. Additionally, the main 
advantages of GA are its capacity of parallelism detection between different agents and its elit-
ist selection. The first characteristic is crucial for the computation of Pareto solutions, whereas 
the latter one ensures that the best solutions are passed to the next iterative step without major 
changes. Following these, GA has been finally chosen for the specific optimization problem.
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Afterwards, the initialization of motor’s length and poles number is following. The first 
parameter is specified by the size of the tire and the latter should be chosen carefully as it is 
of great importance for the overall motor performance [33]. The proper poles and slots com-

bination can eliminate the presence of higher order harmonics in the air gap flux distribution, 
which results in lower iron losses and torque ripple. The motor must be capable of provid-

ing high torque when the vehicle accelerates while its losses should be as low as possible. 

Moreover, concentrated winding configuration is preferable for this traction system, since 
it presents shorter end windings and higher slot fill factor compared to the corresponding 
ones of distributed windings, and contributes to a smaller motor volume and lower copper 

losses, respectively. High power and torque density are very essential characteristics for such 

an application since there is restricted space inside the wheel. Furthermore, a high efficiency 
should be achieved over a wide speed range. Thus, the minimization of motor’s volume simul-

taneously with the enhancement of efficiency will be of great concern during the construction 
of the objective functions. A weighted linear scalarization function is proposed—as a cost 

Figure 2. Proposed overall PMSM design and HEV performance assessment procedure.
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function—in order to“translate” the original multi-objective problem into a single-objective 
one which can be solved more easily. This function presents simplicity and thus the overall 

optimization complexity is reduced. Let the general form be CF
j
 = β

i
⋅Q

i
, where β

i
 is a 1 × i row 

matrix which contains the weight coefficients of the cost function and Q
i
 is an i × 1 column 

matrix, which contains the values of any motor’s quantities under optimization. Numerous 

cost functions can be produced in this way by altering the weights and/or quantities according 

to the problem specifications and user’s requirements. Normally, a semi-exhaustive search 
has to be done first in order to explore weights search space for linear scalarization and, con-

sequently, to identify efficient weight combinations. In the case examined here, we consider 
the motors’ weight (M

tot
) and efficiency (η) as equally important quantities for optimization, 

thus the above cost function is formulated as CF = 0.5 M
tot

 + 0.5 (1 − η).

Next, the optimization procedure is applied for the determination of numerous variables, 

such as stator slot configurations, the number of turns per phase, the thickness and the width 
of permanent magnets, etc. At each step of the proposed approach, a large amount of con-

straints have to be met. Some of them are imposed in order to ensure the acceptable electro-

magnetic behaviour of the motor. For example, the motor’s rotor yoke should be sufficient 
enough in order to ensure that no saturation will occur on this part of the machine. Likewise, 
the maximum acceptable flux density at other parts of the motor will also be set as prob-

lem constraints. The estimation of various electromechanical quantities using FEM analysis 

is indispensable in order to find out if any of these constraints is violated. If this happens, the 
adopted variables and geometrical parameters of the investigated topology have to be modi-

fied and the procedure returns to its initial step.

Another significant constraint is the maximum allowable value of the current density. For a 
totally enclosed in-wheel motor this value cannot exceed 10 A/mm2 because there is no physi-

cal air circulation and temperature alleviation. Thus, the determination of this parameter and 

motor’s thermal behaviour is essential in order to ensure high driving performance even under 

overload conditions, reduce the risk of magnets demagnetization and enhance the durabil-
ity of insulation materials. Also, the implementation of a liquid cooling system for the motor 

is required. The research in recent literature revealed that the commonly used cooling sys-

tem configurations are not suitable enough for this application. The oil-spray cooling method, 
which uses a radiator, is very energy consuming and increases the manufacturing complexity 

and the installation cost [34]. The implementation of ducting system and slot water jackets is 
difficult due to the limited space [35]. For the same reason, circumferential and axial water 

jackets are difficult to be applied, since the length of the motor is very short. Consequently, a 
more appropriate cooling system topology, which is effective enough despite the small cooling 
system surface, is developed and described thoroughly in the next Section. For each derived 

motor configuration, its thermal model and the thermal model of the proposed cooling system 
are constructed, the heat sources and the materials properties are specified, and the boundaries 
conditions and the temperature coefficients are determined. Finally, the temperature distribu-

tion and the overall performance of the cooling system are estimated. Its parameters are calcu-

lated by taking into account the optimal energy management of the HEV and the fact that the 
system’s energy consumption must be kept as low as possible. The aim of the incorporation 
of motor’s thermal analysis in the proposed methodology is to guarantee that motor designs 
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which gather efficient performance and meet the specific problem requirements will not be 
excluded at this step of the design procedure due to over temperatures and high value of cur-

rent density.

After applying all the eliminatory criteria, only optimal topologies are selected. Their geomet-

rical parameters and specifications, such as stator phase resistance, inductance in d- and q-axis, 

flux linkage established by magnets, number of pole pairs, efficiency at rated power, source 
frequency, shaft inertia and damping coefficient, are then imported in Matlab/Simulink HEV 
model. This model, as mentioned before, involves all the necessary HEV subsystems and it 

will be used in order to assess the overall system performance. The final HEV configuration 
and motor topology will be chosen according to the optimal energy management and efficient 
collaboration of the subsystems. For this purpose, HEV performance can be estimated during 

one single or several different driving cycles. The designer should carefully choose the appro-

priate driving cycle, which fulfil his own requirements and the use of the vehicle. The urban 
driving cycle (ECE 15) and the New European Driving Cycle (NEDC) have been extensively 

employed by manufacturers for vehicle energy consumption and emission testing, as they 

represent the typical use of light duty vehicles in Europe.

Summarizing, the methodology proposed here seems to be very promising compared to other 

common practices, since it permits the detail implementation of motor’s characteristics in 

HEV model and the interaction between its geometrical parameters with vehicle’s perfor-

mance. Additionally, the user can thoroughly compare to each other several candidate topol-

ogies before making his final choice, by examining aspects, such as the fuel consumption, 

the state of charge of the batteries, the compatibility of inverter’s specifications with motor’s 
requirements, etc. The large amount of constraints, the determination of motor’s tempera-

ture distribution and electromechanical performance can ensure that the in-wheel motor will 

exhibit the desirable operation even under adverse working conditions. The relatively high 
simulation time that is required for running Matlab/Simulink model could be considered as 
the main disadvantage of the proposed here design procedure.

3. Case studies, results and discussion

In this Section the problem of the design and optimization of a light duty HEV’s traction 

system is examined. The HEV under consideration incorporates the series-parallel configura-

tion, using an internal combustion engine (ICE) and two SPMSMs for propulsion. The electric 
motors are implemented around each of the driving wheels to directly deliver power to them. 

Series-parallel architecture enables the engine and electric motors to provide power inde-

pendently or in conjunction with one another. At lower vehicle’s speeds the system operates 
more as series vehicle, whereas at high speeds, where the series drive train is less efficient, the 
engine takes over and energy loss is minimized. The engine is going to be able to produce 115 
Nm torque at 4200 rpm, whereas its output power and its maximum speed will be 57 kW and 
5000 rpm, respectively. The output power of each in-wheel motor will be equal to 15.3 kW 
and a torque of 170 Nm at 850 rpm will be provided. Moreover, the engine is going to drive a 

salient pole synchronous permanent magnet generator, which will either charge the batteries 
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or provide power directly to the electric motors depending on vehicle’s mode. A planetary 

gear is used in order to split power among the engine, the generator and the differential. The 
nominal voltage of the battery pack is 201.6 V comprising 168 nickel-metal hydride (NiMh) 
cells, and its nominal capacity is 6.5 Ah. The battery pack voltage is raised by a boost converter 
leading to a 400 V dc-link voltage. Finally, each in-wheel motor is fed through a three-phase 
inverter (Figure 3) and is individually controlled using vector control method. For the assess-

ment of the overall system performance, a HEV model, which is available in Matlab/Simulink 
version R2016a (Figure 4) has been modified properly in order to meet the specific problem 
requirements. This model permits the study of vehicle’s dynamic behaviour, as the aerody-

namical and frictional phenomena are included. The vehicle’s and its component specifica-

tions of the case study are presented in Table 1.

Figure 4. Matlab/Simulink HEV’s model.

Figure 3. Typical in-wheel motors drive topology.
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The design of a high-power density in-wheel motor is a complex optimization problem which 

will conclude to the most suitable candidates according to some criteria. There are several 

requirements that have to be met. Some of them are related to the motor’s placement and physi-

cal constraints, such as its outer rotor radius and active length, whereas others are imposed by 

the motor’s desired operation. The efficiency, for example, is of great importance considering 
the energy consumption. Efficiency higher than 90% will be an appropriate choice. Despite 
that, since the motor is mounted inside the wheel, as depicted in Figure 5a, its weight must 

be as low as possible in order to reduce unsprung mass and eliminate vibrations. Recently 

in-wheel motors with power-mass ratio of approximately 1 kW/kg have been implemented in 
commercially available HEVs. In this study, it will be investigated if this value can be exceeded. 

Thus, the objective function chosen for the case study is a compromise of motor’s weight and 
power losses minimization. The desired SPMSMs characteristics are given in Table 2.

Furthermore, there are more than 15 design variables that have to be optimized simultaneously 

(under certain constraints) by the applied algorithm. Apart from the geometrical parameters 

that are presented in Figure 5b, variables such as the number of poles (2p), the number of slots 

per pole per phase (q) and the number of conductors per slot (n
c
) are also involved. Table 3 sum-

marizes the upper and lower bounds of all these quantities that will be considered as problem 

constraints. At this point, it must be mentioned that for sake of space, the analytical equations 
that describe the electromechanical and magnetic behaviour of the specific machine are not 
given here. The reader can refer to [18, 36] for more details. Concerning the materials used for 

different motor’s parts, a high quality silicon steel (M19-24G) has been selected both for stator 
and rotor, according to NEMA’s instructions for super premium efficiency motors. Moreover, 
high energy NdFeB magnets have been chosen, as they have been proven efficient and reliable 

Component Parameter Value

Vehicle Mass (kg) 1200

Frontal area (m2) 2.16

Tire radius (m) 0.30

Total wheel inertia (kg m2) 0.10

Aerodynamic drag coefficient 0.26

Transmission inertia (kg m2) 0.50

Transmission friction coefficient 0.001

Engine to wheel gear ratio 1.30

In-wheel motor (×2) Rated power (kW) 15.3

Rated speed (rpm) 850

Rated torque (Nm) 170

Rated power (kW) 57

Internal combustion engine Maximum speed (rpm) 5000

Torque (Nm) @ 4200 rpm 115

Table 1. HEVs under study main components specifications.
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enough for this kind of application [37]. The values of materials properties will be regarded as 

constants during optimization problem and they are presented in Table 4.

Following the methodology proposed here, a set of optimization results are presented 

in Table 5, in which the design variables of four final solution topologies are given. 
Let us denote“Motor A” up to “Motor D” the derived in-wheel configurations. Their 
 electromechanical performance has been validated through 2D and 3D FEM and  considered 

 acceptable and satisfactory enough. The obtained results are summarized in Table 6. 

Moreover, the overall HEV’s system behaviour assessment has been conducted by examin-

Figure 5. Representations of the design problem considered: (a) cross section of an in-wheel motor assembly and (b) 

detailed geometry of the SPMSM used here.

Variable Symbol Value

Rated output power P
out

15.3 kW

Rated output torque T
out

170 Nm

Rated speed n
s

850 rpm

Max. dc-link V
dc

400 V

Inverter’s module ratio m
a

0.7

Axial length L 30 mm

Outer rotor radius r
out

216 mm

Table 2. In-wheel motor’s desired characteristics.
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ing vehicle’s subsystems collaboration and calculating fuel consumption during four differ-

ent driving cycles, which are depicted in Figure 6. Among the applied driving cycles are (a) 

European Driving Cycle ECE 15, (b) Extra Urban Driving Cycle (EUDC), (c) Supplemental 
Federal Test Procedure (SFTP-75) and (d) Japanese 10-15 mode driving cycle (JP 10-15). 
During ECE 15 cycle the vehicle covers a distance of 0.9941 km in 195 sec. The average 
and the maximum vehicle’s speed are equal to 25.93 km/h and 50 km/h, respectively and 
its maximum acceleration is 1.042 m/sec2. EUDC represents a more aggressive and high 
speed driving mode. The maximum developed and average speeds are equal to 120 km/h 

Variable Symbol Value

Motor efficiency η ≥90%

Magnets mass M
m

≤30 mm

Motor total mass M
tot

≤15 kg

Slot base width b
ss2

(0.15 h
ss
– 0.5 h

ss
) mm

Slot opening width b
s0

≥2.0 mm

Stator tooth width b
st

≥2.5 mm

Magnet height h
m

≤10 mm

Stator yoke height h
sy

≥(h
ss
/3) mm

Rotor yoke height h
ry

≥9.0 mm

Air gap length δ (1–3) mm

Flux density in stator yoke B
sy

≤1.8 T

Flux density in stator teeth B
st

≤1.8 T

Flux density in rotor yoke B
ry

≤1.8 T

Flux density in airgap Bδ ≤1.0 T

Table 3. Optimization problem constraints.

Constant Symbol Value

Magnet density ρ
m

7400 kg/m3

Remanence flux density B
r

1.24 T

Magnet relative permeability μ
r

1.09

Copper density ρ
Cu

8930 kg/m3

Copper resistivity r
Cu

1.72 × 10−8 Ωm

Steel density ρ
s

7650 kg/m3

Steel resistivity r
s

5.1 × 10−8 Ωm

Steel relative permeability μ
s

4000

Table 4. Optimization problem constants.
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and 69.36 km/h, respectively. SFTP-75 is commonly used for emission certification and fuel 
economy testing for light duty vehicles in United States. This cycle involves both driving 
in urban areas and high speed road. In this case study, only the second part of this cycle is 

incorporated. The duration of JP 10-15 is 660 sec and its average speed is 22.7 km/h. A fuel 
consumption lower than 5.0 l/100 km has been considered acceptable and each topology that 

Variable Symbol Motor A Motor B Motor C Motor D

Stator inner 

radius

r
shaft

159 159 162.47 155

Airgap radius rδ 199 199.12 200.84 199.12

Airgap length δ 2 2 2.50 2.12

Number of poles 2p 28 34 48 60

Number of slots Q
s

30 36 54 63

Slot opening 

width

b
s0

18.50 13.95 12.05 9

Slot top width b
ss1

18.61 13.96 15 9.01

Slot base width b
ss2

18.62 13.97 12.46 9.02

Stator tooth 

width

b
st

22.42 20.25 7.96 10.53

Slot height h
ss

25 27 25.92 29

Stator tooth tip 

height

h
sw

1 1 1 1

Thickness of 
stator back

h
sy

13 11.12 9.95 13

Thickness of 
rotor back

h
ry

14.5 14.38 11.66 14.38

Magnet height h
m

2.5 2.50 3.50 2.50

Pole arc/pole 
pitch ratio

α 0.79 0.78 0.60 0.90

Slot fill factor s
f

0.6 0.6 0.60 0.60

Number of 

conductor per 

slot

n
c

34 26 16 14

Number of wires 

per conductor

n
w

1 1 1 1

Wire diameter d
w

2.906 2.906 3.665 3.264

Number of layers n
l

2 2 2 2

Winding factor k
w

0.951 0.952 0.945 0.953

Table 5. Optimization design variables results and model comparison (all dimensions in mm).
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did not meet the specific requirement has been excluded from the next step of the proposed 
methodology. The optimization procedure was terminated when for an investigated con-

figuration the target was achieved for all the examined driving cycles. The relative results 
are presented in Table 7. From Tables 5–7, it is initially clear that the proposed approach 

succeeded in finding optimum and feasible design solutions satisfying all the existing con-

straints. Analytically the following can be observed:

Quantity Symbol Motor A Motor B Motor C Motor D

Motor efficiency 
(%)

η 94.41 94.31 94.97 95.41

Phase current (A) I
ph

62.49 69.16 92.41 70.44

Current density 

(A/mm2)

J
c

9.42 9.68 8.76 8.41

Copper losses(W) P
cu

839.81 864.75 722.06 604.61

Core losses (W) P
core

66.93 69.16 87.75 132.44

Motor total mass 

(kg)
M

tot
14.82 14.36 12.49 14.77

Magnets mass 

(gr)

M
m

713.16 545.09 593.45 628.85

Cogging torque 

(mNm)

T
cog

41.07 50.96 31.05 23.15

Torque ripple (%) T
rip

2.1 2.4 3.3 2.4

Torque angle (°) T
ang

44.79 45.38 26.62 37.61

Nominal 

frequency (Hz)

f 198.3 240.8 340 425

Power density 
(kW/kg)

P
d

1.03 1.06 1.22 1.03

Table 6. Electromechanical quantities results (at rated condition).

Figure 6. The four driving cycles used during the proposed optimization procedure.
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(I) The optimization procedure provided solutions over the examined range of poles number 

and the final topologies are investigated and compared to each other from several aspects. 
The designer has the opportunity to evaluate the derived results from many points of 

view (i.e. technical, economical, etc.) and finally select the appropriate in-wheel SPMSM 
topology.

(II) The motors efficiency has been found high enough, as it varies from 94 to 95.5%. This 
feature, especially when is combined with the lowest possible current, is of great im-

portance for HEV’s energy management. Concerning this, Motor A seems to be a more 

suitable choice for the case study.

(III) All topologies exhibit high power to mass ratio over 1 kW/kg, since their mass range is 
from 12.5 to 14.8 kg. In the case of Motor C, the ratio is increased by 22%. Thus, if mo-

tor’s total mass is the primary objective, this motor prevails. Despite their relatively low 

weight, all configurations present durability and do not suffer from mechanical stresses.

(IV) The volume of NdFeB magnets is small, which will lead to a reasonable motor’s cost.

(V) The current density constraint has been fulfilled. However, concerning the short axial 
length of the machine (30 mm) and its placement into a totally enclosed environment 

the implementation of a cooling system, which has been also proposed and optimized 

here, is more than essential. More details about the cooling system’s characteristics and 

its performance are going to be provided later in this chapter.

(VI) During the adopted design approach, a large amount of motor features were also de-

termined, as they significantly affect its operation. Some of great importance estimated 
quantities are airgap flux density, torque and phase-back emf curve’s shape, as well as 
their corresponding harmonics, cogging torque, torque angle and magnetic field distri-
bution. For completeness purposes, these quantities are depicted in Figures 7–11, indica-

tively for Motor C and Motor D. As it can be seen from Figure 7, the values of flux densi-
ty developed over the different parts of both configurations are found within acceptable 
limits. Despite the low volume and especially active length of the motor, non-saturable 

operation has been detected for all the finally proposed topologies. Moreover, the airgap 
flux density and the phase-back emf, as depicted in Figures 8 and 9, respectively, pres-

ent low harmonic content. The proper selection of windings configurations along with 
the specification of permanent magnets parameters through the proposed approach 
contribute to this feature. The airgap flux is of great importance of the torque pulsation. 
The small amplitude of its third, fifth and seventh harmonic in both cases resulted in the 
low value of motors torque ripple. The torque ripple for Motor C was found equal to 

3.3%, while the same parameter for Motor D was equal to 2.4%. The above can also be 
validated by the observation of Figure 10, in which the torque and its harmonic content 

is presented. A very low cogging torque and relatively torque angle is also achieved, as 

it can be seen from Figure 11. These parameters are essential for this kind of traction 
application, as their low value can ensure a high quality and safe driving performance.

(VII) The calculation of crucial HEV’s parameters, such as fuel consumption, permits a better ap-

proximation of the optimal configuration. For example, Motor A seems to have a significant 
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advantage compared to the other motors over all examined driving cycles, when the aspect 

of fuel consumption is examined. This may not be so clear if only the motor’s rated perfor-

mance characteristics were taken into account.

At this point, Motor C, which exhibit the higher nominal current compared to other topolo-

gies, is going to be used as a case study for the description of the applied cooling system. It 

must be outlined that a suitable cooling topology for this kind of motor should gather the 
following features: (a) be easily implemented in the restricted surface of the motor and (b) 

be close as much as possible to the part of the machine, which is the main heat source (i.e. 

stator copper windings). Taking these into account, the attachment of a cooling channel into 
the inner yoke circumference is proposed. This configuration, which looks like a ring, permits 
the circulation of a coolant through a pipe with rectangular cross section and the removal of 

the heat from the inner stator surface. A pump combined with a heat exchanger/compressor 

Driving cycle Quantity Motor A Motor B Motor C Motor D

Fuel 

consumption 

(l/100 km)

3.83 4.19 4.76 4.27

ECE 15 Fuel 

consumption 

(km/l)

26.11 23.86 21.00 23.41

Total fuel used (l) 0.0381 0.0417 0.0473 0.0424

Fuel 

consumption 

(l/100 km)

2.68 2.81 3.42 2.99

EUDC Fuel 

consumption 

(km/l)

37.31 35.59 29.24 33.44

Total fuel used (l) 0.2064 0.2164 0.2634 0.2302

Fuel 

consumption 

(l/100 km)

2.04 2.14 2.58 2.20

SFTP-75 Fuel 

consumption 

(km/l)

49.02 46.73 38.76 45.46

Total fuel used (l) 0.1176 0.1234 0.1488 0.1274

Fuel 

consumption 

(l/100 km)

3.39 3.50 3.94 3.46

JP 10-15 Fuel 

consumption 

(km/l)

29.49 28.54 25.41 28.94

Total fuel used (l) 0.1180 0.1221 0.1371 0.1204

Table 7. Comparison of HEV fuel consumption using the designed in-wheel motors for different driving cycles.
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Figure 8. Comparison of (a) airgap flux density and (b) its corresponding harmonics for Motor C (left) and Motor D 
(right).

for the alleviation of coolant’s temperature will consist of the overall cooling system. The 

accurate position of the cooling channel is shown in Figure 12, in which the shell, the rim and 

the tire are also presented. All these will be parts of the developed thermal model in order 

to have a more accurate temperature determination. Moreover, during thermal analysis the 

temperature and the pressure inside the rim will be taken into account. Compared to other 
cooling system schemes, the proposed here topology enables a larger contact area between 

the stator and the coolant, simpler manufacturing and installation procedure and lower cost.

The design procedure of the proposed here cooling system requires the incorporation of an 

optimization method along with the conduction of motor’s thermal analysis through FEM 

Figure 7. Flux density distribution in running conditions: (a) Motor C (48 poles/54 slots) and (b) Motor D (60 poles/63 

slots).
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Figure 9. Comparison of (a) phase-back emf and (b) its corresponding harmonics for Motor C (left) and Motor D (right).

Figure 11. Comparison of electromechanical quantities for Motor C and D: (a) cogging torque and (b) airgap-developed 

power.

Figure 10. Comparison of (a) torque and (b) its corresponding harmonics for Motor C (left) and Motor D (right).
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under different operating conditions. The specifications of its parameters, such as the cool-
ant’s flow rate and coolant’s inlet temperature are of great importance for system’s efficiency 
and they will be calculated through the applied optimization algorithm. Since these param-

eters have essential effect on HEV’s energy management, their values have to be carefully 
selected. For example, a high value for coolant’s flow rate will conclude to increased energy 
consumption by the pump in order to circulate the liquid. Likewise, the heat exchanger 
should be capable of restoring coolant’s temperature while its capacity will remain as low 

as possible. During this procedure, cooling channel’s dimensions will be considered as vari-

ables. An aluminium alloy (6060-T6) with good mechanical properties has been selected for 

the channel, while ethylene-glycol mixed with water (50-50 volumetric proportion) has been 

chosen as coolant. The applied methodology involves the following the steps: (a) the deter-

mination of the thermal properties of all involved materials (including the shell, the tire and 

the insulation materials), (b) the specification of motor’s heat resources and the ambient tem-

perature, (c) the calculation of the boundary conditions in the air gap and other motor’s parts 

and (d) the modification of the 2D thermal modelling according to the prevailing  conditions. 

Figure 12. Cross section of the in-wheel motor topology, in which the accurate position of cooling channel is depicted.
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Reader can refer to [38–40] in order to find more details about the classical theory govern-

ing the thermal analysis and the development of the motor’s and cooling system’s thermal 

model.

In Figure 13, the influence of coolant’s inlet temperature and flow rate in temperature distri-
bution over different in-wheel motor parts is presented. Based on these results and the afore-

mentioned considerations, the inlet temperature of 30oC along with a flow rate of 4 l/min has 
been chosen as the optimal combination. Moreover, the channel’s length, width and breadth 

have been specified to 30 mm, 10 mm and 1.5 mm, respectively. The derived requirements 
for heat exchanger, pump and pipe can be easily fulfilled by commercially available models. 
Figure 14 shows the maximum observed temperatures of motor’s parts for the same operating 

conditions without and with the application of the proposed cooling system. It can be easily 

observed that a significant temperature drop is achieved with the implementation of the cool-
ing system at all the different loading conditions and the cooling system is considered efficient 

Figure 13. The influence of coolant’s flow rate and inlet temperature on the temperature developed at different in-wheel 
motor parts.

Figure 14. Comparison of in-wheel motor’s temperature distribution: (a) without and (b) with the proposed here cooling 

system.
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enough. The maximum heat removal is occurred in stator yoke and the copper windings. The 
maximum observed temperature in stator slots is far from the insulation materials limits. The 

temperature developed in air gap and especially near the magnets is relatively low and there 

is no risk of magnets demagnetization.

4. Conclusions

In this chapter, the perspective of direct-drive traction systems for HEVs, which lately con-

centrates on increasing interest among researchers and manufacturers but is not adequately 

investigated in the literature, is examined. A design and optimization methodology for the devel-

opment of high-power density in-wheel motors and the corresponding beneficial assessment of 
the overall HEV’s system performance is derived and discussed thoroughly. This approach is 

enhanced with the incorporation of a simple though efficient cooling system and the interaction 
of motor’s geometrical parameters and performance with the vehicle’s subsystems by using 

a dynamic HEV model. Through a case study, the particular problem requirements and con-

straints, the eliminatory criteria and the motor’s topology selection strategy are illustrated and 

commented. Based on the overall results, the introduced methodology seems very promising 

and could be of great aid to designers in order to conclude to the optimal motor configuration.
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