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Abstract: The technology of mounting electric direct drive motors into vehicle wheels has become
one of the trends in the field of electric vehicle drive systems. The article presents suggestions
for answering the question: How should magnets be mounted on the External Rotor Permanent
Magnet Synchronous Machine (ERPMSM) with three phase concentrated windings, to ensure optimal
operation of the electric machine in all climatic and weather conditions? The ERPMSM design
methodology is discussed. Step by step, a method related to the implementation of subsequent
stages of design works and tools (calculation methods) used in this type of work are presented.
By means of FEM 2D software, various ERPMSM designs were analyzed in terms of power, torque,
rotational speed, cogging torque and torque ripple. The results of numerical calculations related
to variations in geometric sizes and application of different base materials for each of ERPMSM
machine components are presented. The final parameters of the motor designed for mounting inside
the wheel of the vehicle are presented (Power = 53 kW, Torque = 347 Nm; Base speed = 1550 RPM),
which correspond to the adopted initial assumptions.

Keywords: in-wheel motor; hub-motor; outrunner PMSM; electric vehicle; battery electric vehicle

1. Introduction

The reduction of energy consumption from fossil fuels is an inspiration for many designers in
undertaking the effort of designing new structures used in electric vehicles. One of the trends in
the field of electric drive systems is the possibility of using electric machines mounted directly in
the wheel of a driven vehicle, according to the invention of Wellington Adams from 1884 (US Patent
300827). Designing an electric motor mounted inside the wheel is a challenge for designers, because the
developed design should be characterized by high durability and energy efficiency while having low
weight. In this type of electric machines, the rotor is located on the outside of a stationary centrally
mounted stator (PMSM (Permanent Magnet Synchronous Machine), ERPMSM (External Rotor PMSM),
and ORPMSM (Outer Rotor PMSM)), unlike in classic synchronous motors with permanent magnets
(IRPMSM (Internal Rotor PMSM)). One of the aspects to which attention is paid during designing an
in-wheel electric machine is the method of attaching the magnets used in the electromagnetic circuit to
the rotor.

The purpose of this paper is to analyze the possibilities of changing the geometrical dimensions
of an electrical machine, in particular the method of magnets assembly and the materials used for
its manufacture. This is a significant issue, giving the answer to the question: At what geometrical
dimensions and materials used will we obtain the most power, torque and efficiency from a given
volume of the electric machine as well as the smallest cogging torque and torque pulsations? The right
choice of materials and geometric dimensions of the machine can contribute to reduction of electric
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energy consumption of the vehicle. Less energy consumed for vehicle movement directly translates
into the parameters obtained by it, i.e., the achieved range and the total efficiency of the entire electric
drive system.

The main reason for using electric motors for in-wheel drive is the possibility of reducing the space
occupied by the motors onboard the vehicle and complete elimination of the intermediary mechanisms
between the drive unit and the vehicle wheels. Thanks to this, an additional space for mounting
the battery pack or a luggage compartment appears in the vehicle. The lack of a drive transmission
system also promotes greater efficiency of energy recovery during the regenerative braking process.
In addition, the user does not have to worry about the maintenance and servicing of the drive train,
and the access to the motors in case of necessary service is very quick and simple. The design with
motors built into the wheels causes that the motors have a large diameter while maintaining a small
thickness. The effect of geometric dimensions of such an electric machine, in which the rotor is
located on the outside, is a large torque. In addition, synchronous motors built into the wheel are
characterized by high dynamics and the ability to generate very high accelerations. Lack of gears
and other wearing out components allow them to operate in a wide range of temperatures while
maintaining high efficiency, long life and generating less noise. Another reason for using torque
motors is the high efficiency of the entire drive system, compared to systems equipped with a central
motor and gears, characterized by efficiency at the level of 0.97–0.99. In addition to the benefits
mentioned above, electric motors mounted in the vehicle wheels increase its maneuverability and
stability of driving [1–3], especially in systems with 4 × 4 or 6 × 6 drive [4–8]. Application of in-wheel
motors allows taking advantage of possibilities presented by electric drive, such as fully controlled
regenerative braking [9,10].

Unfortunately, the technology associated with the mounting of electric motors in vehicle wheels
also has disadvantages. The main engineering problem is to endure the operating conditions in
which this type of electric machine must work. Continuous exposure to vibration and shocks,
along with cyclic changes in ambient temperatures and humidity are stimulating research, with main
focus on the optimization of dimensions and the selection of materials used to manufacture motors,
so that they are reliable. The dimensions of the motors and the materials used affect their mass.
Increasing the unsprung mass of the propulsion system of the vehicle (electric motor with a
wheel and suspension elements not firmly attached to the vehicle body) adversely affects the
traction properties. The problem of developing optimal technology of vehicle wheel hub electric
motors is the subject of research by many scientific centers and companies, which include: Brabus,
Elaphe, ECOmove, Fischer Elektromotoren GmbH, Haiyinciman, Micro Motor, MAGNAX, NTN,
Printed Motor, Protean Electric, TM4, and Ziehl-Abegg. These companies are mainly located in Europe,
North America, Southeast Asia and Japan.

Contemporary designs of electric motors that are used in the wheels of a vehicle base their
principle on the structure of such electrical machine types as: DC motors [11–13], asynchronous
(induction), reluctance [14–18] and synchronous [19,20]. Due to high efficiency, torque and generated
power, the most common are permanent magnet synchronous motors and BLDC motors. The design
and analysis of the BLDC motor properties for operation in the wheel hub have been presented
in [21], while synchronous motor design process is presented in [22–29]. An important aspect
related to motor design is to obtain as much torque and power as possible from its volume [30],
while limiting the cogging torque and torque pulsations [31]. For the wheel mounted electric machine
to achieve the optimal traction properties, research was performed concerning the following aspects:
a hybrid pole–slot combination that can provide decoupling of torque and power characteristics
at different speed ranges [32]; application of permanent magnets of various geometric shapes
and composition [33–36]; design procedures [37–40]; or the methods of controlling the electrical
machine [41–44]. Different ways of mounting magnets on motor rotors (External Rotor PMSM or Outer
Rotor PMSM) that can be installed in the wheel can be found in the patent literature [45–50].
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An important issue in the design of PMSM motors is the way the magnets are arranged on the
rotor and their mountings. The materials from which the magnets, stator and rotor are made are
also significant. Every fraction of a percent of overall motor efficiency that is possible to gain while
designing the components of the electromagnetic circuit later affects the energy savings and increases
the range of the electric vehicle.

The main purpose of this article is to analyze the method of mounting the magnets on the
ERPMSM rotor embedded in the wheel hub of the vehicle (Figure 1). The correct selection of the shape
of the magnets and the way they are assembled, as well as the materials used, will allow optimal use
of space in the wheel to obtain maximum power, torque and efficiency, while maintaining a minimum
value of torque pulsations and cogging torque value. Against the background of the cited literature,
this article presents new unique solutions in the field of the design of magnet assembly methods,
affecting the quality of parameters obtained by an electric motor.
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Figure 1. Overview of ERPMSM construction: 1, rotor; 2, permanent magnets; 3, concentrated winding;
4, stator.

2. Motor Design Considerations

The selection of optimal parameters when designing an electric machine is a multidimensional and
multimodal optimization problem, which additionally requires the use of high-performance computers.
Moreover, the design process of an electric machine requires calculation of several parameters whose
values are mutually dependent, which tends to complicate the optimization calculations [23,37,51–56].
The methodology for the design and analysis of ERPMSM parameters has been implemented based on
the diagram presented in Figure 2.

The proposed ERPMSM design methodology has been divided into three stages. In the first
stage, the target parameters of the motor, specifically the power, torque and rotational speed values.
are defined. The geometric dimensions of the motor as well as the number of magnets and coils
together with the winding schematic are also defined. Then, in the second stage, for the adopted motor
parameters and specific constraints mainly related to the geometric constraints and restrictions caused
by the materials used to build the ERPMSM, the input variables of the analytical model are defined.
The results of simulation tests for specific combinations of geometrical dimension, adopted specification
of power, torque and rotational speed of the electrical machine, as well as the maximum efficiency
value and losses occurring, constitute the basis for developing the base motor configuration (refer to
Figure 2 [Numeric FEM analysis of ERPMSM electromagnetic field]). With the base motor specification
complete, the influence of geometric changes on the adopted assumptions in the first part is analyzed.
The results are analyzed considering the costs of implementing a particular solution and feasibility
of manufacturing such a configuration, mass of the structure and environmental working conditions.
The main problems of this stage concern: determination of the shapes and dimensions of magnets and
coils; determining the method of fixing magnets; selection of materials for permanent magnets, rotor
and stator; and minimizing the latching torque by twisting the stator or rotor. The last, third stage of
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the postulated ERPMSM design methodology concerns the selection of a solution recognized as the
optimal construction solution, for the adopted assumptions and limitations.
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Figure 2. Methodology of the ERPMSM design.

2.1. Identification of Vehicle Parameters

To design an electric motor which will operate in the wheel hub of the vehicle, it is necessary
to know the available space inside the wheel rim. Another point of interest is the knowledge of the
assumed performance figures of the vehicle in which the motor is to be mounted, the vehicle weight
(in this particular case, about 1400 kg), acceleration (about 1.5 m/s2), and top speed (about 130 km/h).
With the given parameters available, the demand for power and torque generated by the motor can be
determined by considering the forces acting on the vehicle during operation (Figure 3).
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Figure 3. Forces acting on a moving vehicle: FAD, total aerodynamic drag force; FT, traction force
acting on the vehicle; FS, total sliding force; FTD, the force acting on the moving vehicle as a result of
friction in the transmission system; FRR, rolling resistance forces; FM, traction force; FGR, weight of the
vehicle; FN, normal force of the vehicle; TM, traction torque; α, road inclination.

The basic forces include the aerodynamic resistance, the rolling resistance, the sliding resistance,
the inertia resistance and resistances from the mechanisms of the drivetrain. For the vehicle to be able
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to move by itself, the sum of occurring resistance forces must be less than the force generated by the
propulsion system. Forces acting on the vehicle can be expressed based on classical dependencies:

FR = FAD + FRR + FS + FDL + FIN (1)

where FR is the total resistance of the vehicle (N), FAD is the total aerodynamic drag force (N), FRR is
the total rolling resistance (N), FS is the total sliding force (N), FTD is the force acting on the moving
vehicle as a result of friction in the transmission system (N), and FIN is the force inertia of the vehicle
and trailer system (N).

The forces of aerodynamic drag of vehicle were determined from the following dependence:

FAD = Cd·A·
ρ·V2

2
(2)

where Cd is the vehicle drag coefficient (−), A is the frontal area of the vehicle
(
m2), ρ is the ambient

air density
(

kg
m3

)
, and V is the vehicle speed

(m
s
)
.

The rolling resistance of a vehicle can be determined based on:

FRR = m·g·µRR
R
· cos(α) (3)

where m is the vehicle mass (kg), g is standard gravity
(

m
s2

)
, µRR is the vehicle wheels rolling resistance

coefficient (−), R is the vehicle wheel radius (m), and α is the road inclination (deg).
The sliding forces acting on the vehicle are based on equation:

FS = m·g· sin (α) (4)

The resistance forces of the transmission system resulting from the vehicle’s motion, for a system
which would employ a planetary gear in the wheel, were determined based on:

FTD =
TPG· ωPG

ωnPG
+ TDS· ωDS

ωnDS

R
(5)

wherein:
ωPG = ωDS·nPG (6)

FTD =
ωDS·

(
TPG· nPG

ωnPG
+ TDS· 1

ωnDS

)
R

(7)

where TPG is the torque at planetary gear output shaft at rated speed ωnPG (Nm), ωPG is the planetary
gear output shaft rotation speed

(
rad

s

)
, ωnPG is the nominal rotational speed of the planetary gear

output
(

rad
s

)
, TDS is the torque at drive shafts at rated speed ωnDS (Nm), ωDS is the average speed of

wheel drive shafts
(

rad
s

)
, ωnDS is the nominal rotational speed of wheel drive shafts

(
rad

s

)
, and nPG is

the final drive (planetary gear) ratio (−).
It should be noted that, for a direct drive system, i.e., without a geared transmission, the drag

force of the drive train will equal zero, FTD = 0.
Inertia resistance forces arising from the acceleration and braking of the vehicle were determined

based on:
FIN = m·a (8)

where m is the vehicle mass (kg) and a is the vehicle acceleration
(

m
s2

)
.
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The source of the traction force FM (N) is traction torque Tm (Nm) generated by an electric motor
placed in the wheel hub.

FM =
Tm·nPG

R
(9)

The traction power available on the wheels of the vehicle is equal to the product of the vehicle
linear velocity V

(m
s
)

and traction force FM (N).

PV = V·FM (10)

The power of the electric drive motor is equal to the total drive power on the wheels divided by
the number of wheels equipped with motors. In most designs, there are two or four drive motors.

For a synchronous motor, the power is equal to the product of the motor torque T (Nm) and its
rotational speed nm (RPM):

Pm(t) = T (t)·ω(t) =
T (t)·nm(t)

9, 55
(11)

Taking into account the assumed values—vehicle weight approximately 1400 kg; acceleration
approximately 1.5 m

s2 ; and top speed approximately 130 km/h—and assuming a drive system consisting
of four motors with one in each wheel, the demand for motor power would be about 50 kW, the required
torque would be 350 Nm and rotational speed would be about 1500 RPM.

2.2. Analysis and Selection of Windings for ERPMSM

With the predicted motor parameters (torque, power and rotational speed), one can proceed
with the design of the electromagnetic circuit, determining the number of phases, the number of
coils (teeth) and magnets [19,57,58]. The value defining the relationship between the number of
concentrated coils and the number of magnets is called the winding factor of the motor, and it can
take the maximum value of 1. Motors with the best properties related to the torque they develop
have this value close to unity. To make the winding factor optimal, fundamental and secondary
assumptions, about the amount and scheme of winding the coils as well as the number of magnets,
should be met. The fundamental assumptions are: the number of magnets divisible by 2; the number
of concentrated coils divisible by 3; the number of magnets different from the number of concentrated
coils; the fulfillment of equality determining the relationship between the multiplicity of the number
of phases and the quotient between the number of concentrated coils; and the largest common divisor
of the number of concentrated coil and the double of pole pairs number.

The additional assumption is the rejection of winding schemes in which there is an asymmetry of
forces acting between the stator and the rotor. This can be achieved by checking whether the largest
common divisor of the number of coils and magnets is greater than 2. The method for determining the
value of the winding factor kW is shown in [58].

Figure 4 shows the value of the motor winding coefficient kW depending on the various
combinations of number of coils and magnets. Non-shaded fields denote the configuration for highly
efficient motors. Fields shaded in red represent the configuration for motors that do not meet the
basic design requirements. The value of the winding coefficient is shown in the upper part of the cell
corresponding to column with specified number of coils and row with specified number of magnets.
In the lower part of the cell, the leftmost section displays the number of coil layers possible to be
wound with specific magnet and coil combination. The middle section displays cogging steps per
rotation for given combination while the rightmost section shows the number of fundamental winding
pattern repetitions.
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and number of magnets on the rotor.

It is assumed that motors with coils with a winding coefficient kW less than 0.5 are ineffective,
because they inefficiently use the capabilities of the electric machine in terms of the torque developed
by it. It results from the following dependence found in [59].

kw =
4π·T

Ns·Nt·Nl ·Bσmax·Sσ·Ip· cos(θ)
(12)

where T is the Motor torque (Nm), kw is the winding factor, Ns is the Number of motor slots, Nt is
the number of turns, Nl is the number of winding layers (1 or 2), Bσmax is the peak value of air gap
magnetic flux density in (T), Sσ is the area of air gap, Ip is the phase current peak value, and θ is the
advance angle.

Motors with kW in the range from 0.5 to 0.86 have medium efficiency, and electric machines with
kW greater than 0.86 are highly efficient. When making the final decision about choosing a given
configuration, the number of coils and magnets should be considered, as well as whether the chosen
arrangement will be physically possible to manufacture, for example, whether the windings fit in
a given space. When designing a motor, parameters such as speed at which it will rotate and what
power it will be able to produce should be taken into account. The speed of rotation is dependent on



Energies 2018, 11, 2293 8 of 23

the number of layers and turns on the winding at a given supply voltage, while some of the parameters
responsible for the amount of generated power are the number and diameter of copper wires used to
wind the motor, and the current density of the stator windings. Bearing in mind the above assumptions,
the numerical calculations were based on a motor consisting of 12 coils and 14 magnets, which has the
winding coefficient kW of 0.933.

2.3. Selection of ERPMSM Geometric Dimensions

Available space for motor is mainly constrained to the volume inside the wheel rim. Typical wheel
sizes used in the vehicles of A and B segments (defined by the European Commission) have rim sizes of
13–14 inches. Considering the way of joining the motor to the suspension, requirements of suspension
geometry, including scrub radius and camber (necessitating placement of supports at exact locations)
as well as the available space inside the rim (cylindrical space with diameter of 300 mm and width of
140 mm), the dimensions of the electromagnetic circuit of the motor of 280 mm in diameter and 80 mm
in thickness were proposed (Figure 5).
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2.4. Selection of the Shape and Geometric Dimensions of Magnets

Having accepted the value of the number of coils and magnets, it is proposed that the next step in
the design of the ERPMSM electric machine is to determine the shapes and geometric dimensions of
the magnets used for the rotor. Four types of magnet shapes (Figure 6) were adopted for the analysis.
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reinforcement by Halbach array.
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The choice of the shape and geometric dimensions of the magnets affects not only the properties
of the electromagnetic circuit, but also the cost of motor manufacture.

Figure 7 presents the principle of determination of the length of the magnet measured in electrical
degrees (◦E) in relation to the rotor pole pitch of the electrical machine. The size of the magnet
expressed in mechanical degrees is defined by:

α◦M =
2·α◦E

p
(13)

where α◦M is the angular measure of the magnet expressed in mechanical degrees, α◦E is the angular
measure of the magnet expressed in electrical degrees, and p is the number of magnets (rotor poles).
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Magnets used in electromagnetic circuits of electrical machines are one of the most expensive
motor components. At the same time, they allow exciting the electromagnetic circuit while maintaining
low mass and volume of the motor in relation to other electrical machines. The least expensive ones
are rectangular prismatic magnets, arc shaped magnets are more expensive and the most expensive
are lenticular ones. Thanks to the appropriate arrangement of magnets on the rotor, e.g. arranged into
the Halbach array, it is possible to obtain the effect of strengthening the magnetic flux on the rotor’s
side facing the air gap and weakening the flux on the rotor iron side.

2.5. Analysis and Selection of Magnet Fixings on the Rotor

The method of mounting magnets on the ERPMSM rotor is a very important aspect related to the
correct operation of this electric machine.

The purpose of ERPMSM is to directly drive the wheel of a vehicle that travels on different
surfaces such as asphalt, pavement, gravel, stones, sand, mud, snow, ice, etc., with different rotational
speeds, in the presence of different temperature conditions (hot, cold, and frost) and varying degrees of
humidity (including periodic partial, or total immersion in water or mud). Road surface irregularities
cause the wheel mounted motor to experience shocks and vibration. In addition, the magnets mounted
on the rotor are subjected to forces caused by action of the coils in the electromagnetic circuit. Very high
values of current in the stator circuit, along with extra harmonic content introduced from the inverter
circuit can cause heating of magnets, and in extreme cases demagnetization, following their detachment
from the rotor surface and permanent damage [60]. The method of mounting magnets on the ERPMSM
rotor is to ensure optimal use of their magnetic properties, without compromising the developed
parameters of the motor, and regardless of the environmental conditions in which they are used. In this
work, various methods of mounting neodymium magnets on the rotor were analyzed (Figure 8): flat
on the rotor surface, in milled recesses, through hooks with varying spans of air gaps, in pockets
buried beneath the surface of the rotor, and flat on the rotor surface mounted using paramagnetic
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fixtures. Additional effect of introducing extra magnets, arranged into Halbach array, was also taken
into consideration.Energies 2018, 11, x FOR PEER REVIEW  10 of 23 
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Figure 8. The method of attaching flat magnets to the ERPMSM rotor: (a) flat on the rotor surface;
(b) in milled recesses; (c) by hooks with large spacing; (d) by hooks with small spacing; (e) by hooks
with no spacing; (f) in cavities buried beneath the rotor surface; (g) flat on the rotor surface using
paramagnetic holders; (h) in milled recesses with reinforcement by Halbach array (short magnets);
(i) in milled recesses with reinforcement by Halbach array (medium length magnets); and (j) in milled
recesses with reinforcement by Halbach array (long magnets).

3. Motor Modeling

Many programs on the market allow modeling various designs of electrical machines,
including those that allow comprehensively modeling and testing the parameters of an
ERPMSM. The most known software packages are: ANSYS Maxwell, RMXPRT (ANSOFT),
SolidWorks (Magnetostatic Analysis), Motor (CAD), JMAG (Designer), MotorSolve, Flux Motor,
and MotorAnalysis [61], the last of which was used for experimental validation of ERPMSM.
The solution of permanent magnet electric machine electromagnetic circuit was implemented using
a two-dimensional approximation, which is based on the assumption that the magnetic field does
not depend on the Z coordinate (Z-axis—parallel to the axis of the rotor shaft). Thanks to this,
the electromagnetic circuit was considered in the plane of the machine’s cross-section (x–y plane).
Thanks to this, in a simplified two-dimensional approach, the current density and the vector of the
magnetic field will have only Z components. Thus, they can be expressed in the following way:

∇×
(

1
µr
·∇ × A

)
= J (14)
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J = σe·
(

U
l

)
− σe·

∂A
∂t

(15)

where µr is the relative permeability of material, A is the magnetic vector potential, J is the electric
current density, σe is the electrical conductivity (S/m), U is the voltage in the region of calculation,
and l is the length in the Z-axis.

To solve the simplified two-dimensional circuit defined by Equations (14) and (15), two methods
were used. The magnetostatic method using finite elements method (FEM) was used for magnetostatic
analysis. However, for Dynamic Finite Element Analysis, a transient finite element method is used.
An iterative time procedure was used for both adopted methods, aimed at finding parameters of the
electromagnetic circuit, whose parameters change over time.

Basing on the Maxwell stress tensor method, electromagnetic torque can be calculated as follows:

T = − lm·(Dr + dσ )2

4·µ0
·
∫ 2π

0
Bn·Bt·dϕ (16)

where lm is the motor lamination stack length, Dr is the rotor diameter, dσ is the length of air gap, µ0 is
the magnetic permeability of vacuum, Bn is the magnetic flux density in normal direction, and Bt is the
magnetic flux density in tangential direction.

The value of electromagnetic force can be determined based on the known value of the magnetic
flux coming from magnets placed on the rotor that move between the starting point and the target
point:

Fu = − ∂W
∂e

∣∣∣∣
Ψ=const

(17)

where ∂W is the change in the magnetic field between the starting point and the target point, and ∂e is
the value of the linear shift.

The torque value is determined in a similar way:

T = − ∂W
∂φ

∣∣∣∣
Ψ=const

(18)

where ∂ϕ is the value of the angular offset.
In practice, the torque and power generated by a three-phase electric machine depend mainly on

its geometrical dimensions, the materials used and design features [14,30,57,62–69] These parameters
are determined by the internal apparent power Pi of the machine and the associated internal
electromagnetic torque of the machine:

Pi = 3·URMS ·IRMS = K·ωM·
(

D2
r ·lm

)
(19)

where URMS is the effective voltage value, IRMS is the effective current value, K is the geometric
coefficient of the motor, and ωM is the mechanical angular velocity.

ωM =
ω

p
(20)

where ω is the voltage pulsation ω = 2π f , f is the frequency, and p is the number of pole pairs.

K =
π

2
·kB·kU ·kw·(JL·Bm) (21)
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where kB is the shape factor of the excitation field, kU is the shape factor of induced voltage, kw is the
winding factor, JL is the linear current density, and Bm is the maximum value of magnetic induction.

kB =
BAV
Bm

(22)

where kB is the shape factor of the excitation field, BAV is the average value of the magnetic induction,
and Bm is the maximum value of the magnetic induction.

kU =
URMS
UAV

(23)

where kU is the shape factor of induced voltage, URMS is the effective value of induced voltage,
and UAV is the average value of induced voltage.

The electromagnetic internal torque of the machine can be determined based on:

Ti =
Pi

ωM
= K·

(
D2

r ·lm
)

(24)

Figure 9 shows an example of the examined ERPMSM electromagnetic circuit modeled in the
MotorAnalysi-PM v1.1 software [61] using the MATLAB package.
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Figure 9. An example view of ERPMSM with 12 concentrated coils and 14 magnets: (a) view of
ERPMSM construction; (b) FEM triangle grid for motor calculations; and (c) magnetic field strength
map B (T) in the motor at a stator current of 150 A RMS.

4. Results of Simulation Research

The space available for an electromagnetic motor circuit is 280 mm in diameter and 80 mm in
thickness, and the assumed motor parameters were: base motor speed at 1500 RPM, peak power at
50 kW and torque about 300 Nm.

Table 1 presents the preliminary results of calculations for the electromagnetic circuit with flat
magnets, lenticular magnets, arc shaped magnets and the Halbach array magnets. The following
values were assumed: the number of coils was 16, the wire cross sectional area (CSA) was 13.4 mm2,
the effective current supplying one phase was 150 A, the inverter DC supply voltage was 400 V, and the
angular measure of the magnets was 120 ◦E. The first column of the table shows the method of fixing
magnets on the rotor, as explained in Figure 6, and the percent fill of the available angular measure
(180◦ = 100%) of the rotor pole pitch with the permanent magnetic material. The consecutive columns
in the following tables contain the values of: maximum possible RMS supply voltage per phase U
(V); RMS phase voltage URMS (V); base rotational speed n0 (RPM); torque T (Nm); cogging torque
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TP (Nm); maximum efficiency ηmax (%); mechanical power PM (kW); stator copper losses PCu (kW);
and motor iron losses PFe (kW).

Table 1. The results of initial numerical calculations of the motor with concentrated coils wound with
16 turns of wire with a CSA of 13.4 [mm2].

Magnet shape
(ref. Figure 6)

U
(V)

URMS
(V)

n0
(RPM)

T
(Nm)

TP
(Nm)

ηmax
(%)

PM
(kW)

PCu
(kW)

PFe
(kW)

Arc 4a, 66.7% 141.4 123.3 1659 346 4.3 96.89 50.49 1.62 0.106
Lenticular 4b, 66.7% 141.4 119.7 1713 317 2.6 96.55 48.19 1.62 0.099
Prismatic 4c, 66.7% 141.4 122.3 1676 332 5 96.69 50.35 1.62 0.099
Halbach 4d, 66.7% 141.4 130.3 1570 360 6.8 97.11 54.67 1.62 0.113

Because the assumed rotational speed of the electrical machine at 1500 (RPM) is lower than the
values obtained in the tests (Table 1), the number of turns has been increased to 17 with a simultaneous
reduction of the wire cross section to 12.8 [mm2]. Table 2 presents the results of simulation tests for the
corrected winding.

Table 2. The results of initial numerical calculations of the motor with concentrated coils with 17 turns
of wire with a CSA of 12.8 [mm2].

Magnet shape
(ref. Figure 6) U (V) URMS

(V)
n0
(RPM)

T
(Nm)

TP
(Nm)

ηmax
(%)

PM
(kW)

PCu
(kW)

PFe
(kW)

Arc 4a, 66.7% 141.4 132.4 1549 352 4.5 96.76 53.42 1.68 0.107
Lenticular 4b, 66.7% 141.4 128.5 1595 336 2.7 96.62 50.96 1.68 0.101
Prismatic 4c, 66.7% 141.4 130.3 1573 351 5.3 97.37 53.27 1.68 0.100
Halbach 4d, 66.7% 141.4 139.9 1465 383 6 97.00 58.11 1.68 0.115

The obtained base speed value n0 is now consistent with the assumed value. Further tests of the
electromagnetic circuit of the electric machine were carried out based on the methodology presented
in Figure 2. The results of simulation tests are included in the following tables.

Table 3 shows the influence of changes in the length of arc shaped magnets (Figure 6a) on the
value of parameters obtained by ERPMSM.

Table 3. The influence of the length changes of the arc shaped magnets on the obtained
ERPMSM parameters.

Magnet Shape and
Fill Percentage U (V) URMS

(V)
n0
(RPM)

T
(Nm)

TP
(Nm)

ηmax
(%)

PM
(kW)

PCu
(kW)

PFe
(kW)

Arc 100◦E, 55.6% 141.4 122.8 1670 310 8.0 96.35 47.05 1.68 0.098
Arc 110◦E, 61.1% 141.4 127.8 1601 332 8.7 96.58 50.44 1.68 0.103
Arc 111◦E, 61.7%
(Golden Ratio) 141.4 128.3 1598 335 8.5 96.61 50.82 1.68 0.104

Arc 120◦E, 66.7% 141.4 132.4 1549 352 4.5 96.76 53.42 1.68 0.107
Arc 130◦E, 72.2% 141.4 136.8 1499 369 10.0 96.9 56.07 1.68 0.111
Arc 140◦E, 77.8% 141.4 140.7 1457 384 14.0 97.01 58.35 1.68 0.115
Arc 150◦E, 83.3% 141.4 143.7 1424 396 11.8 97.09 60.12 1.68 0.118
Arc 160◦E, 88.9% 141.4 145.9 1402 404 6.0 97.15 61.37 1.68 0.120
Arc 170◦E, 94.4% 141.4 146.3 1398 407 20.0 97.16 61.81 1.68 0.121

Table 4 shows the effect of changes in the radius of curvature of the air gap facing surface of the
lenticular magnets (Figure 6b) on the value of parameters obtained by ERPMSM. With the increase of
the radius curvature of the magnet surface, the thickness of the magnet increases up to the value when
the magnet takes the form of flat (prismatic shaped) magnet.



Energies 2018, 11, 2293 14 of 23

Table 4. The influence of radius changes on the surface of the lenticular magnets on the obtained
ERPMSM parameters.

Description U
(V)

URMS
(V)

n0
(RPM)

T
(Nm)

TP
(Nm)

ηmax
(%)

PM
(kW)

PCu
(kW)

PFe
(kW)

Lent. R62, 66.7% 141.4 124.7 1644 319 1.4 96.46 48.41 1.68 0.097
Lent. R112, 66.7% 141.4 128.5 1595 336 2.7 96.62 50.96 1.68 0.101
Lent. R282, 66.7% 141.4 131.5 1559 348 3.8 96.73 52.83 1.68 0.104

Tables 5 and 6 present the influence of length and thickness of prismatic magnets (Figure 6c) on
the value of parameters obtained by ERPMSM.

Table 5. The effect of changes in the length of prismatic magnets on the obtained ERPMSM parameters.

Description U (V) URMS
(V)

n0
(RPM)

T
(Nm)

TP
(Nm)

ηmax
(%)

PM
(kW)

PCu
(kW)

PFe
(kW)

Flat 100◦E, 55.6% 141.4 119.9 1706 298 5.0 96.22 45.26 1.68 0.094
Flat 110◦E, 61.1% 141.4 123.8 1653 317 2.9 96.44 48.19 1.68 0.096
Flat 114.66, 63.7% 141.4 125.4 1632 325 2.5 96.52 49.38 1.68 0.098
Flat 120◦E, 66.7% 141.4 130.3 1573 351 5.3 97.37 53.27 1.68 0.100
Flat 130◦E, 72.2% 141.4 130.1 1573 346 4.8 96.72 52.61 1.68 0.100
Flat 140◦E, 77.8% 141.4 131.9 1559 356 5.4 96.80 54.00 1.68 0.101
Flat 150◦E, 83.3% 141.4 132.4 1545 360 4.5 96.84 54.68 1.68 0.101
Flat 160◦E, 88.9% 141.4 131.5 1556 359 2.7 96.84 54.56 1.68 0.100
Flat 170◦E, 94.4% 141.4 129.5 1580 354 1.6 96.80 53.78 1.68 0.098

Table 6. The effect of thickness changes of prismatic magnets on the obtained ERPMSM parameters.

Description U
(V)

URMS
(V)

n0
(RPM)

T
(Nm)

TP
(Nm)

ηmax
(%)

PM
(kW)

PCu
(kW)

PFe
(kW)

Flat 120◦E, 6 [mm] 141.4 134.0 1527 313 5.1 96.38 47.56 1.68 0.104
Flat 120◦E, 8 [mm] 141.4 132.1 1549 338 5.6 96.64 51.38 1.68 0.103
Flat 120◦E, 10 [mm] 141.4 130.3 1573 351 5.3 97.37 53.27 1.68 0.100
Flat 120◦E, 12 [mm] 141.4 126.3 1620 347 5.0 96.75 53.13 1.68 0.095
Flat 120◦E, 14 [mm] 141.4 116.3 1759 322 4.3 96.51 48.90 1.68 0.085

Based on the obtained results, it was found that the optimal solution (cost of magnets relative to
obtained performance figures of ERPMSM) for the construction of ERPMSM requires the selection of
prismatic (flat) magnets. For this reason, this type of magnets was chosen for further analysis.

Table 7 presents the effect of fixing flat magnets on the performance obtained by ERPMSM.
The description in the first details how the magnets are attached to the rotor, as shown in Figure 7.

Table 8 shows the impact of the use of various ferromagnetic material grades for construction
of the stator on the parameters obtained by ERPMSM. Similarly, Table 9 demonstrates the effect of
using various ferromagnetic materials for the construction of the rotor on the performance obtained by
ERPMSM. Table 10 presents the outcome of changing the grade of permanent magnet material on the
calculated ERPMSM parameters.
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Table 7. Influence of the flat magnet attachment method on the obtained ERPMSM parameters.

Description U (V) URMS
(V)

n0
(RPM)

T
(Nm)

TP
(Nm)

ηmax
(%)

PM
(kW)

PCu
(kW)

PFe
(kW)

Ref. Fig. 6a 141.4 129.4 1584 348 5 96.74 52.91 1.68 0.099
Ref. Fig. 6b
(recess depth 50%) 141.4 132.7 1545 349 5 96.75 53.01 1.68 0.100

Ref. Fig. 6b
(recess depth 100%) 141.4 142.9 1435 340 2.5 96.65 51.62 1.68 0.106

Ref. Fig. 6c 141.4 134.5 1524 338 2.5 96.65 51.41 1.68 0.101
Ref. Fig. 6d
(gap width 1 mm) 141.4 146.6 1399 332 4 96.57 50.48 1.68 0.113

Ref. Fig. 6d
(gap width 4 mm) 141.4 140.7 1457 332 4 96.57 50.36 1.68 0.108

Ref. Fig. 6e 141.4 147.9 1386 332 4 96.56 50.39 1.68 0.133
Ref. Fig. 6f 141.4 155.5 1318 319 1.8 96.40 48.49 1.68 0.092
Ref. Fig. 6g 141.4 128.9 1591 346 5 96.72 52.53 1.68 0.097

Table 8. Impact of applying various ferromagnetic materials for stator construction on the obtained
ERPMSM parameters.

Description U
(V)

URMS
(V)

n0
(RPM)

T
(Nm)

TP
(Nm)

ηmax
(%)

PM
(kW)

PCu
(kW)

PFe
(kW)

M400–50A 141.4 131.1 1564 351 5.5 96.65 53.35 1.68 0.168
M350–50A 141.4 131.2 1559 351 5.5 96.65 53.36 1.68 0.168
M330–50A 141.4 131.2 1563 352 5.6 96.68 53.39 1.68 0.150
M330–35A 141.4 131.2 1563 352 5.6 96.70 53.40 1.68 0.138
M300–35A 141.4 131.1 1561 351 5.4 96.74 53.33 1.68 0.117
M270–35A 141.4 131.0 1562 351 5.4 96.75 53.31 1.68 0.108
M250–35A 141.4 131.0 1562 351 5.3 96.76 53.29 1.68 0.105
M235–35A 141.4 130.3 1573 351 5.3 97.37 53.27 1.68 0.100

Table 9. Impact of using various ferromagnetic materials to build the rotor on the obtained
ERPMSM parameters.

Description U
(V)

URMS
(V)

n0
(RPM)

T
(Nm)

TP
(Nm)

ηmax
(%)

PM
(kW)

PCu
(kW)

PFe
(kW)

1010 AISI 0.1%C 141.4 130.2 1575 349 5.2 96.75 53.00 1.68 0.099
M400–50A 141.4 128.4 1597 345 5.0 96.7169 52.3781 1.68 0.0960538
M235–35A 141.4 128.4 1597 345 5.0 96.7168 52.3791 1.68 0.0961179
ARMCO 141.4 130.3 1573 351 5.3 97.37 53.27 1.68 0.100

Table 10. Impact of the use of magnets made of various magnetic materials on the obtained
ERPMSM parameters.

Description U
(V)

URMS
(V)

n0
(RPM)

T
(Nm)

TP
(Nm)

ηmax
(%)

PM
(kW)

PCu
(kW)

PFe
(kW)

N30UH 141.4 123.6 1655 320 5.0 96.47 48.57 1.68 0.093
N35UH 141.4 128.3 1598 340 5.2 96.67 51.64 1.68 0.098
N38UH 141.4 130.3 1573 351 5.3 97.37 53.27 1.68 0.100
N42UH 141.4 133.9 1531 364 5.3 96.87 55.23 1.68 0.104
N45UH 141.4 136.0 1508 372 5.3 96.93 56.48 1.68 0.106

Table 10 shows the effect of using magnets made of various magnetic materials on the value of
parameters obtained by ERPMSM.
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Table 11 shows the effect of skewing the rotor magnets along the shaft axis by the amount of
mechanical degrees on the value of parameters obtained by ERPMSM. Similarly, Table 12 shows the
effect of twisting the stator coils in the same manner on the obtained ERPMSM parameters.

Table 11. The effect of skewing the rotor magnets on the obtained ERPMSM parameters.

Description U
(V)

URMS
(V)

n0
(RPM)

T
(Nm)

TP
(Nm)

ηmax
(%)

PM
(kW)

PCu
(kW)

PFe
(kW)

Rotor skew 1◦ 141.4 130.9 1566 350 4.0 96.76 53.23 1.68 0.100
Rotor skew 2◦ 141.4 130.6 1570 350 3.0 96.75 53.09 1.68 0.100
Rotor skew 3◦ 141.4 130.2 1575 348 1.5 96.74 52.86 1.68 0.099
Rotor skew 3.25◦ 141.4 130.0 1577 348 1.4 96.74 52.79 1.68 0.099
Rotor skew 3.5◦ 141.4 129.9 1578 347 0.9 96.73 52.72 1.68 0.098
Rotor skew 3.75◦ 141.4 129.8 1580 347 0.5 96.73 52.64 1.68 0.098
Rotor skew 4◦ 141.4 129.6 1582 346 0.7 96.72 52.55 1.68 0.098
Rotor skew 5◦ 141.4 128.9 1591 343 1.36 96.70 52.15 1.68 0.097
Rotor skew 6◦ 141.4 128.0 1602 340 1.4 96.67 51.66 1.68 0.095
Rotor skew 7◦ 141.4 127.0 1614 336 1.1 96.64 51.10 1.68 0.094
Rotor skew 8◦ 141.4 125.8 1630 332 1.03 96.00 50.45 1.68 0.092
Rotor skew 9◦ 141.4 124.5 1647 327 1.4 96.56 49.73 1.68 0.090
Rotor skew 10◦ 141.4 123.1 1666 322 1.3 96.51 48.93 1.68 0.088

Table 12. The effect of twisting the stator coils on the obtained ERPMSM parameters.

Description U
(V)

URMS
(V)

n0
(RPM)

T
(Nm)

TP
(Nm)

ηmax
(%)

PM
(kW)

PCu
(kW)

PFe
(kW)

Stator skew 1◦ 141.4 130.9 1566 350 4.0 96.76 53.23 1.68 0.100
Stator skew 2◦ 141.4 130.6 1570 350 3.2 96.75 53.10 1.68 0.100
Stator skew 3◦ 141.4 130.2 1575 348 1.5 96.74 52.87 1.68 0.099
Stator skew 3.25◦ 141.4 130.1 1576 348 1.3 96.74 52.81 1.68 0.099
Stator skew 3.5◦ 141.4 129.9 1578 347 0.9 96.73 52.73 1.68 0.098
Stator skew 3.75◦ 141.4 129.8 1580 347 0.6 96.73 52.65 1.68 0.098
Stator skew 4◦ 141.4 129.6 1582 346 1.2 96.72 52.57 1.68 0.098
Stator skew 5◦ 141.4 128.9 1591 344 1.3 96.70 52.18 1.68 0.097
Stator skew 6◦ 141.4 128.1 1597 340 1.57 96.67 51.71 1.68 0.096
Stator skew 7◦ 141.4 127.1 1610 337 1.16 96.64 51.16 1.68 0.094
Stator skew 8◦ 141.4 126.0 1624 333 0.94 96.60 50.53 1.68 0.093
Stator skew 9◦ 141.4 124.7 1641 328 1.41 96.56 49.82 1.68 0.091
Stator skew 10◦ 141.4 123.3 1659 323 1.40 96.49 49.04 1.68 0.089

Figure 10 presents the parameters obtained by ERPMSM using a different way of mounting
magnets on the rotor. Methods of assembling magnets on the rotor were analyzed in accordance with
the proposals presented in Figure 8: (a) flat on the rotor surface; (b) in milled recesses; (c) by hooks
with large spacing; (d) by hooks with small spacing; (e) by hooks with no spacing; (f) in cavities buried
beneath the rotor surface; and (g) flat on the rotor surface using paramagnetic holders.
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5. Discussion

This section discusses the influence of various methods of attaching neodymium magnets on the
rotor to the quality of the obtained ERPMSM parameters. The research was aimed at selecting the
method of mounting magnets on the surface of the rotor, which would guarantee stable maintenance
of magnets in various operating conditions, while ensuring the assumed torque and power.

Four variants of magnets used in ERPMSM electric machine were proposed for initial testing
(Figure 6): arc shaped, lenticular, rectangular prismatic (flat) and flat arranged in the Halbach
array. Considering the road conditions influence on the motor installed in the wheel of the vehicle,
in which the motor is to be operated, it would seem optimal to use rectangular prismatic shaped
magnets. The choice of flat magnets for further analysis was mainly influenced by the reduced cost
of manufacture of flat magnets in relation to other magnet types, and the method of their assembly,
ensuring resistance to temperature changes as well as vibrations and shocks during operation.

Looking back at the assumed ERPMSM target parameters related to the vehicle power demand,
which requires the motor power of about 50 (kW), 340 (Nm) of torque and a rotational speed of
1500 (RPM), and taking into account the manufacture costs of magnets with specific shape, and the
method of their attachment to the rotor, rectangular prismatic magnets mounted on the rotor by means
of paramagnetic holders (Figure 7g) were chosen as the optimal solution for the adopted dimensions
and assumptions. In addition to the magnets’ shape, it is proposed to select the N38UH permanent
magnet material, the M235–35A non grain oriented electrical steel material for the stator, and the
ARMCO pure iron material for the rotor. The length of rectangular prismatic magnets was assumed at
66.7% of the total available space for the magnet, which equals 120 electrical degrees. For reduction
of the cogging torque, the optimal results were obtained for skewing the magnets on the rotor by
3.75◦. Table 13 presents the optimal results of the tests obtained during computer simulations for the
construction assumptions and materials presented above.

Tables 1–13 present the largest loss values associated with the operation of an electric machine,
i.e. theoretical losses in copper loss and core loss. The theoretical values of the maximum efficiency
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of ERPMSM given in Tables 1–13 will in fact be reduced by many other types of losses, of which
the most common are bearing losses, winding losses, hysteresis losses, cross-slot losses, stray losses,
dielectric losses and other losses. Even if we were able to precisely model all kinds of listed losses,
the maximum efficiency parameter is used as a reference parameter, based on which we evaluate
properties in the same way for all modeled structures.

Thanks to the adopted methodology of motor design, a high mass power to weight ratio was
obtained in ERPMSM at the level of 2.29 kW/kg, with a total active weight of the electric machine
components at 25.03 kg, of which individual masses are: rotor at 5.98 kg; stator at 9.29 kg; windings at
6.32 kg; and magnets at 3.44 kg.

Figure 11 presents the waveforms of the obtained parameters by numerical simulations of such
quantities as: motor power, torque, efficiency, RMS phase voltage, torque ripple and cogging torque.

Table 13. Final results of simulation tests obtained for ERPMSM.

Description U
(V)

URMS
(V)

n0
(RPM)

T
(Nm)

TP
(Nm)

ηmax
(%)

PM
(kW)

PCu
(kW)

PFe
(kW)

ERPMSM 141.4 141.4 1550 347 0.6 96.73 57.2 1.68 0.098
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Figure 12 shows the performance maps of the designed External Rotor Permanent Magnet
Synchronous Machine (ERPMSM).
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Based on the conducted research, it is not possible to clearly indicate a specific dependence
(e.g., the ratio of arc fill of the rotor with magnets), the observance of which would guarantee obtaining
optimal parameters regardless of the dimensions of a given electric machine.

Designing an electric machine requires special care and considering all motor parameters, especially
when the dimensions change. The conducted research confirmed the convergence of the obtained results
with other works on similar topics presented in the Introduction [11,12,35,36,38–40,43,44]. In the scope
of changes in geometric dimensions, shapes and construction of magnets and coils, and the application of
materials with different magnetic properties, very similar results were obtained. In the presented works,
the subject of verification, in terms of the electromechanical parameters obtained, were geometrical
dimensions, machine mass, and materials from which magnets were made. The construction solutions
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regarding the method of fixing magnets of the same type and shape have not been investigated in
any way.

No information was found in the literature related to the effect of magnet assembly and fixing
methods on the performance obtained by the electric motor. Against the background of the presented
publications, this article presents new unique solutions that affect the quality of parameters obtained
by the designed electric machine.

To properly design an electrical machine with the desired parameters, several criteria should be
considered to obtain synergistic effect.

6. Conclusions

In this paper, various methods of mounting neodymium magnets for External Rotor Permanent
Magnet Synchronous Machine have been presented and analyzed.

The motor design methodology for in-wheel direct drive motors using the FEM 2D method
was presented, thanks to which the shape of neodymium magnets and their assembly method were
correctly selected.

Thanks to the demonstrated methodology, considering the method of mounting magnets on the
rotor, environmental working conditions, materials for magnets, rotor and stator were also selected,
which allowed for the optimize the use of space inside the wheel to obtain maximum power, torque and
efficiency, while maintaining the minimum value of cogging torque and torque ripple.

The proposed design methodology External Rotor Permanent Magnet Synchronous
Machine\provides for reduced mass, reduced leakage flux, and high flux densities to improve
performance of the parameters achieved.

ERPMSM machine design is a multicriteria and multistage task, aimed at determining the
optimal dimensions and materials used for motor construction, including their production costs
and manufacturing possibilities.

Thanks to the presented design methodology, External Rotor Permanent Magnet Synchronous
Machine obtained a synergistic effect of cooperation of all electrical machine elements expressed by a
high coefficient of developed maximum power from a mass unit of 2.29 [kW/kg].
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