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Abstract: Restrictive regulations regarding emissions and fossil fuel consumption lead to the electric
vehicle being an alternative to replace conventional internal combustion engine vehicles. The pure
electric powertrain technology and the charging infrastructure are still immature in some markets,
where increasing the overall vehicle efficiency by energy harvesting means can be a more viable
solution. This paper presents the design and experimental validation of an in-wheel flux-switching
machine for regenerative braking in a light passenger vehicle. Later, the energy can be used for fuel
handling and reforming, performance enhancement, increasing efficiency, and reducing emissions.
Feasibility and technological challenges are also discussed. The Maxwell–Fourier method and a novel
steady-state equivalent circuit presented in this paper are used for geometry sensitivity analysis and
optimization routine.

Keywords: flux-switching machine; efficiency; regenerative breaking; energy harvesting

1. Introduction

The road transportation sector is responsible for approximately half of world’s oil
demand, most particulate matter emissions and air pollutants. Vehicle emissions are more
critical in urban areas due to health concerns and micro/macro climate changes [1]. Over
recent decades, regulatory initiatives, such as the Euro or the US Tier, were introduced
and are being constantly updated. The establishment of emissions standards is related
to the reduction in transport-related emissions. However, the implementation of more
restrictive standards within the next years depends on each market’s political, economic
and geographic particularities, which demands local technological development [2].

The automotive industry struggles to keep up with upcoming emission standards,
which demands increasing the vehicle’s efficiency by partially or fully electrifying the
powertrain. However, there are several problems related to powertrain electrification yet to
be resolved, such as cost, range, technological maturity, safety, charging time, and battery
power density. The aforementioned challenges regarding electrification still prevents the
widespread adoption of electric vehicles worldwide [3,4].

Automotive energy harvesting systems are usually employed to increase overall
vehicle efficiency. One example is thermal recovery, in which an amount of energy is
recovered from exhaust gasses and engine coolant. Moreover, keeping the system as
simple as possible, reducing weight and minimizing the cost is more important than
maximizing power output [5,6]. Heat recovery systems can also be used, combining
Rankine cycle systems with electrical generators to create a turbo-generator [6,7]. Energy
dissipated on the vehicle suspension is another possibility for energy harvesting. This
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system recovers waste heat energy from car bumper, while improving vehicle driveability
and handling characteristics [8,9]. Electromagnetic-based systems are preferred due to
their high efficiency, design simplicity, and controllability [10,11]. Thus, the hybrid electric
vehicle (HEV) is a suitable candidate to meet the upcoming emission standards during the
electric vehicle technological maturation stage.

HEVs still rely on the use of an internal combustion engines (ICE) as the main source
of propulsion, which leverages the well established fueling infrastructure. The use biofuels
have advantages for being considered carbon neutral, in addition of benefiting from the
existing traditional fueling supply chain [3,12]. As the powertrains obtain higher levels
of electrification, ICE efficiency can be increased mainly due to the electric machine con-
tribution [4]. Among different hybrid technologies, it is possible to characterize different
levels of hybridization. Vehicles can be classified according to ratio between the electric
powertrain power to the total vehicle power [13].

The vehicle with a hybridization level of less than 5%, is known as micro-hybrid. This
type of vehicle uses the ICE as the main source of propulsion. It improves performance
by using the start-stop functionality, in which the ICE shuts down at idling conditions.
Another possible application is the regenerative braking, used to recharge the batteries
during vehicle deceleration [14]. Under these conditions the fuel efficiency can reach up
to 10%.

The amount of energy stored in vehicle inertia is approximately 6% of the total energy
consumed by the vehicle. This energy can be harvested with the aid of regenerative
braking instead of being wasted as heat in friction brakes. In micro and mild hybrid electric
vehicles, regenerative braking is usually accomplished by using a BSG (Belt-driven Starter
Generator) [13]. Considering lower levels of hybridization, the BSG is a cost effective way
to reduce CO2 emissions and lowering the total cost of ownership (TCO) [15]. On the
other hand, it demands redesigning most of the electrical system of the vehicle and the
front-end accessory drive system. Alternatives based on in-wheel motors are less invasive
and demand fewer changes on an existing ICE vehicle platform [16–18]. In-wheel electric
motors enable four wheel drive, enhanced vehicle stability and improved acceleration and
efficiency [19,20].

This paper presents the design, construction, and validation of an in-wheel flux-
switching machine to be used in a regenerative braking system of a light-duty ICE passenger
vehicle [21]. The research is based on an existing ICE vehicle platform to reduce costs and
increase project feasibility. The main objective is to contribute with a critical analysis
regarding the technological challenges faced during the design routine of a flux-switching
machine with the aid of a novel equivalent steady-state circuit and the Maxwell–Fourier
method during a regenerative breaking operation. The topology is chosen due to its robust
structure and the possibility of using its operating characteristics to realize a low cost drive
system. In this sense, the electromagnetic modeling, geometry sensibility analysis, design
optimization constraints, and construction and validation test of the electrical machine
are discussed.

2. State of Art

Regenerative braking is a common feature in hybrid electric vehicles. In micro and
mild hybrid vehicles, this solution is obtained by replacing the alternator and starter motor
by a single electric machine. This device provides an effective and simple solution using
the conventional ICE vehicle platform [22]. The system is usually designed to provide
start–stop operation in addition to the regenerative braking functionality. The design of the
BSG system is challenging due to its rigorous requirements, such as high starting torque for
engine cranking, wide speed range operation, harsh environment, constrained dimensions,
and high temperatures [23–25].

Despite the centralized electric drive system being regarded as a natural solution for hy-
brid and full electric vehicles, there are benefits of exploring alternative configurations. Full
electric vehicles can be designed with in-wheel motors to improve transmission efficiency
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and reduces vehicle weight by eliminating differentials and the drive shaft. Furthermore, it
gives more flexibility for vehicle chassis design, allowing more space for components as
energy storage system [26]. The distributed drive topology with good bandwidth response
provides better vehicle stability, safety, and more effective braking [20,27].

In lower hybridization levels, electric vehicles can be designed with in-wheel motors
on the rear axle, with the front axle being propelled by the ICE. This architecture is known
as the Through-the-Road (TtR) parallel hybrid. However, unlike a conventional parallel
hybrid structure, the TtR configuration can be adapted in any conventional ICE vehicle.
The implementation is cheaper and more straightforward since there is no mechanical
coupling between the engine and the electrical motor, which makes the complex torque
coupling device unnecessary [19,28].

The discussed advantages give in-wheel motors a growing interest within electric ve-
hicles technological development. However, this solution introduces additional challenges
that must be addressed. To begin with, the electric machine must be robust enough to
support a harsh environment. This includes intense vibrations, repeated shock loads, and
impacts from debris. In addition, mechanical friction brakes and on-body ICE powertrain
increase the wheel temperature significantly. Furthermore, the increased unsprung mass
within the wheels can affect the vehicle driving characteristics (driveability and comfort).
Finally, the in-wheel machine must be light and compact enough to be installed inside the
wheel hub.

Considering the listed requirements, the choice of the appropriate electric machine
topology is of great importance. The design assumptions had led to different motor con-
cepts, but most commercially available solutions focus on permanent magnet (PM) brush-
less machines. The use of high energy magnet and flexible design for both rotor and stator
structures offers a high power and torque density solution with the possibility of tailoring
the design according to the application requirements. Examples of current improvements in-
clude the study of different PM arrangements to enhance output torque [29–31] or different
stator winding arrangements to extend speed range operation [32,33].

On the other hand, rare earth permanent magnets represent a costly component of the
electrical machine, responsible for approximately 20% to 30% of its cost [34]. Additionally,
the design must consider critical operational aspects, such as demagnetization risk and
mechanical harness. These had encouraged design approaches able to reduce or eliminate
the use of rare earth magnets [35,36]. The trend towards electrical machines without rare
earth magnets are the topologies whose working principle is based on variable reluctance
torque capabilities.

Reluctance machines are of simple construction and their rotor is composed of, exclu-
sively, passive elements. This design offers desirable features, such as a robust structure and
good thermal performance. The switching reluctance machine (SRM) is a popular topology
and has been investigated over the past few years. It offers excellent characteristics for elec-
tric vehicle application, such as long constant power range, fault tolerance capability and
rugged rotor structure, which allows high-temperature operation [26,35]. This topology
has been proposed in the literature as suitable for in-wheel motors. The main disadvantages
of SRM are: high torque ripple, noise, vibration, and the need of non-conventional inverter
topology with a high current rating for the power semi-conductor modules.

In [37], the authors evaluated the motor performance sensibility to different core
designs, focused on reducing the weight of the machine. In [38], a segmented-rotor SRM
with concentrated winding is proposed as a high specific torque and efficiency solution.
The designed topology presented a torque per active weight of 73% of a brushless DC
motor with the same outer diameter. In [39], a double stator axial-flux SRM is designed
for a light weight in-wheel application, in which experimental results presented a torque
comparable with a base internal PMSM with the same size. In [40], a novel radial field
C-core SRM is evaluated, showing good features, such as low excitation current and an
easily removable rotor.
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Another variable reluctance topology that is emerging is known as flux-switching
machine (FSM). It offers great flexibility for both the stator and rotor structures. It can
be designed with a hybrid excitation, associating PM with field coils placed in the stator.
The hybrid excitation FSM offers good power density and efficiency with flux weakening
capability [41]. In [42], different hybrid excitation FSM topologies are evaluated for aircraft
applications requiring features, such as reliability, high power and torque densities, and
fault tolerance ability. Another type of FSM which adopts only PM excitation has the
advantages of being less prone to demagnetization while offering a better PM thermal
management. In [43], the performance of a PM-FSM is compared with a surface-mounted
PMSM, both designed as an in-wheel motor for a hybrid truck. The evaluated FSM
topologies showed higher induced voltage and larger electrical loading capability. In [44],
the designed FSM topologies using Dy-free PM or field winding showed great potential
for traction application. Eliminating the PM, field-excited FSM offers controllable flux
with lower cost. This work focused on robustness, simplicity, and cost effectiveness for
the development of a regenerative braking solution. Therefore, other topologies which
can be considered as a viable alternative were not considered. For instance, induction
machines require complex power electronics and control. Other similar flux-modulation
machines, such as the claw pole machine [45] or the synchronous homopolar machine [46],
were not suitable due to limited space. In [47], a three-phase field-excited FSM design is
demonstrated to be a good candidate for hybrid EV, with the optimized result achieving a
power density of 4.8 kW/kg.

FSM also presents a robust structure and, with the adoption of a field winding, can
be operated using a simple control circuit, eliminating the need of an active rectifier. The
generated voltage is close to a sine waveform and, for a series connected field winding, the
field inductance is constant.

Therefore, the machine topology chosen to implement the regenerative braking system
in a hybrid electric vehicle is the in-wheel FSM. The FSM proposed for this work is a type
of AC machine with salient pole rotor (5 teeth) and stator with field and armature windings
distributed over 24 slots, as illustrated in Figure 1. The design variables of the presented
topology are given on Table 1.

(a) (b)

Figure 1. Cross-section of the base geometry used on this paper: (a) stator with field and armature
windings, and (b) salient pole rotor.

The modeling method plays an important role in the analysis and design of electric
machines. Numerical methods, such as the finite-element method, are consolidated tech-
niques which are widely used owing to its capacity of modeling complex structures and
non-ideal materials properties. On the other hand, these methods are time-consuming and
require large computational effort. Analytical and semi-analytical methods provide fast and
accurate results on magnetic field calculations. Two types of analytical methods are com-
monly used for design purposes: magnetic equivalent circuit (MEC) and Maxwell–Fourier
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method [18]. Regarding reluctance machines, Maxwell–Fourier offers a more flexible solu-
tion and is used for geometries which parameters vary in a large scale [48,49]. Thus, this
method is used for magnetic field distribution evaluation.

Table 1. FSM design variables.

Parameter Symbol

Air gap radius rag
Armature slot angular aperture βsa

Armature slot outer radius rsa
Field slot angular aperture βs f

Field slot outer radius rs f
Rotor teeth angular aperture βr

Rotor slot inner radius rri
Field winding number of coils N f

Armature winding number of coils Ns

3. Methodology

In order to meet the machine requirements of power and performance for the existing
light-duty ICE passenger vehicle, authors proposed a methodology based on steady state
evaluation and optimization routines. The proposed methodology is presented in Figure 2
and is described as follows. Starting with a draft design, the electrical machine parameters
are calculated using a semi-analytical method. In early design stages this approach gives
reasonably accurate results with less computational effort when compared with numerical
solutions [50]. The generated power is calculated with the aid of a newly developed
equivalent circuit. The steady state analysis is obtained considering the effects of variable
inductance from the machine double salient structure. The calculated performance gives an
indication if the proposed design is consistent, otherwise the dimensions and magnetizing
current are modified. The new design goes through a new analysis cycle, which is carried
out until the desired characteristics are obtained.

Figure 2. Research work flow methodology.

3.1. Design Specifications and Restrictions

Since the research goal is to promote energy harvesting in an existing light ICE vehicle
with the aid of an in-wheel electric machine, the design preserves the original powertrain.
Appropriate placement occurs in the rear axle wheels using the available space between
the drum brake and inner wheel radius. The geometric constraints are usually restrictive
for the number of poles.

In order to define machine rated power constraint two approaches are considered: the
amount of power that can be recovered during braking and the average power needed for
the auxiliary loads.



Machines 2022, 10, 671 6 of 18

Mechanical friction braking systems must coexist with electrical regenerative braking
in hybrid and full electric vehicles. During deceleration, 65% of the braking power occurs
in the front axle, while only 35% is used in the rear axle [51]. These values are lower for
drum-based brake systems. In addition, for a 1000 kg ICE passenger car in the FTP 75
urban drive cycle, the maximum braking power per wheel is around 2 kW and the average
power is roughly 750 W. Considering a parallel braking strategy, it is reasonable to account
for half of the power, 375 W for the regenerative braking per wheel. The evaluation of
the system during the complete drive-cycle is not considered, since it will depends on a
specific vehicle platform and its dynamic loads, as well as the storage system capacity and
state-of-charge.

The research focuses on the ICE efficiency, so it is reasonable to consider loads that
are used to increase ICE efficiency, such as the E-Flex system. The system uses an electric
heater for the ethanol with a power demand of 288 W. Therefore, a total of 300 W (150 W
per wheel) of electrical regenerative power with air cooling and a maximum of 10 A/mm2

for current density is considered.
The vehicle’s electric system was not modified and the machine is designed to charge

the existing 12 V battery. Thus, the electromagnetic project was conducted focusing on this
voltage level. The field winding number of turns is chosen considering a rated current
below 1 A. This value is compatible with lower wire gauges and manual manufacturing
processes. As for the stator winding turns, an initial value is set considering the desired
no load induced voltage, but this value is further adjusted with the optimization routine.
The available axial length must consider mechanical stator support, miscellaneous, such as
bolts, nuts, washers and others, room for electrical connection, and, finally, end-turn coil
size. All of those were evaluated with the aid of a 3D CAD software. However, end-turns’
length depends on wire thickness, number of coils, and how they are tied together. It is
possible to increase or decrease the number of turns keeping the field intensity constant of
the field winding. To ensure a minimum end-turn coil length, including a lower curvature
radius, many manufacturing trials were performed using a 3D-printed stator structure,
as illustrated in Figure 3. The procedure was adequate to define wire gauge for flux
and armature coil, tooth-tip geometry, winding fixture procedure and end-turn coil size.
The field winging number of turns and wire gauge for both armature and field coils are
presented on Table 2.

Figure 3. Manufacturing evaluation using a 3D-printed model, and final result in the built machine.
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Although a lower air gap, such as tenths of millimeters, demands lower field current
and higher power output, there is a higher chance of direct contact between rotor and
stator. In-wheel machines demand mechanical structural evaluation in order to avoid
possible catastrophic failure, which is especially troublesome considering the uncertainties
of the manufacturing process. Electromagnetic design was evaluated considering different
values for air gap, which lead to 0.5 mm as the less troublesome value. The final values are
presented in Table 2, which presents some similarities to other published works [41,52].

Table 2. Dimensional limitations for the FSM.

Parameter Symbol Value Unit

Outer radius rout 155 mm
Inner radius rin 111 mm
Axial length la 51 mm

Air gap length lg 0.5 mm
Armature coil number of turns Na 15 -

Field coil number of turns N f 840 -
Armature wire gauge φa 2 × 18 + 3 × 21 AWG

Field wire gauge φ f 27 AWG

3.2. Analytical Modeling

The analysis of the electrical machine performance must consider the double salient
structure effect. In the proposed design methodology, a semi-analytical method provides
accurate results with lower computational effort as compared to numerical methods. Thus,
the magnetic field distribution is calculated using the Maxwell–Fourier method to evalu-
ate the electric machine performance parameters. For early design stages, it offers great
flexibility for assessing the electrical machine performance with several geometric parame-
ters variation.

The electromagnetic performance of a machine is usually evaluated in literature
considering motoring conditions. Additionally, the reluctance machine is commonly driven
by a power converter with current control. In this case, the power converter is regarded as
the current source and the magnetic field is calculated with defined current densities. In
this case, the FSM behavior is similar to that of a salient pole synchronous machine [53,54].

The present work is based on cost reduction and simplicity. Thus, a passive diode
rectifier is adopted to adequately generated three-phase alternating voltages to the vehicle
12 Vdc bus. The voltage level is controlled by manually adjusting the field current using
a boost DC–DC converter. Since there is no inverter circuit, the machine performance is
reduced due to the lack of a field position control.

The methodology discussed here is proposed for an early design stage, in which it
is desirable to evaluate different topologies and geometric parameters. Therefore, the
output power is calculated using a simplified model of a generator supplying a three-phase
linear load. The challenge faced for analyzing the FSM in such a manner is related to its
time-varying inductances that occur due to the double salient structure.

A first approximation is carried out with the field circuit’s dynamic being neglected.
The voltage equation in machine variables is defined as

vabc = −Rsiabc −
dλabc

dt
+ eabc. (1)

A per-phase equivalent circuit model for steady state analysis is developed to evaluate
the mechanical to electrical power conversion. The Equation (1) is solved for known
harmonic components that showed a prominent effect over the generated power.
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The generated voltage is evaluated for the FSM using an approximately sinusoidal
waveform with a fundamental electrical frequency of ω1. This allows the armature-field
mutual inductance to be simplified considering only its fundamental component, Ma f ,1.
With a constant field current, i f , no-load back-EMF is calculated by

Ea,nl = ω1Ma f ,1 I f (2)

The time-varying armature inductances are decomposed into their harmonic com-
ponents. The amplitude and phase of these components are calculated in relation to the
phase a circuit. In a balanced three-phase condition, these relations facilitate the definition
of the harmonic effective inductances using a reasoning similar to that of a synchronous
machine. The zero order component has a similar effect of the synchronous inductance,
and is calculated from the phase a average value, Laa,0, that is

Ls,0 =
3
2

Laa,0. (3)

The other inductance harmonic components that affect average output power are the
second and fourth order harmonics, which can be simplified into a per-phase effective
inductance, calculated by

Ls,2 =
3
2

Laa,2, (4)

Ls,4 =
3
2

Laa,4. (5)

The load is simplified to a linear RL branch. With these approximations, the voltage
Equation (1) can be expressed in complex notation as

Ea,nl − jωLs,0 Ia,1e−jϑi,1

+ jωLs,2ej2ϑi,1 Ia,1e−jϑi,1 + jωLs,4 Ia,5e−jϑi,5

= (Rload + jωLload)Ia,1e−jϑi,1 ,

(6)

where Ia,1 and ϑi,1 are the amplitude and phase of the fundamental component of phase
current, Ia,1 and ϑi,1, respectively. It can be noticed that despite of the approximated
sinusoidal generated voltage, the inductance harmonic component yields a frequency
coupling with the fifth order current, Ia,5 −ϑi,5. With the considered harmonic components,
the voltage equation for this current harmonic is expressed as

j5ωLs,4 Ia,1e−jϑi,1 − j5ωLs,0 Ia,5e−jϑi,5

= (Rload + j5ωLload)Ia,5e−jϑi,5 .
(7)

Concerning the evaluation of steady-state power conversion, only the fundamental
component is considered. From Equation (6), it can be observed that the harmonic induc-
tance components affect the fundamental circuit behavior. This can be interpreted as a
demagnetization effect, which is dependent on the loading conditions. To further clarify
this behavior, these demagnetizing terms can be characterized as equivalent RL branches.
First, the second order inductance term is evaluated by its admittance frequency response.
This transfer function is used to calculate a parallel RL branches with similar behavior,
that is

− 1
jωLs,2ej2ϑi,1

=Yeq(jω)

=
1

R1 + jωL1
+

1
R2 + jωL2

.
(8)



Machines 2022, 10, 671 9 of 18

The fourth order inductance term is evaluated using Equation (7). This term is related
to the fifth harmonic order of the phase current, but the effect is over the fundamental
circuit. The resultant per-phase fundamental circuit is presented in Figure 4.

The second order inductance term equivalent RL branch is calculated by

Req,2,r1 =

(
Rload + Req,4

)
Ls,2

2
(

Ls,0 + Lload + Leq,4 − Ls,2
) , (9)

Leq,2,r1 =
Ls,2

2
, (10)

Leq,2,r2 = −Ls,2. (11)

Figure 4. Per-phase FSM equivalent circuit.

The fourth order inductance harmonic effect is evaluated the equivalent RL calcu-
lated by

Req,4 =
5ω2L2

s,4Rload(
R2

load + 25ω2(Ls,0 + Lload)
2
) , (12)

Leq,4 = −
25ω2L2

s,4(Ls,0 + Lload)(
R2

load + 25ω2(Ls,0 + Lload)
2
) . (13)

This equivalent circuit is used to optimize the generated power. As discussed, the time-
varying inductance components have a demagnetizing effect, which reduces the no-load
internal generated voltage, Ea,nl . Considering the resultant magnitude and angle variation,
the internal induced voltage, Ea, is calculated. The power converted from mechanical to
electrical form is given by

Pconv =
3
2
R(Ea · I∗a). (14)

The assessment of the proposed steady-state equivalent circuit is validated with a
dynamic simulation result for the converted power. The machine voltage equation is solved
considering the time-varying inductances using numerical integration method. These
inductances are calculated using the Maxwell–Fourier method, but any method can be
used to analyze the magnetic field distribution. The field circuit dynamics is discarded and
the field current is defined constant. The result is presented in Figure 5. The converted
power calculated with the equivalent circuit shows excellent agreement with the average
power calculated over an electrical cycle in the dynamic simulation, with an error of less
than 0.01%.

Due to the high number of turns for the field winding, each coil has an equivalent
resistance of 36.3 Ω. Since the machine was designed targeting micro-hybrid application
and, thus, voltage levels below 48 V, the field coils were connected in parallel. Using
a series connection would demand voltages up to 200 V. According to the constructive
characteristics of the machine, each field coil has a different reluctance path, and each one
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is mutually coupled and varies unequally over time. That increases the complexity in order
to represent the circuit with an equivalent inductance.

Figure 5. Converted power comparison between proposed steady-state equivalent circuit and
dynamic simulation.

Thus, the model to represent this machine requires an individual evaluation of each
field coil, leading to an equivalent electrical circuit with 15 variables, 12 for the field circuit
and 3 for the armature phases.

The armature winding DC resistance is approximated considering an ideal conductor
to evaluate resistive losses. The total armature and field resistance is estimated with
Equation (15). It is defined using the winding total number of turn per coil, Ncoil , the
winding fill factor, kCu, the slot area, Aslot, and the electrical resistivity of copper, ρCu. The
winding fill factor is equal to 0.4, which is in accordance with the adopted value in the
literature [55,56].

Rcoil = lturn
ρCu

kCu(Aslot/2)
N2

coil . (15)

The average length of a coil turn, lturn, is calculated with stack length, ls, and an
estimate of the end-turn length, lend, that is

lturn = 2ls + 2lend. (16)

In this work, the end-turn length is approximated with the average coil circumferential
span, lcirc, and the axial length extending outward from the machine active length, laxis,
being expressed as

lend = lcirc + 2laxis, (17)

where
lcirc =

1
2
[2αs + (2αs − βsa)]rwind, (18)

and
laxis =

βsa

2
rwind. (19)

The method adopted for evaluating the winding inductances, the Maxwell–Fourier
method, is based on the premise of an iron core with infinity magnetic permeability. The
magnetic field distribution is not evaluated in the core, where important phenomena occur.
On the other hand, as proposed in [57], stator core teeth and yoke magnetic fluxes can be
estimated using an equivalent magnetic circuit.

The tooth flux is obtained by calculating the average air gap flux density over the
distance of a tooth pitch, from the mid-point of an adjacent slot opening to the other. With
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the magnetic fluxes calculated for each tooth, ϕt, the linear equation system can be derived
for the yoke fluxes, ϕy. In a 12 slot stator, the equation system is given as

−1 1 0 · · · 0
0 −1 1 0
...

. . .
...

0 0 0 −1 1
1 1 1 1 1




ϕy1
ϕy2

...
ϕy11
ϕy12

 =


ϕt1
ϕt2
...

ϕt11
0

. (20)

3.3. Topology Considerations

There are some aspects that must be addressed before using optimization routines in
the proposed application. Even at early design stages, constructive and material parameters
must be accounted for when adopting simplified analytical methodology, such as used in
the present work.

The flux-switching machine provides great design flexibility, with different rotor and
stator structures. The use of different stator slot and rotor pole number combinations,
winding configurations, and rotor structures offers distinct electromagnetic performances.
In HEV drive applications, a FSM with 24 stator slots and 10 rotor poles (24s-10p) is proven
to be a good candidate [47], and is considered as a base design for the presented work.

It has been discussed that machines presenting fewer stator slots and rotor poles
can achieve a higher electromagnetic performance due to the smaller leakage magnetic
flux [56]. However, keeping a constant magnetizing flux for a configuration with lower
number of poles yields an increased stator and rotor yoke thickness to avoid saturation.
Considering the geometric constraints in the present work, the increased stator and rotor
yokes shortens the slots’ depth, leading to a smaller slot area for placing the conductors.
Moreover, adopting a topology with increased number of stator slots and rotor poles allows
the use of a deeper slot, but a higher operation frequency increases core and converter
switching losses.

Using the base structure of 24s-10p, three different FSM topologies are evaluated
for the proposed application. Figure 6 presents the flux density for the configuration:
12s-5p, 24s-10p, and 36s-15p. With a fixed slot opening in relation with the slot pitch
angle and a field excitation of 3.0 A/mm2, the slot depth is adjusted in order to limit the
yoke flux density below 1.3 T. These geometries parameters are used to calculated the
inductances, and with the equivalent circuit, the converted power are calculated. The
results are presented in Table 3.
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Figure 6. Flux density for three different topologies: (a) 12s-5p, (b) 24s-10p, and (c) 36s-15p.

Table 3. Output power comparison between the studied configurations.

Machine Topology Output Power Copper Losses

12s-5p 81 W 62 W
24s-10p 165 W 76 W
36s-15p 148 W 70 W



Machines 2022, 10, 671 12 of 18

When evaluating different FSM configurations, some other guide rules are important
to address. Using a rotor with an even pole number avoids unbalanced magnetic force,
which creates a high mechanical stress, generating noise and vibration. The 10-pole machine
has a lower torque ripple when compared to 8-pole and 4-pole configurations [58]. Lastly,
the copper losses, as presented in Table 3, are slightly higher than other configurations, but
with better output power results.

3.4. Structural and Material Limitations

The realization of initial electromagnetic performance evaluation must consider mate-
rial properties, mechanical structure stress, and thermal limitations. Despite the chosen
methodology for magnetic field analysis, the given geometric flexibility must avoid weak
mechanical structures, thermal stresses, and magnetic saturation in order to realize a feasi-
ble design. In this context, the present section discusses the constructive constraints and
material parameter limitations considered for the design procedure.

It is necessary to determine the slots fill factor, kcu, to define the armature and field
winding conductors. In machines that have circular conductors with random winding,
the typical fill factor is between 0.3 and 0.5. A fill factor of 0.4 is commonly found in
literature in FSM design [55,56] and is used in this work. With Equations (15)–(19), the
armature and field winding copper losses are calculated. It is important to have a good
estimate for the winding resistivity. The FSM operates at low speeds in direct drive in-wheel
applications, in which copper losses are critical and represents a major part of the total
machine losses [59,60].

The electric loading capability is determined by the winding insulation material and
the ability of the cooling system to dissipate the produced heat. The FSM has the advantage
of placing all field sources in the stator, resulting in a better thermal management. With
the use of water jacket cooling systems, the use of values of surface current density up
to 30 A/mm2 are observed in the literature [41,47,59]. According to [55], machines with
surface current densities higher than 10 A/mm2 must consider a special cooling system. In
the present work, the value of 10 A/mm2 is adopted as the current density maximum limit.

It is possible to minimize the copper losses using conductors with higher cross section
area, which requires slots with greater area. However, to reduce the volume of the magnetic
core in order to increase the slot area can lead to core saturation, deteriorating the magnetic
performance. For various standard machines (e.g., induction and synchronous machines),
there are some permitted flux densities that can be applied in early design stages. Saturation
effect is evaluated through magnetic field simulation using the finite element method. At
no load condition, the saturation effect over induced voltage of the 24s-10p FSM topology
is evaluated for different core magnetic paths, i.e., the teeth and yoke of the stator and rotor
core. The ferromagnetic material adopted is the high performance NO30-16HP for electric
vehicles application from Aperam South America.

Table 4 shows the magnetization level for different parts of the machine under test, in
which the reduction in the electromotive force fundamental was limited to 5% compared to
the unsaturated result. This same magnetizing condition applied to an ideal electric steel
simulation gives the reference values for this work.

Each row presents the magnetic flux density result at different core parts for each test,
where the machine is simulated considering the magnetically non-linear material. Further-
more, the permitted flux densities are obtained from the last column results, which are
derived for a machine with an ideal core. This is suitable for simplified methodologies for
evaluation of electromagnetic performance at early design stages, such as those proposed
in this work.

Considering the approximate teeth and yoke magnetic flux densities calculation, as
discussed in the prior section, the stator teeth and yoke magnetization should be limited
to 1.8 T and 1.5 T, respectively. According to the simulation results, the saturation on the
stator teeth limits the machine design before the rotor teeth does. In addition, considering
the flux distribution characteristics, adopting a rotor yoke with a thickness 5% shorter than
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that of the stator yoke results in a similar flux density. Thus, only the stator flux density
is analyzed.

Table 4. Evaluation of the saturation effect on the induced voltage.

Flux Density (T)

Region
Tested

Rotor
Yoke

Rotor
Teeth

Stator
Yoke

Stator
Yeeth

Linear Model
Value

Rotor yoke 1.6 0.77 0.57 1.02 1.97
Stator yoke 0.45 0.65 1.62 0.88 1.95
Stator teeth 0.88 1.16 0.94 1.61 1.73

Defining the limits, considering both fill factor and core dimensioning to avoid mag-
netic saturation, allows the design procedure to take into account physical limitations of
the machine. Therefore, the semi-analytic optimization of the FSM is carried with criteria,
not being limited to the electromagnetic design. The proposed routine for motor design
can be optimized using, for instance, formal multi-criteria optimization techniques. These
provide solutions to problems with multiple and conflicting objectives.

4. Model Validation

The built prototype was not conceived for road validation, thus no ingress protec-
tion was considered. Evaluation tests were conducted on a testbench, and on a roller
dynamometer using a real car. Before starting the operational tests the prototype was
vacuum impregnated and isolation tests were performed within standard limits [61–63].

Presented results only consider the machine as a generator with electrical loads at the
machine’s terminals. Voltage and current were measured using oscilloscope probes, and
later results were processed to calculate power. Mechanical torque was provided by an
induction motor fed by a variable frequency drive responsible to adjust speed of the wheel.
Figure 7 presents the test bench and the final setup using the real car.

Figure 7. Machine test bench (left) and vehicle evaluation (right).

In the worst case scenario, the machine rotates at low speed and flux must increase to
produce torque. In that situation, losses are high and energy generation is low, leading to
the lowest overall efficiency, as shown in Figure 8. A steady state field current of 7.2 A was
drained resulting in a winding temperature of 80 °C.

The simulation results for induced considering parallel field winding connection are
compared to the experimental results taken from a test bench. The FSM was driven by an
induction motor fed by a variable frequency drive at 500 rpm and with the field circuit fed
by an independent current source. Figure 9 shows the results of the no-load induced phase
voltage when the total field current is 4.8 A. The parallel connection of the field coils tends
to demagnetize the others fields, which leads to a lower induced voltage and output power.



Machines 2022, 10, 671 14 of 18

Figure 8. Proposed generator operating within urban driving cycles speed limits.

−4 

−8 

−12 

Figure 9. Induced phase voltage for a field current of i f = 4.8 A parallel connected.

However, a series connection forces the current to be the same in each field coil,
avoiding demagnetization, and producing an induced voltage nearly two times higher as
compared to the parallel connection, as shown in Figure 10. The fundamental waveform is
82.5% higher, which increases the output power by 3.3 times.

Figure 10. Induced phase voltage considering parallel and series connection of field coils.
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Figure 11 shows the results of the induced line voltage for a total field current of 4.8 A
with the armature terminals connected to a resistive load of 3.3 Ω connected in delta.

−15

−10

−5 

Figure 11. Induced line voltage feeding a 3.3 Ω load.

In order to evaluate a series connected operation, a higher voltage is needed, which
limits its capabilities to be boarded. Another alternative is to build a controlled current
source for each coil which will be evaluated in future works.

5. Conclusions

In this paper, a flux-switching machine was designed and evaluated for a regenerative
breaking operation. The electromagnetic design was calculated using the Maxwell–Fourier
analyses. By analysing the presented method, it is possible to obtain the field distribution
calculation in a structure with double salience with effectiveness. The calculated field
distribution can also be used to evaluate the magnetizing level on the core.

The presented design was constrained by available space inside the wheel, which
considered the minimum modifications to the vehicle, preserving the original vehicle
drum brake. The machine output power is limited by the internal diameter and the low
rotation speed. However, the development and construction process presented show the
ground base limitations of the application, which can lead to a better performance for
upcoming designs.

The performance was evaluated using the developed equivalent circuit and the ma-
chine model was validated using both the finite element method and experimental results.
It has been established that keeping the current constant on the field coils prevents field
demagnetizing and, consequently, power reduction.
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