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Adoption of the Synchronous Reluctance Motor in
Electric Vehicles: A Focus on the Flux

Weakening Capability
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Abstract— This article presents the definition of the perfor-
mance that the electric motor should have in order to satisfy
the requirements of the electric vehicle in terms of acceleration
time and maximum speed, starting from a simplified vehicle
model, considering the motor torque minimization and the
input power minimization. In order to verify the effectiveness
of the synchronous reluctance motor in traction applications,
it has been evaluated in two case studies: a high-performance
vehicle and a city car, where different flux weakening capabilities
from the motor in function of the minimization strategies can
be pursued to satisfy the requirements. If the car requires
high performance in terms of acceleration time and maximum
speed, the poor flux weakening capabilities of the synchronous
reluctance motor induces a machine oversizing in terms of peak
power; by assuming this, it is, however, possible to satisfy the
requirements considering the maximum available encumbrance
due to an advanced and innovative optimized design procedure.
The motor of the city car is obtained only by modifying the stack
length and the windings (scaled version), and on this last solution,
a prototype has been realized and fully tested; the experimental
tests confirm the results of the simulations.

Index Terms— Asymmetric rotor, electric vehicles (EVs), high
speed, optimization, synchronous reluctance motor (SynRel),
topology optimization (TO), traction application.

I. INTRODUCTION

ICE vehicles are still one of the most relevant sources of
air pollutants, such as carbon monoxide (CO), black carbon

(BC), fine particulate matter, and nitrogen oxides (NOx), and
these emissions are dangerous to people’s health. The use
of electric vehicles (EVs) may be beneficial for pollutant
reduction [1], and the global EV outlook [2] reports that
the electric car market has been having a high increase in
sales compared to the ones of ICE cars. Indeed, a 40%
year-on-year increase has been registered, suggesting that EV
production will quickly enter in a large mass scenario. One
of the main EV components is the electric machine or motor,
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Fig. 1. Main characteristics of electric motors suitable for EV application.

where different technology and topologies have been explored.
Nevertheless, nowadays, solutions based on Rare Earth (RE)
permanent magnets, such as permanent magnet synchronous
motor (PMSM) or permanent magnet-assisted synchronous
reluctance motors (PMASynRel), are mainstream (Table I).

These motors offer the best performance for traction appli-
cations thanks to their high power density, high specific
torque, high power factor, high efficiency, and good flux
weakening capability. All these characteristics are relevant
for vehicle application to minimize the material mass (thus
increasing dynamic performance), to reduce the size of the
power electronics unit, and to reduce energy losses. However,
RE magnet-based solutions have to face with an unstable and
risky supply chain, leading to high volatility prices. Indeed,
a recent JRC study [3] specifies that the European Union
(EU) could become vulnerable for the supply of several key
materials, including RE, not only relevant in the EV production
but also in other technology such as wind turbines.

In this article, the designers are exploring solutions without
RE permanent magnets [4], referring to different motor tech-
nologies featuring the absence of magnets. In this article, the
induction motor [5], [6], [7] and the synchronous reluctance
motor (SynRel) [8], [9] are possible candidates for the next
generation of electric motors for traction applications.

A sketch of the properties of the most promising radial
motor technologies envisioned in traction application is
presented in Fig. 1 [10]. Synchronous motors based on
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TABLE I

TRACTION MOTORS FOR EVS (2020–2021) [11]

RE magnets are effective, where dynamic performances and
efficiency are demanded. Nevertheless, other motor technolo-
gies seem more suitable on the recyclability aspects. RE-free
magnet can improve recyclability penalizing the performance
and the efficiency. Among the PM-free technologies, induction
motors are particularly interesting for the high stall torque,
while the poor efficiency may penalize the vehicle range.
There is a renewed interest on the wound rotor synchronous
motors, where the potentially wide speed range faces rotor
windings integrity issues. Synrels and switched reluctance
motors are potentially low cost and ease of manufacturing
since the rotors are made by electrical steel only.

Each vehicle segment requires different motor characteris-
tics, where the general considerations on the pros and cons of
each motor technology need to be specifically analyzed with
proper design refinements and system level evaluations. In this
article, the aim of this article is the verification of the possible
adoption of the SynRel in traction application evaluating two
vehicle segments example.

In particular, the SynRel motor technology is quite attractive
due to the absence of magnets or windings inside its rotor core,
making it a potentially cost-effective solution. The SynRel
motor has lower costs compared most of the other motor
technologies, both for the raw materials that it uses (the rotor
is made only of electrical steel) and for its manufacturing
process, since it does not require the insertion of RE per-
manent magnets, windings, or a cage in the rotor. However,
SynRels have lower efficiency and power factor compared to

Fig. 2. Typical geometry of the SynRel rotor with flux barriers and ribs.

RE PM motors and higher system costs have to be afforded to
increase the battery size and the power electronics capabilities.
Therefore, even if the SynRel seems not to be cost-effective at
the vehicle level today, the perspectives of a cost reduction of
the batteries and the criticalities in the supply of RE materials
can foster the adoption of SynRel technology. A sketch of the
rotor core with its main elements is shown in Fig. 2.

This motor typology is not penetrating in EV traction
applications due to its weak performance in terms of power
density, specific torque, and power factor. The gap toward
RE-PM motors is filled by accurate design procedures [12],
[13], [14] and by increasing the motor operating speed.

The aim of this article is to investigate the adoption
of SynRel motors in EVs as a competitive alternative to
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RE-PM motors, focusing on the impact of the requirements of
the EV application in terms of acceleration and vehicle speed
on the SynRel motor design. To this extent, in Section II,
a strategy to determine the SynRel requirements from the
vehicle requirements by using a simplified vehicle model is
proposed. In Section III, two case studies are presented and
the proposed methodologies are applied. Section IV reports
the highlights of the motor design procedure carried out to
match the requirements, and the prototype and the experimen-
tal validation of the procedure are presented in Section V.
Finally, Section VI presents and discusses the conclusions.
The research activity was partially carried out within the
H2020 European Project ReFreeDrive [10].

II. SYNREL REQUIREMENTS DEFINITION BASED

ON VEHICLE PERFORMANCE

A vehicle is a very complex system that is difficult to be
represented by a comprehensive model that is also effective to
be used in the definition of the powertrain’s requirements and
in the preliminary estimation of the vehicle performance [15].
To this purpose, there are several models for the computation
of the vehicle kinematics and dynamics [16], [17], [18], [19],
but the most adopted one is the longitudinal dynamic model,
in which the vehicle is modeled as a point mass where the main
forces act [20]. The wheels’ friction, the aerodynamic drag,
and the gravity force are considered in the model and balanced
by the traction force and torque with respect to the wheel-road
contact point as described by the following equation:⎧⎨⎨

⎨⎩
FT − FR = meq

dv

dt

T − FRr = Jeq
dω

dt

(1)

where FT is the traction force exchanged at the wheel’s contact
surface, FR is the resistance force, T is the motion torque, r is
the radius of the wheel, v is the linear speed, ω is the angular
speed, meq is the equivalent mass, and Jeq is the equivalent
inertia. The equivalent mass includes, besides the mass of the
vehicle, the reported mass of all the rotating elements inside
the car. The resistance force can be expressed as follows:

FR =
Rolling and Friction���	

kRW +
Areodynamic� �� 	

cx(v − vair)
2 +

Gradient� �� 	
W

tan(α)

1 + tan2(α)

(2)

where kR is the rolling resistance coefficient, W is the gravity
force, v is the car speed, vair is the air speed, α is the
road’s slope, and cx is the aerodynamic coefficient equal to
(1/2)ρ A f γ : ρ is the air density, A f is the frontal area,
γ is the drag coefficient, and (tan(α)/



1 + tan2(α)) is the

representation of sin(α) in the function of the slope, the
typically given parameter in this application.

The electric motor is connected to the wheels through a
transmission system, usually single speed, and the motor’s
torque (Te) can be related to the wheel’s torque (Tω) and the
driving force (FT ) through the following equation under the

Fig. 3. Ideal torque–speed characteristics of an EV.

assumption of perfect adhesion between the wheels and
the road:

Tω = Teηtγ ⇒ FT = Teηtγ

r
(3)

where ηt is the efficiency of the transmission system, γ is the
gear ratio, and r is the wheel’s radius.

In the EV application, the gear ratio is usually fixed and
it is related with the maximum motor rotating speed (ωmax)
that the designer sets for the motor according to the following
equation:

γ = ωr

v
= ωmaxr

vmax
. (4)

The selection of the motor gearing also depends on the
maximum transmitted torque, which is typically demanded in
the acceleration phase or at the maximum grade.

The efficiency of the transmission system depends on the
value of the gear ratio: the higher this ratio, the lower the effi-
ciency penalizing high-speed designs. This value also depends
on the number of meshes and torque per teeth’s meshing point.

Considering: 1) the dynamic model of the car; 2) the ones
of all the resistive forces; and 3) the one of the traction force,
it is possible to write the dynamic model of the vehicle as
follows:
dv

dt
= 1

meq

�
Te(v)ηtγ

r
−kRW − tan(α)


1+tan2(α)
W −cx(v−vair)

2

�
.

(5)

The electric motor is typically able to provide a constant
torque versus speed up to the point that corresponds to its
base speed ωb, at vehicle speed vb; from this point for-
ward, the machine works in flux weakening mode, which is
characterized ideally by a constant power versus speed. The
electric motor requirements, such as maximum speed, base
speed, maximum torque, and maximum power at maximum
speed, depend on the vehicle’s dynamics, as described in the
following.

The main vehicle parameters are the maximum speed (vmax),
the related power to reach it Pe(vmax), the acceleration time
(ta) from 0 to the reference speed (va) (usually 0–100 km/h or
0–60 mi/h), and the overtaking acceleration time (tov) at high
speed (usually from 90 to 120 km/h).



808 IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, VOL. 9, NO. 1, MARCH 2023

Fixed the vehicle parameters, from (5), it exists different
torque functions Te(v) (6) in function of the base speed of
the motor. Hence, considering a constant torque during the
speed range 0-va, meaning vbva ; it is possible to compute the
minimum constant torque required to reach va in ta . Otherwise,
if vb < va is considered, higher torque is demanded to
maintain the same average acceleration. Fig. 3 exemplifies the
concept by reporting the boundary curves of the family of the
Te(v) functions, limited by the minimum average torque, and
the adhesion limit. Concerning the motor power, the motors
with torque curves at lower base speeds are able to fulfill
the vehicle requirements at lower power, reducing the whole
system sizing (i.e., battery power and inverter power)

Te(v) = f (vb)|ta ,va ,vmax,tov
. (6)

Hence, two motor sizing approach can be pursued as
follows.

1) Minimize the motor torque to achieve the acceleration
by increasing the motor power.

2) Minimize the motor power to achieve the acceleration
by enhancing the torque at low speed.

Hence, the motor torque to achieve the acceleration to va

in ta is minimized by considering a constant torque (Te,C) for
the whole acceleration time, equal to the minimum average
torque needed. It follows that the motor needs to be selected
with a base speed at least up to ωa which corresponds the
vehicle speed va . With this hypothesis, (5) can be solved
in terms of va(ta) and the average torque required can be
computed numerically according to the following equation by
considering null starting speed and neglecting airspeed and the
road grade:

va(ta)=



Te,C ηt γ
r −kRW

cx
tanh

�
��
Te,Cηtγ

r
−kRW

�
cx

�
ta

meq

�
.

(7)

Considering (7), the only unknown term is the electric
motor’s torque since the other terms (except for γ , which has
already been calculated) are imposed by the vehicle’s data.
However, it is not possible to analytically solve the equation
respect to the term Te,C , and the solution is computed numer-
ically. Te,C depends on the car parameters, the speed, and the
time to reach it. Fixing the speed and the car parameters,
it depends on the acceleration time as follows:

Te,C = Te,C(ta). (8)

Depending on the vehicle performance, the maximum
torque which should be guaranteed by the motor is the one
that at low speed allows to move the car with a maximum
admitted grade (αls). The regulation typically sets this value
equal to 30%

Te,α = tan(αls )

1 + tan2(αls )

W
r

ηtγ
. (9)

After the torque evaluation, it is possible to calculate the
power at maximum speed. In this condition, the inertial force

can be neglected because of the steady-state conditions, while
a typical grade of the routes on which it is expected to reach
the maximum speed of the vehicle is included by considering
a typical slope αtyp at that speed, differently from the one at
low speed

Te(ω)ηtγ

r
= kRW + tan

�
αtyp

��
1 + tan2

�
αtyp

�W + cxv
2. (10)

Multiplying each term of the previous expression by the
vehicle’s speed and considering (4), the motor’s power (Pe) is
obtained as follows:

Pe(vmax) = kRWvmax

ηt
+ tan

�
αtyp

��
1 + tan2

�
αtyp

� Wvmax

ηt
+ cxv

3
max

ηt
.

(11)

The only unknown term is the power of the motor at
maximum speed, whose value can now be computed. Solving
(8) numerically and using (11), it is possible to define the limit
performance of the motor.

The evaluated machine in this study is the SynRel motor,
whose model is described by the following equations [21].
The motor torque depends on the square current (12), while
the voltage depends mainly on the speed (13)

T = 3

4
p
�
Ld − Lq

�
i 2 sin 2ε = 3

4
pLq(k − 1)i 2 sin 2ε (12)

V = ωei
�

L2
d cos2 ε + L2

q sin2 ε (13)

where Ld and Lq are the axis inductances, p is the number
of pole pairs, i is the amplitude of the stator current, k is the
saliency ratio, ε is the current angle control, and ωe is the
electrical speed.

Due to these expressions, it is possible to compute the
flux weakening capabilities, meaning the performance in the
constant power working region.

For the computation of the base torque, it is possible to
consider the MTPA control algorithm obtaining the following
expression of the torque and the base speed, neglecting the
saturation and the resistance voltage drop for the sake of
simplicity:

Tb = 3

4
pLq(k − 1)i 2

max; ωe,b = Vmax

Lq · imax

�
2

k2 + 1
. (14)

Considering that at the maximum speed, the typical applied
control is the maximum torque per voltage (MTPV), in which
the current control angle is equal to ε = atan(k), it is possible
to obtain (15)–(17) for the maximum amplitude of the current
at the maximum speed and the value of the torque.

Due to these expressions, it is possible to compute the
powers at the maximum speed (18), the power at the base
speed (19), and define their ratio (20).

Therefore, the ratio between the power at the maximum
speed and the base power (χP), in the following referred
as power ratio, is inversely proportional to the ratio between
the maximum speed and the base one (χn), in the following
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Fig. 4. Flux weakening capability curves in function of the saliency ratio.

referred as the speed ratio. These ratios are helpful in com-
paring the different flux weakening capabilities of the machine
and they are reported in Fig. 4 in function of the saliency ratio

Vs = Lqifwωe,max



k2 cos2 ε + sin2 ε

⇒ Vs = Lqifwωe,maxk

�
2

1 + k2
(15)

i f w = Vb

Lqωe,maxk


�
1 + k2

�
2

(16)

Tfw = 3

4
pLq(k − 1)i 2

f w

2k

k2 + 1

= Ts = 3

2
p · (k − 1)

2k

V 2
b

Lqn2
s

(17)

Pb = Tb
ωe,b

p
= 3

4
(k − 1) ·

�
2

k2 + 1
· Vmax · imax (18)

Pf w = T f w
ωe,max

p
=

⎧⎨
⎩

3

2

(k − 1)

2k

V 2
b

Lqns
, if i f w < imax

Pb, otherwise
(19)

χP = Pfw

Pb
=

⎧⎨⎨⎨⎨⎨⎨
⎨⎨⎨⎨⎨⎩

Vb

Lqωe,maximax

�
k2 + 1

2k2

= k2 + 1

2k

1

χn
, if ifw < imax

1, otherwise.

(20)

While considering the machine voltage limits in Fig. 4,
other nonideal behavior affects the flux weakening capability
of the SynRel. The poor flux weakening capability of the
SynRel is mainly because the voltage limit ellipse has the
center coincident with the center of d–q-axis current. With
the increase of speed, the ellipse limit area is reduced to fall
into the current circle limit. The reduction of the maximum
admitted current (for voltage limitation) leads to the reduced
available power of the machine. This problem could be par-
tially compensated with an increase in the saliency ratio of
the machine, as shown in Fig. 4. The increase of the saliency
ratio increases the ratio of the ellipse axes, avoiding falling
into the circle. The possibility of increasing the machine’s
saliency ratio is limited by the presence of the inner ribs
in high-speed applications (inserted for mechanical reasons).
The saliency ratio is affected especially in the flux weakening,
mainly due to the nonsaturation of these ribs with a consequent

Fig. 5. Flux weakening capability curves: from theoretical to FEM simulated
performance.

increase of the quadrature axis inductance. Another important
aspect is the MTPA angle control at the base speed. If the
angle is much higher than the theoretical one (45◦), the flux
reduction, which can be possible with the flux weakening
while maintaining the same maximum current, is lower with a
consequent decrease of the available power. These two effects
are more visible in high power density machine, because at
the maximum motor current, the saturation of the machine is
high both in the rotor and in the stator; it follows that the
control angle can reach values over 65◦ in MTPA. The flux
weakening capability is affected, and the performance at high
speed degrades up to 60%. The effects on the flux weakening
motor capability of the mentioned consideration are reported
Fig. 5, computed on a reference SynRel motor, [22], where
a more detailed performance has been evaluated by finite
element model (FEM) simulation.

The flux weakening capability reported in Fig. 5 helps
identify which speed ratio and power ratio are feasible with
SynRel technology. Hence, from the vehicle requirements in
terms of speed and power, it is possible to properly select the
most suitable base speed of the motor, as shown in the next
section.

III. CASE STUDIES EVALUATION

The proposed approach has been evaluated by referring to
two different vehicle classes.

1) Premium high-speed vehicle (PHV), powered by a dual
high-performance electric motor.

2) City–car vehicle (CCV), powered by a single electric
motor.

These two vehicle classes have borderline dynamic perfor-
mance, meaningful in the evaluation of the capabilities of the
SynRels in EV traction applications.

A. Electric Motor for Premium Vehicle (PHV)

Concerning the PHV case study, the Tesla Model 3 Dual
Motor has been taken as reference in terms of vehicle para-
meters and dynamic performance, see [23], [24] (Table II).
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TABLE II

PHV PARAMETERS AND PERFORMANCE

The tentative requirements for a SynRel-based powertrains are
computed accordingly.

Considering the target vehicle speed of 250 km/h, the max-
imum speed of the motor has been selected at 18 kr/min, with
a gear ratio (γ ) of 8.15 and transmission average efficiency
of 97% [25].

The boundaries on the torque are computed by (7) for what
the required accelerating torque is concerned, while the torque
at the adhesion limit is computed as proposed by Rill [19]. The
vehicle torque is expected to be equally shared between the
two motors; it follows that the motor torque at low speed to
achieve the acceleration target is between the boundaries of
360 and 413 N·m.

The torque should be higher than 138 N·m for each motor
when considering a grade of 30% at low speed; however, the
acceleration constraints require higher torque values.

In addition, through (11), it is possible to calculate the
required power at maximum speed (Pω,m), which is equal to
155 kW: although considering that two motors are envisioned,
each one should guarantee a power of 77.5 kW and a torque
at maximum speed (Tω,m) equal to 41 N·m.

Once the boundaries are defined, two motor sizing
approaches can be applied by assuming an ideal flux weaken-
ing region with constant power capabilities.

1) Constant motoring torque (360 N·m) is considered
up to the base speed of the motor (ωb) selected at
7200 r/min (vehicle speed va). The resulting power at
base speed (Pb) is up to 270 kW. It follows that the
required accelerating torque is minimized.

2) Higher torque at low speed, close to the adhesion
limit (413 N·m), is considered to achieve acceleration,
while the motor base speed is computed numerically to
reduce the maximum power. With a motor base speed
of 4000 r/min, the peak power is reduced at 185 kW,
minimum ideal value to achieve the target performance.

Therefore, the two sizing methods at the boundaries for
the PHV require different torque and power capabilities of
the motor, meaning different flux-weakening characteristics.
In particular, the method that minimizes the peak power
requires a wider constant power region at high speed, difficult
to be obtained with SynRel machines.

B. Electric Motor for City–Car Vehicle

Concerning the CCV case study, a Fiat 500e EV has
been taken as a reference; the parameters and the required

TABLE III

CCV PARAMETERS AND PERFORMANCE

performance of the vehicle are listed in Table III [11]. These
data are used for the computation of the electric motor’s
requirements.

If the target vehicle speed is fixed at 140 km/h, the maxi-
mum motor speed has been reduced to 12 kr/min, a speed value
close to the state of the art of this kind of vehicle (Table I).
It follows a gear ratio (γ ) equal to 9.69 computed by (4), with
a conceivable transmission efficiency of 96% [25].

Similar to the PHV case study, the boundaries on the torque
are computed by (7); it follows the boundary values for the
torque of 158 N·m for the required acceleration and 176 N·m
for the adhesion limit. The torque should be higher than
141 N·m at the maximum grade of 30% at low speed; however,
the acceleration constraints require higher torque values.

The power at maximum speed (Pω,m) results in
24.5 kW (11), while the torque at maximum speed (Tω,m) is
equal to 19.5 N·m.

The same sizing approach can be applied in the CCV
case study by assuming an ideal flux weakening region with
constant power capabilities.

1) Constant motoring torque (158 N·m) is considered
up to the base speed of the motor (ωb), selected at
8750 r/min (vehicle speed va). The resulting power at
base speed (Pb) is up to 140 kW. It follows that the
required accelerating torque is minimized.

2) Higher torque at low speed, close to the adhesion
limit (176 N·m), is considered to achieve acceleration,
while the motor base speed is computed numerically
to reduce the maximum power. With a motor base
speed of 4600 r/min, the peak power is strongly reduced
(minimized) to 85 kW.

C. Selection of the Sizing Method

Two sizing methods in terms of power have been proposed
for the PHV and CCV, assuming ideal flux weakening char-
acteristics. Table IV lists the comparison of the sizing torque
and power along with the resulting speed and power ratios.
By reporting these rations on Fig. 5, it is possible to evaluate
the feasibility of the sizing strategy (A) or (B) for the two
case studies (Fig. 6).

1) PHV: The case (A) is feasible even if at the borderline
of the motor characteristics, meaning a challenging
design. Contrary, the sizing (B) at the maximum speed is
clearly over the power capability of the flux weakening
operations.
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TABLE IV

PHV AND CCV SIZING APPROACHES

Fig. 6. Sizing method on the flux weakening capability curves.

2) CCV: The case (A) is feasible, falling well below the
characteristics, but weakly exploiting the motor capa-
bilities. Instead, the solution (B) is close to the limit
characteristics, representing a promising sizing avenue.

Hence, it seems confirmed that the sizing method depends
on the vehicle performance: the first solution considers the
minimization of the torque, while the second solution takes
into account the minimization of the power. It is worth
remarking that the sizing method B is not feasible for the
motor of the PHV due to poor flux-weakening capabilities of
the SynRel machine, while it is a feasible sizing avenue for
the CCV.

D. Required Performance on a Standard Driving Cycle

Beyond the acceleration and speed capabilities, the electric
machine design for EVs needs to be optimized on the driving
efficiency, usually evaluated through suitable driving cycles.
In this study, the worldwide harmonized light vehicles test
procedure (WLTP) cycle 3 [26] has been selected as a ref-
erence, representing meaningful driving conditions in urban,
extraurban, and highway scenarios. It is one of the most
used by automotive companies to compute the vehicle energy
consumption.

Due to (4) and (5), it is possible to calculate the torque and
the speed working condition of the motor throughout the whole
driving cycle in both case studies. In Fig. 7, the driving cycle’s
points are reported in green, the torque versus speed curve
during the motor operation in blue, and the torque versus speed
curve during the generator operation in red. Moreover, the

Fig. 7. WLTP 3 operations in torque–speed curves for PHV (above) and
CCV (below).

above diagram is referred to PHV car, while the below one is
referred to CCV car.

The analysis of the behavior of the motor in the driving
cycle can drive the design by selecting the representative
working points to evaluate the efficiency and optimize it.

The driving cycles attempt to replicate the statistical adop-
tion of the vehicle, without considering the real maximum
performance of the car in terms of acceleration and maximum
speed. Therefore, the HPV motor may seem oversized when
compared to the considered cycle.

Indeed, the PHV motor works in a low to medium speeds
and in a low to medium torque when executing the driving
cycle, while the cycle seems more demanding for the CCV
motor.

Since the vehicle performance strictly depends on the
selected cycle, in the results section, the China light-duty
vehicle test cycle for passenger car (CLTC-P) (the reference
driving cycle in China) has also been taken into account for
the sake of completeness.

IV. DESIGN OF THE SYNREL MOTORS

While the approach for defining the torque speed and
power requirements of the motor has been proposed, other
requirements, such as size, volume, voltage, and current rat-
ings, are usually defined considering market needs, available
power electronics, and battery technologies. In this article,
the European Project H2020 ReFreeDrive [10] framework has
been taken as a reference for these requirements, respectively,
resumed in Tables V and VI, for the PHV and CCV.

The same stator and rotor geometry is supposed aiming to
a scalable design, whether the stack lengths and number of
winding conductors per slot can be varied. In the requirements,
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TABLE V

REQUIREMENTS OF THE PHV SYNREL MOTOR

TABLE VI

REQUIREMENTS OF THE CCV SYNREL MOTOR

a value less than 15% for the torque ripple has been selected,
considering that the solution will be skewed for the PHV
motor. In this way, the final torque ripple should be much
lower than this value. This consideration has been made to
simplify the optimization process, making it possible to adopt
the 2-D FEM for the simulation of each point.

The optimization of the stator and rotor cores has been
focused on the PHV SynRel motor, where the challenging
requirements and the high rotating speed need the adoption
of proper design techniques to reach the performances and
guarantee the rotor mechanical integrity [27], [28], [29]. About
the design refinement, in the literature, there are several
multiobjective derivative-free algorithms matching with the
problem of electrical machine optimization [30], [31]. Some
of these methods consider the preferences of the decision
maker in relation to the choice of the targets: for example,
they consider if an objective function should be preferred
respect to another one. In the electrical machine context, there
is usually a tradeoff between a small torque profile variance
(minimization of the torque ripple) and a high value of the
mean torque. The local derivative free algorithm used in this
work is the DFL algorithm, proposed in [32] and tested on a
SynRel in [33].

A. Electric Motor for High-Performance Vehicle (PHV)

Characterization tests on the selected electrical steel were
carried out to obtain magnetic properties of the material and
to account for manufacturing effects. These material charac-
teristics have been used in the optimization steps and in the
performance estimation of the machine. In the preliminary
design of the motor, the choice of the number of poles, slots,
and barriers is investigated; several preliminary designs were
carried out by using typical sizing procedure [34], [35], [36],
[37], [38], [39]. For the analyses and the further optimization

TABLE VII

CONSTRAINTS AND OBJECTIVE FUNCTION

of the barrier shape, the fluid-shaped barriers (based on the
Joukosky equation) have been selected. This barrier shape that
has the same path of the d-axis flux allows to maximize the
d-axis inductance, while minimizing the q-axis one. Being an
optimized curve, the number of variables for the complete
optimization can be reduced compared to the other barrier
shapes. From these first evaluations, three solutions have been
identified and chosen for further optimization, and details
of the preliminary design were presented in [40]. The best
candidates found have the following parameters:

1) 4 poles, 36 slots, and 4 barriers and a notch;
2) 6 poles, 54 slots, and 4 barriers and a notch;
3) 8 poles, 75 slots, and 4 barriers and a notch.

Starting from these designs, the optimization of the
machines (including the stator and rotor variables) has been
carried out in order to refine the geometry. Preliminarily, the
optimization does not take into account the degrading effects
on the performance of the inner rib insertion.

For this analysis, four operating points have been consid-
ered.

1) P1: The peak torque at base speed.
2) P2: The maximum power at the maximum speed.
3) P3: The estimated maximum efficiency point (consid-

ered referring to 33% of the maximum torque and to
50% of the maximum speed).

4) P4: Low torque and low-speed working region to
enhance efficiency on the WLTP3 cycle.

Table VII shows the constraints and the objective function
used in the optimization.

The constraints related to the torque ripple have been chosen
equal to the ones of the requirements because the introduction
of the inner ribs could increase the torque ripple of the machine
but, in order to further reduce it, asymmetric rotor layouts can
be adopted. The constraint related to the efficiency in P3 has
been increased, as well as the one of the peak torque at base
speed and the one of the base speed itself. These margins
are useful to satisfy the requirements once that the inner ribs
are inserted within the flux barriers (this reduces the motor
performance).

For the objective function, it has been decided to use the
maximum torque at maximum speed, which is the most critical
value because it is where the performance is mainly affected
by the inner ribs.

The performance of the proposed solutions is listed in
Table VIII (the best performances are highlighted in bold).
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TABLE VIII

PERFORMANCE OF THE PRELIMINARY DESIGNS

Fig. 8. Stator’s and rotor’s cross section of the optimized size-pole design.

The three solutions have similar results in terms of torque
in P1 and torque ripple; the four-pole design presents the best
efficiency value in P3, but the six-pole one has the highest
torque production at maximum speed; hence, it has been
chosen for further optimizations. It is worth noting that the two
solutions (four and six poles) match only with the minimum
shaft diameter possible for the application (40 mm), in case of
higher shaft diameter, the eight poles solution must be selected.
Fig. 8 shows the stator and rotor shape.

The following design step addresses the definition of the
inner ribs, meaning the selection of the following parame-
ters: the rib number, the rib position, and their width and
inclination. Topology optimization (TO) has been used on the
six-pole design to aid the ribs design [22]. The constraint
related to the maximum equivalent von-Mises stress in the
rotor has been selected, considering a safety coefficient of
1.6 (360 MPa) on the ultimate tensile strength of the adopted
electrical steel (540 MPa).

The process results in a rotor structure with the following rib
distribution: four ribs inside the first and the second barriers,
two ribs inside the third barrier, and one rib within the fourth
barrier, close to the ribs definition shown in Fig. 9.

Nevertheless, the results of the TO optimize only the
mechanical structure of the rotor without considering the elec-
tromagnetic performance; therefore, a further refinement of the
rotor geometry by means of a magnetostructural optimization
is needed to enhance the machine performance.

The magnetostructural optimization process is constrained
by the requirements in Table V, including the same mechanical
constraint used in the TO. The performance of this optimized

Fig. 9. Rotor shapes of the solutions with inner ribs and symmetric shape
(above) and the double asymmetry (below).

TABLE IX

PERFORMANCE OF THE OPTIMIZED TOPOLOGY SOLUTIONS:
SYMMETRIC AND ASYMMETRIC ROTOR DESIGN

shape is shown in Table IX, while the optimized rotor shape
is shown in Fig. 9 (above).

However, despite the heavy optimization step carried out,
this last symmetric design has lower performance due to the
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presence of the ribs and it does not satisfy some of the
requirements, in particular the torque ripple.

Therefore, in attempting to recover adequate torque
ripple, a further step featuring asymmetric design has been
adopted [41]. Asymmetries in the rotor geometry can be
introduced in the following steps.

1) Asymmetries between two poles: proposed in [42], it can
be optimized by using the mathematical description of
the rotor geometry, and it has a great effect in the ripple
reduction of the machine, preserving the same machine
behavior in both motoring and generating operations.

2) Asymmetries inside the single pole: proposed in [43],
it needs to modify the mathematical description of the
rotor geometry. It has effects on the motor ripple
but also on the machine performance. This kind of
asymmetries can improve the motor performance only in
one operating mode (motoring or generating), degrading
the performance in the other one.

3) Full asymmetric geometry: detailed in [41], it is a
combination of the previous ones. It needs to modify
the mathematical description of the rotor geometry and
increase the computational burden of the FE analyses.
It strongly affects the torque ripple and the performance
of the machine; performance improvements are possible
in one operating mode.

The full asymmetric geometry has been achieved by per-
forming the step-by-step magnetostructural optimization on
the asymmetries 1) and 2), respectively, and then by combining
the achieved optimum geometries.

Hence, for the reduction of the torque ripple, the full
asymmetric solution, combined with the TO results, has been
adopted, and the final design is able to satisfy all the per-
formance requirements in terms of torque, torque ripple, and
efficiency.

The performance of the motor is listed in Table IX (the
performance not matching the requirements is highlighted in
bold), while the final design of the rotor shape is shown
in Fig. 9 (bottom). The torque performances of these two
solutions are shown in Fig. 10.

The efficiency map (Fig. 11) has been achieved by comput-
ing the efficiency of the final design in all the working points.
The speed has been extended up to 20 000 r/min to consider
overspeed conditions. Considering that overspeed is rarely
reached, a safety coefficient equal to 1.2 on the mechanical
stress (the maximum stress is 444 MPa) is envisioned as
acceptable.

The motor shows good efficiency performance: a wide area
is characterized by an efficiency higher than 95%.

Furthermore, the energy results of the WLTP and CLTC-P
driving cycle have been obtained with a commercial
software [44] (see Table X).

B. Electric Motor for CCV

The SynRel design for the CCV has been obtained by scal-
ing the PHV design: this choice is in the direction of scalability
as previously discussed. Therefore, the stack length has been
reduced to 95 mm (52.5% lower than the PHV design) and the

Fig. 10. Torque behavior in the P1 (top) and P2 (bottom) of the symmetric
and asymmetric design in CW and CCW.

Fig. 11. Optimized double asymmetric topology design: efficiency map (p.u.).

number of conductors in the slots has been increased. Since
the stator and rotor geometries are not modified, the main
design aspects are equal to the ones discussed in the previous
subchapter. The main differences consist in the values of the
peak torque, the base speed, the torque in the flux weakening
region, and the maximum speed. The efficiency map reported
in Fig. 12 recaps all these values.
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TABLE X

FINAL DESIGN: PERFORMANCES ON THE DRIVING CYCLES

Fig. 12. Scaled version of the optimized solution: efficiency map (p.u.).

TABLE XI

OPTIMIZED SOLUTION: DRIVING CYCLE RESULTS

The energy results of the WLTP and CLTC-P driving cycles
is also shown in Table XI. The proposed motor is able to
satisfy all the requirements listed in Table VI in terms of
torque, power, and power at maximum speed: in fact, the peak
torque is equal to 177 N·m, the peak power is equal to 85 kW,
and the power at maximum speed is 26 kW.

V. PROTOTYPE MANUFACTURING AND

EXPERIMENTAL RESULTS

The final design of the CCV SynRel with no skewed rotor
has been manufactured and tested.

The stator and rotor laminations have been prototyped
by laser cut and subsequently assembled in a stacked
core using the back-lack technology. Meanwhile, the com-
plex rotor geometry has been validated even for punching

Fig. 13. Wound stator core and rotor core of the CCV SynRel.

Fig. 14. Motor prototype.

manufacturing, the envisioned manufacturing avenue for large
mass production.

The prototypes’ stator windings have been realized with
round wires and the motor features a liquid cooling in order to
enhance power density. The photographs of the wound stator
core and of the rotor core of the CCV SynRel are shown in
Fig. 13, while the motor assembly is shown in Fig. 14. The
motor prototype with integrated power electronics is shown
in Fig. 15.

The motor performance has been validated on a dedicated
testbed courtesy of the IFP Energies laboratory Nouvelles
(France), as shown in Fig. 16.

The preliminary test made on this machine addresses the
verification of the rotor integrity at high speed. For this reason,
a no-load strong acceleration and deceleration from 0 to the
maximum speed (18 000 r/min) have been made to stress the
rotor (Fig. 17). The tests have been repeated several times
during which the motor did not produce additional noise
or vibration, confirming that the motor is able to reach the
maximum speed without mechanical issues in the rotor core.

The test campaign has pointed out promising results about
the 75-kW motor with a good match between the experimental



816 IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, VOL. 9, NO. 1, MARCH 2023

Fig. 15. Power unit.

Fig. 16. Test bench in the laboratory of IFP energies Nouvelles (courtesy
of IFPEN).

Fig. 17. Experimental acceleration and deceleration phase.

results and the simulation ones; the experimental efficiency
map and the comparison between simulations and experimen-
tal tests are shown in Fig. 18 and Table XII, respectively.

Fig. 18. Experimental efficiency map and comparison between FEM data of
the 75-kW solution.

TABLE XII

EXPERIMENTAL VALIDATION OF THE MAIN DATA

OF THE CVV 75-kW MOTOR

The maximum torque is equal to 176.4 N·m, nearly equal
to the value of the simulation (176.5 N·m). The base speed set
for the experiments tests is equal to 4300 r/min, while the one
obtained from the simulations is equal to 4600 r/min. The main
difference consists in the maximum torque during the flux
weakening operations: at maximum speed (12 000 r/min), the
maximum torque during the test was equal to 19 N·m (versus
20.5 N·m of the FE analysis) with an output power of 24.0 kW
(versus 26 kW of the simulation).

The difference is due to the use of the first flux harmonic for
the computation of the efficiency map considering the phase
voltages (where a margin of 10% has been imposed to take
into account the impact of the harmonics).

The efficiency map and the torque limit curve are in good
accordance with the simulations confirming the effectiveness
of the adopted machine model tuned by the material character-
ization. It is worth noting that the minimum tested torque is
about 20 N·m, and Fig. 18 reports this value as minimum
visible. Despite this, there is a good match between the
simulation and experimental results.

Compared to the efficiency map of an RE PM machine,
which uses the same boundaries, the SynRel presents a lower
maximum efficiency value. The efficiency in the maximum
torque area is far lower, but the one in the high-speed region
is slightly high. These aspects can be useful for further
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consideration, such as adopting the SynRel motor as a low-
cost second traction motor. Indeed, when a PM motor works
at no-load, the losses at high speed are not zero affecting the
system and motor efficiency. Conversely, the SynRel can be
easily turned off due to its zero losses at high speed in no-load
conditions.

Hence, the SynRel can be used as a second motor to help
the car in the high-acceleration cycles while easily turned off
to enhance the efficiency otherwise.

VI. CONCLUSION

This article presents the adoption of a simplified EV model
for the definition of the requirements of the electric motor
based on the acceleration time and maximum speed of the
vehicle. These requirements directly impact on the sizing
of the motor power characteristics depending on its flux
weakening capabilities. The approach has been detailed for the
SynRel technology by proposing an innovative motor design
for two borderline case studies: a traction motor for a PHV
and a City car.

In this last case study, a prototype has been realized and
fully tested; the experimental tests confirm the effectiveness
of the design models and related analyses.

The study carried out allows outlining of some general
considerations.

The SynRel appears to be a good match for the city electric
car (where the motor power can be minimized). Otherwise,
when a high-performance EV is considered, the poor flux
weakening capabilities of SynRels require an oversizing of
the machine in terms of peak power, which could reach high
values (about 35% in the proposed case study) compared to
other motor technologies with better flux weakening capability.
This aspect is more evident when the machine is designed
for high speed, where inner ribs are needed in the rotor
core for its mechanical integrity. However, by accepting an
oversizing of the machine power, it is still possible to satisfy
the requirements imposed by high-performance EVs, even if
complex design procedures and several optimization steps are
needed.

Accounting for efficiency aspects, the cost-effective mate-
rials of the SynRel make it less efficient compared to RE
PM motors: the increase of the energy losses may result in
a reduction of the range of the electric car. Hence, for a
comprehensive cost evaluation, the savings achieved with the
SynRel technology need to be weighted with the cost of the
battery increase required to pursue the same vehicle range.

Another matter of concern of the SynRel technology is the
NVH behavior. The functional tests on the prototype did not
seem to highlight particular issues; nevertheless, detailed NVH
analyses of the proposed solutions will be addressed in future
research.

Hence, the SynRel could be a valid alternative to the RE
permanent magnet motors in those application where less
demanding flux weakening capabilities or reduced efficiency
are acceptable. The SynRel weaknesses seem contained in
city cars or as second motor in a high-performance dual
motor vehicles (in strong acceleration or AWD operations).

Indeed, in this last application, there is not an oversizing of
the motor, and the poor flux weakening of the machine does
not affect the maximum power requirement.

Furthermore, the research on SynRel is ongoing, and new
materials and manufacturing process could further enhance the
performance of this motor technology.

In a scenario where the RE materials are in shortage and
cheaper batteries are available, the SynRel can gain interest
as a cost-effective solution for the main traction motor in
EV applications.
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