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Modeling of Synchronous Reluctance Motors
by Analytical and Finite Element Approaches

for Electric Vehicle Applications
Hung Bui Duc*, Dung Dang Chi, Phi-Chi Do, Vuong Dang Quoc

Abstract—The design and analysis of synchronous reluctance motor (SynRM) with a distributed type winding is an alternative
to replace the permanent magnet synchronous motors (PMSM), which is commonly used in electric vehicle applications. The
use of a SynRM eliminates the need for permanent magnets (PMs), reducing the dependence on rare earth materials and
potentially lowering costs. In this paper, there are two approaches: a new approach of step-skewing rotor (SSR) is proposed to
improve eletromagnetic parameters such as minimization of the active volume, maximization of the output power and reduction
of the torque ripple of the SynRM. Then, a finite element technique is developed to analyse and simulate the distribution
of magnetic flux and map efficiency of the proposed SynRM. Additionally, the paper has also investigated the distribution of
temparature and machnical stress in the region of flux barries of the rotor.

Index Terms—Synchronous reluctance motor (SynRM), torque ripple, step-skewing rotor, analytical model, finite element
method.

✦

1. Introduction

NOWADAYS, due to the highly reliability and effi-
ciency compared with other machines, the syn-

chronous reluctance motors (SynRMs) (Fig. 1) are used
widely for different applications such as dry or wet
conditions as well as in electric vehicle applications [1],
[2]. But, these machines also have some inherent set-
backs that need to be addressed. One of the significant
challenges of SynRMs is the loss in the rotor winding,
which can significantly affect directly to the efficiency
and performance.

In order to address this challenge, many researchers
have recently proposed different solutions to optimize
the motor design and improve the performances of the
SynRM [3]- [10]. Reference [3], an analytical model was
presented for the transversally laminated anisotropicro-
tor to implemente on a previously designed SynRM. In
this study, the electromagnetic torque and inductances
investigated with different input currents. Reference
[4], the modeling of SynRM with 2-D MEC takes into
account the non-linear effects of the magnetic core
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and uses a magnetic circuit model to simulate the
electromagnetic performance. This model was used to
calculate various performance criteria and to evaluate
the motor performance under different operating con-
ditions. Reference [5], the efficiency of the line start
permanent magnet (PM) SynRMs was improved via the
optimal arrangements of PMs on rotor. In this paper,
the demagnetization and skewed slots and effects was
taken into account. Reference [6], the parameters of the
SynRM were analysed by a magnetic equivalent circuit
model. The model includes the variation of the air-gap
flux with rotor position, which is crucial for accurate
predictions of the motor behavior. The analysis of the
torque characteristics of an example SynRM demon-
strates the model ability to predict the motor perfor-
mance under different operating conditions. Reference
[7], an optimization method was developed for the
SynRM to improve the torque ripple and THD in phase
voltage. Reference [8], the paper provided insights into
the design of the SynRMs with single tooth windings.
The paper also investigated the impact of inter-segment
air-gaps, torque ripple, and axial fringing on motor
performance, providing useful information for motor
designers and researchers. Reference [9], the paper pro-
posed a novel type of rotor structure for medium speed
SynRMs to test with a common rotor structure.

Reference [10], an accurate method was presented
to defined equivalent circuit parameters of the SynRM.
The proposed method was based on phase currents
and voltages analysis at low slip operation, and it was
verified by experimental and simulation studies.

In this paper, a new approach of step-skewing rotor
(SSR) is proposed to improve electromagnetic param-
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eters and reduce torque ripple of the SynRM. Then, a
finite element method (FEM) is developed to analyse
and simulate the distribution of magnetic flux and map
efficiency of the proposed SynRM. The development of
these two approaches is validate on the practical SynRM
of 150 kW with 48-slots/8-poles distributed winding
for electric applications. The target specifications is ref-
ferred to Volkwagen ID 150 kW as shown in Fig. 2.

Fig. 1: 3D model of SynRM with a flux guided rotor [1].

Fig. 2: Stator and rotor cores of Volkwagen ID3.

2. Theory background for analytical approach
The electromagnetic torque (T ) is expressed as [11]:

T =
1

2
πD2Lrσ, (1)

where D is the outer rotor diameter, Lr is the rotor
length and σ is a factor (which can be defined from
0.8 to 1.25). At the steady-state, in the d, q-axis, the
electromagnetic torque (T ) is then defined as [13]- [16]

Te =
3

2
p[ϕM iq + (Ld − Lq)idiq], (2)

where ϕM is the magnetic flux due linked to the arma-
ture winding, the id and iq are respectively the d- and
q-axis; the Ld and Lq are the d- and q-inductance. The
voltage equations are written as [12]- [14].

vd = Rid − ωqiq, (3)

vd = Rid − ωqiq, (4)

where R is the stator resistance and inductances.
A three phase SynRM of 150 kW , with 48 slots/8

poles is now considered to validate the developed the-
ory. The cross-section of stator and rotor section with
several flux barriers is presented in Fig. 3. The PMs
will be inserted into these cavities. In the stator part,

the slots of stator are inserted by distributed windings
with double-layer. The set of parameters of Xj (j =
1 to 9) is presented to do an optimization procedure
as given in Table 1. This table presents minimum and
maximum ranges of design variables. In addition, the
other parameters such as outer stator diameter, magnet
length, air gap, magnet angles and slot depth will be
varied in a discrete way. In order to obtain the high
performance, the irreversible demagnetization should
be minimized and other parameters need to be also
optimized with main constraints of the efficiency ≥ 91%
and torque ripple ≤ 5%.

Fig. 3: Stator and rotor cores of Volkwagen ID3.

TABLE 1: Minimum and Maximum ranges of design variables.

Parameters Discrete variables min max step
Thickness layer 1 X1 1 4 0.5
Thickness layer 2 X6, X7, X8 0.5 2 0.1

Bridge thickness (mm) X5 0.5 2 0.1
Tooth depth (mm) X4 1.5 4.5 0.1
Tooth width (mm) X3 18 20 0.2

Layer width X2 7 10 0.2
Post thickness X9 1 2 0.1

An optimization procedure is required to iteratively
update and identify the set of motor parameters by
making a trade-off between the different parameters of
the machine.

In order to reduce the cogging torque, torque ripple
and harmonic components of back electromotive force
(EMF), a method of step-skewing rotor (SSR) is pro-
posed. In this approach, a motor with a SSR and another
with a slot-skewed stator is analysed to compare the
performance of each motor. Fig. 4 shows the principle
of the SSR with different angles.

Fig. 4: Step skewing rotor.
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By this way, the harmonics of back EMF will be
reduced. The step-skew factors of harmonics are [15]:

kskew pole v =
sin( n·v·a

2(n−1)

n sin( v·a
2(n−1) )

(5)

where n is the number of steps, α is the step skew angle
and v is the order number of harmonic components. As
mentioned in [4], the reduction factor of PM torque of
step-skewed motor is given as

kT skew pole PM =
sin( n·a

2(n−1)

n sin( α
2(n−1) )

(6)

and the reduction factor of reluctant torque is

kT skew poleRE =
sin( n·a

(n−1)

n sin( α
(n−1) )

= kT skew pole PM cos
α

2

(7)

The torque is finally expressed as [15]- [19]:

T =
3

2
pnϕMIskT skew pole PM sinβ

+
3

4
pnI2s (Ld − Lq)kT skew poleRE sin 2β (8)

where β is the mechanical angle and Is is the stator
current. Based on the equation (7), it can be seen that
the step number and step skew angle affect drirectly to
the torque and the power density of motor.

In traction applications, to reduce the torque ripple
and avoid producing extra noise, an objective function
with the average torque should be considered. The
objective function is expressed as [20]- [23]:

f = W1(Tav(norm) −G1)
2 +W2(Tripple(norm) −G2)

2

(9)

where W1 and W2 are respectively the weight value of
the average torque and the torque ripple; G1 and G2 are
respectively the desired value of the normalized average
torque and torque ripple; Tav and Tripple are the average
torque and torque ripple, respectively. The torque ripple
is defined as:

Tripple =
Tmax − Tmin

Tav
(10)

In this study, G1 and G2 are chosen arbitrarily, that is
G1 = 10 and G2 = 1. For that, the normalized average
torque and torque ripple are defined to attain the values
between 1 and 10 during the optimization procedure.
Then they have [21], [22]:

Tav(norm) = 1 +
(Tav − 150)9

200
(11)

Tripple(norm) = 1 +
(Tripple − 0.05)9

0.17
(12)

Based on the theorical background, the
main/geometry prameters of the proposed motor
are given in Table 2.

The distribution of torque ripple obtained from the
conventional (initial) and optimal solutions is shown in
Fig. 5. For the initial solution, the value approximately

varies from 180 N.m up to 210 N.m, and from 180 N.m
to 190 N.m for the optimal solution. This means that
the torque ripple of the initial model is higher than 10%
comparted to the optimal model.

TABLE 2: Geometry parameters.

No Parameters
1 48 slots, 8 poles
2 Shaft diameter = 60 mm
3 Rotor outer diameter = 142.8 mm
4 Stator inner diameter = 144.2 mm
5 Air gap length = 0.7 mm
6 Stator stack length = 140 mm
7 Rotor stack length = 141.6 mm
8 Average stack = 140.8 mm

Fig. 5: Torque ripple distribution.

The comparison of electromagnetic results between
initial and optimal models are given in Table 3.

TABLE 3: Comparison of Electromagnetic results between initial
and optimal models.

Parameters Optimal model Initial model Unit
Maximum torque 217.96 217.28 Nm
Average torque 188.25 171.35 Nm
Torque Ripple 14.127 17.997 Nm

Torque Ripple % 7.5717 10.634 %
Speed limit 12536 11347 rpm

Electromagnetic Power 97687 88617 W
Input Power 1.03.105 93612 W
Total Losses 8610.7 8686.9 W

Output Power 94113 84925 W
Shaft Torque 179.74 162.19 Nm

System efficiency 91.618 90.72 %

3. Finite element approach

The maxwell equations and behavior laws are writ-
ten in Euclidean space R3 [10]:

rotH = Js, rotE = −∂tB,divBn = 0 (13a-b-c)

B = µnH , J = σE (14a-b)

Where:
• H : magnetic field (A/m),
• B: magnetic flux density (T),
• Js: electric current density (A/m2),
• J : electric eddy current (A/m2),
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• E: electric field (V/m),
• σ: electric conductivity (S/m).
• µ: relative permeability.

The boundary conditions (BCs) are given as

n ·B|Γe
= 0 , n×H|Γh

= 0 , (15a-b)

where n is the unit normal exterior to Ω [10].
Based on the Ampere equation 13 a) and the con-

stitutive law 14 a) , the weak formulation is defined as
[10], [11]:∮

Ω
µ−1B · rotAdΩ+

∮
Ω
σE ·A′dΩc+∫

Γh

n×H ·A′dΓh =

∮
Ω
Js ·A′dΩs,A

′ ∈ H1
h(rot ;Ω),

(16)

where H1
h(rot ;Ω) is the function space containing the

test function A′ defined in studied domain Ω. The field
B is defined via the vector potential (A), i.e,

B = rotA, (17)

From the equations (17) and (13 c), the field E is defined
via an electric scalar potential (v), that is

E = −jωA− grad v (18)

The field E in (17) is defined via an electric scalar
potential (v).

4. Numerical simulation
Based on the theory developed of the FEM in Section

3, in this section, the parameters given in Table 2 by
the analytical approach are applied to compute and
simulate and by the FEM. The magnetic flux distribution
on rotor and stator is presented in Fig. 6. It can be seen
that the maximum magnetic flux density is 2.045T.

Fig. 6: Magnetic flux distribution on rotor and stator.

Fig. 7 shows the map of the relationship between
torque and speed. The continuous torque requirement
of 120 N.m is exceeded up to 8000 rpm, whereas the
maximum efficiency point is 96% for the maximum
torque of 230 N.m.

The map of the relationship between output power
and speed is pointed out in Fig. 8. The output power
of 150 kW is available between 6000 rpm to 8000 rpm.

Fig. 7: Map of the relationship between torque and speed.

Fig. 8: Map of the relationship between output power and speed.

The continuous peak power is close to the 200 kW for
the efficiency of 95%.

The SynRM can be operated with the thermal limits
for all speed range is shown in Fig. 9. It can be seen that
after 10 duty cycles (5,960 sec), the temperature of stator
winding with yellow curves reaches a maximum degree
of 94.60C . In this region, the temperature is slightly
higher (transient peak 109.50C), but this value does not
directly influence on the performance of the motor.

Fig. 9: Temperature distribution with the transient case.

The map region of mechanical stress is also pre-
sented in Fig. 10. The mechanical stress in this region
is 455 MPa. This stress appears on the surface of flux
barriers, which can be observed via the mesh as shown
in left hand side of Fig. 10. These regions can be adapted
via dedicated mechanical design.
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Fig. 10: Map region of mechanical stress.

5. Conclusion
Two approaches of this paper have been success-

fully presented. The multi-objective function has been
proposed to obtain the optimal solutions such as the
everage torque, torque ripple, output power and ef-
ficiency. Then, the FEM has been also used to show
the maps of the distribution of magnetic flux density,
shaft torque and output power. The distribution of the
temperature and mechanical stress are finally presented
to show the areas with the high temperature and stress.
Based on the obtained results, it will help manufactures
and designers to change of the design variables. The
obtained results in this paper were performed via the
ANSYS Maxwell software (Electronics Desktop V19.
R1) and MotorCad software. In the future work, the
developed method can be extended for considering the
addition of permanent magnet into the flux barriers to
improve the efficiency and power factor of the SynRM.
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