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Optimization and performance comparisons of Induction and
Synchronous Reluctance Machines considering the driving cycle of
an electrical vehicle

I. Abstract

This paper aims at comparing the performances of induction and synchronous reluctance
machines considering the driving cycle. The two machines have the same winding
distributions on the stators and the same power inverters and batteries. The geometries and
the electrical commands of these machines are optimized to minimize the total energy
losses during the driving cycle. The methodology of the global optimization will be also
presented in this paper.

Il1. Introduction

Today, the concerns of the energy crisis and the reduction of gas emissions stimulate the
research in several electric vehicle (EV) domains. The traction in such vehicles require
electrical motors with high efficiency, high ratio torque/mass, wide speed range, good
overload performance under the limited battery capacity condition. As the cost of rare earth
magnetic materials has increased significantly in recent years, electrical motors without
permanent magnets draw more attention, such as induction motor (IM), doubly salient
reluctance motor, wound-rotor synchronous motor or synchronous reluctance motor (SRM).

The IM is the most used motor in industrial applications, due to its low cost, robustness and
the capability of self-starting [1, 2]. Besides, in the case of traction applications, the field-
oriented controlled IM is certainly a good choice as they can be usefully flux-weakened [8].
From [3, 4], the SRM is considered as a possible alternative of IM even though it has not
been adopted widely in industry market yet. Under the consideration of manufacturing cost
and performances (power factor, energy efficiency, torque pulsation, etc), the transverse
laminated synchronous reluctance motor (TLSyRM) is chosen to be studied as it presents
the advantages like simple manufacturing process, flux weakening capability, comparable
energy efficiency, etc [5, 6].

Several comparisons between IM and TLSyRM (Fig.1) have been presented in previous
articles [7, 8, 9] from the point of view of flux weakening capability, energy efficiency and
this for different industrial applications. In this article, the two machines are compared
from their energy efficiencies, the ratios torque/mass at different speeds, especially by
optimizing the geometric and control parameters.

(@ IM (b) TLSyRM
Fig. 1 Geometrical Structure of studied machines

1.  Electromagnetic modelling

In this part, the electromechanical behaviors of the two motors, the steady-state loss of the

inverter and of the motors are presented.
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In order to optimize both machines with short computation times, the Finite Element
Method (FEM) is not applied here. Nonlinear analytical models are then established and
verified by FEM tools [10, 11].

The analytical model of IM is based on a lumped-parameter model and is supposed as a
practical model for the conception procedure.

The adopted model calculates the consumed magneto-motive force (MMF) in every part of
the machine, and combines it with an equivalent electrical schema [10]. This model is fast
and reliable compared with harmonic FEM or time-domain FEM modeling. The copper
losses in the stator and in the rotor are calculated. The iron losses are calculated with the
help of the induction distribution in the air-gap given by the model.

A lumped-parameter model is no longer suitable for the SRM as there is no rotor current
branch if the damper winding is not added. An analytical model of SRM [11] based directly
on the Maxwell equations is used. As the IM model, it estimates the distribution of
magnetic flux in the rotor by Faraday’s Law, and constructs the nonlinear equations by
Ampere’s Law. However, only the fundamental of the MMF is considered, the slot effect is
neglected and the torque pulsation as well.

The comparisons of torque calculation between analytical and FE models (see Fig.2) under
different supplies show the reliability and precision of applied model. In Fig.2 (a) a three
phase four-pole IM with single layer winding is modeled, while a four-pole SRM with the
same winding is modeled in (b).
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Fig. 2 Analytical model of (a) IM and (b) SRM validated by FEM
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In an IM, the copper losses occur in both the stator and the rotor, while the iron losses
occur in the stator and almost not in the rotor as the nominal slip ratio is weak. For SRM,
the copper and iron losses occur mainly in the stator. When the rotor moves at a low or a
medium speed, the copper losses shall be dominant. When it rotates at high speeds, the iron
losses rise a lot. Hence, the loss modelling should be suitable in the whole frequency range
(eg, 50-1500 Hz). The calculation of iron losses could be found in several references [14,
16]. The losses in the inverter are not negligible though they are determined by the phase
current. The mechanical losses are considered in the loss modeling either.

IV. Global Conception

The ARTEMIS European driving cycles are utilized to represent three real-world driving
cycles (urban, rural and motorway) [12]. To avoid a long-term optimization, the k-means
classification method (see [13]) is applied. The number of working points is compressed to
only twelve, which offers an advantage of rapidity for the global optimization [14]. Else, to
well represent the driving cycle, the “new” working points are assigned with different
weights (calculated from the k-means clustering algorithm).

Since the inverter works with variable frequency, and variable current ranges, the
regulation of electrical commands (i, , i, ) certainly influences the motor performance. Here,

we optimize the commands and the geometries at the same time.

The differential evolution (DE) algorithm, is applied to optimize the motor geometries that
minimize the total energy losses for all the working points. It is a metaheuristic
optimization algorithm and it does not require differential optimization problem [15, 17]. In
each individual of DE algorithm, another optimization with SQP algorithm is implemented
to optimize the supply commands since there are only two variables and the optimization
problem is monotone. The general optimization scheme is presented in Fig.3. The details of
the optimization constraints and variables will be added in the complete paper.

Optimization 1
(Differential Evolution algorithm)

Optimisation variables: Optimization 2
[Motor geometries| (SQP algorithm)

Electrical

Bi-objective: and thermal Working points
To minimize motor cost constraints

To minimize total losses

Optimisation variables: [ 7,,7,]

Geometrical Obje(?ti.ve:.
constraints To minimize the total losses

Fig.3 Global optimization scheme

Fig.4 presents the performance cartography of an optimized four-pole IM. The black nodes
in the plans refer the selected working points with different weights. Applying optimization
2, the optimal command for variable working range is presented in Fig.4 (a,b), which could
be used as preliminary database of motor control design. From Fig.4 (c), IM is really
competitive at high rotation speed. To improve the energy efficiency of IM at low speed,
we consider raising the stator pole number.
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Fig.4 Optimal command parameters (slip ratio (a) and phase current amplitude (b)) (c) Optimal
energy efficiency with electrical constraints of an optimized four-pole IM

V. Conclusions

In this paper, we propose a global optimization methodology to optimize the geometries
and the electrical commands in term of losses and cost of an induction motor and of a
transverse laminated synchronous reluctance motor. The two optimized motors will be
compared from their mass, power factor, energy efficiency and thermal performance. This
work could be used to judge the suitable low cost electrical motor for an EV application.
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