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Abstract— This paper deals with double saliency switched reluctance motor for automotive application by offering simultaneously a
design solution to the drawbacks of torque ripples and emitted noise caused by the important radial efforts. The work concerns the
optimization of the motor structure, the main objectives is the reduction of the first harmonics of torque and radial force applied on
the stator teeth. This geometric optimization is performed on operating points where the instantaneous computation of supply current
is taken into account to resolve simultaneously both problems. [This operating point is defined as torque=speed point by considering the

instantaneous characteristics of the machine when the steady state is established.

Index Terms—Switched reluctance motor, automotive application, torque ripple, radial effort, geometrical optimization.

1. INTRODUCTION

Thanks to its many advantages, the switched reluctance motor (SRM) is a serious candidate for the automotive application
particularly in the electric vehicle (EV) traction. The SRM is well known for its simple geometry which simplifies maintenance
and manufacturing (cost reduced), the lack of magnets and windings in the rotor which allows operating in harsh environment
(high speed and high temperature), the concentrated winding that reduces copper losses... However, this motor presents two
major drawbacks which are torque ripples [1] and the important radial efforts applied on the stator [2]. The first ones cause
comfort degradation of EV users and the second ones are the main source of stator vibrations and emitted noise. As a
consequence, solutions to these problems have to be given in order to use this machine for EV traction at large-scale. In the
literature, mainly three approaches are considered: control approach [3]-[8], compensation approach [9]-[11] and the design
modification approach [12]-[22]. In these approaches, the two problems are usually independently studied. This is not the case
of the present work, in which both are studied simultaneously. Indeed, the design modification approach is focused by
considering geometrical optimization to simultaneously limit both drawbacks. Furthermore, the instantaneous value of supply

current with optimal control parameters is considered on the operating point (speed-torque).

2. MACHINES PRESENTATION

In order to optimize the SRM structure, a comparative study is performed with an existing one considered as a reference,
named original SRM "SRMy¢". This is a double saliency prototype of SRM which has been designed for an electric vehicle

powertrain. The objective is then the improvement of its performances i.e. the decrease of torque ripples and radial forces.



Fig. 1 SRMyyiq, (a) powertrain structure, (b) machine stréBlure

For confidentiality reasons, the dimensions as well as the characteristics of motors are not given throughout all this work.

Consequently, the values of the different variables, including rotor position, are normalized with respect to the SRMy;q 0nes.

3. OPTIMIZATION PROCESS

In this section, the description of optimization process, objective function, considered geometrical parameters and initial

operating point are detailed.

3.1 Description of the process

The automotive application requires a wide range of operating points (torques-speeds). e average torgue control method'is
_Then, for each operating point (OP), different control parameters (reference current I, conduction angle 6, firing
angle w, see fig. 2) must be chosen. The choice of these parameters is based on desired machine performances: maximum

torque, minimal ripples ... Here, the instantaneous supply current is assumed slightly influenced by the geometrical modifications
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in order to exclusively perform a geometrical optimization, which reduces the computation time.

Fig. 2 Control parameters



The geometrical optimization procedure, which uses a genetic algorithm, is initially made for one operating point to reduce
the computation time. The obtained results are then verified for all the operating range. IR'this Work; the Matlab optimisation

finding the global optima: The objective is not only to reduce the radial forces and the torque ripples but also to keep an
equivalent average torque (Tag) as in the reference machine SRMgq. First harmonics of the radial force hy, and of the torque hg,
are minimized here, as they have been identified by the industrial partner as critical harmonics which lead respectively to the

noise emission and to degradation of the user’s comfort. Figure 3 shows the influence of these harmonics on the instantaneous

torque and radial force curves. IfiGa be oticed that, by omitting i and i, the radial force and forque Fipples are considerably
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Fig. 3 Instantaneous torque and radial force with and without h; and hy;

Once the problem’is defined,"the optimization process can be implanted. Figure 4 presents the main steps of this process

where the finite element (FE) simulation is combined with temporal simulation (instantaneous analytical computation). The

different steps can be summarized as:

Step 1, definition of initial geometry: hieréthe'starting point of Geometrical Struictuire s defined: Seen that the target'is'an
improvement of the original structure, this one is used as the initial geometry. The static characteristics will then be computed by
finite element analysis with the help of Femm 4. 2 [24]. Those characteristics include torque, flux and radial force as a function
of rotor position and supply current.

Step 2, choice of operating point (OP):as mentioned above, the optimization is first performed on'one operating point 6. for
one speed and one torque. So, this operating point must be well chosen to limit the influence of control parameters on the
geometrical optimization process. In this step, the speed © and the control parameters will be determined.



Step 3, calculation of the instantaneous current: Bice!the'operating Point'is chosen; this step consists'iin the determination of

Step 4, research of optimal geometry: tis/is the most important step. Indeed, the optimizationloop Wil be Carried out by
using the genetic algorithm in this step. Furthermore, finite element analyse is here chosen to find the optimal geometry for the
reason described below.

Step 5, validation of this optimized SRM: [iithis Step. theperformances of tfie optimized siructure will be checked for all
operating points. SRM can be then rejected or retained detailed study.
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Fig. 4 . Optimization process

The complex flux distribution of SRM increases the complexity of magnetic analytical or/and semi-analytical model
developments. It is why a magnetic 2D FE model has been here considered. Furthermore, this FE model allows an accurate
study. In order to reduce the computation time, the mono-objective and unconstrained optimization is considered and parallel

computation proposed by Matlab is used.



3.2 Obijective function

The objective function that has to be minimised, which considers torque and force values normalized with respect of SRMg
values (Tror, hinors Nenor), 1S given by equation (1). The objective of this function is to maximize the average torque and to reduce

the fundamental harmonics of torques and radial forces.

Tav — hc hfl 1
FObj N (Tn: ) 1 + hcnzr + fnor ( )
3.3. Choice of geometrical parameters and operating point

The stator and rotor poles arcs (respectively Bs, By) are among the most influencing geometrical parameters on torque ripples

and radial forces[1] [12]

Thus, those parameters are considered here (Fig. 5-a). In the considered optimization, low speeds are mainly focused. Indeed, at
high speeds, the acoustic noise related to radial magnetic efforts are not dominating comparing to mechanical and aerodynamic
contributions and the torque ripples are mechanically filtered. The considered operating point is then at the speed of
0.033xmaximum speed (Fig. 5-b). Furthermore, the maximum torque at this speed is taken into account, which allows

considering that the reference current (l..r) and conduction angle (6) are considered at their maximal values (Ie=Imnax, 6=180°).
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Fig. 5 geometrical parameters and considered operating point



4. RESULTS AND DISCUSSION

4.1. Optimized SRM

The rotor pole arc of the optimized machine "SRMgyim" is equal to 0.84 B, g and its stator pole arc to 0.94 Bs oig. These poles

arcs of optimized SRM (B optim, Bs_optim) are close each to other (5%). The cross sections of flux are reduced in the rotor and the

stator compared to the SRMgyig.
4.2. Instantaneous values

Fig 6 presents the instantaneous torque and radial force as function of rotor position at the considered operating point.
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Fig. 6. Instantaneous values,(a) torque, (b) radial force

The optimization allows a simultaneously reduction of the torque ripples and radial force compared to the SRM,ig. Indeed,
he, is reduced by 85% and hy;, by 15%. Concerning the average torque, it is more important in SRMgig (5%) because of the flux
section reduction and the reduction of saliency ratig. Last has decreased the converted energy in SRMgim. Furthermore, the
original SRM has already been optimized to maximize the average torque in its design process. So, coefficients can be added on

the objective function in order to improve the average toque in optimized SRM.

4.3. Speed-torque curve

In our application, one of the specifications is the compliance to a defined torque-speed curve. This curve is defined as a

maximum average torque developed by the SRM, when it is supplied by the maximum current and maximum voltage. The



optimization of the control parameters is taken into account. In our case, the average torque control method is considered. Those

curves give the possibility to study several operating points and to consider the entire speed range.

In this work, the determination of speed-torque curves is carried out with a laboratory software named "MRVSIM" [26].
MRVSIM is a design and sizing code developed under MATLAB® environment for radial switched reluctance machines with
double saliency. The software considers simultaneously the machine and its converter. By using analytical and/or numerical
models and by taking into account the optimization of the control parameters, the software can determine the different
characteristics of each operating point. FE computation is here used for an accurate determination of the different static

characteristics like torque, flux and radial force as a function of the supply current and the rotor position.

The figure 7 shows the torque-speed curves, with the corresponding radial force and torque ripples as a function of speed.
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Fig. 7 (a) torque speed curves, (b) radial force as a function of speed, (c) torque ripples as a function of speed



Compared to the SRMyg, the SRMq,im develops less average torque at low speed (Fig. 7-a) because of arc pole reduction.
For the medium speeds, the optimized machine can reach the same torque as well as the original one. Furthermore, the optimized
SRM can develop a higher average torque at high speeds. These last results are due to the low EMF (electromotive force) in the
SRMggim related to the reduction of flux linkage (arc poles reductions). In addition, the SRMgim allows radial force reduction
(Fig. 7-b) at low speed because of the reduction of the application surface of this force and flux linkage. At high speeds, the
effect of the reduction of this surface is compensated by the increase in supply current due to the low EMF, and the optimized
machine presents a radial force equivalent to the one of the SRM,q. Targeting he, in optimization leads to the decrease of the

torque ripples in the majority of speeds, in particular at low speeds where the mechanical filtration is not effective (Fig. 7-c).

As the first harmonic reductions of radial force and torque were targeted by the optimization, figure “Fig. 8” illustrates their

evolution according to the motor speed.
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Fig. 8 Harmonics as function of the motor speed, (a) hc, (b) hy,

Compared with SRMg, the optimized SRM reduces the first harmonic of the torque (h) for the entire speed range and
particularly at low speeds. As for the torque, the optimized machine reduces the first harmonic of radial force for 60% of speed
range especially at low speeds. For the remaining 40% operating points (high speed), hy; of SRMggyim is equivalent to the one

obtained with SRMig because of the supply current which is less limited in the optimized machine (low electromotive force).



4.4.  Minimum torque ripples map

Given the positive results above, the SRMgyim analysis is performed for the entire range of operation. Thus, the minimum
torque ripples map of this machine is calculated and then compared to the SRM,iq One. These maps are computed with a research
of the optimal control parameters (the reference current I, the conduction angle 6 and the firing angle y) minimizing the torque
ripples for each operating point [27]. Fig. 9 shows the maps associated to the two SRM [i'Figl 9%, Figi9% and the difference

between them expressed with 6 (equation (2)) _

5 = ACoptim—ACorig (2)
ACorig
and
ACorig = Cmaxon-g - Cmimorig 3)
ACoptim = Cmaxoptim - Cmimoptim 4)

[y
o
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Fig. 9 Minimum ripples map

Torque ripples have similar evolutions for both motors. Torques have more important ripples at high average torque values
where the choice of control parameters is limited (l,e=Imax, 6=180°). With the comparison of the two machines, it is clear that the
ripples of SRMgpim are lower compared to SRMyig due to the minimization of the first torque harmonic in the optimization

process (Fig 3-c): there are lower ripples in the SRMgyim for 90% of the operating points. The difference is on average 17% and

can reach 27%.

Fig. 10 shows the radial forces maps where the instantaneous radial force is computed for each operating point with the
consideration of the control parameters obtained in the last section (minimum torque ripples maps). [The'figure 10°a presents the
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Fig. 10 Corresponding radial forces for minimum ripples control, (&) SRMgrig, (D) SRMgpim, (C) differences

Radial forces of the two SRM have the same evolution: for a constant speed, the more the torque increases, the more the
radial force increases also. Concerning the difference between the two machines, there are lower radial forces in the optimized
structure, due to the minimization of the first harmonic of this radial force in the geometrical optimization. Indeed, the SRMgpiim

radial force is lower in 61% of the considered operating points and the difference can reach 32%.
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Fig. 11 Difference between torques ripples maps with the operating points which have less torque ripples and less radial force

than SRMyrig

5. CONCLUSION

The structure of doubly saliency switched reluctance motor has been optimized on operating point for an automotive

application. In this contex

analysis to reduce the radial force and the torque ripples without much affecting of the average torque. So, the optimized
structure was then verified for all operating range. Although some drop in average torque, the optimized machine allowed the
minimization of radial efforts and torque ripples. This result is due to the targeting of the first radial force harmonic and the first

torque harmonic in the optimization. Thus, the electric vehicle user’s comfort will improved.
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