
Computers and Mathematics with Applications ( ) –

Contents lists available at ScienceDirect

Computers and Mathematics with Applications

journal homepage: www.elsevier.com/locate/camwa

Design and control for torque ripple reduction of a 3-phase
switched reluctance motor
Dániel Marcsa ∗, Miklós Kuczmann
Széchenyi István University, Department of Automation, Egyetem tér 1., Győr, H-9026, Hungary

a r t i c l e i n f o

Article history:
Available online xxxx

Keywords:
Switched reluctance motor
Torque ripple reduction
Instantaneous torque control
Finite element method
Skewed rotor poles

a b s t r a c t

A major problem in switched reluctance motor is torque ripple, which causes undesirable
acoustic noise and vibration. This work focuses on reducing the undesirable torque
ripple in 6/4-pole three-phase switched reluctance motor by geometry modification and
using control technique. The proposed method combined the specially skewed rotor
pole shape with instantaneous torque control with sinusoidal torque sharing function.
The results of geometry modification are analysed through the three-dimensional finite
element simulation to determine the appropriate skewing angle. The drive performances of
conventional andmodifiedmotor are compared through the simulations. The effectiveness
of the proposed method is also demonstrated and verified by the simulations.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Switched reluctance motor (SRM) is widely used in special applications, and on the focus of many researchers, that it
is becoming a proper alternative for conventional motors because of advantages like simple construction, inexpensive,
employment of no permanent magnets, no winding on rotor, high speed operation and high temperature handling
capability [1,2]. On the other hand, significant torque ripple is themain drawbacks of the SRMs due to their high nonlinearity
and discrete nature of torque production mechanism. It is very important to reduce the torque ripple to lower vibration
and acoustic noise to achieve high performance and being suitable for electric and hybrid vehicles, servomechanisms and
precision tools [1,2]. In these machines, the attractive force can be divided into tangential and radial components relative
to the rotor. The tangential force is converted into the rotational torque, and the radial force contributes to vibration and
acoustic noise [3,4].

There are twomain categories to reduce and study the vibration andnoise: somemethods use control and drive strategies
to overcome torque ripple but in some others, motor geometric design or accurate calculation and prediction of forces and
torque are considered for torque ripple reduction. Control and drive strategies may reduce torque ripple, but the intrinsic
structure of the motor such as saliency limits their efficiency [2,4].

To reduce the torque ripple of SRM, many papers have reported different torque control techniques. These techniques
are indirect methods, where the controlled variable current or flux linkage, and direct methods, where the torque is the
controlled variable. The best known indirect methods are off-line or on-line current profile approaches and off-line flux
linkage profile approach. However, the nowadays widely used control methods for SRM are direct methods, which have
two variants, the instantaneous torque control [2,5–8] and average torque control [2].

In the geometric point of view the torque ripple reduction have several ways to optimise the geometric shapes of SRM.
Some of these investigate the effects of different magnetic circuit parameters of motors on torque ripple minimisation,
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including main geometry dimensions and some generic geometries determination criteria for SRMs for design considera-
tion [1,9]. The modification of motor geometry typically is designing of the stator pole face with a non-uniform air gap and
attached pole shoe to the lateral face of the rotor pole, or designing of a notched tooth rotor to optimise the inductance
profile [10,11], or used specially skewed poles [3,4,12].

To effectively reduce the torque ripple of switched reluctance motor, the electric control method and design of motor
shape must be performed simultaneously. In this paper, the combination of the direct instantaneous torque control and
specially skewed rotor geometry is proposed to reduce the torque ripple of switched reluctance motor. Most of papers
analyse torque ripple and control behaviour of three-phase 12/8-pole or four-phase 8/6-pole SRM [1,4,5,9,11], where the
drive system becomes complicated or enlarge the motor size. However, bearing in mind the cost-effectiveness and the
reduction of material usage, this paper investigates the torque ripple reduction of a three-phase 6/4-pole SRM, which is
one of the simplest and cheapest switched reluctance motor. The performance of proposed motor is analysed using three-
dimensional finite elementmethod (FEM) to detect the characteristics and comparedwith SRMs having conventional shape.

2. Modelling and analysis

In this paper, the analysed motors are simulated in COMSOL Multiphysics R⃝ [13] finite element environment in three-
dimensional space, using FEM to discretise the problemdomain. The ungauged formulation ofmagnetic vector potential and
electric scalar potential has been applied [14–16]. The magnetic vector potential A⃗ is used in the Ωc conducting (stator and
rotor core) and Ωn non-conducting (air and stranded coils) regions, and electric scalar potential V only in Ωc. The problem
can be solved directly when the J⃗0 impressed current density prescribed [14]. However, J⃗0 is unknown, when the stranded
conductors of stator are connected to the voltage source. The U voltage source and the I excitation current in the stator coils
can be linked by strong coupling [17]. The problems are governed by the following differential equations
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with the appropriate boundary and interface conditions [14–16]. In the above equations ν(|B⃗|) is the permittivity depending
on the modulus of B⃗magnetic flux density if nonlinearity is taken into account but hysteresis phenomena is neglected. σ is
the conductivity, Ncoil is the turn number of the stranded coil, Scoil is the cross-section area of the coil, R is the conductor’s
resistance and Ωcoil represent the stator coil region.

The discretised problem is based on the weak formulation of the partial differential equations, which can be obtained by
Maxwell’s equations and the weighted residual method. The weak formulation of the used ungauged A⃗, V − A⃗ formulation
is the following:
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where W⃗k is the vector weighting function and the basis function of approximation function [15], k is the number of finite
elements, and superscript κ denote the approximated unknown function. To eliminate the unsymmetry of the system, the
electric scalar potential V is defined as the time derivative of v function, V = ∂v/∂t [16].

The nonlinearity of the magnetic material is handled by Newton-method [15], the corresponding B–H curve is shown in
Fig. 1(a). The temporal derivatives are discretised by the backward Euler’s scheme.

In order to simulate the movement of the rotor, the COMSOL Multiphysics R⃝ [13] built-in non-conforming movement
method is used, the sliding surface technique with Lagrange multipliers [13,18]. The Maxwell’s stress tensor method used
to calculate the electromagnetic torque, which is given by
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where S is an integration surface, which is placed around the air gap, r⃗ is the position vector linking the rotation axis to the
element dS, σ⃗ is the Maxwell’s stress tensor, µ0 is the permeability of vacuum, n⃗ is the normal unit vector to the surface S
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