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Abstract: This paper investigates the problem of high torque ripple in switched reluctance motor (SRM) drives. A
method is proposed for below the base speed operation of SRM that determines both the turn-off and the turn-on angles
for reducing motor torque ripple. Determination of the turn-off angle is an offline process performed through solving a
multiobjective optimization function consisting of two criteria: torque ripple and copper loss. Turn-on angle adjustment,
however, is an online process based on the intersection approach of consecutive phase currents, particularly proposed in
this paper. Simulation and experimental results are presented to validate the reduction in torque ripple gained from the

proposed angles control scheme.
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1. Introduction
Inherent simple structure, robustness, fault tolerance capability, high torque to inertia ratio, and possible
operation at high speeds and high temperatures are properties that make the switched reluctance motor (SRM)
a strong candidate for various general-purpose adjustable-speed applications. Despite these advantages, one of
its drawbacks compared to other conventional machines is the higher torque ripple, which causes vibration and
acoustic noise [1].

There are two general approaches to reduce torque ripple. While one approach improves the electro-
magnetic design of the SRM to reduce torque ripple [2], the other applies electronic control techniques such as
instantaneous torque control [3], emotional controllers [1], or passivity-based adaptive sliding mode controllers
[5]. Proper adjustment of firing angles is classified under electronic control techniques.

A number of studies have been conducted in the firing angles control field. Relations have been developed
in [6] for determination of the turn-off angle to maximize average torque per current. Sozer et al. [7] proposed
an automatic turn-on angle control in order to increase the torque to current ratio. In [8], they extended the
method by including the turn-off angle as well as the turn-on angle and the reference current. The method
was able to affect the torque ripple of the SRM. A hybrid controller has been proposed in which the balanced
commutation algorithm is applied in the torque sharing function with the control of central commutation angle
0. [9]. Fuzzy logic control to vary the value of the turn-off angle based upon the value of current and speed
proved to be effective in torque ripple reduction [10]. Mademlis et al. [l 1] proposed a method to optimize torque

ripple and efficiency of the SRM with online adjustment of the turn-on and turn-off angles. A method based on
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control of flux linkage to determine the optimal commutation angles has been proposed in [12] to improve the
performance of the SRM. In [13], low torque ripple and smooth transition between the control operations are
achieved by the proposed firing angle control scheme. Xue et al. [14] presented a multiobjective optimization
function to improve the performance of SRM drives, including torque ripple, in electric vehicles.

This paper aims to investigate the adjustment of the turn-on and turn-off angles to reduce the torque
ripple of the SRM, with emphasis on simplicity and ease of implementation. Through the proposed scheme,
the turn-off angle is defined by means of a multiobjective optimization function composed of two criteria:
torque ripple factor and copper loss. Minimizing the multiobjective optimization function gives the turn-off
angle that realizes a correct balance between torque ripple reduction and copper loss reduction. The turn-on
angle is also adjusted by means of a proposed method involving the intersection approach of consecutive phase
currents. Using the proposed angles control scheme, torque ripple of the SRM will be reduced. Simulation and

experimental results are presented to verify the proposed angles control scheme.

2. Modeling of the SRM
The instantaneous voltage for each phase of the SRM is given by

dA
_pi 1
\% RH—dt (1)

The flux linkage in the SRM is a nonlinear function of the rotor position and the motor current. Therefore

d\  O\di OXdf N )
o oia togar - POOg e @

where L is the incremental inductance and e is the back-emf. Figure 2a shows one phase of an asymmetric
power converter, used in this study, for a 4-phase SRM. The inductance profile and the running waveforms of
the SRM are shown in Figure 2b. In this figure, L, and L, are inductances at the aligned position (6, ) and
the unaligned position (6, ), respectively. Furthermore, 6, refers to the position of the first peak of the phase

current and 6, is where the phase current becomes zero. Thus, (1) can be written as
. o di
V:Rz—i-L(z,G)a—i—e (3)

The torque produced by a single phase of SRM is given by

. oW,
Ton (Zp}u 0) = Wli:cte (4)

where W, is the phase co-energy. The sum of the instantaneous phase torques gives the total instantaneous
torque of SRM

nnst = Z Tph(iphv 9) (5)

where n is the number of phases. By integrating the total instantaneous torque in (5), the average torque is

derived as follows
1

T
Ta'ug = f/o Tlmstdt (6)
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Figure 1. (a) Asymmetric power converter for one phase of a 4-phase SRM, (b) Inductance profile, phase torque, and

the running waveforms of a current controlled SRM drive.

The experimental SRM drive has been modeled to support simulation studies; details of the motor
specification are given in the Table. Figure 2 shows the SRM characteristic profiles. The rotor position is
defined as 0° when the stator pole is fully aligned with the rotor pole.

Torque ripple, K, , is the difference between the maximum and minimum instantaneous torque, which is
expressed as a ratio of the average torque during the steady state operation of the machine

Tinst (mam) — Tinst (mm)

K, = 7
Tons (7)

For a SRM with n number of phases, the copper loss is proportional to square of the rms current and
the winding resistance

Peuw = nffmsth (8)

3. Defining the turn-off angle

The aim of this section is to find a proper turn-off angle so that together with proper adjustment of the turn-on
angle, low torque ripple performance is achieved at a specified operation point of the SRM. To define a proper
turn-off angle, it is desirable to consider the torque ripple criterion and the motor loss criterion simultaneously.

Table. Motor data.

Number of phases 4
Number of stator poles | 8
Number of rotor poles | 6

Rated power 5.5 hp
DC voltage 280 V
Base speed 1500 rpm
Phase resistance 0.75 Q
Stroke angle(f) 15°
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Figure 2. SRM characteristic profiles: (a) Flux linkage, (b) Static torque.

The total loss in motor mainly consists of the copper loss and the iron loss. Iron loss depends on flux density
and flux frequency. In this paper, finding the turn-off angle is carried out at a specified load torque and motor
speed. Thus, the iron loss variation is small during the turn-off angle optimization [14]. It can be concluded
that in this case variation in total loss mainly depends on the variation of copper loss. Therefore, only the
copper loss is considered during the optimization process.

In this study, the best motoring operation is regarded as the low torque ripple and the low copper
loss. However, realizing each of these goals individually needs different firing angles. In other words, in most
cases it is impossible to reduce the torque ripple and the copper loss simultaneously by using the commutation
angles. In order to make a desirable compromise between the torque ripple and the copper loss, a multiobjective
optimization function that has two groups of weight factors and two groups of base values is applied in this

paper. Such a multiobjective optimization function can be written as

K, P,
Fobj = ka + Wcup ) (9)
Wi+ We =1 (10)

where Fiy,; denotes the multiobjective optimization function, K, denotes the torque ripple factor, P, denotes
the copper loss, K,, denotes the base value of the torque ripple factor, P.,, denotes the base value of the
copper loss, W}, denotes the weight factor of the torque ripple factor, and W,, denotes the weight factor of the

copper loss. Base values refer to the minimum values of their related criterion at a specific operation point

Krb(aonvGOff) |wT,Tz: min{ K, } (11)

Pcub(aony eoff)

At a specific operation point, K, and P, represent the least value of copper loss and torque ripple of motor,

Wy, T — mzn{Pcu} (12)

obtained through changing firing angles. In fact, at a specific operation point, base values are defined by means
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Figure 3. The turn-off angles obtained from minimization of the multiobjective optimization function.

of a search algorithm by which the firing angles are changed step by step and both torque ripple and copper
loss are calculated at each step. At the end of the search, the minimum values of copper loss and torque ripple
are reported as the base values of the related operation point. Therefore, the 2-D search algorithm is used to
find the base values. For the prototype of the four phase SRM drive, the turn-on angle varies from 30° to 40°
and the turn-off angle varies from 50° to 59°. The step size for the search is chosen as 0.5°.

The multiobjective optimization function includes two criteria. Wy and W, imply the expected shares
of each criterion, i.e. torque ripple and copper loss, in the optimization function, respectively. Consequently,

the optimization function with two objects can be expressed as

Fopi (0P8 0°0) = min{ W},

on > off : +Wcu } (13)

Kb Pcub

K

Solving the above multiobjective optimization function, one can find the proper turn-off angles for various
operation points. In this paper, greater importance is attached to the torque ripple than to the copper loss
and since the SRM , on which this study is done, has a low winding resistance and, therefore, lower copper loss
compared to the other SRM types, it is suggested that the weight factor of the torque ripple should be taken as
0.7 and the weight factor of the copper loss as equal to 0.3. One can apply different weight factors depending
on the optimization level required.

Figure 3 shows the turn-off angles obtained from (13) for a prototype 8/6 SRM drive at various load
torques and motor speeds. Obviously, the variation in the obtained turn-off angles over a wide range of speeds
and torques is relatively small. Therefore, for ease of implementation,one can consider the turn-off angle to be
fixed at the average value of the obtained turn-off angles for the entire operation points below the motor base
speed . This means no look-up table would be needed for deriving the turn-off angle. Elimination of the look-up
table for turn-off angle control results in a much easier experimental implementation. However, to achieve a
lower level of torque ripple, a look-up table should be used to store all the data obtained from solving the

multiobjective optimization function.
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4. Defining the proposed turn-on angle

The mathematical explanation of a SRM is very complicated; therefore, optimization of SRM performance can
be analytically approached through motor running waveforms. Simulation and experimental tests indicate that
the turn-on angle should be adjusted in a particular way in order to reduce the torque ripple of the SRM in
PWM mode operation and below the motor base speed. This paper suggests that in PWM mode and below the
motor base speed, the turn-on angle should be adjusted in such a way that the incoming phase current reaches

the current reference value at the turn-off point of the outgoing phase. Figure 4a depicts this issue.

iu . intersection point
outgoing phase . )
_ incoming phase
Vie - - R / /
< ”’: - - - iref
! " on : Boft 0, 0
!
—
esk
- Vdc
@
esk
- +
Boft £ O —{ P1 Controller [ % (O Bon
;| ep |
: Lyl @
iph — 6, Detector Vd:
(b)

Figure 4. (a) SRM running waveforms considering the proposed method on intersection approach of consecutive phase

currents, (b) The proposed turn-on angle control system.

The instantaneous voltage across the terminals of a single winding of SRM can be expressed by (3).
The turn-on point of the phases in SRM is considered to be located at the minimum inductance region of the
inductance profile due to utilization of the maximum capability of the motor in torque production. In this
region, therefore, the incremental inductance, L, is almost equal to the inductance at the unaligned position.
By ignoring the phase resistance, (R), and the back-emf expression, (e = %% ), and replacing the incremental
inductance with the unaligned inductance, (3) can be approximated as
o\ di di
=——=L,— (14)
0i dt dt
where L, is the inductance at the unaligned position. Multiplying each side of (14) by the differential, df, and

solving for df, give

L,.di df
df = =2 — . — 15
vV odt (15)
and the advanced angle yields
LuIrefW
Oudy = ———— 16
¢ Vdc ( )
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where 044, is the displacement angle needed to advance the turn-on angle from 6,¢s — 05, angle in order to
make the first peak of the incoming phase current at the turn-off point of the outgoing phase current. 6y is

the stroke angle. Consequently, the turn-on angle should be adjusted as

LuIrefW

Vi (17)

Oon = Oopf — Ost — Oago = boff — Oci —

In deriving (17), the back-emf expression was ignored. Basically, calculating the back-emf value is not

easy. This may cause some errors in defining the right turn-on angle. Therefore, it is desirable to have a closed
loop control that compensates for the absence of the back-emf effect in (17). The closed loop control algorithm
continuously monitors the position of the first peak of the phase current (6,). The error between 6, and the
turn-off angle of the outgoing phase, 0,7 — 0 , is directed to a PI controller. Based on the error, the PI
controller adds a term to (17) and compensates for absence of the back-emf. Adjustment of the PI controller
is done through the common adjustment procedures of PI controllers. The turn-on angle is, consequently,
advanced or retarded automatically to place 6, on the 6,7, angle of the outgoing phase. The control of 6,, in

PWM mode is summarized in Figure 4b.

5. Implementation of the proposed angles controller system

Figure 5 shows the block diagram of the SRM drive with the proposed angles control system. An adjusted PI
controller is used to build up the reference current, i,.s, through the speed error (wyef —wr ). The switch pulses

block is used to produce switching pulses by applying a PWM current controller with unipolar strategy.

V.
DSP System T o T

current limiter

+ iref . Power
Wref PI Switch \|Converter| 6
WF. - 1| Pulses ——— ] & SRM

r

1

PR S Turn-on angle
. B0t controller
1

1

1

1

— (Figure (4b)) Bon

Turn-off angle obtained by
solving multiobj. fen.
(geqn.l.%) Oott

Figure 5. Block diagram of the SRM drive with the proposed angles control system.

At each operating point, as illustrated in Figure 5, the turn-on and turn-off angles are determined by

the proposed angles control system. To determine the proper turn-off angle, the multiobjective optimization
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function (13) with two criteria, i.e. the torque ripple factor and the copper loss, is defined and solved. Solving
the multiobjective optimization function is, in fact, minimizing its value through varying its parameters 6, and
Oof5. At each operation point, there is a turn-off angle, along with a fine-adjusted turn-on angle, by which the
torque ripple is considerably reduced. Solving the multiobjective optimization function determines the proper
turn-off angle. Defining the turn-off angle is an offline process. The turn-off angle of each operating point can
be stored in a look-up table to be used in the runtime. The turn-on angle is also determined by means of the
proposed control algorithm explained in Section 4 and shown in Figure 4b.

6. Simulation and experimental results

The angles control algorithm introduced in this paper has been implemented for simulation. The SRM on
which the simulations are based is a four phase, 5.5 hp, 8/6 SRM. The motor parameters are given in the Table.
The algorithm has also been experimentally implemented on the same SRM using an eZdsp TMS320F28335
board. The SRM is coupled to a DC generator, which serves as a load torque. The used power converter is an
asymmetric one. The instantaneous torque of the motor has been estimated by means of a look-up table with
phase currents and rotor position as its inputs.

Figures 6-8 depict the performance of the proposed angles controller shown in Figure 5 together with
the performance of the fixed-angle operation and the performance of the method presented in [11]. The
proposed angles controller adjusts the turn-off angle based on the values obtained from solving the multiobjective
optimization function and then drives the changes in 6,, in order to force the first peak of the incoming phase

current happening at the turn-off point of the outgoing phase.

PhaseVoltage(V) PhaseVoltage(V
< 4p * : : < 4
= 2f ’ \ 280V ” ‘/ X s 2 \ \ZSOV
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g 0 E 0
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8 21 @ - 5 2 ®) |
= | | = 0 | | |
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Figure 6. Simulation results at w,= 200 rpm and 77 = 4 N.m: (a) fixed-angle operation (6o, = 35°, 0,55 = 54°), (b)

operation of method in [11], (c) operation of the proposed angles controller.
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Figure 7. Simulation results at w,= 700 rpm and Tr= 5 N.m: (a) fixed-angle operation (on = 35°, 0055 = 54°), (b)

operation of method in [11], (¢) operation of the proposed angles controller.
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Figure 8. Simulation results at w, = 1000 rpm and 77, = 10 N.m: (a) fixed-angle operation (0o, = 35°, 6,55y = 54°),

(b) operation of method [11], (c¢) operation of the proposed angles controller.

The transient responses of the proposed angles controller are shown in Figure 9 for both command
speed step-changes and load torque disturbance. The proposed angles controller changes the turn-off angle
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