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Abstract

A novel method, the simple reluctance-based efficiency control for the switched reluctance motor drives, is proposed

in this paper. This concept is realized by programming the ratio of current command to phase voltage, and to utilize the

time-dependent derivatives of equivalent magnetic inductance obtained from reluctance-related opinion. The

algorithms and computational procedures are derived and completed taking equivalent magnetic inductance into

consideration. Simulation and experimental results demonstrated the validity of the capability for efficiency regulation

of the proposed method.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Switched reluctance motor (SRM), the electrical
machine utilizing reluctance torque, is gaining
acceptance in variable speed applications world-
wide. In electrical machines-related research, one
of the most challenging tasks is the complexity of
implementing the efficiency control. Only a few
have considered the efficiency improvement
among the SRM drive studies carried out by a
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simple control strategy for ease of practical
applications. In efficiency research, most efforts
have been devoted to the SRM structure design as
it can be clearly seen from Refs. [1–4], which is
focused on the modified type and special design of
motor phase number, flux path, and air gap
parameters to achieve efficiency improvement.
The circuit topologies for SRM drives are also
taken to be the research topics in efficiency
research, such as dual-decay converter, C-dump
inverter, and modified ðn þ 1Þ switch converter,
which are described in Refs. [5–7], respectively.
Besides this, the current profile via switching angle
control is also applied involving the efficiency-
related research opinions [8]. We integrate the
d.
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considerations that originate from a motor model
research, called reluctance-based model, to pro-
pose the reluctance-based efficiency control
(RBEC) that makes use of the reluctance concept
based on the equivalent magnetic inductance,
without losing the conventional performance
requirement in a simple way. RBEC is a novel
current command decision method for adding the
efficiency regulation capability in SRM drives.
2. Reluctance model

Eq. (1) expresses the voltage equation of SRM
per phase

Vx ¼ ixR þ
dlx

dt
; ð1Þ

where suffix x denotes phase expression; V ; i;R; t;
and l denote phase voltage, phase current,
resistance, specific time instant, and magnetic flux
linkage, respectively. And, the magnetic flux
linkage is equal to the product of equivalent
magnetic inductance and current.

The definition of reluctance can be described as
‘‘magnetic resistance’’, being equal to the ratio of
magneto-motive force to magnetic flux. For the
characteristics of SRM, there is no doubt that the
magnetic flux’s highly related parameter, called
equivalent magnetic inductance, can be taken as
the basis of reluctance-based analysis. According
to the topological and electromagnetic effect, it is
known that the equivalent magnetic inductance
will change with rotor position and phase current,
which affects the SRM output directly.
Fig. 1. A typical 8=6 SRM structure.
Fig. 1 shows the typical 8=6 SRM cross-sec-
tional structure with stator and rotor pole numbers
8 and 6, respectively. Then, by D’Lamber’s
principle and magnetic co-energy concept, the
output torque of SRM can be derived based on
the energy balance from the following equation:

Te ¼
X 1

2
i2x
qLx

qy
; ð2Þ

where Te is the output torque. L and y denote
equivalent magnetic inductance and rotor angle,
respectively. It is apparent that the torque is a
function of reluctance force for the motive effect,
which also means that the equivalent magnetic
inductance is strongly involved.
3. Equivalent magnetic inductance-related

estimation

From the description in Section 2, we realize
that the equivalent magnetic inductance can be
chosen as the desirable variable for further
analysis of SRM drives. From Eq. (2), it can be
figured out that the inductance and rotor angle
are both important computation-needing para-
meters. Hence, we utilize a fuzzy neural network
(FNN) scheme referred to Refs. [9,10] to approxi-
mately compute the partial derivatives of the
inductance variation profile for SRM with respect
to position and current, which is an unknown
function.

The concept of computation is that the member-
ship functions of the applied FNN are all
differentiable. From this FNN structure, the
derivatives of any order can be obtained by
changing its membership functions. Therefore,
the derivatives or partial differential computation
of both equivalent magnetic inductance-related
information and output torque for SRM can be
obtained by this four-layer FNN, composed of
input layer, linguistic term layer, rule layer, and
output layer, which has established a dual
computation network, with the learning rate and
momentum parameter being 0.71 and 0.92 for
succeeding estimation, as shown in Fig. 2. The
comparison between FNN computation results
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Fig. 2. The equivalent magnetic inductance and torque

estimation scheme.
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and pre-measured information, under rated speed
and 1

3 rated load, is shown in Fig. 3.
4. Reluctance concept of efficiency control strategy

The requirement for an easy and simple utiliza-
tion of efficiency control motivates us to propose
the core concept for RBEC. From Eq. (2), it can
be derived one step further by the chain rule and
specific time set to be

Te ¼
X 1

2
i2x
dLx

dt

1

Wr
; ð3Þ

where Wr is the motor speed.
Eq. (3) can be rearranged by the SRM output
power view, which is defined as the following
relation relates to the product of torque and speed:

i�x ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Pout

KðdLx=dtÞ

s
; ð4Þ

where the superscript � is the expression for the
command value. K is 1.027 or 0.1047 while the
applied output power unit is ðkgf �m � rpmÞ or
ðN �m � rpmÞ; respectively.

From the definition of the input power for
the SRM drives, which is the product of applied
phase voltage and current, Eq. (4) can be further
derived as

Pinði�x Þ ¼
ffiffiffi
2

p ffiffiffiffiffiffiffiffiffi
Pout

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

KðdLx=dtÞ
Vx

s
: ð5Þ

Eq. (5) relates to input power ðPinÞ and output
power ðPoutÞ; being a transformation to provide
the basis for efficiency control. We apply the
important concept and to derive Eq. (4) further to
be Eq. (5), expressed as

i�x
Vx

¼ 2Eff�ði
�
x Þ 1

KðdLx=dtÞ
; ð6Þ

where Eff�ði
�
x Þ is the desired efficiency that can be

achieved under command current for the SRM
drives.

In this paper, Eq. (6) has been derived from the
reluctance-based view, being highly related to the
equivalent magnetic inductance, with the capabil-
ity of regulating the efficiency by appropriate
programming of the ratio of the command current
to the applied phase voltage. Based on the
estimation information obtained from the FNN
description in Section 3, the SRM drives can
estimate the output torque and the inductance
information. Then, by the reluctance model
relevant derivation procedures and observation,
we establish the RBEC scheme with a simple
regulation method as shown in Fig. 4.
5. Simulation and experimental results

The experimental scheme and simulation con-
cept for verifying the proposed RBEC strategy is
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Fig. 4. The overall RBEC operation scheme.

Table 1

The applied SRM parameters

Phase (pole pair) Rated voltage (power) Rated speed

4 (8/6) 48 V (3HP) 6000 rpm

Inductance (aligned/unaligned) Resistance

0.5382/0:0652 mH 0:0095 O

0.132 0.134 0.136 0.138 0.14 0.142 0.144 0.146 0.148 0.15 0.152
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Fig. 5. The comparison of current profile of RBEC and

conventional current control.
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based on Fig. 4. The elementary controllers
scheme we designed is the proportional-integration
(PI) controller for speed control loop, and the
hysteresis controller for current control loop,
which we call conventional controller to regulate
the current value by the appropriate error limit to
trace the desired current value. The RBEC is
constructed as an efficiency controller for SRM
drives that utilizes both torque- and inductance-
related parameters estimated by the FNN. Then,
the reference current value is updated simulta-
neously by searching the optimum efficiency based
on Eq. (6) that uses the equivalent magnetic
inductance obtained from the weights of FNN
updated. The related parameters of the applied
SRM are listed in Table 1.
Fig. 5 shows the simulation results, the sampling
time and speed command are set to be 1

10;000 s and
1000 rpm; for the comparison of current profile for
the conventional hysteresis control and RBEC.
The area and profile of the current utilizing the
RBEC are less and smoother than that by the
conventional controller.
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The hysteresis brake, chosen to be the load
torque, and a developed PC-based SRM drives
circuit with analog/digital card and interface
circuit for information acquisition are applied for
setting up the experimental platform, as shown in
Fig. 6, and Fig. 7 shows the experimental results
for the RBEC efficiency improvement of 3.5%,
5%, and 7.1% under ratio of 0.2, 0.5, and 1, rated
power for SRM.
6. Conclusions

The main concept of RBEC is to apply the
linking relation of equivalent magnetic inductance
and reluctance for SRM to construct the simple
efficiency control scheme. RBEC is realized for
compensating the conventional current command
to operate at the desired efficiency. A SRM driver
is taken as an example to testify the feasibility of
the RBEC method. Simulation and experimental
results demonstrated the validity for equivalent
magnetic inductance estimation at operational
conditions and showed the applicability and
effectiveness of the proposed strategy by efficiency
improvement.
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