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Abstract —The Switched Reluctance Machine is one of the
most promising electrical machine in variable speed applications
because of its intrinsic robustness and its fault tolerant
capability. However, the performances of the machine are
deteriorated when a defect affects the position sensor. This paper
describes a sensorless control for the switched reluctance
machine: two methods based on the characteristics of the
machine are proposed to eliminate the requirement of the
position sensor. The first one utilizes the phase inductance
characteristic to determine the rotor position by injecting a test
signal while the phase winding is non-energized. The second one
utilizes the flux characteristic to estimate the position by
measuring the phase voltage and current. Both methods are
evaluated through intensive simulation and the results show their
good performance respectively in low speed and high speed
region. The flux-based method, implemented in a FPGA, has
been evaluated on a test bed. The experimental results confirm
the simulation ones with an average position estimation error of
around 2° mechanical in the range between 1/3 and the rated
speed.

Keywords— Switched reluctance machine, Sensorless control,
DSP, FPGA, flux characteristics, inductance characteristics

I. INTRODUCTION

Due to the progress of power electronics and the
improvement of computerized design methods, there is an
increasing trend of using electric machines in industrial
applications and transportation. Until recently the permanent
magnet synchronous machines and the induction machines
were mostly used due to their energy efficiency. Recently, the
Switched Reluctance Machine (SRM) is becoming more and
more popular as it’s considered as a good candidate for
automotive applications as well as for wind energy conversion
systems [1] [2].

The SRM is characterized by its simple geometrical
construction its robustness and rugged structure that make it
very attractive. It has also a low cost and a high efficiency over
a wide speed range. The SRM has also the particularity that the
phase characteristics are independent which makes it extremely
fault tolerant for critical applications. However, despite these
advantages, the use of the SRM is strongly penalized by its
acoustic noise and high torque ripple. The origin of the noise
can be mechanic, magnetic, electronic and aerodynamic. A lot
of work is being done to reduce the noise and the torque ripples

(3114].

Moreover, like the other synchronous machines, the control
of the SRM requires that the rotor position is known.
Generally, a mechanical encoder is used to measure the
position. The elimination of this position sensor would reduce

the cost and the packaging requirements of the drive. It could
also increase the reliability of the SRM. The use of a virtual
sensor (an algorithm) to retrieve the rotor position is known as
sensorless control. In [5] the state of the art in sensorless
technology for the SRM is presented. Many interesting
publications are reported in researches in recent years, but until
now, none of them have yet succeeded in eliminating
completely the sensor without deteriorating the performances.
The general principle of all the published sensorless control
methods of SRM exploits the characteristics of the machine
such as the flux-linkage or the phase inductance to estimate the
position. In [6] a sensorless control of switched reluctance
motor based on phase inductance vectors is proposed. This
method does not require a priori knowledge on magnetic
characteristics of SRM. Based on the pulse injection technique,
it proposes a technique called phase current slope difference for
identifying the phase inductance then a full-cycle phase
inductance subregional method combined with orthogonal
decomposition of the phase inductance is proposed to estimate
the rotor position. This method is relatively easy to implement,
it does not require additional hardware and complex
computation. However, it needs a huge amount of memory. In
[7] the authors propose a simple impedance sensing method for
SRM position estimation based on the inductance
characteristic. This method is intended to enhance the classic
pulse injection technique by applying judiciously voltage
pulses in the region of minimum inductance. This method is
more efficient for low and medium speed applications. Flux-
phase based methods for estimating the rotor angle are
presented in [8] [9]. They exploit the flux-current characteristic
of the SRM. With the measurements of terminal voltages and
phase currents, the flux linkage is calculated and the position
information is obtained using a look-up table. These methods
have generally better performance at high speed. There is also a
wide variety of position estimators using artificial neural
network [10] [11], fuzzy logics [12] [13] and observers [14]
[15]

In this paper, the authors propose two methods to estimate the
rotor position. In fact, the goal is to combine the two methods
to provide continuous rotor position on a wide speed range
with the best performances. The first one, named inductance-
based method is an active one as it consists of applying a
voltage pulse on a non-energized phase and measuring the
phase current to estimate the phase inductance. The rotor
position is processed from the inductance curve. The second
one, named flux-based method, is a passive one as it uses the
current measurement and the flux to estimate the rotor position.
Simulation and experimental results of this method are
presented and discussed. FPGA-based implementation of the



second method is provided and results prove the effectiveness
of the proposed methods.

The paper is organized as follows: In section II we present the
structure and the operation principle of the switched reluctance
machine. The principle of the two proposed methods and their
simulation results are presented in section III and IV.
Experimental results for the flux-based method are given in
section V. A conclusion and discussions on future works close
the paper.

II. BASIC PRINCIPLES OF SRM

The switched reluctance machine is an electromechanical
energy converter. Its operation is based on the principle of
minimum reluctance. When one phase is excited, the rotor
tends to move to a position where the flux of the exciting phase
is maximized.

The SRM is a double salient machine. Both its stator and its
rotor are salient. The stator has N;salient poles with concentred
field coils. The rotor contains N, passive salient poles, it does
not have coils or permanent magnets, it is entirely composed of
ferromagnetic material. In this paper an 8/6 four phases SRM is
considered. Assuming that the phases are independent, the
mutual coupling is very small and can be neglected. The stator
winding can be excited by a converter. Many converter
topologies have been investigated, but the Half Bridge
Asymmetric Converter is the most used due to its simplicity
and its robustness. The SRM voltage phase can be expressed
as:

[ CR))
U=Ri+ = 2 (1)

An expanded form of (1) is given by:

U=m+uan%+e )

Where, U is the phase voltage, i is the phase current, R is the
winding resistance, @ is the rotor position, @ is the angular
velocity, ¢(@, i) phase flux linkage, L(8, i) is the inductance
and e represents the back-emf defined as:

oL
e=io=2 3)

Due to the double saliency of the SRM, the flux linkage is a
nonlinear function of the current and the rotor position. The
flux- curve obtained by finite element analysis is shown in Fig.
1. The inductance curve L(8@, i) for different values of current
and rotor position is represented in Fig. 2. The principle of the
two sensorless methods presented in this paper exploits these
two characteristics to estimate the position.
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Fig. 1. Flux-linkage characteristics of SRM
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Fig. 2. Inductance characteristics of SRM

The instantaneous phase torque of the SRM is given by:

o 1de

) do @

The SRM controller requires the on-line position information
and phase currents.

IITI. INDUCTANCE-BASED METHOD FOR SRM POSITION
ESTIMATION

In this section an intrusive method based on the inductance
curve is presented, which is more suitable for low speed
operation. As shown in Fig.3, when a phase is non-energized,
we can inject a high frequency voltage pulse U. At low speed,
if the pulse period AT is short enough, the resulting peak
current i, remains small, thus the voltage drop in the phase
winding R.i and the back-emf e can be neglected. The phase
voltage equation (2) becomes:

i
U=Lf? (5)
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Fig. 3. Principle of pulse injection

The phase inductance value L is estimated from the peak
current 7, and the characteristics of the voltage pulse (U =
24V and AT =0. 5ms). It is expressed as:

~ul ©)

lpezlk

The rotor position 8 is then obtained by using the inductance
characteristic (Fig.2) as an inverse function.

0=r"(Li,,) %

The injection is done alternatively in the four phases and a
mapping is done to continuously monitor the rotor position
from the four estimated values as displayed in Fig. 4. This
method is simple to implement and does not require extra
circuit because the pulse is injected by the main converter.
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Fig. 4. Block diagram for the four-phase SRM position estimation

To evaluate this method, its performances are analyzed by
simulation using Matlab-Simulink. The simulation results are
obtained using a four phases 8/6 SRM. Fig. 5 shows the current
waveforms in the four phases. The phases are sequentially
excited by injecting short pulses when the main current is zero.
Each phase is excited for 90° electrical (15° mechanical) and
gives the position information during 90° of an electrical cycle.

Fig. 6 shows from top to bottom the speed waveform, the
actual and estimated positions and the position error. It shows
that the error increases with the speed. In fact, when the speed
increases, the number of pulses during an electrical cycle is
reduced and becomes insufficient to accurately estimate the
position. Moreover, the back-emf also increases, so the
approximation in (5) is no longer valid. Moreover, the pulses
are injected in a non-energized phase. While the inductance is
decreasing, a negative torque may arise and there are also
additional Joule losses that deteriorate the global efficiency of
the system. Therefore, this method will be accurate in low
speed range. The average position estimation error is 1.5° at
150 rpm and 4° at 360 rpm at steady state.
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Fig. 5. Four-phase current waveforms
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To evaluate the load torque effect on the estimation at low
speed (100 rpm), a variable load torque from no load to 50% of
the nominal torque is introduced. As it can be observed in Fig.
7, the estimation error increases slightly but remains very low,
less than 0.05rd.

As a partial conclusion, the speed is the main limitation for this
method.
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Fig. 7. Influence of the load torque

IV. FLUX- BASED METHOD FOR SRM POSITION ESTIMATION

The flux method is a passive (or non-intrusive) method. Its
principle is based on the already available measurements of
the phase current and voltage to estimate the flux linkage by
integration:

Q= I(U — Ri)dt (®)

The position can be estimated using the flux characteristic
presented in Fig. 1 as a multidimensional look up table.

0= f"(p.0) )

The method is applied for each phase and a mapping is also
done to retrieve continuously the rotor position from the four
estimates as displayed in Fig.8. The main difficulty of this
method is to estimate accurately the flux by integration of the
chopping voltage at low speed. This sensorless method is
therefore preferably used at higher speed when the machine
operates in single mode. The accuracy of this method depends
on the accuracy of both the flux determination and the flux
characteristic. It also highly depends on the performance of
the digital signal processor (sampling time and data storage
capability).
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Fig. 8. Position estimation based on flux linkage computation

The phase voltage is not measured; it is derived from the
switching states of the half bridge converter. Only current
sensors are used and hysteresis controller is used to regulate
the current.

The performance of this method is then analysed by Matlab-
Simulink simulation. As in the former case, the influence of the
speed and the load torque on the estimation error accuracy is
presented. The purpose of the simulation is to determine the
accuracy of the flux-based method over a large speed range
with a variable load. From top to bottom, Fig. 9 displays the
rotating speed, the phase 1 current and flux linkage.
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Fig. 9. Speed, phase current and flux linkage waveforms

Fig. 10 illustrates the performances of the estimation method.
Simulation results show a good agreement between the
estimated and actual position with an average error of 1.9°

mechanical. The accuracy is improved when the speed
increases.
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Fig. 11 shows the results of an increasing load applied to the
SRM at 1000 rpm. We can observe a better estimation for
higher load torque with an average error of 1.2° mechanical.
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V. EXPERIMENTAL SETUP AND RESULTS

This section presents the experimental setup and the
experimental results of the position estimation based on the
flux method. Figure 12 displays the experimental test bed,
which also includes a PC for programming (Matlab-Simulink)
and supervision (Control-Desk). The machine is a four-phase
8/6 SRM, which characteristics are given in the appendix. The
SRM speed is controlled through an outer speed loop and an
inner hysteresis current loop. An asymmetric half bridge
converter with IGBT switches is used to feed the machine. To
evaluate the performance of the flux-based method, an
incremental encoder is used to compare the estimated position
with the measured rotor position. A DC motor and a powder
brake are coupled to the SRM as a variable load. The digital
controller is composed of a Digital Signal Processor DS1005
and FPGA chip. The DSP is used for the speed control loop
and the communication while the FPGA is used for
implementation of current regulators and flux estimation.
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Fig. 12. Block diagram of the SRM experimental setup
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Fig. 14 displays the experimental results of the flux-based
position estimation at steady state for different speeds; the load
torque is set at 5 Nm (25% of the nominal load). The curves
represent the measured rotor position, the estimated position
and the instantaneous mechanical position error (radian). These
experimental results show that the flux-based algorithm
implemented in the FPGA is promising. However, it should be
mentioned that the results might be degraded at low speed by
glitches in the estimated signal position. This phenomenon
appears when the algorithm switches from one phase to
another. In this four-phase 8/6 SRM a glitch is susceptible to
appear every 15° mechanical. Fortunately, the duration of the
glitch is very short and may not affect the control. In addition,
this phenomenon disappears at high speed, as shown in Fig. 14-
d. The average position error around 2° (0.04 radian), which is
0.6%, fits with the requirements of many applications.
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VI. CONCLUSIONS AND PERSPECTIVES

This paper dealt with the sensorless control of the SRM. After
the description of the fundamental principles of the
inductance-based method (active) and the flux-based method
(passive), they have been both evaluated in simulation. These
results have shown that the inductance-based method is
efficient in low speed region and that the flux-based one is
more efficient in high speed region. We have also studied their
robustness to load torque variation and pointed out the issues
for their implementation (required sensors for example). An
experimental test bed has been presented and the first
estimation results presented for the flux-based method
implemented in a FPGA while the control is implemented in a
DSP. They confirm the simulation results as the average
position estimation error is around 2° mechanical in the range
between 1/3 and the rated speed. It is obvious that the active
and passive methods are complementary; therefore, the next
step is the experimental validation of the inductance-based
approach and the combination of both methods to estimate the
rotor position on the whole speed range and for all load
torques. Robustness to parameter variations (winding
resistance, sampling period eg.) should also be evaluated.
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APPENDIX

CHARACTERISTICS OF THE SRM

Number of stator poles 8
Number of rotor poles 6
Number of phases 4
Nominal Torque 25 Nm
Rated power 1200W
Rated speed 3000tr/mn
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