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Application and implementation of a microprocessor-based
sensorless switched reluctance motor drive

A. L. Mohamadein, R. A. Hamdy and Khaled H. K. Ahmed
Electrical Eng. Dept., Faculty of Eng., Alexandria University, Alexandria, Eqypt

This paper presents the design and implementation of sensorless Switched Reluctance
Motor (SRM) using a Personal Computer (PC) as a controller. The flux-linkage / current
sensorless method is applied in this work. A prototype SRM is developed employing the
stator of an existing three-phase induction motor. The simulation and practical results
using a developed non-linear model are presented. Two look-up tables are generated from
measured data to simulate the non-linear behavior of the magnetic circuit. Also, the paper
presents the contribution of using a PC and the available tools to implement sensorless
techniques to a SRM. ‘

(eaddll Gulall ariinly ledin) galie (0 debildl dpghlind) daileall (63 ¢ jaall 3y apecad AEL ol
Jgasl) & Lahadiall Luuhlinall dailoall ¢y C.}w o all 13a o« LN Qi O 48k ‘B.A&:\M“ & sf.SA'.'\AS
B WS Aglanall g 2y plaill il AE ol Ap gl BDG @) e @ ae e Sl el L3 Jind cillee e 4
250 Tpuuglaliacal) o il el glu 8lSlae 8 Lagy 4stoiud] lld g Auliall el il 20k e el S8 Jglan (e ) g iiad
ZaLaial) Fpuuglaliaall Gailed) (53 e aall 3408 daliall gy oend B Gunladl oozl 168 AN uua s L .

< lafin) yealic 09y

Keywords: SRM, Sensorless, PC, Modeling, Simulation

1. Introduction

SRMs are gaining wider popularity among
variable speed drives. This is due to their
simple low-cost construction characterized by
the absence of magnets and rotor windings,
high level of performance over a wide speed
range, and fault tolerant power stage design.
Availability and moderate cost of the neces-
sary electronic components make SRM drives
a viable alternative to other commonly used
motors like BLDC (Brush Less DC), PM syn-
chronous and universal motors for numerous
applications. Rotor position sensing is an
integral part of the SRM. In addition to
improving the reliability, sensorless tech-
niques reduce the overall cost and dimension
of the drive. Moreover, in certain applications
such as compressors, where the ambient
conditions do not allow using external position
sensors, sensorless drive is a must.

Several sensorless control methods have
been reported over the past decade [1- 12].
The various sensorless methods in the
literature can be broadly classified into the
following: Hardware intensive methods which
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require external circuitry for signal injection
{1, 2], data intensive methods such as flux
integration techniques which demand large
lock-up tables to store the magnetic
characteristics of the SRM [3- 5], model based
methods such as state observer [6- 8], signal
power measurement [9], inductance model
based technique [10], neural networks and
fuzzy logic [11,12], which call for a fast
microprocessor such as DSP (Digital Signal
Processor) with high MIPS (Million Instruction
Per Second). The various reported methods
suggested have their own merits and demerits
depending on their principles of operation.
Ideally, it is desirable to have a sensorless
scheme, which uses only terminal measure-
ments and does not require additional
hardware or memory. In addition, it is desired
to have reliable operation over the entire speed
and torque ranges while maintaining high
resolution and accuracy. This, however, might
not be the case for many available sensorless
schemes.

The main idea, behind these techniques,
stems from the fact that the mechanical time
constant of the SRM drive is much larger than
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its electrical time constant. Therefore, one can
recover the encoded position information that
is stored in the form of flux linkage, induc-
tance or back-emf by solving the voltage
equation in an active or idle phase.

2. Principle of the proposed method

The SRM is a highly non-linear system.
The non-linear behavior of the motor has been
measured. This method is called the non-lin-
ear modeling method. Based on the measured
data, a mathematical model is created. Not
only it enables the simulation of the SRM
drive system, but also makes the development
and implementation of sophisticated algo-
rithm§, for controlling the SRM feasible [3].
Fig. 1 fllustrates the magnetization character-
istics for the prototype SRM at different rotor
positions. The magnetization characteristic is
magnetic flux linkage as a function of the
phase current and the rotor position. The in-
fluence of the phase current is nonlinear in
the aligned position, where saturation effects
can take place.

The sensorless method proposed in this
paper, is based on the flux-linkage/current
characteristics. This method becomes popular
among various sensorless methods [3- S5].
Fig. 2 snows a schematic of the basic position
estimator blocks.
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Fig. 2. Schematic of the position estimator.

The magnetization characteristic is firstly
measured as the flux-linkage versus current
and recorded for different rotor positions. The
data is then processed to formulate a look-up
table for rotor position as a function of flux
linkage and phase current §,). At any in-
stance, the flux linkage can be calculated by
measuring the applied voltage and the phase
current as:

W= [v-ir)at. (1)

The calculated flux linkage and: the
measured phase current are then used as
inputs to the look-up table §(¥-i), to estimate
the rotor position. :

3. SRM prototype

The stator of a three-phase squirrel cage
induction motor is modified to achieve the de-
sired stator saliency for the SRM. The induc-
tion motor used comprises 24 slots. For, six
stator poles, 3-phase SRM the pole pitch
spans 60°. Removing one tooth and leaving
three the pole arc becomes 37.5°. It should be
born in mind that the effective pole arc is still
less than the actual pole arc that because of
the two slots inside the pole. That is bec&use
each stator pole has three teeth and two slots.
The rotor comprises 4 poles with 45° pole
pitch. Fig. 3 illustrates a schematic that repre-
sents the stator and rotor construction. The
rated specifications of the machine are:

Phase Voltage = 70 V, Phase Current = 2A,
Torque /phase = 0.19 Nm.

Fig. 3. Construction of the stator and rotor.
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4. SRM model

The inherent non-linear nature of the SRM
makes the linear model unacceptable. This led
to the development of a non-linear model,
based on the magnetic characteristics of the
SRM. Since only one phase is ON at a time
and for simplicity it s assumed that each
phase is totally independent of the other
phases and the mutual coupling between
phases is neglected [5]. This assumption is
unacceptable if more than one phase is on
and in this case the inutual coupling between
phases must be taken into account when
building the model.

The dependence uf the magnetic character-
istics on both the excitation current and the
rolor position makes it essential tuv take the
measurements while the phase winding is ex-
ciled with the appropriate step DC voltage.
The phase voltage and current were recorded
for different rotor positions. Subtracting the
resistive drop and integrating, results in the
flux linkage eq. (1). This was done by software
integration after data acquisition of the
current and voltage. The whole procedure was
repeated for different r1otor positions. The flux
linkage as a function of the phase current and
rotor position results in the mesh shown in
fig. 4.

Fig. 4 shows that the machine has not
gone into saturation for phase current up to
6A. The torque is calculated as the rate of
change of 1nagnetic co-energy (W) with respect
Lo rotor displacement as given by eq. (2):
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Fig. 4. Flux linkage as a funiction of the phase curtent and
1otor angle.
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The torque data is then interpolated and
processed to represent the torque over one
rotor pole cycle as a function of rotor position
and phase current 7(6,i), as shown in fig. 5.
The notches in the torque surface represent
the slots in the stator poles.

Fig. 6, illustrates the torque versus rotor
position for three different values of phase
current. It is clearly seen that increasing the
current, increases the torque. The torque suf-
fers from two notches that become more dis-
tinctive at higher currents. This is the result of
the fact that the stator pole comprises two
slots as mentioned in section 3. It should be
noted that higher sampling results in
smoother curves.
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Fig. 5. Torque as a [unction of rotor position and phase
current.
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Fig. 6. Torque as a function of rotor position and different
phase currents.
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The phase inductance was determined
from the rate of change of the calculated flux
linkage. Fig. 7, illustrates the inductance
profile of the three phases as a function of the
rotor position at 1A. Fig. 7 shows that phase 1
is aligned at pos1t10n 0° and unaligned at 45°,
the same applies for phase 2 and 3 with 30°
phase shift each. It should be born in mind
that saturation affects the aligned inductance
for higher phase ctirrents. Fig. 4 shows that
the motor is not saturated for phase currents
up to 6A.

5. Sinfiilation of the proposed sensorless
method

In grder to understand the dynamics and
also to validate the theory of the proposed
sensorless scheme, detailed simulations were
carried out. The MatLab / Simulink is used for
the simulation. Fig. 8 shows the simulation of
the proposed sensorless method for one
phase.
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Fig. 7. Inductance profile of the three phase at 1A.
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Fig. 8. Block diagram of the simulated senseless method
for one phase.
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Fig. 9. The complete simulated system.

The 3-Phase model is composed of 3-single
phase models combined together in one block
with their angle estimator as shown in fig. 9.
The estimated angle is fed back to thé §on-
troller to apply the suitable voltage to the se-
lected phase. Since only one phase is activated
at a time hence the mutual inductance is geg—
ligible [5]. ¥

The motor performance is obtained with
and without load.

5.1. System performance at no-load

The motor runs on no-load, only under the
inertia of the motor and the friction losses.
The DC voltage is set to be 70 V. The speed of
the motor was found to be 200 rpm. The cur-
rent limiter is tuned to 2A. The simulated
phase voltage, phase current and the- esti-
mated and actual rotor position angle atre
shown in fig. 10.

Fig. 10 shows that the phase is fired from
45° to 75°, as expected from the pre-compuited
magnetic characteristics of the motor. The po-
sition estimation is shown to be acceptable.
The drift at the leading and trailing edges of
the position-estimated pulse is due to the in-
terference of the mutual inductance with the
successive or preceding phase.

5.2. System performance at load

To get the response of the sensorless mo-
tor when it runs under load, a load torque of
0.17 Nm is applied to the motor, this torquevis
nearly 90% of the rated torque. The voltage is
set to 70 V and the current controller is tuned
to 2A with a 0.1A hysteresis band. The motor
speed was found to be 150 rpm. The simu-
lated phase voltage, phase current and the
estimated and actual rotor position angle are

- shown in fig. 11.
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Fig. 10. Simulated phase voltage, current and the
estimated and actual rotor angle position.
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Fig. 11. Simulated phase voltage, current and the
estimated and actual rotor angle position.

The lower speed allowed the current to
reach its rated value. The current limiter is
shown to chop the current to 2A. The Figure
shows acceptable position estimation when
the motor is loaded. The drift of the estimated
position from the actual position became more
significant at the trailing edge of the estimated
pulse. This is due to the higher values of cur-
rent in the overlap period between the succes-
sive phases. This magnified the mutual effect.
The drift is acceptable and can be minimized
by taking the mutual effect into account when
constructing the lookup tables.

The position estimator gives satisfactory
results that fit with the exact position.
Neglecting the mutual inductance results in
small drift deviation from the exact position at
the trailing and leading edges of the position
estimated pulse, where the phase is ON while
the percussive previous phase is not com-
pletely OFF. Adding the mutual inductance
effect to the model adds complexity to the
system however the benefit is minor.

6. System implementation

The implementation of the proposed
sensorless SRM drive system is shown in
fig. 12. The PC is selected, because of its
flexibility, reliability and availability. The
specifications of the PC used in this work are
Pentium 1lI 1.1GHz, INTEL microprocessor,
256 KB cache memory and 128 MB RAM. The
system adopted here is implemented using
two parallel ports of the PC to expand number
of I/O’s. The first port (input) receives the
digital data from the data acquisition card.
The second parallel port (output) is used to
send the switching pattern to the inverter. The
hardware is integrated with a real time
Matlab-Simulink written program to achieve
the sensorless drive system. Two files were
developed in C-language to manage the two
parallel ports under the MatLab environment.

A classical inverter topology is used. Each
phase is connected to an asymmetric half
bridge consisting of two power switches and
two diodes. Fig. 13, illustrates the inverter
used in this work. The complete DC voltage
can be used to energize and de-energize a ma-
chine phase in hard chopping mode. When a
pair of switches is closed the phase will be en-
ergized from the positive DC voltage supply.
When both switches are opened, the current
commutates through the diodes and rapidly
decrease to zero in-a negative DC voltage loop.
These symmetric half bridges permit soft
switching operation, thus obtaining a zero
voltage freewheeling state [2].

7. Experimental results
System performances at no load and

under load were carried out to evaluate the
proposed system.

Alexandria Engineering Journal, Vol. 44, No. 4, July 2005 549



A.L. Mohamadein et al. / Motor drive

7.1. System performance at no-load

The system is sgbjected to the same simu-

lated conditions. Fig. 14 shows the measured
phase voltage, phase current and shaft
encoder signals. The shaft encoder is used to
show that the current pulses and hence the
estimated position follows the exact position
signal that would be generated from the shaft

encoder with acceptable drift margin.
Drift of the simulated results from those
carried out experimentally could be due to:

Inverter/phase
o/P Switching
Personal | ™= o
Con‘ll,pcuter Parallel Port Card
(PC) /P
Data Acquisition Card l
Vand I
Measuring
SRM

Fig. 12. Block diagram of the implemented system.

.......

Shaft Encoder Signals Phase Current (A) Phase Voltage (V)

Time (msec)
20 msec/Div.

Fig. 14. Experimental phase voltage, current
and shaft encoder signals.
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¢ In the simulation, the switches, the diodes,
and the capacitors are considered to be ideal
elements. :

e The error due to resistance thermal effect
is neglected. :

e The DC link voltage is assessed to be con-
stant.

e Errors in the hand made shaft encoder
itself. ;

e The assumption of negligible mutual effect.

7.2. System performance under load

The same conditions of the simulated sys-
tem are applied to the system. Fig. 15 illus-
trates the measured phase voltage, phase cur-
rent and shaft encoder signals. The experi-
mental results show acceptable performance.
The lower speed facilitates more computing
time and the estimated position matched the
measured position. Differences from the simu-
lated results can be justified by the previously
mentioned reasons.

8. Conclusions

This work proposes the implementation of
a microprocessor based sensorless technique
to estimate the rotor position of an SRM drive
system. The system has been simulated and
implemented experimentally. It has been
evaluated on no load and under load condi-
tions. The simulation and practical results
showed acceptable performance of the position
estimation technique. This proposed method
is low in cost, simple and applicable.
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Fig. 15. Experimental phase voltage, current and shaft
encoder signals.
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