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Abstract — This paper deals with the variable structure 
control system which implements sensorless control for two-
phase switched reluctance drive. The sensorless control method 
based on flux linkage estimation is considered. The method of the 
automatic angle adjustment was proposed for the optimization of 
the motor efficiency on various speeds and loads. Finally the 
sensorless control strategy for zero and low speeds was developed 
which is based on the estimation of the inductance in the switched 
off phase, using interrupted current mode in the flux linkage 
observer. Proposed solutions are followed by the experimental 
results which show their effectiveness. 
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I.  INTRODUCTION 

Switched reluctance drive (SRD) is under consideration for 
many years. There are some advantages of this drive such as 
higher power to weight ratio of the motor and simplicity of its 
design and construction in comparison to the induction 
machine. On other hand, the power converter for SRD is more 
expensive than for the induction drive. It may contain the same 
number of semiconducting devices but the number of inverter 
legs is usually twice bigger. Thus, the number of power 
modules is twice bigger too. That results in higher cost of the 
power converter and the whole drive. 

In [2] and [4] the two-phase design of switched reluctance 
motor (SRM) was recommended. Two-phase SRM can be fed 
from much more simple inverter. The converter with split DC 
supply is considered in [2] (see Fig. 1a). It has the smallest 
number of elements. The competing solution from [4] uses 
standard 7-switch inverter like for the 3-phase induction 
machine with a circuit for braking resistor (see Fig. 1b). The 
characteristics of these two solutions are presented in Table I. 
The standard 7-switch converter will be considered in this 
paper. 

Another issue is that SRD should have a position encoder 
for operation. This affects on the price and reliability. There are 
sensorless control systems based on estimation of the flux 
linkage [5, 6, 7] but they cannot operate on low speeds due to 
error of pure integration in the model. Some of the self-
sensored control systems uses the testing signals to measure 

inductance in the switched off phase [8, 9, 10], but in case of 
the two-phase motor this approach has difficulties with 
synchronization. This paper deals with the novel method of 
sensorless control which can operate on low and zero speeds. It 
uses small current in switched off phase for sensing the phase 
inductance by means of flux linkage observer. The phase 
inductance is used to evaluate the rotor angular position. The 
problem of the integration error is solved using interrupted 
current mode in the switched off phase to reset the error 
periodically. The design and tests of the control system for 
1.1 kW SRD (SRD1.1Y(6/3)) is the topic of this paper. The 
developed control system also includes self tuning algorithms 
for motor parameters estimation. This drive is used in pumps 
for hot water circulation in heat distribution stations in 
Moscow. Thus, 97 installations are in operation, no 
intervention of the servicemen has been required. 

TABLE I.  CHARACTERISTICS OF VARIOUS TOPOLOGIES OF POWER 
CONVERTERS 

Split DC supply converter Standard 7-switch converter 
pros cons pros cons 

The 
smallest 
number 
of 
elements. 

Rated voltage of the motor is 
twice smaller than DC link 
voltage; the current is twice 
higher. 
Large capicators are needed. 

Single power 
module. 
Smaller 
capisitor size. 

Too many 
drivers and 
driver 
power 
supplies. 

 

 

Fig. 1. Two topologies of the power converters for two-phase SRM: a – split 
DC supply converter; b – standard 7-switch inverter 



 

 

II. TWO-PHASE SWITCHED RELUCTANCE MOTOR 

The geometry of the motor is presented in Fig. 1. Its torque 
vs. angle curves are given in Fig. 2. The design process of the 
machines of this type is considered in [2] and [3]. 
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Fig. 2. Relationship between torque and rotor position 

The sign of the torque of SRM is not dependent on sign of 
the phase current. Thus, in two-phase machine the only way to 
start the motor in a right direction is to make an asymmetrical 
air gap. This gap makes the positive waveform of the torque 
wider but lower in absolute value. So the positive torque of any 
phase lasts for more than 180 degrees; and it is possible to 
startup the motor from any position. 

The relationships between the flux linkage and the phase 
current and between the flux linkage and rotor angular position 
are presented in Fig. 3. 
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Fig. 3. Magnetization curves of the motor: a – relationship between flux 
linkage and current for different values of the rotor angle; b – relationship 
between flux linkage and rotor angular position, for different values of the 
current 

III.  OPERATION PRINCIPLES ON HIGH SPEEDS 

Most of the sensorless control systems [5, 6, 7] for SRM 
use the relationship ( ),iψ θ , which can be obtained by a 

calculation from the motor geometry or by testing a real motor. 
The control system evaluates the flux linkage value in real-time 
using: 

 � ( )d ,v iR tψ = −∫   (1) 

where v  is the phase voltage, R  is the stator winding 
resistance and i  is the phase current. Known the dependence 

( ),iψ θ  and the instant value of the phase current are used to 

obtain the rotor angular position. The rotor position value is 
used to select the next commutation. 

This approach needs the accurate description of the ( ),iψ θ  

surface, which changes from motor to motor due to deviation 
of the material properties, quality of the motor assembly, length 
of the wires from power converter to the motor and so on. It is 
not easy to make all necessary tests to obtain the flux linkage 
surface during motor startup, because it is needed to fix the 
rotor position during the tests. 

a) Comissioning stage 
Actually, only one curve from the ( ),iψ θ  surface can be 

tested automatically during startup of the drive. It is the aligned 
position of the stator and rotor teeth, which corresponds to zero 
angle for phase A and to 180° for phase B. These positions are 
steady and the rotor takes these positions if the phase A or B 
are fed from the power converter. Of course, there should be no 
load applied to the motor shaft during this test, to be sure that 
the rotor will take the aligned position exactly. The test 
algorithm should be performed in three sequential steps: 

The power converter feeds the stator phase with a constant 
current using current loop with PI-controller. Its value should 
be large enough to make sure that the rotor will take an aligned 
position. The duration of this step should be longer than the 
duration of the transient in mechanical part. The steady state 
voltage for this step corresponds to a voltage drop in the 
resistance of the stator winding. The voltage drop in the 
switches should be taken into account too, because the applied 
voltage is comparable with it for the medium and high power 
motors: 

 ,
V

R
I

=   (2) 

where V  is the voltage applied to the phase, I  is the steady 
value of the phase current. For the power converter from Fig. 
1b and for the simultaneous commutation of the switches Q1 
and Q4 with the duty cycle produced by the current controller 

CCγ  the applied voltage can be expressed as: 

 ( )( )2 2 1 ,DC CC DC Q CC D CCV V V V V= γ − − ∆ γ + ∆ − γ   (3) 

where QV∆  and DV∆  are the voltage drops in the switch and 

the diode respectively. 

Next, the converter goes to off state until the phase current 
reaches zero. Finally, the converter applies some voltage to the 
phase, until the phase current reaches its maximum permitted 
value. The transient in the current and the applied voltage 
defines the flux linkage using (1). After reaching the maximum 
permitted value of the current the converter should be switched 
off. 

This gives the flux linkage vs. current curve for the aligned 
position ( )0 iψ  and it is a possible commutation point for the 

control system.  

b) Normal operation 



 

 

The algorithm for commutation of the motor can be defined 
as follows: 

• The rotor should be in aligned position; therefore, the 
control system feeds the phase A with a constant 
current for approximately one second. After that it is 
needed to switch off the phase A and to switch on the 
phase B to startup the motor. 

• When the phase B is switched on, the flux linkage 
changes and its value can be evaluated using (1). 

• When the estimation of the flux linkage reaches the 
value which is defined by the magnetization curve for 
the instant value of the phase B current, this means that 
the rotor reaches 180°; and it is the time to switch off 
the phase B and to switch on the phase A. 

This algorithm gives two points per revolution that would 
be called the synchronization points. These points are used to 
synchronize the angle extrapolation algorithm. The time period 
between two consecutive points depends on the speed and is 
used to estimate its value: 

 � [ ] [ ] [ ] ,
1

k
t k t k

πω =
− −

  (4) 

where [ ]t k  is the time of the last identified point, and [ ]1t k −  

is the time of the previous one. By knowing the speed and the 
time from the last point the angle is extrapolated: 

 ɵ [ ] � [ ] [ ]( ) ,k k t k tθ = θ + ω −   (5) 

where [ ]kθ  is the angle of the last identified point and t  is the 

current time. The speed in (4) and (5) is supposed to be nearly 
constant. This assumption is applicable to this sensorless 
control method if the drive operates on a high speed.  

The proposed algorithm has two major disadvantages: 

• The magnetization curve is given for the aligned 
position where the flux linkage is maximal. Thus, if the 
open-loop integration using (1) has some negative 
error then the commutation point is unreachable. The 
error is always present due to the error in the estimated 
resistance, in the current measurement and in the 
applied voltage. So, if the estimation of the flux 
linkage is smaller than the actual value, the 
synchronization point will be missed. 

• The synchronization point matches the aligned 
position, so the phase can be switched on only when 
the rotor and stator teeth will align or later. This 
restricts the possible commutation angles; and it is 
impossible to apply voltage in advance. The advanced 
commutation is needed on high speeds to overcome the 
phase inductance before the region with the positive 
inductance derivative is reached (region with positive 
torque). 

These two problems can be solved simultaneously if the 
synchronization coefficient syncK  is used. Now the 

synchronization point is reached if the following equation is 
true: 

 � ( )0 .syncK iψ ≥ ψ   (6) 

The synchronization coefficient should satisfy the 
following condition: 

 ( ) ( )01 ,error syncK i∆ψ < − ψ   (7) 

where error∆ψ  is the possible integration error. For most cases 
the synchronization coefficient can be chosen from 0.5 to 0.8. 
This approach guarantees that the synchronization point will be 
reached regardless of the integration error. The synchronization 
point for 0.7syncK =  moves forward from the aligned position 

as shown in Fig. 4, thus the advanced commutation of the next 
phase can be implemented. The synchronization point slightly 
changes when the motor operates with small currents, but 
moves left significantly when motor goes into the saturation 
region. 
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Fig. 4. Synchronization point profile depending on a value of the phase 
current 

The variation of the synchronization point should be taken 
into account by a control system. SRM has some optimal 
commutation angles (angle of advance and cut off angle [1]) 
and they vary with change of the speed and load. Thus, the 
control system should adjust these angles to the current 
operation conditions regardless of the errors in the 
synchronization point estimation and the properties of the 
particular motor. 

IV.  AUTOMATIC ANGLES ADJUSTMENT ALGORITHM 

There are two possible modes of the angles adjustment that 
should be implemented: when the speed controller operates in 
the linear region and when it is saturated. In normal operation 
mode, when the speed controller gives the reference for the 
current loop, the value of current reference depends on the 
angle of advance and the cut off angle. The smaller is the 
current reference the bigger is the drive efficiency and the more 
efficient are the commutation angles. If the output of the speed 
controller saturates, then increased efficiency is obtained at 
higher speeds. 



 

 

The angle adjustment algorithm performs the iterative 
process which sequentially adjusts angle of advance aθ  and 

cut off angle coθ . Operation of the drive during the current 

configuration of the commutation angles is compared with the 
performance on the previous step. Depending on the change in 
the performance, a decision to adjust or to roll back is made. 
The flowchart for this algorithm is presented in Fig. 5. 
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Fig. 5. Adjustment algorithm flowchart 

The adjustment of the angles is a relatively long process 
which may last for seconds. The example of the angle tuning is 
shown in Fig. 6. The current and speed increase during the 
startup of the drive, thus the algorithm proceeds with action 4 
(see Fig. 5). The current commutation angles are too inefficient 
for the motor, thus it cannot reach the reference speed. Cut off 
angle starts changing. The conditions for action 3 are met (from 
20:00:55 till 20:01:30), while the speed increases with the 
constant current value. But finally the cut off angle value 
passed some efficient point and the speed derivative became 
negative. The conditions for action 1 are met and the angle of 
advance starts changing at 20:01:30. From that time the 
conditions for action 3 are met. The speed increases due to 
more and more efficient commutation angles and the drive 
reaches the reference speed at 20:01:55. At that point the speed 
controller operates in the linear region. The stator current 
reduces significantly, until the point at 20:02:05 when the 
current increases and the conditions the action 1 are met. The 
angle of advance stops changing and the cut off angle begins to 
change again. 

The optimization is done at 20:02:20 when the current 
reaches the minimal value. The commutation angles continue 
adjusting according to the algorithm and waiting for the change 
of the drive operation mode due to modification of the speed 
reference or the change of the load. The adjusted angles can be 
written to the NVRAM of the microcontroller to apply them 
during the next startup in order to avoid the relatively long 
seeking process from the default to optimal values. The 
adjustment of the commutation angles has some limitations 
which do not allow angles to overlap and to reach the 
synchronization point angle. 

 

Fig. 6. Commutation angles adjustment process during drive startup (speed 
— 1000 rpm per division, current — 4 Amps per division, angles — 35 
degrees per division, time — 30 seconds per division) 

The sensorless control system was tested with 0.7syncK =  

in the speed range from 300 to 6000 rpm. The upper limit 
depends only on the strength of the ball-bearings and 
mechanical part. On lower speeds the integration error 
becomes significant and the observer loses its stability. The 
diagram of the observer operation is shown in Fig. 7. The dwell 
angle is specified by the automatic adjustment algorithm. 
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Fig. 7. Operation of the sensorless control in a high speed range (speed — 
1047 rpm per division, current — 2 Amps per division, angles — 200 degrees 
per division, flux linkages — 2 Wb per division, time — 5.35 ms per division) 



 

 

V. SENSORLESS CONTROL AT LOW SPEEDS 

Errors due to open-loop integration in (1) can result in the 
unstable behavior of the sensorless control system. The longer 
lasts the open-loop integration, the bigger is the error until it 
reaches an unacceptable level. It is possible to reset the 
integration error of the flux linkage estimation by switching the 
phase off, waiting for zero current (flux linkage will be zero 
too) and switching the phase on again. The interval between 
sequences depends on the acceptable integration error level. 
The performance of this algorithm is shown in Fig. 8. 
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Fig. 8. Operation of the error cancelation algorithm for low speeds (current 
— 4 Amps per division, flux linkages — 2 Wb per division, time — 5.35 ms 
per division) 

Unfortunately, the off/on transient in the phase current 
results in the decrease of its mean value and the value of the 
produced torque. It also results in significant growth of the 
acoustic noise under load due to additional commutations and 
deviations of current. The pulsation in the phase current leads 
to a pulsation of the torque, which gives an extra stress on the 
mechanics besides an acoustic impact. Thus, this approach was 
rejected though it is operable in general. 

The estimation of the rotor position can be done using the 
switched off phase. Actually, the estimation of the angular 
position can be done with a small level of the phase current 
which makes little impact on efficiency and produced torque. 
Thus, one phase is used to produce the torque, and another is 
used for sensing. The current level should be as small as 
possible to avoid the acoustic noises and the parasitic torque 
which will be produced by the sensing winding mostly in the 
generator mode. 

The relationship between flux linkages and angle for 
various currents is presented in Fig. 9a, and the relationship 
between torque and angle is shown in Fig. 9b. The positive 
torque is produced during more than 180° for every phase, thus 
the positive torque curves are overlapped. There are two 
overlapped regions during the rotation. The region between 
130° and 180° starts with the unstable equilibrium for phase A 
and ends with stable equilibrium for phase B. While rotating in 
a positive direction phase B is switched on when angle 
approaches to the overlapped region. The commutation should 
be performed somewhere in the middle of the overlapped 
region. If the phase B will be switched off and phase A will be 
switched on too early then the torque can be too small or 
negative. This may stop the motor completely if it operates on 
a low speed. Another issue is that the commutation should not 
be performed too late for the same reason. 
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Fig. 9. Relationships between the flux linkage and angle, and torque and 
angle for various currents and the overlapped region 

The control system uses hysteresis current controllers with 
a sample time of 25 µs (40 kHz). The minimal inductance of 
the winding in misaligned position is about 30 mH. Thus, the 
deviation of current between the possible reactions of the 
current controller is: 
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This deviation is relatively big and will results in the 
pulsations not only in current but in the estimation of the flux 
linkage. On other hand the phase inductance for the misaligned 
position is approximately constant (see Fig. 10). Thus, it is 
preferable to estimate the inductance as the indicator for rotor 
angular position. 
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Fig. 10. Relationship between inductance and angle for various currents 

The winding inductance for misaligned position is not 
dependent on a current value. The minimal inductances and the 
inductances for the aligned position are obtained during 
identification of the motor parameter in the automatic mode 
before the start up. The synchronization inductance is the 
average between the minimal inductance and the inductance in 
phase B aligned position (see Fig. 11). 
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Fig. 11. The synchronization point inductance 



 

 

The operation of the sensorless control algorithm is 
explained in Fig. 12. At first, phase A is switched on and the 
current reference is defined by the speed controller (see 
Fig. 12a). When it is switched off by the command from the 
same algorithm from the phase B, its current is reduced to 
some small value. The periodical interrupts in the phase 
currents are used to reset an error in the flux linkage observer. 
The inductance is estimated from the flux linkage and the 
phase current values. As the position changes and the flux 
linkage value is decreased the accuracy of the inductance 
estimation rises because in this region inductance is 
independent from the current value. The algorithm detects the 
minimal inductance and then waits until the inductance value 
will reach the synchronization inductance level. By reaching 
the synchronization point the phase A is turned on again. The 
dwell angle is equal to half a cycle (see Fig. 12b). 
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Fig. 12. The sensorless control operation on low speed (current — 4 Amps per 
division, angles — 200 degrees per division, flux linkages — 0.4 Wb per 
division, inductance — 80 mH, time — 37.45 ms per division) 

The switching between the low speed and high speed 
sensorless strategies is performed with some threshold to avoid 
a possible ringing. The switching to high speed sensorless 
control occurs at 500 rpm and back to low speed sensorless 
control at 300 rpm. 

VI.  CONCLUSIONS 

The developed control system varies the control strategy 
algorithm depending on the speed level. The low speed 
sensorless control operates from 0 to 700 rpm. The position 
estimator works perfect from zero speed due to the 
implementation of the inductance sensing algorithm which uses 
the turned off phase for measurements. The periodical 
interrupts in the sensing currents are used to reset the open-

loop integration error, thus the position estimation is possible 
even if the speed is zero. The upper operation speed for this 
sensorless strategy is limited. With the growth of the speed the 
motor needs an adjustment of the angle of advance and cut off 
angle for better efficiency, but the low speed sensorless control 
strategy uses only zero angle of advance and 180 degree dwell 
angle. 

The sensorless control strategy for high speed is based on 
flux linkage estimation and works from 300 to 6000 rpm. The 
upper limit depends only on strength of the ball-bearings and 
mechanical part. The control system provides energy efficient 
control of the motor due to implementation of the special 
algorithms for the real-time optimization of the commutation 
angles. 
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