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Eliminating Starting Hesitation for Reliable
Sensorless Control of Switched
Reluctance Motors
Jianrong Bu, Member, IEEE, and Longya Xu, Senior Member, IEEE

Abstract—Novel methods for rotor position estimation both
at standstill and during running conditions are presented for
a switched reluctance machine (SRM) starting free of position
sensor and hesitation. By applying a dc pulse to the stator phase
windings for a short moment (0.5 ms), the initial rotor position
can be accurately detected. Combining the accurate initial rotor
position with a novel rotor position estimation algorithm during
running, the SRM can be started at any initial rotor position
without starting hesitation. Critical issues related to optimal model
selection as the virtual sensor are discussed in detail. Computer
simulation and experimental results are included.
Index Terms—Fuzzy logic, motor, sensorless control, switched
reluctance.
Fig. 1.

An 8/6 SRM.

I. INTRODUCTION

H

IGH-PERFORMANCE switched reluctance machine
(SRM) drives require accurate rotor position both at
standstill and during running conditions. The accurate rotor
position is especially significant for wide speed range applications where both magnitude and phase angle of current have
to be precisely controlled. Rotor position can be directly measured by a rotor position sensor. However, mounting the rotor
position sensor increases the size and cost of the overall system.
The rotor position sensor is also a source of unreliability in
situations such as high speed, high temperature, or where electromagnetic interference presents. Another problem of using a
rotor position sensor is the rotor starting hesitation associated
with the uncertainty of initial rotor position. The rotor starting
hesitation is strictly not allowed in high-performance servo
systems. To remove the rotor position sensor, considerable
attention has recently been paid to indirect rotor position estimation [1]–[11]. However, the rotor starting hesitation problem
remains in almost all rotor position estimation algorithms thus
far.
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gated in this paper. Following the detailed description of starting
hesitation, model selection for SRM rotor position estimation at
standstill and during running conditions is first discussed. Then,
novel methods for rotor position estimation both at standstill and
during running conditions are presented. Based on the rotor position estimation methods, a reliable starting procedure without
rotor starting hesitation is proposed. Computer simulation and
experimental results are provided to substantiate the effectiveness of the proposed algorithms. Conclusions are made accordingly.
II. ANALYSIS OF SRM STARTING HESITATION
The rotor starting hesitation can be understood by examining
the following starting process with a rotor position sensor. To
ensure that the SRM rotates in a desired direction, the initial
rotor position must be known. In an SRM with a conventional
rotor position sensor (resolves or optical encoders), rather than
measuring the initial rotor position, rotor position initialization
(or alignment) is done before starting. In this case, the dc-bus
voltage is applied to a stator phase (for example, phase A) for
a brief moment to pull the rotor to the aligned position with
respect to a pair of stator poles as shown in Fig. 1. After the
pair of stator and rotor poles are aligned, appropriate starting
of the SRM can be launched in the desired rotation direction.
For a clockwise rotation, phase D is excited, otherwise, phase
B. It is clear that during the rotor initialization process, the rotor
could move toward the undesired direction, resulting in starting
hesitation. The starting hesitation can be found in other cases as
well.
• To pull a rotor with a large inertia into alignment with the
stator poles, the initialization current generally has to be
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large. The large current causes the rotor to overshoot and
vibrate around the aligned rotor position, which usually
takes more than 0.5 s, resulting in substantial starting hesitation.
• Before the SRM rotor is pulled to the aligned position, the
rotor may be in a neutral position. For example, in Fig. 1,
the rotor is in a neutral position relative to phase C. If phase
C is used for initialization, either rotor pole 5 or 6 could
be attracted to the aligned rotor position. In the worst case,
the rotor may be locked and never be pulled to the aligned
rotor position if the SRM is completely symmetrical.
Many technical papers discussing the topic of sensorless control have been published, but few have discussed rotor starting
hesitation. A rotor position initialization process similar to that
in controlling an SRM with a sensor is applied in most sensorless control algorithms. The sensorless control methods could
be based on either chopped current waveforms [1], [2] or diagnostic pulses [7], [8]. Obviously, the chopped current method
cannot be used to find the initial rotor position at standstill and,
hence, to eliminate starting hesitation. On the other hand, by
applying diagnostic pulses to a phase winding, the rotor positions at standstill and in running may be estimated. However, the
mutual coupling among the phases prevents this method from
being effective once the SRM is running at high speeds [3]. An
open-loop method can also be used to start an SRM [6]. Assuming that clockwise rotation is desired, the phase excitation
sequence should be A–D–C–B–A according to Fig. 1 regardless
of the initial rotor position. The open-loop method excites the
phase windings in the above sequence with the appropriate frequency. After the rotor reaches a threshold rotor speed, the rotor
position estimation method then is activated. However, like any
open-loop method, the above method is sensitive to load conditions and is unreliable. It cannot guarantee the elimination of
starting hesitation either.
III. SENSORLESS CONTROL WITHOUT STARTING HESITATION
A. Model Selection for Rotor Position Estimation
As the first step in developing SRM sensorless control algorithms without starting hesitation, the model selected for rotor
position estimation is critically important. The general principles for most SRM rotor position estimation methods are based
on the measurement of phase current “ ” and flux linkage “ ”
(or phase inductance “ ”), and the preknown magnetizing characteristics [12]. That is, at a given instant, if the phase current
and flux linkage (or inductance) are known, the rotor position
can be uniquely determined from the preknown magnetizing
characteristics. Two types of SRM models are usable for rotor
position estimation. The first type describes an SRM in terms of
the relationships among phase flux linkage, current, and rotor
position, and the second type uses phase inductance, current,
and rotor position. The first type is much preferred because the
computation or measurement of flux linkage is more direct and
simpler than that of inductance.
Fig. 2 shows the measured relationships among
phase flux linkage, current, and rotor position for an
eight-stator/six-rotor-pole (8/6) SRM. In this figure, except for the “ ” and “ ” curves, the rotor position difference

Fig. 2.

Magnetizing characteristics of an 8/6 SRM.

between any two adjacent curves is 3 . Because the curves are
directly measured under the actual operating conditions, all
factors including rotor positions, current levels, saturation, and
mutual coupling are considered naturally. The top and bottom
curves in the figure correspond to the magnetizing characteristics at aligned and unaligned rotor positions. If the unaligned
rotor position is defined as 0 , the “ ” curve corresponds to
the magnetizing characteristics at 5 and the “ ” curve at
25 . According to the “ ” and “ ” marks, the whole range of
magnetizing characteristics of the SRM is divided into three
regions; region R1 above the “ ” curve, region R2 between the
“ ” and “ ” curves, and region R3 below the “ ” curve. From
Fig. 2, it can be observed that every pair of values of phase flux
linkage and current specifies a unique rotor position. However,
utilizing the family of – curves to derive the rotor position,
the estimation has very different accuracies in different regions.
In regions R1 and R3, because the adjacent curves are very
close to each other, the rotor position estimation accuracy is
low, and small errors in flux linkage and/or current measurement can result in a large error in rotor position estimation.
In contrast, the rotor position estimation accuracy is high in
region R2, and small errors in flux linkage and/or current only
result in a negligible estimation error, because for the same
amount of incremental rotor position difference (3 ), the curves
are separated widely in the – plane. From the – curves, it
is also clear that sufficient current value is needed for accurate
rotor position estimation. Therefore, a good estimation method
should conduct the rotor position estimation in region R2 with
an adequate phase current.
B. Rotor Position Detection at Standstill
From the discussion in Section II, it is clear that, to eliminate
starting hesitation, it is necessary to obtain information about
the rotor position without initializing and disturbing the rotor
at standstill. The method of eliminating starting hesitation presented in this paper is based on the initial rotor position estimation realized in the following steps.
1) Excite all phases for a very short moment (0.5 ms).
2) Find the phase having the largest current.
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3) Choose a phase next to the phase having the largest current to be the optimal phase for the rotor position estimation. In theory, the phase either right or left next to the
phase with the largest current can be chosen as the optimal phase. To avoid ambiguity, the right phase is always
chosen as the optimal phase in this paper. For example, if
phase A has the largest current, phase B is chosen to be
the optimal phase.
4) Compute the flux linkage for the chosen optimal phase.
5) Estimate the initial rotor position from a prestored magnetizing characteristics table based on the current and flux
linkage of the chosen optimal phase.
The success of this method lies in step 3). The phase with the
largest phase current has the smallest phase inductance, which
indicates that the initial rotor position relative to this phase is
very close to the totally unaligned position. On the other hand,
the phase with the smallest phase current has the largest phase
inductance, which indicates that the initial rotor position to this
phase is very close to the totally aligned position. As explained
in Section III-A, in the regions (R1 and R3) close to the aligned
and unaligned rotor positions, the rotor position estimation accuracy is low. Thus, the phase with either the largest current to
the smallest current is not suitable for accurate rotor position
estimation. Looking at Fig. 1(a) and (b), it can be observed that
the phase next to the phase with largest current has medium inductance, and the possible rotor position relative to this medium
inductance will be between 7.5 –22.5 . Thus, the phase next to
the phase with the largest current is the best candidate phase for
initial rotor position estimation because the rotor position will
be conducted in the high position estimation resolution region
R2 as indicated in Fig. 2.
The above estimation method has the following salient features.
1) Estimation is done in the high-resolution region: Assuming that phase C has the largest current, then phase
D will be selected as the optimal phase for initial rotor
position estimation. As explained above, the possible
initial rotor position relative to the axis of phase D will
be between 7.5 –22.5 where high position estimation
resolution is expected.
2) Diagnostic signal is sufficient. If phase C has the largest
current, the current in phase D will be large and sufficient
for accurate initial rotor position estimation.
3) Flux linkage computation is simple and accurate. At
standstill, the back electromotive force (EMF) in any
phase winding is zero. Therefore, the phase current
during the excitation can be determined by the following
equation:
(1)
where is the dc-bus voltage, is the phase resistance,
and is the phase inductance at initial rotor position. If
is short (much less than the
the excitation duration
), the phase current will ininverse of time constant
crease linearly. Therefore, the flux linkage in phase D can
be calculated by
(2)

Fig. 3.

Position estimation during running.

where
is the measured current in phase D while
is estimated at the end of . Notice that complicated integration for flux linkage computation is not needed here
and a single-step computation achieves the flux linkage
of interest.
It should be pointed out that to obtain accurate initial rotor position, the duration of excitation should be adequate to build up
an appropriate amount of phase current. However, the duration
of excitation should not be too long, or the initial rotor position
of the SRM will be disturbed. In this paper, the current from the
excitation is about half of the rated current, and the initial rotor
position estimation completes in 0.54 ms. No extra hardware is
needed to find the initial rotor position.
C. Rotor Position Estimation During Running
With the known initial rotor position, it is straightforward to
determine the sequence of phase winding excitation to guarantee the desired rotation direction. An appropriate rotor position estimation method is still needed to properly lock the current duration relative to the rotor position for the smooth rotation thereafter. The rotor position estimation method proposed
during running condition is different from the one at standstill
and is shown in Fig. 3. Two-level estimation is contained in the
proposed algorithm. The first level compares the current in all
phase windings and selects the phase having the largest current
as the optimal phase. The purpose of this level is to select a suitable phase, so that the rotor position can be estimated in the high
resolution region R2. In the second or a more detailed level, the
controller proceeds to find the accurate rotor position based on
the flux linkage and current of the selected optimal phase. The
flux linkage integration can be implemented either by software
or hardware. In this paper, the flux linkage calculation follows
the discrete equation
(3)
and
are the flux linkages at sampling inwhere
and
,
and
are the phase currents
stants
and
,
is the command
at sampling instants
,
voltage applied to the phase winding at sampling instant
is the sampling time.
and
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Fig. 4. Ideal inductance profile of an 8/6 SRM.

For accurate flux linkage calculation, it is better to synchronize (3) with the switching pulses (or the voltage excitation
pulses). For example, if the switching frequency is 20 kHz, it
is better to select 50 s as the updating rate of (3). However,
we can still accurately estimate the rotor position even if the
flux linkage calculation is not synchronized with the switching
pulses because of the robustness of the proposed algorithms. In
our testing, the updating rate is fixed to 100 s. The overall
system has satisfactory performance when the switching frequency varies between 10–25 kHz.
To explain as to why during running condition the phase with
the largest current is selected as the one for rotor position estimation, Fig. 4 shows the ideal unsaturated inductance profile of
an 8/6 SRM in terms of rotor positions. Viewing Fig. 4, it can
be noted that the current in the phase with no inductance variation while the rotor is rotating cannot generate any torque except for conduction losses. This implies that the phase current
should be controlled high in the inductance increasing period
and small or at zero in the constant inductance period so that
high-efficiency operation of SRMs is achieved. The inductance
increasing period usually starts several degrees after the totally
unaligned position and ends several degrees before the totally
aligned position. That is, the inductance increasing period corresponds to the high position resolution, region R2. Therefore,
the phase having the largest current is selected as the optimal
phase for rotor position estimation.
It should be further emphasized that successful operation of
the proposed position estimation algorithm is heavily linked
to the control algorithm for choosing appropriate turn-on and
turn-off angles. The control algorithm guarantees the largest
current occurs in the increasing inductance period. However, for
most SRM control algorithms, we do expect the largest current
in the inductance increasing period so that the system has a high
efficiency.
D. Control Flow Chart
Combining the accurate initial rotor position with the above
rotor position estimation algorithm, the SRM can then be reliably started. Because the initial rotor position is accurately
found, no rotor position initialization (alignment) is needed and,
thus, the starting hesitation is totally eliminated. Fig. 5 summarizes the control algorithms in a flow chart for starting and

Fig. 5. Reliable sensorless starting of the SRM without starting hesitation.

continuous rotation without using rotor position sensor. In the
figure, Blocks 1–5 are applied to estimate the initial rotor position as explained in Section III-B. Block 6 determines the phase
which should be excite first to ensure the correct rotation. After
the initial rotor position is estimated, the selected phase is excited for 200 s to build up a current before the rotor position estimation algorithm is activated for running condition. This step
guarantees an adequate current being established so as to avoid
poor estimation accuracy. Blocks 7–9 are utilized to estimate
the rotor position during running. Based on the estimated rotor
position, block 10 determines the switch status for phase commutation.
IV. COMPUTER SIMULATION AND EXPERIMENTAL RESULTS
Computer simulation and experimental investigation were
conducted on an 8/6 SRM. The parameters and specifications
of the SRM are given below as follows:
hp

V
mH

r/min
mH

and
are the phase inductances at aligned and unwhere
aligned rotor positions, respectively. The measured magnetizing
information of the machine is already shown in Fig. 2. In the following discussion, if not otherwise specified, the rotor position
is in mechanical degrees relative to the aligned rotor position of
phase A. Fig. 6 shows the system connection for the SRM control. From the measurement of dc-bus voltage and phase currents, the rotor position is estimated by the proposed estimation
algorithm. The speed controller compares the command and estimated rotor speeds to generate the command current, turn-on,
and turn-off angles [9]. Combining all angle and current information, the pulse modulator determines the gating signal to the
inverter.
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Fig. 6. System connection for the SRM control.

Fig. 7. Excitation current for initial rotor position estimation.

A. Computer Simulation Results
The algorithms for initial rotor position estimation at different
initial rotor positions are first verified and the results are given
in Fig. 7. The duration of excitation is 0.5 ms. In Fig. 7(a),
the actual initial rotor position is arbitrarily given at 15 . Computer simulation shows that phase B has the largest current (3.5
A). According to the initial rotor position estimation algorithm,
phase C is selected as the optimal phase. From the current and

63

Fig. 8.

Estimated rotor position during acceleration.

Fig. 9.

Phase current during acceleration.

flux linkage of phase C, the initial rotor position of 15.4 is estimated. In Fig. 7(b), the actual initial rotor position is given at
34 . Computer simulation indicates that phase A has the largest
current (3.1 A) and the optimal phase is B. The initial rotor
position is again accurately estimated to be 34.1 . Fig. 7 also
confirms two important assumption of the algorithm: 1) the excitation current will increase linearly if the duration of excitation (0.5 ms) is much less than the inverse of time constant
of the stator winding circuit (25.3 s), so the flux linkage can
be accurately calculated by the simplified (2) and 2) the optimal phase has a sufficient diagnostic signal. For example, the
optimal phase has 0.85-A current in Fig. 7(a) and 0.70 A in
Fig. 7(b).
With an arbitrary initial rotor position of 10 relative to
the aligned rotor position of phase A, Figs. 8 and 9 show the
computer simulation results during the starting of the SRM.
In Fig. 8, the curves from top to bottom are the actual rotor
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Estimated rotor position at rotor speed of 1500 r/min.

ample, phases B and C are regulated to the same level from 20.5
and 22 . During this overlap interval, either phase B or C can
be selected as the optimal phase for rotor position estimation. If
allowed (with fast DSP), we can conduct the position estimation
from both phases. The final estimated position is then obtained
be averaging the two results from both phases, which will further increase the position estimation accuracy during overlapping intervals.
To verify that the above rotor position estimation method
works reliably at high speed, the rotor speed is fixed at 1500
r/min in the computer simulation, and the results are shown in
Figs. 10 and 11. The turn-on angle is the same as before, but the
turn-off angle reduced to 20 to prevent negative torque production. The rotor position estimation is conducted for the rotor position between 8.0 –23 with respect to the unaligned rotor position of the selected optimal phase. The estimation error is between 0.1 and 0.2 mechanical degrees, as shown in Fig. 10.
Comparing Fig. 8 with Fig. 10, it can be noted that the estimated rotor position has even higher accuracy at rotor speed of
1500 r/min than that during the starting stage because the rotor
position estimation is conducted in a better region in the –
plane with the highest resolution. The result also verifies that
determining the optimal phase is critical for the high accuracy
of rotor position estimation.
B. Experimental Results

Fig. 11.

Phase current at rotor speed of 1500 r/min.

speed, actual rotor position, estimated rotor position, and
estimated rotor position error. When the SRM is accelerated
from zero to 165 r/min, the estimated rotor position error is
between 0.1 and 0.25 mechanical degrees. Fig. 9 shows the
corresponding phase currents and the optimal phase for rotor
position estimation during the starting process. During starting,
the turn-on angle is fixed at 5 and the turn-off angle at 22
relative to the totally unaligned rotor position. It can be noted
that the optimal phase is phase C for the rotor position between
10 –22 , phase B between 20.5 –37.2 , phase A between
35.5 –52.2 , and phase D between 51 –67.4 . Referring to
Fig. 2, it can be observed that all rotor position estimation is
conducted in the high-resolution region, R2, with the largest
phase current. Therefore, the estimated rotor position has a
high accuracy.
Fig. 9 indicates that there are overlapping intervals in which
two phases are regulated to have the same current levels. For ex-

Fig. 12 presents the testing results from the simulated 8/6
SRM at different initial rotor positions. The actual initial rotor
position is at 12 in Fig. 12(a), 25 in Fig. 12(b), and 40 in
Fig. 12(c), respectively. In these figures, the top trace is the
rotor speed, the middle the estimated rotor position, and the
bottom the measured phase current. The initial excitation and
rotor position estimation takes 0.54 ms with the Motorola
DSP56005-based controller. In 0.35 s, the SRM is accelerated
to 1200 r/min, regardless of where the initial rotor position is.
The experimental results also confirm the computer simulation
that the starting procedure described in Fig. 5 works well and
can start the SRM at any initial rotor position without any
starting hesitation. To verify that the method is not affected
by load conditions, in the experiment, we repetitively stall the
SRM by applying a large load torque to the rotor shaft through
the dynamometer; nevertheless, the SRM recovers from stalling
to the set speed as soon as the stall torque is removed. Fig. 13
shows the starting performance with a heavy load (70% of rated
torque). In the figure, the initial rotor position is arbitrarily set
to 20 . Again, the SRM can be reliably started without starting
hesitation.
To verify the effectiveness of the estimation and control
algorithms in a more comprehensive operating condition,
Fig. 14 shows the four-quadrant operation of the SRM with
the proposed algorithms. When the rotor speed decelerates
from 3000 r/min (or 3000 r/min) to zero, the SRM works
in the regenerative mode; and when the rotor speed accelerates
from zero to 3000 r/min (or 3000 r/min), the SRM works
in the motoring mode. Note that, in the SRM regenerative
operation mode, the principles of the rotor estimation remain
the same as those in the motoring mode. However, the current
is commanded to the inductance decreasing period. It is evident
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Fig. 13.

Fig. 12.

SRM starting at different initial rotor positions.

SRM starting with 70% of rated torque.

Fig. 14. Four-quadrant operation without position sensor.

that the proposed estimation and control algorithms are very
effective over a wide range of operating conditions. Fig. 15
shows the details of the rotor position estimation performance
during speed zero crossing. From the top to the bottom, the
traces show the rotor speed, estimated rotor position, actual
rotor position from optical encoder, and actual phase current. It
should be pointed out that the actual rotor position is displayed
here only for comparison with the estimated rotor position,
and the control is completely based on the estimated rotor
position. Comparing the estimated rotor position with the
actual rotor position, it can be noted that the rotor position is
accurately detected during speed transitions including zero
speed. This result fully verifies that the SRM works reliably in
four-quadrant operation without using a rotor position sensor.
V. CONCLUSIONS
Novel methods for rotor position estimation both at standstill
and during running conditions have been presented in the paper.
By applying a dc pulse voltage to the stator phase windings for
a short moment (0.5 ms), the initial rotor position can be accurately estimated. Combining the accurate initial rotor position

Fig. 15.

Position estimation during rotating reversing.

with the novel rotor position estimation algorithm during running, the SRM can be started at any initial rotor position without
starting hesitation. Both computer simulation and experimental
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results verified that the control algorithm guarantees the SRM
a reliable and high performance over a wide range of operation
conditions. Future work includes expanding the SRM capabilities of hesitation free and sensorless control to the speed range
up to 100 000 r/min.
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