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Position Sensorless Control of Switched Reluctance
Motor Drives Based on Numerical Method
Fei Peng, Member, IEEE, Jin Ye, Senior Member, IEEE, Ali Emadi, Fellow, IEEE, and Yunkai Huang

Abstract—In this paper, a new position sensorless control
method for switched reluctance motor drives is proposed. Rotor
position is initially calculated based on the flux linkage-position–
phase current characteristics by numerical method. Then, a thirdorder-phase-locked loop considering the acceleration variation is
designed to undermine the impact of current sampling noise and
numerical residual error on the estimated rotor position. A new
start-up sequence is proposed. Simulation and experimental results show that the proposed position sensorless control method
has achieved sufficient accuracy in terms of position and speed
estimation.
Index Terms—Numerical method, position sensorless control,
phase locked loop, switched reluctance motor (SRM), start-up
sequence.

I. INTRODUCTION
WITCHED reluctance motor (SRM) is an attractive candidate in variable speed drive applications. Compared to
the widely used brushless dc (BLDC) machine and induction
machine (IM) drive systems, SRM has features such as simple,
robust structure, low-cost, high reliability, and satisfactory high
speed performance [1].
A typical SRM drive system is shown in Fig. 1. Normally an
SRM is driven by an asymmetric half-bridge converter. Current
controller is employed to generate the switching signals for the
asymmetric half bridges according to the current reference and
rotor position. The current reference is either given by a speed
controller or a torque distributer. If the current reference comes
directly from a speed controller, flat top chopping current for
each phase is employed. Due to the strong nonlinearity, in some
cases, the flat top chopping current regulation might not provide
satisfactory performance. Therefore, torque sharing control is
used to produce constant torque [2]–[7].
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Fig. 1.

Typical SRM control diagram.

According to Fig. 1, both the current controller and the torque
distributer need the rotor position information. The rotor position is often obtained through external sensors such as encoder,
resolver, hall sensors, or optical couplers. These sensors increase
the cost of the SRM system and reduce the system reliability.
In order to compete with the widely used position sensorless
controlled BLDC and IM drive system in terms of cost and reliability, the sensorless control method for SRM drive has to be
developed.
There are two categories of position sensorless control methods for SRMs: 1) flux-linkage-based methods; and
2) inductance-based methods. Since phase inductance is a function of rotor position, rotor position is detected through injecting
current pulses to the inactive phase in [8] and [9]. Commutation
happens when the injected current peak exceeds a certain threshold. However, current injection methods are limited at higher
speed. In [10]–[14], the phase inductance is measured through
the current and voltage on the active phase, which relies on
the instant measurement of current derivatives. Therefore, this
method suffers from the measurement noise. In [15]–[21], the
rotor position is detected based on flux linkage-current-position
characteristics. The current observer or flux observer or hybrid
observer can be designed to estimate the rotor position indirectly. In [22] and [23], instead of comparing the estimated rotor
position with the commutation angles, the estimated flux is compared with the commutation flux. The flux or current observer
methods work well at constant speed, but will have significant errors during acceleration and deceleration. In [24] and [25], rotor
position is calculated directly based on flux linkage-positioncurrent characteristics with either lookup table or numerical
method, which also suffers from measurement noise.
A new position sensorless control method for the SRM is
proposed in [26]. The new method is a combination of the direct calculation method and the flux observer method. The rotor
position is first calculated by the numerical method through the
relationship among position, phase current, and flux linkage.

0093-9994 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

2160

Fig. 2.
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Flux linkage profile of the studied SRM.

Then, the motion of the SRM including acceleration is modeled
and a phase locked loop (PLL) based on this model is designed
to estimate the rotor position according to the numerically calculated results. In this paper, the position sensorless control
method proposed in [26] is analyzed in detail. The start-up sequence and current injection method are improved to start the
SRM with both zero speed and nonzero speed. The dynamic
response, the start-up sequence, and model inaccuracy tolerance ability are validated by both simulation and experimental
results.

Fig. 3. g for different currents and its simplification. (a) g for different
currents. (b) The simplified g.

II. MODEL OF SRM
By neglecting mutual coupling between phases, the phase
voltage equation of SRM is given as
dψ(θ, i)
uw = Rw · i +
(1)
dt
where uw is the phase voltage applied on the phase winding,
Rw is the winding resistance, ψ is the flux linkage, θ is the rotor
position, and i is the phase current. Due to its double salient
structure and saturation, ψ is a nonlinear function of both i and
θ. Fig. 2 shows the flux linkage profile of the studied SRM in
this paper. i could be measured directly, but θ is not available
without position sensor. In order to obtain the rotor position, ψ
has to be measured by integrating (1)

(2)
ψ = (uw − Rw · i) dt.
With the flux linkage profile shown in Fig. 2, ψ and i obtained,
θ could be calculated either directly by lookup table or by numerical method. In this paper, numerical method is adopted to
calculate the rotor position.
Since ψ(θ, i) is a function of θ and i, in a small neighborhood
of a point in Fig. 2, there is


∂ψ 
∂ψ 
· i +
· θ.
ψ =
(3)
∂i θ =const
∂θ i=const
Since current is directly measured, i could be taken as zero.
Then, (3) could be written as



∂θ 
· ψ − ψ̂
θ − θ̂ =
(4)

∂ψ
i=const

where θ̂ is the estimated rotor position near the real position and
ψ̂ is the corresponding estimated flux linkage.

The motion equations of the SRM is
θ̇ = ω
ω̇ = α

(5)

where ω is the angular speed, α is the angular acceleration,
and α is determined by factors such as torque production, load
condition, load inertia, and friction.
III. PROPOSED SENSORLESS CONTROL METHOD
A. Position Estimation
Since the controller is digitally implemented, the estimated
position for current sampling step comes from the previous sampling step and is donated as θ̂ (k|k − 1). Then, the corresponding
estimated flux is obtained as


ψ̂ (k|k − 1) = ψ θ̂ (k|k − 1) , i (k) .
(6)
According to (4), there is
e(k) = θ̂ (k|k) − θ̂ (k|k − 1)



∂θ 
·
ψ
(k)
−
ψ̂
(k|k
−
1)
=
∂ψ 

(7)

i(k )

where θ̂ (k|k) is the estimated rotor position of current step and
e(k) is the estimation error.
g = ∂∂ψθ is the iteration gain of the numerical calculation,
whose values at different currents are shown in Fig. 3(a). It
is shown that g varies a lot with rotor position. Normally, the
values are stored in a lookup table for use. In order to save
time and space of the digital controller, only the smallest value
at each current is taken as shown in Fig. 3(b). This approach
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Diagram of proposed position sensorless control method.

about 159 Hz. In this way, the error caused by current sampling
noise, calculation error, and model mismatch are filtered out. At
the same time, the system has sufficient phase margin.
kω mainly affects the middle frequency performance. This is
the main frequency of the mechanical system. kω is chosen as
100 000 so that G(s) has a gain of about 40 dB at 5 Hz. This
will guarantee the tracking performance of mechanical speed
perturbation.
kα affects the gains at low frequency. kα is chosen as 100 000
so that the system has higher gain at low frequency while still
keeps sufficient gain margin.
With the proposed method, in a steady state, the estimation
error will converge to zero, according to (6) and (7), there is
Fig. 5.



ψm θ̂(k), i (k) = ψ(k) = ψ (θ(k), i (k))

Bode diagram of (9) with different parameters.

will not lead to large errors considering relatively flat curve
when the phase is turned ON. Smaller gain may lead to slower
convergence, which will not affect the stability of the numerical
iteration.

(10)

In order to reduce the impact of measurement noise and
numerical residual error, a PLL is designed according to (5)

where ψm is the modeled flux linkage profile. If the SRM is
modeled accurately, which means ψm = ψ, then, θ̂(k) = θ(k).
Otherwise, θ̂(k) will be shifted away from θ(k). This will affect
the accuracy of the estimation result and thus result in shifted
turn-on and turn-off angles. However, this inaccuracy will not
affect the stability of the PLL.
Since the controller is implemented in the digital processor,
(8) has to be digitalized

ˆ
θ̇ = ω̂ + kθ e

θ̂ (k + 1|k) = θ̂ (k|k − 1) + ω̂ (k|k − 1) · T + kθ · e (k) · T

ˆ = α̂ + kω e
ω̇

ω̂ (k + 1|k) = ω̂ (k|k − 1) + α̂ (k|k − 1) · T + kω · e (k) · T

B. PLL Design

ˆ = kα e
α̇

(8)

where θ̂, ω̂, and α̂ are the estimated position, angular speed, and
angular acceleration, respectively, e = θ − θ̂ is the estimated
error from (4).
The corresponding open loop transfer function of the PLL is
G(s) =

kθ s2 + kv s + kα
θ̂
=
.
e
s3

(9)

The stability could be analyzed in frequency domain. Fig. 5
shows the bode diagram of the system with different parameters.
It is shown that kθ mainly affects the cross over frequency
and gain at high frequency. Larger kθ will increase the gain
margin, the phase margin, as well as the bandwidth of the system.
However, the system will become more sensitive to noise. In this
design, kθ is chosen as 1000, so that its cross over frequency is

α̂ (k + 1|k) = α̂ (k|k − 1) + kα · e (k) · T.

(11)

Combining (2), (6), (7), and (11), the diagram of the proposed
sensorless control method with third-order PLL is shown in
Fig. 4. First, the real flux linkage ψ(k) and estimated flux linkage
ψ̂ (k|k − 1) are obtained by (2) and (6), respectively. Second,
the estimation error e(k) is obtained by (7). Finally, the e(k)
is passed to the third-order PLL (11) to get the estimated rotor
position for the next step.
C. Relationship Between Previous Sensorless
Control Methods
The proposed position sensorless control method is similar
to some previously proposed sensorless control method. For
example, if the ∂∂ψθ item is removed from (7), and the PLL is
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reduced to second order, then the position estimator becomes


ψ̂ (k|k − 1) = ψ θ̂ (k|k − 1) , i (k)


e (k) = ψ (k) − ψ̂ (k|k − 1)
θ̂ (k + 1|k) = θ̂ (k|k − 1) + ω̂ (k|k − 1) · T + kθ · e (k) · T
ω̂ (k + 1|k) = ω̂ (k|k − 1) + kω · e (k) · T

(12)

which is a typical flux observer-based position estimator.
If the third-order PLL is removed, then (7) becomes



∂θ 
θ̂ (k) = θ̂ (k − 1) +
· ψ (k) − ψ̂ (k − 1)
(13)

∂ψ

TABLE I
CALCULATING THE ESTIMATED POSITIONS AT THE END OF START-UP STAGE
If
θ̂ a
θ̂ a
θ̂ a
θ̂ a
θ̂ a
θ̂ a

Then
>
<
<
<
>
>

θ̂ b , θ̂ a
θ̂ b , θ̂ a
θ̂ b , θ̂ a
θ̂ b , θ̂ a
θ̂ b , θ̂ a
θ̂ b , θ̂ a

>
>
<
<
<
>

θ̂ c , θ̂ b
θ̂ c , θ̂ b
θ̂ c , θ̂ b
θ̂ c , θ̂ b
θ̂ c , θ̂ b
θ̂ c , θ̂ b

>
>
>
<
<
<

θ̂ c
θ̂ c
θ̂ c
θ̂ c
θ̂ c
θ̂ c

θ̂ a = 360 − θ̂ a , θ̂ c = 360 − θ̂ c
θ̂ a = 360 − θ̂ a
θ̂ a = 360 − θ̂ a , θ̂ b = 360 − θ̂ b
θ̂ b = 360 − θ̂ b
θ̂ b = 360 − θ̂ b , θ̂ c = 360 − θ̂ c
θ̂ c = 360 − θ̂ c

TABLE II
PARAMETERS OF THE STUDIED SRM

i(k )

which is a numerical-method-based direct calculation method.
Therefore, the proposed method could be considered as the
combination of observer-based method and direct calculation
method.

Parameter
Number of stator poles
Number of rotor poles
Rated power
Rated mechanical speed
Rated electric speed
Rated Torque
Rated DC bus voltage
Winding resistance

IV. DIGITAL IMPLEMENTATION
Since there is no information about the rotor position before start up, a start-up sequence is required. In this paper, a
four-stage start-up sequence is used. These sequences are initial
position determination, initial speed determination, low-speed
operation, and high-speed operation.

Value
12
8
2 kW
6000 r/min
48 000 r/min
3.2 N· m
300 V
0.3 Ω

TABLE III
PARAMETERS OF THE EXPERIMENTAL PLANT

A. Initial Position Determination
On start up, voltage pulses are injected to all three phases
of the SRM for a short period of time. The position estimators
of the three phases start to estimate rotor positions at the same
time. The flux linkage caused by the voltage pulses should be
limited to prevent any phase current from being too large. It also
should not be too small that the corresponding phase current is
too small to be measured. The number of voltage pulses should
be enough for the estimators to converge. It also should not be
too large in case of too much integral error from (2). Considering
all these conditions above, 10 V pulses are injected to the phase
winding, each pulse has a flux linkage of 0.002 Wb. These
pulses will totally result in 0.02-Wb flux linkage in each phase.
According to Fig. 2, not matter where the rotor position is, the
corresponding phase currents should be within [3 A, 16 A],
which are both measurable and not too large.
Since Fig. 2 is symmetric between (0, 180] and (180, 360], the
three estimators should only estimate the rotor position among
(180,360] in this stage. After the estimated positions converges
and become stable, the rotor position is calculated through the
estimated values according to Table I.
There is known relationship among the three phase positions,
which is
θa = θb + 120
θb = θc + 120.

(14)

Therefore, a more accurate rotor position could be obtained by
averaging the three calculated positions
θa + θb + 120 + θc + 240
(15)
.
θ̂ =
3

Symbol

Parameter

Rw
fs
T
u DC
θ on
θ off
i ref
kθ
kv
kα
Kf

SRM winding resistance
switching frequency
Sampling period
DC bus voltage
Turn on angle
Turn off angle
Reference current
PLL gain k θ
PLL gain k v
PLL gain k α
Proportional gain of the flux controller

value
0.3 Ω
10 kHz
0.0001 s
300 V
216 ◦
330 ◦
10 A
1000
100 000
100 000
0.3

With θ̂ obtained, the SRM could be started by keeping turning
on the active phase and turning OFF the inactive phases.
B. Initial Speed Determination
Normally, the initial speed of SRM is considered as zero.
However, in many applications, this is not true, especially in
application such as fans and pumps. Therefore, the initial speed
has to be estimated before running the SRM. In this paper, the
voltage pulses used in Section IV-A are injected into all three
phases of the SRM for 0.1 s, so that the estimated speed and
acceleration have sufficient time to converge to the real value.
It has to be noted that (3) is only effective for small error. If
the initial state is not accurate or unknown, the error of the PLL
maybe large before its convergence. To maintain small error,
larger gains of the PLL are used. In this stage, the gains of the
PLL are 10× larger that gains used in other stages.

PENG et al.: POSITION SENSORLESS CONTROL OF SWITCHED RELUCTANCE MOTOR DRIVES BASED ON NUMERICAL METHOD

Fig. 6.

2163

Diagram of the proposed sensorless control method.

C. Low Speed
With position, speed, and acceleration estimated, the SRM
can be started by keep turning ON the active phases and turning OFF the inactive phases. However, since the flux linkage is
calculated by (2) by integration in a open loop manner, it will
lose its accuracy when speed is low and the integration time
is long. Normally, voltage pulses are injected into the inactive
phases to help in estimating the rotor position. However, since
the inductance of phase winding varies greatly, voltages will
cause different amplitude of current pulses, some of them may
be too small to be measured while others of them may be too
large to cause more torque ripple, noise, and conduction loss.
In this stage, the information of rotor position is already
known, therefore current pulses instead of voltage pulses can
be injected into the inactive phases to help estimating the rotor
position. The position estimator of the active phase is disabled.
D. High Speed
After the SRM gets into higher speed, the calculated flux
linkage is accurate enough. In this stage, the pulse injection is
stopped. Rotor position is estimated by the active phase.
V. SIMULATION RESULTS
Simulation is performed in MATLAB/SIMULINK to verify
the effectiveness of the proposed position sensorless control
method. A 12/8 SRM is modeled in this simulation. The flux
profile of this SRM is shown in Fig. 2. The detailed parameters of
the SRM is shown in TBALE II. Since speed control and torque
control is not the main concern of this paper, only current control
is applied. A proportional flux controller with feed-forward is
adopted to control the current at low speed and high speed.
The controller enters high speed mode when the speed is higher
than 410 r/min. The parameters of the controller as well as the
proposed PLL are shown in Table III.
In practice, the current sampling of ADCs may introduce
noises to the sampled currents. To simulate this case, white noise
is introduced to test the performance of the proposed sensorless
control method. Considering the sampling noise in practice, the
control diagram of the system is shown in Fig. 6.
Speed is controlled by varying the load torque and the speed is
controlled to ramp from zero to 6000 r/min within 2 s. Two cases
are studied in this simulation. First, the SRM starts running from
zero speed. Second, the SRM is running with an initial speed of
500 r/min.

Fig. 7. Simulation results of initial position and speed determination when
the SRM is started from zero speed. (a) Flux linkage and current. (b) Estimated
and real position. (c) Estimated and real speed.

A. Initial Position and Speed Determination
Figs. 7 and 8 show the simulation results when the SRM is
started from zero speed and 500 r/min, respectively. Pinit. donates the initial position stage and Sinit. donates the initial speed
determination stage. In these two stage, voltage pulses are injected to all three phases. Therefore, the flux linkage waveforms
shown in Figs. 7(a) and 8(a) are triangular waves. Even though
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Fig. 9. Real and calculated flux linkage and the corresponding current during
low speed.

Fig. 8. Simulation results of initial position and speed determination when
the SRM is started from 500 r/min. (a) Flux linkage and current. (b) Estimated
and real position. (c) Estimated and real position.

the sampled current in Figs. 7(a) and 8(a) is well polluted by
the current noise, the position estimation shown in Figs. 7(b)
and 8(b), and the speed estimation shown in Figs. 7(c) and 8(c)
converge to their real value very fast, no matter what the initial
speed is.
B. Low Speed and High Speed
Since speed is low in this stage, the model-based flux calculation may suffer from integration errors. Fig. 9 shows the flux
linkage estimation error at low speed. Estimating rotor position
with the active phase may cause significant errors. Therefore,
current pulses of about 5 A are injected when the phase become
inactive to help estimate the rotor position. The estimators of
active phases are turned OFF at this stage.
Figs. 10(a) and 10(b) shows the real and real and estimated
speed when the SRM is started from zero and 500 r/min. Their

Fig. 10. Real and estimated speed when the SRM is started from zero and
500 r/min. (a) Zero initial speed. (b) 500 r/min initial speed.

initial speed determination stages are enlarged. It is shown
that the proposed estimation method has significant accuracy
of speed estimation.
Fig. 11 shows the real and estimated speed at 300, 3000,
and 6000 r/min. The length of one electric period is marked on
these figures. It is shown that the estimated position matches
the real position very well at low speed (300 r/min), middle
speed (3000 r/min), and high speed (6000 r/min). The results
are merely affected by current sampling noise. This is due to the
noise attenuation ability of the third-order PLL.
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Position estimation error without the PLL.

Fig. 11. Real and estimated position at 300, 3000, and 6000 r/min.
(a) 300 r/min. (b) 3000 r/min. (c) 6000 r/min.

Fig. 14. Experimental setup. (a) Studied SRM and its load. (b) Power converter
for the test SRM and DC/DC converter of the load.

Fig. 12.

Position estimation error with the PLL.

Fig. 12 shows the position estimation error from the beginning. As a comparison, Fig. 13 shows the position estimation
error without the third-order PLL. It is shown that compared to
Fig. 12 the estimation error increases significantly without the
PLL.
VI. EXPERIMENTAL RESULTS
Experiments are designed to verify the effectiveness of the
proposed position sensorless control method. The experiments
are performed on the same SRM as used for the simulation.
The flux profile and the parameters of the SRM are shown in
Fig. 2 and Tabel II, respectively. A BLDC with diode rectifier is

Fig. 15.

The real and estimated speed with load variation.

used as its load. Fig. 14(a) shows the studied SRM and the load
BLDC. A dc/dc converter is connected to the output of the diode
rectifier to adjust the load. Fig. 14(b) shows the power converter
for the SRM and the dc/dc converter and the load resistor. A
position sensor is installed on the studied SRM to measure the
real position and speed. It should be noted that the position
sensor is only used for comparison, and is not used by the
proposed controller. The measured and estimated positions and
speeds are sent to a PC for record through USB communication
at 10 kHz.
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Fig. 18.

Real and estimated speed of restart test.

Fig. 19. Measured and estimated rotor speed and position during restart in
Fig. 18. (a) Speed. (b) Position.

Fig. 16. Measured and estimated rotor position at different time in Fig. 15.
(a) t1 . (b) t2 , (c) t3 , (d) t4 .

Fig. 17.

Estimated position error.

First, the SRM is started with 10-A reference current as it
is in simulation. The SRM is started from 0 r/min and run to
about 6000 r/min. Then, load is added so that the speed of the
SRM drop to about 4000 r/min. Then, load is removed and the
SRM resumes 6000 r/min. Fig. 15 shows the real and estimated
speed. It is shown that the estimated speed follows the real speed
very well.
In Fig. 15, t1 donates the time of starting up, t2 donates the
time when the speed of SRM exceeds 3000 r/min. t3 donates
the time when the load is applied, the speed is 6000 r/min, t4
donates the time when the load is removed, and the speed is
4000 r/min.
Fig. 16(a) shows the measured and estimated rotor position
at t1 . The initial position determination stage Pinit. and initial
speed determination stage Sinit. are also marked. It is shown
that the estimated position converges to the real very quickly
and the estimation is accurate. Fig. 16(b), (c), and (d) shows
the estimated and measured rotor position at t2 , t3 , and t4 ,
respectively. It is shown that no matter the speed is high or low,
or the load is varying or not, the position estimations are all
accurate. Fig. 17 shows the position estimation error of this test.
It is shown that during the whole test, the position estimation is
within about 10 electric degree.
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significant accuracy on both position and speed estimation and
is able to tolerate considerable model inaccuracy. This method
could bring SRM to a wide application area such as electric
vehicle, household appliances, industrial production, electric
actuator, etc.
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Fig. 20. Measured and estimated rotor position with inaccurate flux profile.
(a) 80% of the measured flux profile. (b) 120% of the measured flux. profile.
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is turned OFF. When the speed of the SRM drops to around
500 r/min, the converter is turned ON again. Fig. 18 shows the
real and estimated speed response of this case. It is shown that
the estimated speed follows the real speed very well. The SRM
converter is returned ON at about 13.24 s. Fig. 19(a) and (b)
shows the detailed speed and position estimation performance
during the restart progress. The initial position determination
stage Pinit. and initial speed determination stage Sinit. are also
marked. It is shown that at the end of Pinit. , initial position is
accurately determined. At the end of Sinit. , the estimated speed
converges to the real speed.
Third, to test the robustness of the proposed sensorless control method, the flux linkage profile shown in Fig. 2 is decreased
to 80% and increased to 120%, respectively. The SRM is driven
to 6000 r/min from zero. The corresponding position error is
shown in Fig. 20(a) and (b), respectively. Compared to Fig. 17,
even with 20% flux linkage inaccuracy, the proposed method
is still working. The resultant errors are shifted up and down
by about 10 electric degree, respectively. Therefore, it is indicated that the proposed position sensorless method is robust
with model inaccuracy. This further validates the effectiveness
of the proposed method.
VII. CONCLUSION
In this paper, a new position sensorless control method for
the SRM drives is proposed. This method is able to accurately
track the rotor position and speed, even during acceleration and
deceleration. The impact of current sampling noise on the estimated rotor position is well attenuated by the proposed method.
A new start-up sequence is also proposed to start the SRM with
both zero speed and nonzero speed. Simulation and experimental results show that the proposed sensorless control method has

[1] T. J. E. Miller, Switched Reluctance Motors and Their Control. Hillsboro,
OH, USA: Magna Physics Pub., 1993.
[2] J.-W. Ahn, S.-G. Oh, J.-W. Moon, and Y.-M. Hwang, “A three-phase
switched reluctance motor with two-phase excitation,” IEEE Trans. Ind.
Appl., vol. 35, no. 5, pp. 1067–1075, Oct. 1999.
[3] J.-W. Ahn, S.-J. Park, and D.-H. Lee, “Hybrid excitation of SRM for
reduction of vibration and acoustic noise,” IEEE Trans. Ind. Electron.,
vol. 51, no. 2, pp. 374–380, Apr. 2004.
[4] D.-H. Lee, Z.-G. Lee, and J.-W. Ahn, “Instantaneous torque control of
SRM with a logical torque sharing method,” in Proc. 2007 IEEE Power
Electron. Spec. Conf., Orlando, FL, USA, Jun. 2007, pp. 1784–1789.
[5] H. Goto, A. Nishimiya, H.-J. Guo, and O. Ichinokura, “Instantaneous
torque control using flux-based commutation and phase-torque distribution technique for SR motor EV,” COMPEL: The Int. J. Comput. Math.
Elect. Electron. Eng., vol. 29, no. 1, pp. 173–186, Jan. 2010.
[6] J. Ye, B. Bilgin, and A. Emadi, “Comparative evaluation of power converters for 6/4 and 6/10 switched reluctance machines,” in Proc. 2015 IEEE
Transp. Electrif. Conf. Expo, Dearborn, MI, USA, Jun. 2012.
[7] F. Yi and W. Cai, “Repetitive control-based current ripple reduction
method with a multi-port power converter for SRM drive,” in Proc.
2015 IEEE Transp. Electrif. Conf. Expo., Dearborn, MI, USA, Jun. 2015,
pp. 1–6.
[8] X. Kai, Z. Qionghua, and L. Jianwu, “A new simple sensorless control
method for switched reluctance motor drives,” in Proc. 8th Int. Elect.
Mach. Syst., Nanjing, China, Sep. 2005, vol. 1, pp. 594–598.
[9] E. Ofori, T. Husain, Y. Sozer, and I. Husain, “A pulse injection based
sensorless position estimation method for a switched reluctance machine
over a wide speed range,” in Proc. 2013 IEEE Energy Convers. Congr.
Expo., Denver, CO, USA, Sep. 2013, pp. 518–524.
[10] H. Gao, F. Salmasi, and M. Ehsani, “Inductance model-based sensorless
control of the switched reluctance motor drive at low speed,” IEEE Trans.
Power Electron., vol. 19, no. 6, pp. 1568–1573, Nov. 2004.
[11] J. Cai and Z. Deng, “Sensorless control of switched reluctance motor
based on dynamic thresholds of phase inductance,” Elect. Power Compon.
Syst., vol. 40, no. 8, pp. 915–934, Apr. 2012.
[12] J. Cai and Z. Deng, “Sensorless control of switched reluctance motor based
on phase inductance vectors,” IEEE Trans. Power Electron., vol. 27, no. 7,
pp. 3410–3423, Jul. 2012.
[13] J. Cai and Z. Deng, “A position sensorless control of switched reluctance
motors based on phase inductance slope,” J. Power Electron., vol. 13,
no. 2, pp. 264–274, Mar. 2013.
[14] J. Ye, B. Bilgin, and A. Emadi, “Elimination of mutual flux effect on
rotor position estimation of switched reluctance motor drives considering magnetic saturation,” IEEE Trans. Power Electron., vol. 30, no. 2,
pp. 532–536, Feb. 2015.
[15] J. Lyons, S. MacMinn, and M. Preston, “Flux-current methods for SRM
rotor position estimation,” in Proc. 1991 IEEE Ind. Appl. Soc. Annu.
Meeting, vol. 1, Dearborn, MI, USA, Sep. 1991, pp. 482–487.
[16] M. Islam and I. Husain, “Torque ripple minimization with indirect position
and speed sensing for switched reluctance motors,” in Proc. The 25th
Annu. IEEE Ind. Electron. Soc., vol. 3, San Jose, CA, USA, Nov. 1999,
pp. 1127–1132.
[17] I. Al-Bahadly, “DSP-based sensorless position estimation in switched
reluctance drives,” in Proc. 25th Annu. IEEE Ind. Electron. Soc., vol. 3,
San Jose, CA, Nov. 1999, pp. 1133–1138.
[18] R. McCann, M. Islam, and I. Husain, “Application of a sliding-mode
observer for position and speed estimation in switched reluctance motor
drives,” IEEE Trans. Ind. Appl., vol. 37, no. 1, pp. 51–58, Feb. 2001.
[19] M. Islam, I. Husain, R. Veillette, and C. Batur, “Design and performance
analysis of sliding-mode observers for sensorless operation of switched
reluctance motors,” IEEE Trans. Control Syst. Technol., vol. 11, no. 3,
pp. 383–389, May 2003.
[20] M. Divandari, A. Koochaki, M. Jazaeri, and H. Rastegar, “A novel sensorless SRM drive via hybrid observer of current sliding mode and flux
linkage,” in Proc. 2007 IEEE Int. Elect. Mach. Drives Conf., Antalya,
Turkey, May 2007, pp. 45–49.

2168

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 53, NO. 3, MAY/JUNE 2017

[21] I. H. Al-Bahadly, “Examination of a sensorless rotor-position-M method
for switched reluctance drive,” IEEE Trans. Ind. Electron., vol. 55, no. 1,
pp. 288–295, Jan. 2008.
[22] B. Fahimi, A. Emadi, and R. Sepe, “Four-quadrant position sensorless
control in SRM drives over the entire speed range,” IEEE Trans. Power
Electron., vol. 20, no. 1, pp. 154–163, Jan. 2005.
[23] W. Zeng, C. Liu, Q. Zhou, J. Cai, and L. Zhang, “A new flux/current
method for SRM rotor position estimation,” in Proc. 2009 Int. Conf. Elect.
Mach. Syst., Tokyo, Japan, Nov. 2009, pp. 1–6.
[24] J. Wolff, R. Rahner, and H. Spath, “Sensorless speed control of a switched
reluctance motor for industrial applications,” in Proc. 6th Int. Conf.
Optim. Elect. Electron. Equip., vol. 2, Brasov, Romania, May 1998,
pp. 457–462.
[25] G. Gallegos-Lopez, P. Kjaer, and T. Miller, “High-grade position estimation for SRM drives using flux linkage/current correction model,” IEEE
Trans. Ind. Appl., vol. 35, no. 4, pp. 859–869, Aug. 1999.
[26] F. Peng, J. Ye, and A. Emadi, “Position sensorless control of switched
reluctance motor based on numerical method,” in Proc. 2016 IEEE Energy
Convers. Congr. Expo., Milwaukee, WI, USA, Sep. 2016, pp. 1–8.

Fei Peng (S’15–M’16) received the B.S. and M.S.
degrees in electrical engineering from Southeast
University, Nanjing, China, in 2010 and 2012, respectively, and the Ph.D. degree in electrical engineering
from McMaster University, Hamilton, ON, Canada,
in 2016.
He worked as a Postdoctoral Fellow at the McMaster Institute for Automotive Research and Technology, McMaster University. He joined the School
of Electrical Engineering, Southeast University, Nanjing, Jiangsu, China, as an Assistant Professor in December 2016. His research interests include optimal design and control of power
converters, and modeling and digital control of motor drives.
Jin Ye (S’13–M’14–SM’16) received the B.S. and
M.S. degrees in electrical engineering from Xian
Jiaotong University, Xian, China, in 2008 and 2011,
respectively, and the Ph.D. degree in electrical engineering from McMaster University, Hamilton, ON,
Canada, in 2014.
She worked as a Postdoctoral Research Associate
at the McMaster Institute for Automotive Research
and Technology, McMaster University. She is currently an Assistant Professor of electrical engineering
with San Francisco State University, San Francisco,
CA, USA. Her main research areas include power electronics, electric motor
drives, renewable energy conversion, and electrified transportation.

Ali Emadi (S’98–M’00–SM’03–F’13) received the
B.S. and M.S. degrees in electrical engineering with
highest distinction from the Sharif University of
Technology, Tehran, Iran, in 1995 and 1997, respectively, and the Ph.D. degree in electrical engineering
from Texas A&M University, College Station, TX,
USA, in 2000.
He is the Canada Excellence Research Chair
in Hybrid Powertrain with McMaster University,
Hamilton, ON, Canada. Before joining McMaster
University, he was the Harris Perlstein Endowed
Chair Professor of Engineering and the Director of the Electric Power and
Power Electronics Center and Grainger Laboratories at Illinois Institute of
Technology, Chicago, IL, USA, where he established research and teaching
facilities as well as courses in power electronics, motor drives, and vehicular power systems. He was the Founder, the Chairman, and the President of
Hybrid Electric Vehicle Technologies, Inc., (HEVT), Chicago, IL, USA, a university spin-off company of the Illinois Institute of Technology (IIT). He was
the Advisor for the Formula Hybrid Teams at IIT and McMaster University. He is
the principal author/co-author of more than 350 journal and conference papers,
as well as several books including Vehicular Electric Power Systems (2003),
Energy Efficient Electric Motors (2004), Uninterruptible Power Supplies and
Active Filters (2004), Modern Electric, Hybrid Electric, and Fuel Cell Vehicles
(2nd ed, 2009), and Integrated Power Electronic Converters and Digital Control
(2009). He is also the Editor of the Handbook of Automotive Power Electronics
and Motor Drives (2005) and Advanced Electric Drive Vehicles (2014).
Dr. Emadi was the Inaugural General Chair of the 2012 IEEE Transportation
Electrification Conference and Expo, and has chaired several IEEE and the Society of Automotive Engineers (SAE) conferences in the areas of vehicle power
and propulsion. He is the founding Editor-in-Chief of the IEEE TRANSACTIONS
ON TRANSPORTATION ELECTRIFICATION. He received the GM Best Engineered
Hybrid System Award in 2010, 2013, and 2015.

Yunkai Huang received the B.E., M.E., and Ph.D.
degrees from Southeast University, Nanjing, Jiangsu,
China, in 1998, 2001, and 2007, respectively, all in
electrical engineering.
He is currently a Professor of electrical engineering with Southeast University. His research interests
include electrical machines and drives, power electronics, and green energy systems.

