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Abstract—This paper presents a new sensorless control strategy
with the fault-tolerant ability for switched reluctance motors
(SRMs). Nowadays, many rotor position detection methods are
utilized, but most of them increase the system cost due to the
additional hardware or complex calculations. To address this
problem, various methods of using phase inductance to estimate
the rotor position and speed have been proposed. However, the
traditional inductance detection method will cause signal
distortion due to the presence of interference signals and the
unbalanced phase inductance. In particular, the turn-ON angle is
advanced. To further improve the stability of the control system,
the interference signals are eliminated via establishing the
reference time of the inductance characteristic point and the error
band in this work. When the position signal disappears, the
inductance characteristic points of adjacent phases will be adopted
for signal compensation to realize fault-tolerant control. Finally,
an SRM drive system is used to verify the effectiveness of the
proposed control strategy.

Index Terms—fault-tolerant ability, inductance inflection point,
sensorless control, switched reluctance motor.

1. INTRODUCTION

HANKS to the features of simple structure, low price,

flexible control, and high operating efficiency switched
reluctance motors (SRMs) are widely applied in aerospace,
electric vehicles, and precision machining [1]-[3]. To improve
the stability and dynamic performance, SRMs require the
information of precise rotor position and speed. However, the
installation and utilization of mechanical sensors will not only
increase the cost and complexity of the drive system, but also
increase the potential risk of the control system [4]. Therefore,
various position sensorless control methods have been
developed to overcome these disadvantages. Meanwhile,
various control methods have been proposed to weaken the
shortcoming of the double salient pole structure [5].

A. Related research

In the last three decades, many methods have been
investigated to improve the performance of SRMs, including
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structural optimization [6]-[8], direct torque control [9],
sensorless control [10]. In particular, sensorless control
methods have been proposed increasingly. According to the
features of the estimated rotor position, the main control
schemes can be classified into three categories, i.e., modern
control theory-based methods [11]-[15], flux-linkage-based
methods [16]-[19], and inductance characteristics-based
methods [20]-[24].

In the early stage of the development of sensorless control, a
recursive least-squares algorithm was used to estimate the rotor
position and speed, which was only applicable to sensorless
control at extremely low speed [10]. To further increase the
accuracy of rotor position estimation, neural network [11], [12]
and fuzzy logic [13] control methods were designed. Through
the comparison, it was found that the effect of rotor position
estimation is accurate, but the design of control parameters is
complicated [14]. A sensorless voltage control scheme is
proposed, which can achieve high-resolution rotor position
estimation [15].

Recently, methods based on flux-linkage and inductance
characteristics have been studied. A high-frequency pulse was
injected into the non-excitation phase to obtain the inductance
of SRMs [16], [17]. Sensorless control works well only in the
initial rotor position estimation and starting process. In [14], the
phase voltage and current obtained in real-time were employed
to calculate the flux linkage by using an artificial neural
network (ANN) inference system. To solve the problem of large
memory consumption and complicated calculation, an
improved flux linkage comparison method was implemented in
[18]. Experimental results showed that the position estimation
accuracy is acceptable. In [19], a position sensorless torque
control method was proposed to reduce torque ripple.

The phase inductance slope zero-crossing detection method
has been continuously discussed and developed. The zero-
crossing point was used as the commutation point to drive
SRMs [20]. For an SRM with 12/8 pole structure, the excitation
region of each phase was fixed in [7.5°, 22.5°]. Obviously, the
lagged turn-ON angle is very detrimental to the initial current
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rise, and the lagged turn-OFF angle would cause excessive
negative torque [21]. The position estimation method based on
the zero-crossing of the phase inductance slope is similar to the
phase current gradient method [22]. The characteristic rotor
position of this method is to detect the aligned position of the
rotor pole and stator pole. However, the detected feature points
may be inaccurate due to interference pulse signals generated at
the moment of turn-ON and near the feature points. To improve
the accuracy of rotor feature position detection, a joint position
feature point detection method was proposed [23]. The
intersection of the transformer -electromotive force and
motional electromotive force was used as a feature detection
point. It was pointed out that the joint sensorless detection
method is only used in the case of medium speed [24].
Therefore, a new slope zero-crossing detection method was
proposed to expand the applicable speed range, but there is no
solution to the interference signal.

The position sensorless control and fault-tolerant control
(FTC) are closely related to each other. In extreme cases, when
all position signals are lost, the only way to maintain fault-
tolerant operation is to use sensorless control methods. The
early fault-tolerant control for SRM was mainly for diagnosis
and fault-tolerant control of inverter faults. In [25], a method to
detect inverter faults using a neural genetic model is applied.
The fault diagnosis is effective, but the fault-tolerant control is
not effective. subsequently, an inverter with fault-tolerant
function was proposed [26], [27]. This inverter can perform
real-time diagnosis and fault-tolerant control. The genetic
algorithm (GA) based method [28] were proposed. These
methods are effective in detecting faults. A fault diagnosis
method of position signal based on edge prediction was
proposed [29]. And a fault-tolerant control strategy combining
hardware and software was proposed to address the failure of
the power inverter. Two sensorless methods and a position
sensor were used for the maximum-likelihood voting algorithm
to achieve FTC. This method can reduce the number of position
sensors. In [30], a sensorless fault-tolerant algorithm was
proposed. It can capture at least a single-phase alignment
position for both normal and FTC operations.

B. Contributions

In this paper, an error band is established by the phase
interval of feature points between the phases, which improves
the accuracy of capturing feature points. When a position signal
is lost, the FTC is used to improve system stability. The
proposed sensorless algorithm with FTC overcomes problems,
such as additional hardware, look-up table and a large number
of calculations. The main contributions of this paper are listed
as follows.

1) In the proposed model, the rising start and maximum
inflection points of phase inductance are detected using
the electrical terminals. Consequently, it does not
require additional hardware. Via establishing the
reference time of the characteristic inflection point for
diagnosis and fault tolerance of the position signal, this
method can effectively eliminate the interference signal.

2) A fault-tolerant algorithm 1is proposed by fully

considering the unbalance inductance case. The
proposed fault-tolerant control is not only applicable to
four-phase motors but also can be extended to motors
with different phases.

3) Experiments and simulations show that the positionless
control with FTC is suitable for a wide speed range.
Therefore, the speed regulation performance of the SRM
system is greatly improved.

C. Paper organization

The rest of this paper is organized as follows. In Section II,
the motor model is described, and the method of non-sensor
control for a segmented-rotor SRM (SSRM) is proposed. In
Section III, principles and implementations of the proposed
position sensorless control with FTC under both low-speed and
high-speed operations are introduced. Simulations for further
analysis are established in Section IV. The experimental results
of the proposed strategy are given in Sections V, followed by
the conclusion.

II. SWITCHED RELUCTANCE MOTOR DRIVE

A. Structure of the four-phase 16/10 SRM

Fig. 1 (a) shows the topology of a segmented-rotor switched
reluctance motor (SSRM) and the inductance change with the
segmented rotor position. The magnetic flux of the SSRM
consists of the excitation teeth, passes through the segmented
rotor, and then returns to the excitation teeth from the adjacent
auxiliary poles to form an excitation circuit. Therefore,
compared with conventional SRM, the magnetic circuit of
SSRM is shorter, which makes SSRM have a lower loss and
higher efficiency. This SSRM is mainly composed of the
winding, isolator, 8 excited poles, 8 auxiliary poles, and
segmented rotor that the 10 segmented rotors are embedded in
non-magnetic isolators (aluminum). During a complete
inductance cycle shown in Fig. 1 (b), the inductance changes
slightly before the rotor rotate to 8;. As the rotor rotates from 6,
to @, the inductance increases due to the decrease of the
reluctance. When the rotor rotates from 6, to 65, the inductance
decreases as the reluctance increases.

The phase voltage equation of the SRM is given as

v, = Li=N’i/R, (1)

U(t) = Ri(t) +[dy(0,i))/dt 2)
where U, R, i, and y denote the phase voltage, phase resistance,
phase current, and phase flux linkage, respectively, 6 stands for
the rotor angular position, N represents the number of winding
turns, and R, stands for the total magnetic reluctance.

B. System description

Fig. 2 shows the overall drive system of the four-phase
16/10 SRM. This drive system consists of a switching converter
part for applying a switching pulse to the phase winding, a
signal conditioning part for regulating the phase voltage and
phase current signals, and a control part for controlling the
operating conditions. The switching converter has two switches
and two diodes per phase, and each phase uses an independent
asymmetrical bridge converter.



The rotor position is estimated by the phase current and phase
voltage, and it is accurately judged by the corresponding
algorithm. Meanwhile, the FTC of the position signal is
performed. After the accurate rotor position signal and speed
signal are obtained, the torque control and speed control will be
performed. Finally, the turn-ON and turn-OFF signals will be
outputted to the power inverter.
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Fig. 1. Structure of the four-phase 16/10 SSRM and the inductance profile.
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Fig. 2. SRM drive structure of position sensorless control with FTC.
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Fig. 3. Diagram of the four-phase inductance under balanced and unbalanced
conditions.

III. PRINCIPLE OF THE PROPOSED POSITION SENSORLESS
METHOD WITH FTC

A. Characteristics of the inductance point

Traditionally, the phase inductance cannot be fully calculated
and obtained even if it exists throughout the operating cycle.
The phase current is discontinuous in current chopper control
(CCC) mode and angular position control (APC) mode. When
the phase current decays to zero, the value of the phase
inductance cannot be calculated. Therefore, a full-cycle
inductance can only be obtained by injecting a detection signal
into the unexcited phase. However, complete phase inductance
is not always required in practical applications. The phase
inductance can be set to zero without any calculations when the
phase current is zero. Therefore, the phase inductance can be
expressed as

L U(U—Ri)dt]/i,im 5
0, i=0

Therefore, the selection of inductance characteristic points is
crucial to estimate the rotor position. As shown in Fig. 3 (a), a
rotor position estimation scheme is proposed based on the rising
start point A; and the maximum inductance inflection point A,
[30]. Another scheme was proposed based on the intersection
point of the phase inductances [31]. In the balance inductance
case, the rotor position estimation is accurate. However, the
physical parameters of each phase are limited by the
manufacturing accuracy, materials, and environment. And there
is no guarantee that the parameters of each phase are exactly the
same. There are slight differences in inductance of different
phases can be considered as the same inductance. But in actual
use, not every motor will be tested whether the inductance of
each phase is balanced. As depicted in Fig. 3 (b), the positions

of the rising start point A| , the maximum inductance inflection
point A’ and the intersection of the adjacent phase inductances

(C,, and C}; ) have changed under unbalanced inductance

conditions, which leads to the increased error of rotor position.
Since the sampling period is short enough, the phase
inductance slope can be obtained by
dL AL  L(k+1)-L(k)
dt AT T

where L, U, R, i, and t are the calculated phase inductance,
applied voltage, phase resistance, phase current, and the time,
respectively. L(k) and L(k+1) are the inductance at the (k)th and
(k+1)th sampling instants, and 7 is the sampling time.

Under CCC, The phase current is limited to a range by
chopping. The voltage balance equations in the rising and

falling areas can be expressed by
di

U,=2U0, +Ri, +d—l//i+d—wﬁ

di, dt do dt

(4)

=2U, +Ri +L(9i)ﬂ+idL””w (5)
o dt o do



0=2U, +Ri +d_y/£+d_y/ﬁ
di dt do dt

2U,, +Ri +L(0 ')di*+'dL”ha) 6
dio T L Ly (6)
where Uy, is the phase winding voltage, R the phase resistance,
i+ the current of chopping rising area, i_ the current of chopping
falling area, y the phase flux linkage, and Uy;, the voltage drop
across the diode and transistor.
Around the detection position, i+ is close to i if the chopper
width Ai is small enough. Then, the inductance with rotor
position and current can be obtained from (5) and (6).

di, di
U, =L, e — 7
where di./dt and di/dt can be easily obtained by dividing
chopper width by rising time and falling time.

(i _di
L(e’lph)_U/( dt dt} (8)

The inductance value can be calculated at low speed.

B. Phase inductance slope zero-crossing detection

CCC is employed during the low-speed operation. According
to (8), the phase inductance value can be calculated. The rising

start point point A; of the inductance can be accurately captured.

The turn ON/OFF angles of the SRM are constant under CCC
control. Therefore, the calculation of the rising start point A is
expressed as

ALy, _daL =0

o db\,,, 9
dL, ., dL
— = >0

de  do 050y,

The maximum inductance inflection point A, can be
expressed as

dLAZ_ dL
a0 a0, "
0<0,, (10)
dL, . dL
— = <0
do  db|,.,,
The phase voltage equation of SRM is expressed as
d(L-i,) i dL
_ . ph/ . ph .
U,=Ri,+———=Ri, +LZ+I’”’COE (11)

Equation (11) can be summarized as the current change rate
with respect to time, as shown in (12). Here, w represents the
rotor speed.

. . dL
diph _ Uph _Rlph _lpha)ﬁ (12)
dt L

Since the value of Riy, is much smaller than Uy, it can be
ignored and (12) can be rewritten as (13). As can be seen from
the equation, when the inductance change rate decreases, the
phase current increases.

di, . U, —i,o(dL/db) a3)

dt L
The corresponding position pulse signals are obtained by
acquiring the characteristic points A; and A, The speed of the
rotor can be calculated by (14).
AQ

w Y (14)
At high speeds, APC is applied. The term Ri,» (known as the
resistance voltage drop) in (11) is ignored. The phase voltage

U, is represented as

dL,
" 9” (15)

Assuming that the rotor pole begins to overlap with the
excited pole at the rotor position fov, (15) is rewritten as follows
according to the rotor position, i.e., when the rotor pole
approaches Hov or when the rotor pole has already passed Gov:

di,, .
U, ~oL +wi , -
do

di dL
U, =ol, “=+wi, =

ov— ov— ov— d

dL

dlov+ . ov+

U0V+ a)LOV+ d& + wlOV+ de (17)

Here, (16) represents the voltage balance equation when the

rotor position approaches 6,, and (17) denotes that when

exceeding. If it is assumed that the inductance does not change

in (16), but does change in (17) rapidly to 8, (16) and (17) can
be rewritten as

(16)

di U
ov= _ ov— 1 8
dé oL, (18)
di (U, -ai,-dL,,|do
lov+ — ( ov / ) ( 1 9)
deo oL

Considering that the voltage is smaller than the back EMF
during the overlap period, the results of (18) and (19) can be
expressed as (20). Note that the boundary condition of the
current slope change is given at the overlap angle Gov:

dl.avf _ diph > 0

de  do|,. o 0
diav+ _ diph <0

g do|, ,

Under balanced inductance case, the calculation of
inductance is accurate. The calculation of selected feature
points can be accurately obtained. However, during the
experiment, it was found that the error of the rotor position
estimation was still relatively large. This is caused by
unbalanced phase inductance and zero-crossing interference
signals.

C. Principle of interference signals elimination

The detection of the maximum inductance inflection point is
accurate in Fig. 4. However, the detection of the rising start
point is unstable because of many interfered factors. Hence,
after implementing basic sensorless control, this paper proposes
a method to improve the detection accuracy and fault tolerance.



The proposed model is divided into four parts, as shown in
Fig. 5. The first part is the calculation of inductance, which is
the basis of extracting the characteristic value of inductance.
The calculated inductance is compared with the characteristic
inflection point to obtain a special position signal. The second
part is to calculate the rising start point and the maximum
inductance inflection point using the slope zero-crossing
detection, and the error correction algorithm to eliminate the
interference signal. The next step is to calculate the corrected
rotor position and speed using FTC, as shown in Fig. 5. The
rotor position information is calculated by extracting the
characteristic position. The final step is to acquire the
commutator point of the motor and provide the commutation
information to the converter.

As shown in Fig. 6, In order to eliminate the interference
signal near point C;, the maximum inductance inflection point
A, is used as a reference point. Establish the reference time of
the point C, through the reference point, and set the allowable
error band. In this way, the accurate zero-crossing position of
point C; is determined. The efficiency of eliminating
interference signals is subject to the design of the error band.
The wider the error band is to reduce the acquisition of
inductance characteristic points. The narrower the error band is
beneficial to the elimination of interference signals, because
some interference signals outside the error band will not be
mistaken for characteristic points.The process of selecting the
range of the error band: First, estimate the time t. .t When the
next feature point appears through the current speed. After that,
the error band is selected. The elimination of interference
signals gradually weakens as the error band increases. The error
band is too small so that the feature point detection may be lost
due to the delay in hardware calculation. The error band
selected in this paper is 5% (the time required for the rotor angle
of 1.8° is at different speeds).

Fig. 7 shows the detection algorithm of the feature
inductance inflection points of the excitation phase eliminating
interference signals at low speed. The rotor position signal and
speed information are obtained through the signal extraction of
the characteristic points, and the speed is calculated by (14).

In summary, for both low-speed and high-speed sensorless
control, it is feasible to use the detection of the rising start point
and the inflection point of the maximum inductance of the
excitation phase. However, there are still many aspects that can
be improved. For example, the detection accuracy of the rising
start point needs to be further improved, and the FTC under
signal detection failure needs further exploration.

D. Fault resilient strategies for position sensorless method

The acquisition and accuracy of the position signal are
critical in an SRM system with sensorless control. Compared
with the loss of multi-phase rotor signal, the loss of one-phase
rotor signal is most encountered in the experiment.In this
section, an FTC method is discussed to overcome the problem
of signal loss in sensorless control.

As shown in Figs. 7 and 10, the rising start detection of phase
inductance is easily affected by the interference signal, leading
to failure of accurate position signal acquisition. Using adjacent

phases to establish the corresponding reference time and
allowable error band can effectively screen and acquire the
characteristic point signals. In addition, when the signal
detection fails, the redundant detection points and FTC are used
to complete the reconstruction of the position signal.
According to the relevant structural design theory of the
SRM [15], it can be seen that the phase inductance is not center
symmetrical, as shown in Fig. 8. The angle relationship is
established by the phase interval among the inflection points of
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the phase inductance. A8, represents the phase interval
between inductance point A, and inductance point C;. A8:3
represents the phase interval between inductance point C1 and
inductance point C,. AB34 represents the phase interval between
inductance point C, and inductance point A;. The A8 ABys ,
and AB34 can be calculated from the structural parameters of the
motor. And they are utilized as compensation angle.

The detected points C; and C, generate two pulse signals as
position signals, which are used to calculate the rotor position
and rotor speed under normal operation. The turn ON/OFF
angles of the next phase are obtained based on the position and
speed signals. The normal collection of the detected points C,



and C, can ensure the rapid update of the rotor position
information and improve the accuracy of the control.
The feature point signal failure detection process is shown in

Fig. 9. t represents the real-time of the rotor running in a rotor
cycle. It has been waiting for feature point detection before
entering the error band. In [tci rer-0, tc1 rertd], the feature point
is checked for existence. After exceeding the detection range of
the error band, if the characteristic point does not appear, it is
determined that the rotor position is lost. Use the redundant
feature points of other phases to supplement.

A Phase detection
is completed

Calculate the inductance
slope of A phase

Output position
signal

The first characteristic
of C phase is obtained

The second characteristic point
A, of A phase is obtained

C, point detection error,
and use A, point instead

Inductance slope

. . The characteristic point
zero-crossing detection

Cl1 of phase is obtained
A

Fig. 7 Algorithm for inductance peak detection.

In the vicinity of the zero-crossing detection position of the
maximum inductance, the number of interference signals is
very small, so its position detection is accurate. Under abnormal
operation, when the signal of point C; cannot be obtained
normally, point A, has higher accuracy than other feature points
and is adjacent to C;. Point C; is replaced by point A,, and the
calculation of the rotor speed needs to supplement the
corresponding angular interval Af;, and time interval A¢i». The
basic algorithm flow chart is shown in Fig. 10 (a).

When the signal of the characteristic point C; of the C phase
cannot be obtained normally, point C, is replaced by point A;.
After the signal at point A; is filtered by the error band, the
accuracy of the signal can be guaranteed. The rotor speed
calculation supplements the corresponding angular interval
A3, and time interval Atz4. The basic algorithm flow chart is
shown in Fig. 10 (b).

When the signals of the characteristic points C; and C, are
missing, the fault tolerance control is completed by replacing
the C; and C, with the points A> and A;. The rotor speed and
position information needs to be supplemented with time
intervals and angular intervals. However, the reduction of rotor
position signal sampling will reduce the accuracy of the control.

Dy = (Agzs + A‘glz )/Atn (21)
W, = (A923 + A034)/At24 (22)
Wopy = (A'glz +A'923 + A934)/&‘14 (23)

where Af; represents the angle interval between point i and
point j, and A¢; represents the time interval between point i and
point j.

When the signal acquisition of the characteristic point C; is
faulty, point A, replaces the characteristic point C;. The
compensated angle A& is Afy,. The rotor speed is calculated by
(21). When the signal acquisition of the feature point C, is
faulty, point A, replaces the feature point C,. The compensated
angle is Afs. The formula (22) is used to calculate the rotor
speed. When the signals of characteristic points C; and C; are
abnormal, points A, and A are used to replace points C; and
C,, respectively. The compensated angle is Afi>+Abs. The
rotor speed is calculated by (23).
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IV. SIMULATION RESULTS

In this section, the proposed sensorless algorithm with the
FTC system is verified by SIMULINK in MATLAB. The
simulation environment is selected the same as the experiment
environment. Therefore, the modeled 16/10 SRM and
asymmetric half-bridge converter are included. Also, the
proposed algorithm is operated step by step. Two pulse signals
are generated at the rising start point and the maximum point of
the inductance. The rotor speed, the rotor position and the turn
ON/OFF time of the next phase are calculated from the pulse
signal. When the signal is disturbed, the position signal can still
be accurately captured.

Fig. 11 (a) shows the calculation of the inductance at 600
r/min. One signal is to detect the rising start point of the
inductance and calculate the excitation point of the next phase.
The other signal is to detect the maximum point of the
inductance and establish a reference time for the rising start
point of the next phase inductance. Similarly, Fig. 11 (b)
demonstrates the calculation of the inductance at 3200 r/min.

In Figs. 12 (a) and (c), at the speed of 600 r/min and when a
step load is applied at 0.24 s, the rotor speed can return the
required speed quickly and smoothly. However, in the absence
of FTC algorithms, when the rotor position signal is lost at 0.43
s, the rotor speed fluctuates, and it is difficult to stabilize. The
stability of the system deteriorates with the increase of
excitation phase current. As illustrated in Figs. 12 (b) and (d),
the stability of the system drops dramatically for applications
that require higher speeds.

In Figs 13 (d) and 14 (d), an FTC signal is generated when
the estimated rotor position signal is lost at different speeds.
The phase current and drive signals are operating normally due
to fault-tolerant control as shown in Fig. 13 and Fig. 14. In Fig.
15, the operation of the motor is more stable under the FTC
algorithm. The stability of the SRM system can be improved
greatly as well. Then, the effectiveness of the proposed control
method under unbalanced inductance is verified. Reducing the
flux linkage data of phase A, Fig. 16 shows the calculated
contour of the inductance and the rotor position estimation
error. The result proves that the algorithm is also effective for
unbalanced inductance. There is no significant difference in the
position estimation error obtained under balanced inductance
and unbalanced inductance.
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Fig. 11. Simulation results of inductance calculation: (a) at low speed (600
r/min), and (b) at high speed (3200 r/min).
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Fig. 12. Simulation results without fault tolerance control: (a) phase current at
low speed, (b) phase current at high speed, (c) rotor speed estimation at low
speed, and (d) rotor speed estimation at high speed.
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V. EXPERIMENTAL RESULTS

To validate the proposed method, experiments have been
performed on a 16/10 structure SSRM. Table I lists its main
specifications. Fig. 17 shows the experimental testbed. As
shown, the experimental testbed mainly consists of a dASPACE
controller, an asymmetric half-bridge power converter and a
magnetic powder brake.

Fig. 18 shows the calculated inductance of phase A, the
detected rising start peak point of phase inductance, the
calculated excitation point of the next phase, and the redundant
backup signal.

The estimated rotor position and the measured rotor position
are shown in Figs. 18 (a) and (b). The position of the rotor is
accurately calculated at 600r/min and 3200r/min. The average
error of rotor position estimation is 7.3% when phase A and
phase C are used. When all phases are utilized to estimate the
rotor position without considering the hardware burden, the
average error is reduced by 3.2%. The estimated ranking
position and the measured rotor position are shown in Fig. 19.
The proposed sensorless method without FTC can achieve the
reference speed under a step load (0 to 1Nm) at 0.15s, and then
the motor cannot achieve the reference speed under a step load
(1 to 2Nm) at 0.27s, as shown in Fig. 20. However, The PWM
(Pulse Width Modulation) of the fault phase A cannot be
calculated and output because the rotor position is lost. The
stability of the SRM system is significantly reduced, including
increased torque ripple shown in Figs. 20 (a) and (b), unstable
rotor speed shown in Figs. 20 (¢) and (d), and abnormally
increased phase current shown in Figs. 20 (e) and (f).

Compared with Fig. 20, Fig. 21 shows the experimental
results of position sensorless control with fault tolerance. A faul
of phase A is designed at 600/min and 3200r/min. As shown in
Figs. 21 (a) and (b), once the estimated rotor signal is lost, the
corresponding FTC is enforced. The estimated speed can
effectively track the speed reference in both low-speed and

high-speed modes, because the lost rotor signal is reconstructed
by the redundant position signal in Figs. 21 (c) and (d). As
shown in Fig. 22, the estimated rotational speed can track the
speed references well in acceleration and deceleration modes.
The classic pulse injection-based sensorless starting method is
utilized to obtain the initial motor rotor position signal [16].

TABLE 1
SPECIFICATIONS OF THE SSRM
Parameters Unit Value
Rated power kW 1.8
Rated torque Nm 2
Rated voltage \Y 60
Efficiency % 85
Axial length mm 80
Outer diameter mm 128

(a).PC, (b).dSPACE, (c).Power converter and drive circuit,
(d).Power supply, (¢).16/10 SSRM, (f).Torque and speed sensor,
(g)-Magnetic powder brake, (h).Oscilloscope

Fig. 17. Photograph of the experimental testbed.
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Fig. 18. Experimental results of inductance calculation: (a) at low speed (600
r/min), and (b) at high speed (3200 r/min).
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Fig. 21. Experimental results with FTC: (a) phase current and fault-tolerant
signals at low speed, (b) phase current and fault-tolerant signals at high speed,
(c) speed curve (600 r/min), and (d) speed curve (3200 r/min).
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Fig. 22. Rotor speed estimation result under the speed transient mode.

VI. CONCLUSION

This paper proposed a reference time-based diagnosis and a
position sensorless control with fault-tolerant ability for SRMs.
The time error band is established according to the reference
time, and the rotor position is captured in an electrical cycle
through the inductance slope signal. Consequently, the stability
of the system can be greatly improved by eliminating a large
number of error signals and capturing accurate position signals.
Meanwhile, this method owns fault tolerance. The estimation
of the feature position in each phase is completely independent.
When some position signals are lost, this algorithm can make
full use of the relationship among phase inductances to establish
a new position pulse. Furthermore, the proposed sensorless
control of the motor can be performed at both high and low
speeds. The experimental results have verified the effectiveness
of the proposed control strategy.
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