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Abstract—This paper addresses the fault detection and
diagnosis of a fault in the switches of the Switched Reluctance
Machine (SRM) power electronic converter. Due to the
advantages of using multilevel converters with these
machines, a fault detection and diagnosis algorithm is
proposed for this converter. The topology under consideration
is the asymmetric Neutral Point Clamped (ANPC), and the
algorithm was developed to detect open and short circuit
faults. The proposed algorithm is based on an approach that
discriminates eccentricity of the images formed by the
converter voltages. This discrimination is realized through the
development of normalized indexes based on the entropy
theory. Besides the different fault type the algorithm is also
able to detect the transistor under fault. The possibility to
implement the proposed approach will be verified through
simulation tests.

Index Terms—Fault Detection, Entropy, SRM, Fault
tolerant, multilevel converters.

I. INTRODUCTION

Electrical machines play a very important role in
nowadays’ life. There is a huge number of applications in
which they are needed and used. However, usually there are
several types of electrical machines that allows an optimal
choice taking into consideration the application. One of the
machines that has been more and more selected is the
switched reluctance machine (SRM). In fact, it has been
used in an important number of applications. Some
examples of these applications can be seen in the areas of
the aeronautics, electric vehicles, mining industry, pumping
and wind generators [1-9]. This option is related with
several interesting characteristics like high efficiency, low
cost, nonexistence of magnets and high reliability [10].
However, this machine is characterized by the need of a

power electronic converter. In order to maintain the
robustness of the full system, the power electronic converter
needs to have fault tolerant capability.

Due to the importance of ensuring high reliability to the
SRM system several power electronic converters with fault
tolerant capability have been presented. In order to design
these converters, some extra components like power
electronic semiconductors and switches were introduced
[11-13]. Another adopted approach was through the change
of the structure of the SRM [14]. A review of the several
approaches regarding fault tolerant schemes for the SRM
can be seen in [15,16]. Initially, the adopted converters
were characterized by topologies with two voltage levels.
However, in the last years, the number of multilevel
topologies for the SRM has been increased [16-20]. These
topologies are very interesting since they allow high torque
range and at least some fault tolerant capability without
changing the classical topology. An example of this is the
Neutral Point Clamped Asymmetric Half-Bridge (NPC-
AHB) that provides fault tolerance to some open and short-
circuits faults.

One important aspect, fundamental to be associated to
converters with fault tolerant capability, is the incorporation
of a fault detection algorithm. The fault tolerant operation
will only start after the detection of the fault. Moreover, the
identification of the switch under fault, as well as the fault
type is fundamental. In this way, several fault detection
algorithm have been proposed. The development of these
algorithms was based on the measured signal. Thus, several
algorithms in which current signals were used, were
proposed. Other approaches used voltage signals, although
in a reduced number since these methods usually requires
extra sensors [21-25]. However, practically all the methods



were developed for power electronic topologies with two
voltage levels. In this way, there is an important lack of
fault detection algorithms for multilevel topologies applied
to the SRM.

This paper will be focus on a new algorithm for the
detection of a fault in a drive for the SRM. This algorithm
will be developed for a topology with multilevel voltage
characteristics. It has the capability to detect the switch
under fault, as well as, the fault type. This approach is
based on the current signals avoiding extra signals and is
independent of the operation mode. Fault detection and
diagnosis based on simulation results will be presented.

II. MULTILEVEL TOPOLOGY FOR THE SRM DRIVE

Due to the advantages of the multilevel converters as part
of the SRM drive, several topologies have been proposed.
One of the topologies that was considered very interesting
was the Neutral Point Clamped Asymmetric Half-Bridge
(NPC-AHB). The scheme of this converter is presented in
Fig. 1.

o

Fig. 1. Scheme of the of the multilevel converter Neutral Point Clamped
Asymmetric Half-Bridge.

The topology presented in Fig. 1 has the possibility to
apply several voltage levels. From this last figure it is
possible to confirm that the voltages that can be applied to
the motor winding are +V¢+Vea, Ve (or +Ve), 0, -V
(or —V¢) and —V(i-Vg,. There are some redundant
combinations of the switches for the same voltage level.
This is the case of mode 2, mode 3 and mode 4. For
example, for mode 2, instead of turn ON switches S,, Si3
and Sj4, it can be used switches S;;, S;» and S;;. This
confirms that these multilevel topologies also provide some
fault tolerant capability to switch faults.

In typical two-level topologies, when there is a fault in
one of the switches, the operation of the SRM drive will be
affected. In this topology there are several faults in which
the drive can still operate practically in normal situation.
For example, in the case of a short-circuit fault of the outer
switches (S;; or Syy), it allows to apply the maximum
voltage but not the intermediate (V¢;). Since it is possible to
cut the positive voltage and apply the negative, overcurrents
will not appear. The most critical problem, under a short-
circuit fault, is a short-circuit in the lower switch (S;, or
S13). In this case, it is only possible to apply half of the total
voltage for the demagnetization process. Regarding the
open switch fault, the most critical situation is for the inner
switch (S, or Si3).

III. PROPOSED FAULT DETECTION ALGORITHM FOR THE
MULTILEVEL TOPOLOGY

A new method to detect the several fault types in the
multilevel converter applied to the SRM is proposed. This
approach is designed with the purpose to be reliable and
fast. The proposed fault diagnosis method is based on the
definition of indexes related to the pattern of the SRM
winding currents. Those indexes are based on the Shannon
entropy feature obtained using a sliding window of the four
current signals. This definition of entropy was introduced in
the mathematical theory of communication [26]. The
Shannon’s entropy uses a large number of data to measure
the uncertainty of the system variables for evaluating
structures and patterns.

To implement the entropy feature approach for the
identification of the faulty patterns, it is necessary to
perform the signal acquisition of the motor winding
currents through current sensors. In order to obtain the time
behavior of the current patterns, it is used a sliding window
with n samples for each current. A generalized / matrix of
N currents will be created (1) where T, represents the
sampling period.
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From the data of each current signal presented in /
matrix it will be computed the corresponding entropy at i”"
instant using (2). The patterns arise with the calculation of
the entropy of each column of the matrix / allowing its

identification.
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where i= {i A,iB,iC,iD} is a set of current phase variables

with a data sample matrix with n samples for each current
phase and k = 4, B, C, D is the index of each current phase.
When the current amplitude is 0, and in order to avoid a
computation problem, it is considered that the current has a
very small value equal to 27>,

In order to allow the diagnosis and identification of the
faulty switch, without being affected by the speed and load
of the motor, after the entropy computation for each current
at instant i , a normalized index (3) is determined.
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Through Equations (2) and (3) it is possible to obtain the
symmetry/asymmetry index (S7). Four S indexes (4, B, C,
and D) are defined for the SRM drive, in accordance with
“:
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The different values of the diagnostic variables (S
index) will identify the power device under failure. If the
current patterns are symmetric then the correspondent four
indexes will be, approximately, equal to one. If there is an
asymmetry in the patterns due to a short or open-circuit
failure, then the S7 indexes will be no longer near one. So,
for an open-circuit the diagnostic variable
associated with the faulty power device will change from
one to half of this value or to zero depending on the faulty
switch. The other diagnostic variables will also change, but
for a positive value higher than one. In case of a short-
circuit failure, the diagnostic variable associated with the
faulty power device will change from one to a positive value
higher than one. The other three diagnostic variables will
change from one to a positive value lower than one.

From the diagnostic indexes function of the switches
condition (Table II) it is possible to verify that one of the
fault is not possible to identify. That fault is the one
associated to the short-circuit switch S;; (upper). In this
way, a new index will be introduced to identify and
discriminate this fault. However, to introduce this new
index, it is needed to acquire the current that flows from the
middle point of the capacitors to the clamping diodes. So,
the new index that is designated by short-circuit index (SSI)
is given by:
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where Iy is the current that flows from the middle point of
the capacitors to the clamping diodes.

Using the severity index given by (5) it is possible to
discriminate a short-circuit in the upper switches. In a
normal situation all the SSI indexes will give a value that is
approximately one. However, in case of a fault in one of
these switches, the SSI associated to the leg in which the
switch is located has a value of zero. In this way, this fault
is detected.

IV. ALGORITHM TESTING

The developed fault detection and diagnosis algorithm
for the multilevel NPC-AHB for the SRM drive was tested
through computer simulation tests. The machine model,
controllers and fault detection and diagnosis algorithm were
defined by the program Matlab/Simulink. It was used an
8/6 SRM model that is available in this program.

All the tests that were performed were implemented in a
way that first the drive is in normal mode and suddenly a
fault appears. The first test was for the open switch fault in

semiconductor S;, (inner transistor). The results of this test
can be seen in Fig. 3 in which the voltage in the winding
associated with the leg under fault, motor currents and fault
indexes are presented. It is possible to confirm that before
the fault all the indexes present the same value (equal to
one). However, after the fault, they changed, with a
reduction on the value of the index associated to the leg of
the switch fault and an increase on the values of the other
ones.
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Fig. 3. Results of a test for an open switch fault in S;, (a) voltage in the
winding associated with the leg under fault (b) motor currents (c) fault
indexes.

The second test was again performed for the open switch
fault but now of the semiconductor S,; (inner transistor).
The obtained new results can be seen in Fig. 4 where is
possible to verify the voltage in the winding associated with
the leg under fault, motor currents and fault indexes. In this
case the voltage applied to the winding associated to the leg
under fault is severely affected during the magnetization
process. On the other hand, after the fault, they changed but
the index associated to the leg of the switch fault reduced to
zero and the other ones present a higher increase.
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Fig. 4. Results of a test for an open switch fault in S,; (a) motor currents (b)
fault indexes.

Another test, in which a different fault type was
considered, was also implemented. In this case, a short-
circuit fault for the switch associated to the leg of the fourth
motor winding was considered. Initially the converter
operates in normal mode but at t=0.7 s a short-circuit fault
appeared in the switch S,4. The corresponding waveforms
associated to the converter are presented in Fig. 5. It is
possible to confirm that the level voltage that is affect is
associated to the demagnetization process (it is not possible
to apply the maximum voltage). In this way, the
demagnetization occurs in a more slowly way. Regarding
the indexes, it is possible to verify that the one associated to
the leg under fault increases its value when the short-circuit
fault appears while the other ones decrease. So, the
behaviour of these variables are the inverse of the over
verified for the open switch fault.

A short-circuit fault, but now for the upper switch S;;,
was also tested. As expected and shown in Fig. 6 a), now
the identification of this fault is extremely difficult to
obtain. However, as described previously, through the short-
circuit index (SSI) it is possible to clearly identify this fault.
This is confirmed by the result presented in Fig. 6 b).

Fig. 5. Results of a test for a short-circuit fault in S4, (a) motor currents (b)
fault indexes.
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Fig. 6. Results of a test for a short-circuit fault in S;; (a) motor currents (b)
short-circuit fault indexes.

V. CONCLUSIONS

This paper focuses on the problem of the fault detection
and diagnosis in a multilevel converter used in a SRM
drive. The converter under consideration is one of the most
interesting ones, namely the Neutral Point Clamped



Asymmetric Half-Bridge. To address the problem of the
detection of a switch fault in this converter, a new
algorithm was proposed. This algorithm allows to
discriminate the fault type and the switch under fault. The
approach was based on the current signals, avoiding extra
signals, and is independent of the operation mode. Fault
detection and diagnosis based on simulation results were
presented. The results showed fault indexes associated to
each of the windings that in normal mode all of them
present an equal value. However, under fault, all the
indexes changed their values. Moreover, the values depend
on the fault type and switch under fault being possible to
detect and discriminate the fault type and the switch.

ACKNOWLEDGMENT

This work was supported by national funds through FCT
Fundagdo para a Ciéncia e a Tecnologia with reference
UIDB/50021/2020 and UIDB/00066/2020.

REFERENCES

[1] A. V. Radun, "High-power density switched reluctance motor drive for
aerospace applications,” in IEEE Transactions on Industry Applications,
vol. 28, no. 1, pp. 113-119, Jan.-Feb. 1992.

[2] Y. Lan, Y. Benomar, K. Deepak, A. Aksoz, M. E. Baghdadi, E.
Bostanci, and O. Hegazy, “Switched Reluctance Motors and Drive
Systems for Electric Vehicle Powertrains: State of the Art Analysis and
Future Trends,” Energies, vol. 14, no. 8, p. 2079, Apr. 2021.

[31 A. Y. Anekunu, S. P. Chowdhury and S. Chowdhury, "A review of
research and development on switched reluctance motor for electric
vehicles," 2013 IEEE Power & Energy Society General Meeting, pp. 1-
S, July 2013.

[4] 1. Son, G.F. Lukman, M. H. Shah, K.-I. Jeong, and J.-W. Ahn, “Design
Considerations and Selection of Cost-Effective Switched Reluctance
Drive for Radiator Cooling Fans,” Electronics, vol. 10, no. 8, p. 917,
Apr. 2021.

[5] A. Cordeiro, V. F. Pires, D. Foito, A. J. Pires, J. F. Martins, “Three-level
quadratic boost DC-DC converter associated to a SRM drive for water
pumping photovoltaic powered systems”, Solar Energy, vol. 209, pp.
42-56, October 2020

[6] K. Lu,P.O. Rasmussen, S. J. Watkins and F. Blaabjerg, "A New Low-
Cost Hybrid Switched Reluctance Motor for Adjustable-Speed Pump
Applications," in IEEE Transactions on Industry Applications, vol. 47,
no. 1, pp. 314-321, Jan.-Feb. 2011.

[71 E. Echenique, J. Dixon, R. Cardenas and R. Pena, "Sensorless Control
for a Switched Reluctance Wind Generator, Based on Current Slopes
and Neural Networks," in IEEE Transactions on Industrial Electronics,
vol. 56, no. 3, pp. 817-825, March 2009.

[8] P. Lobato, J. A. Dente, J. F. Martins, A. J. Pires, "Scale models
formulation of switched reluctance generators for low speed energy
converters," IET Electric Power Applications, vol. 9, no. 9, pp. 652-659,
Nov. 2015.

[9] Silviano Rafael, P.J. Costa Branco, A. J. Pires, “Sliding mode angular

position control for an 8/6 Switched Reluctance Machine: Theoretical

concept, design and experimental results”, Electric Power Systems

Research, vol. 129, pp. 6274, Dec. 2015.

T. J. E. Miller, Switched Reluctance Motors and their control, Magna

Physics Publishing, Oxford Science Publications, New York, 1992.

P. Azer, J. Ye and A. Emadi, "Advanced Fault-Tolerant Control

Strategy for Switched Reluctance Motor Drives," 2018 IEEE

Transportation Electrification Conference and Expo (ITEC), pp. 20-25,

June 2018.

M. Ruba, C. Oprea and L. Szabo, "Comparative study on switched

reluctance machine based fault-tolerant electrical Drive systems", IEEE

International Electric Machines and Drives Conference, pp. 987-992,

2009.

C. Fang, H. Chen, “Design rule for fault-tolerant converters of switched

reluctance motors.” Journal of Power Electronics, vol. 21, pp. 1690—

1700, November 2021.

Y. Hu, C. Gan, W. Cao, J. Zhang, W. Li and S. J. Finney, "Flexible

Fault-Tolerant Topology for Switched Reluctance Motor Drives," in

IEEE Transactions on Power Electronics, vol. 31, no. 6, pp. 4654-4668,

June 2016.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

C. Gan, Y. Chen, R. Qu, Z. Yu, W. Kong and Y. Hu, "An Overview of
Fault-Diagnosis and Fault-Tolerance Techniques for Switched
Reluctance Machine Systems," IEEE Access, vol. 7, pp. 174822-
174838, November 2019.

V. Ferndo Pires, Armando J. Pires, Armando Cordeiro, Daniel Foito, “A
Review of the Power Converter Interfaces for Switched Reluctance
Machines,” Energies, vol. 13, Issue 13, pp. 1-34, July 2020.

J. Borecki and B. Orlik, "Novel, multilevel converter topology for fault-
tolerant operation of switched reluctance machines," 2017 11th IEEE
International Conference on Compatibility, Power Electronics and
Power Engineering (CPE-POWERENG), pp. 375-380, April 2017.

C. Gan, Q. Sun, J. Wu, W. Kong, C. Shi and Y. Hu, "MMC-Based
SRM Drives With Decentralized Battery Energy Storage System for
Hybrid Electric Vehicles," in IEEE Transactions on Power Electronics,
vol. 34, no. 3, pp. 2608-2621, March 2019

M. Korkosz and B. Pakla, "Multilevel converter for high-voltage high-
speed switched reluctance motor," 2018 Innovative Materials and
Technologies in Electrical Engineering (i-MITEL), pp. 1-4, April 2018.
V. F. Pires, D. Foito, A. J. Pires, A. Cordeiro, J. F. Martins and H. Chen,
"Multilevel Converter Fed SRM Drive for Single Stage PV Array Based
Water Pumping," IECON 2019 - 45th Annual Conference of the IEEE
Industrial Electronics Society, pp. 6495-6500, October 2019.

T. G. Amaral, V. F. Pires, A. J. Pires, J. F. Martins and H. Chen, "Power
Transistor Fault Diagnosis in SRM Drives Based on Indexes of
Symmetry," 16th Biennial Baltic Electronics Conference (BEC), pp. 1-
4, October 2018.

Hye-Ung Shin and K. Lee, "Fault diagnosis method for power transistors
in switched reluctance machine drive system," IEEE 8th International
Power Electronics and Motion Control Conference (IPEMC-ECCE
Asia), pp. 2481-2486, May 2016.

J. F. Marques, J. O. Estima, N. S. Gameiro , A. J. Marques Cardoso, "A
New Diagnostic Technique for Real-Time Diagnosis of Power
Converter Faults in Switched Reluctance Motor Drives," IEEE
Transactions on Industry Applications, vol. 50, no. 3, pp. 1854-1860,
May-June 2014.

H. -S. Ro, D. -H. Kim, H. -G. Jeong and K. -B. Lee, "Tolerant Control
for Power Transistor Faults in Switched Reluctance Motor Drives," in
IEEE Transactions on Industry Applications, vol. 51, no. 4, pp. 3187-
3197, July-Aug. 2015.

V. F. Pires, T. G. Amaral, A. Cordeiro, D. Foito, A. J. Pires, and J. F.
Martins, “Fault-Tolerant SRM Drive with a Diagnosis Method Based on
the Entropy Feature Approach,” Applied Sciences, vol. 10, no. 10, p.
3516, May 2020.

C.E. Shannon, “The mathematical theory of communication.” Bell
Syst. Tech. J. 1948, 27, pp. 379-423.



