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Advanced Technology of Switched Reluctance
Machines in More Electric Aircraft: A Review

Lefei Ge
Dongpeng Zhang

Abstract—With the increasing focus on sustainable development
and environmental preservation, the aviation industry has been ex-
ploring innovative solutions, such as more electric aircraft (MEA),
to shape the future of air transportation. Among the various
machines used in MEA, switched reluctance machines (SRMs)
have gained significant attention due to their high reliability and
excellent characteristics at high speeds. Delving into the forefront
of SRM technologies, this article has summarized the advanced
machine design, control strategies, fault diagnosis, and tolerant
techniques, and the challenges of SRMs within the context of MEA.
This article can provide resources for a deeper understanding of the
latest developments in the technologies of SRM and help promote
the application and development of SRM in the MEA field.

Index Terms—Control, fault diagnosis, machine design, more
electric aircraft (MEA), switched reluctance machine (SRM).

NOMENCLATURE
AFSRM  Axial-flux switched reluctance machine.
AVC Active vibration cancellation.
CCC Current chopping control.
DITC Direct instantaneous torque control.
DOE Design of experiment.
DRSRM  Double rotor switched reluctance machine.
DSSRM  Double stator switched reluctance machine.
DTC Direct torque control.
EMF Electromotive force.
FEA Finite element analysis.
GA Genetic algorithm.
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GRSM Global response surface method.

M Induction machine.

ITSC Interturn short circuit.

MEA More electric aircraft.

MPTC Model predictive torque control.
MPT&FC Model predictive torque and force control.
NN Neural network.

NSGA-II Nondominated sorting genetic algorithm II.
PDIV Partial discharge inception voltage.

PM Permanent magnet.

PMSM Permanent magnet synchronous machine.
PWM Pulsewidth modulation.

PSO Particle swarm optimization.

RBF Radial basis function.

RH Relative humidity.

SMC Sliding mode control.

SRG Switched reluctance generator.

SRM Switched reluctance machine.

SVM Support vector machine.

TSF Torque sharing function.

VC Vector control.

WESM Wound field synchronous machine.

1. INTRODUCTION

LECTRIFICATION has become an important develop-
ment direction in modern aviation technology and a key
means to achieve sustainable and environmentally friendly avi-
ation. To achieve the power density and reliability indicators
required for aircraft applications, significant efforts have been
made in the past few decades to improve the performance of
MEA [1]. The concept of MEA was first introduced in the
1970s and has since received strong support from European and
American countries. In the 1980s, the United States took the lead
in implementing the “MEA Program.” The arrival of the 21st
century has witnessed the successful launch of several famous
MEA models, including the Airbus A380 (the first commercial
transport aircraft to use wired power technology), Boeing B787,
Joint Strike Fighter F-35 (the first aircraft to have a fully electric
wired flight control system) and the Chinese made C919 aircraft,
heralding a new era in the field of aviation electrification [2], [3].
The electric machine technology is one of the core technolo-
gies of aircraft electrical systems and plays a crucial role in
various systems, such as aircraft start/power generation, electro-
magnetic drive, and electric propulsion [4]. The aircraft requires
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TABLE I
COMPARISON OF THE ELECTRICAL MACHINE PERFORMANCES IN AIRCRAFT
Source Machine types | Voltage(V) | Power(kW) | Efficiency(%) | Power density(kW/kg) | Speed (r/min) | References
F-18 WESM 115/200 40 78-80 / 27000 [7]
Honeywell WESM 600 1000 97 / 19000 [8]
Alexander C. Smith M 240 250 97 13.2 14000 [9]
UoN PMSM 270 45 95 / 32000 [10]
NASA PMSM / 2600 98 11 3000 [11]
GE SRM 270 250 90.8-93.1 5.3 22224 [12]
A.Chiba SRM 650 60 89 24 13900 [13]
GE SRM 105 30 89-93 3.89 50000 [14]
s Table I shows the machine parameters in development and
= T ® wism application for aircraft [4], [19]. Overall, machines in MEA
E RpYTETTR Application, 5 3kW/kg : M are developing toward higher power density and have certain
1000 . : A SRM requirements for efficiency.
Siemens, 5.2kW/kg _Bocing 787 Introduction Generator P .
Hopeywell, G 5 3KWIke_UoN, 4kWikg I4kWhg Considering factors., s.uch as power dens1ty., speeq, and tem-
/.'/ (m— . UoN32Wke Honeymall et \ perature, the SRM exhibits unique advantages in multiphase ma-
Rolls Royce TR¥ .w// MOFT,22kWhke  m : chine performance. However, in MEA applications, SRM faces
100 B‘z’i;gfvglig ing 747 Boing 777 s Aerospace * P / increasing demands and challenges related to achieving higher
Kirbus aza0 "0 139G B PipZEEs ke power density, efficiency, stability, and environmental adaptabil-
Lockheed s34, A UoN iy im{'lle;“' ke ity within limited space [20]. By analyzing the advantages and
L e P LTI TTL LT 2,19k Wik limitations of the SRM, combined with the requirements of MEA
1055 10 20 30 20 30 60 applications, practical solutions, and optimization strategies can
Speed(kipm)  be provided for the SRM systems.
i ) ) o In this article, we provide a comprehensive overview of SRM
Fig. 1. Engines designed for aircraft systems [6].

high-precision control and faces strict conditions in terms of vol-
ume, propulsion, and stability, making the machine system more
challenging than that in industrial and vehicle applications [5].

Currently, the field of MEA has focused on four types of
machines: WESM, IM, PMSM, and SRM. Fig. 1 shows the
manufacturers and the performance characteristics of the en-
gines designed for aircraft [6].

According to Fig. 1, it can be seen that PMSM has wide
applicability under different working conditions. WFSM has
a high power factor, good speed regulation performance, and
high efficiency in the medium and low-speed fields. However,
due to its mechanical structure and cooling limitations, it is
unsuitable for high-speed fields, limiting its application in MEA.
Specifically, SRM and IM exhibit their advantages in the higher
speed range.

SRM employs multiphase design and power division tech-
niques to ensure safe operation during faults, contributing to
their strong fault tolerance and robustness [15]. The solid rotor
structure of SRM, which is composed of laminated silicon steel
sheets, endows it with the ability to withstand high temperatures
up to 400 °C. In contrast, PMSM and IM are more susceptible to
impact in high-temperature aviation environments. The PMSM
is limited by the thermal characteristics of the PM, with maxi-
mum operating temperatures mostly below 200 °C, while IM can
handle temperatures up to 250 °C [16], [17]. Furthermore, SRM
exhibits superior electromagnetic reliability and is particularly
well-suited for high-speed applications [18].

technology, covering machine design, control strategies, fault di-
agnosis, and tolerant control. By summarizing existing research,
this article has evaluated the practical challenges and response
strategies of existing research methods for SRM in MEA appli-
cations. In addition, it also evaluated practical application cases
of SRM, explored its challenges in environmental adaptability,
weight and volume limitations, and electromagnetic interfer-
ence, and identified future research needs and gaps to advance
SRM technology in the MEA field.

The rest of this article is organized as follows. Section
II analyzes the current demand for SRM in aviation and
provides evaluation methods corresponding to the indicators.
Section III focuses on the design of the SRM, including pa-
rameter optimization techniques and novel machine structures.
Section IV investigates the latest research on control methods
and evaluates the gap between existing studies and the demand
for high-performance aviation. Following that, Section V in-
troduces the fault diagnosis and the fault tolerance techniques
for SRM. In Section VI, practical applications of the SRM in
aircraft are discussed, along with the existing challenges and
future trends. Finally, Section VII concludes this article.

II. REQUIREMENT ANALYSIS OF SRM FOR MEA

The integration of the SRM, especially on advanced military
aircraft, such as the F-35, highlights the potential for more
straightforward, reliable, and fault-tolerant power solutions.
However, there are still many issues with the application of SRM,
the most significant of which are the lower efficiency compared
to PMSM and its inherent torque ripple problem. Conducting a
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TABLE II
POWER DENSITY REQUIREMENT OF ELECTRIC MACHINES FOR VARIOUS
AIRCRAFT TYPES AND ARCHITECTURES [16]

Aircraft types Aircraft architecture | Power density(kW/kg)
General aviation Parallel hybrid > 3.0
and commuter Turbo-electric > 6.5
Regional and Parallel hybrid > 3.0
single aisle Turbo-electric > 6.5
Twin aisle Turbo-electric > 10.0

requirement analysis of SRM in response to the aircraft can help
to carry out targeted optimization and analyze the shortcomings
of current strategies.

A. Analysis of Existing Circumstances

Before World War II, the design speed of early dc aircraft
generators was between 3000 and 10000 r/min, with a power
density not exceeding 0.4 kW/kg and a maximum power genera-
tion of 22.5 kW. At the same time, British V-bombers had already
applied ac generators that could generate 50 kW of power [15].

The speed of modern dc generators can reach 13 000 r/min,
but the power density is still relatively low, rarely exceeding
1 kW/kg [15]. The implementation of the SRM in aviation was
first observed during the 1980s, initially in military aircraft. In
1995, a high-speed SRM was designed for aircraft engines [21],
which can reach a speed of 52 000 r/min, a power density of
3.89 kW/kg, and can withstand a temperature range of —50 to
125 °C. However, its efficiency can only reach 80%, limiting
its wider range of applications. The deployment of SRM is
particularly prominent on Lockheed Martin’s F-22, which was
officially put into use in 2005, and the F-35 fighter jet launched
in 2015, both of which use 270 V dc-power supply and achieve
power levels of 70 and 80 kW [19]. A 32 000 r/min high-speed
SRM developed in 2017 also demonstrated the shortcomings
of SRM in efficiency, which can only reach 82% [22], [23]. A
collaboration between the USAF, GE, Sundstrand Aerospace,
and the University of Kentucky resulted in an aerospace SRM
with a 250 kW power output at 22224 r/min [12], [24]. It has
achieved a high power density of 5.3 kW/kg and an efficiency
of up to 90.8%-93.1%, demonstrating the enormous potential
of SRM [12].

Significant progress has been achieved in improving the per-
formances of SRMs for MEA. However, further enhancements
are still possible. Future development will focus on improving
power density and efficiency, expanding the operating temper-
ature range, reducing volume and weight, and enhancing relia-
bility and durability to meet the growing demand for aviation.

B. Machine Design Requirements

The power density requirements for electric machines in MEA
depend on the aircraft type and electrification architecture. As
aircraft size and complexity increase, so does the demand for
power density in machines. Table II lists the power density

requirements for various aircraft types and structures, which
must be the primary consideration in the machine design process.

Moreover, in the process of machine design, it is necessary
to improve the efficiency as much as possible to ensure the
efficient operation of the aircraft. The simplicity of the structure
is also a factor that must be considered, which is crucial for
reducing failure rates and costs. In addition, excellent thermal
management is required for stable operation in high-temperature
environments, especially above 200 °C.

C. Machine Control Requirements

The SRM must maintain efficient operation under different
working conditions, but the current efficiency level of SRM is
usually only above 80%. To achieve the widespread application
of MEA, it is necessary to optimize the SRM control method
to achieve an efficiency of over 90%, which can help extend
endurance and reduce energy consumption.

Torque ripple can cause vibration and noise, affecting the
comfort and equipment lifespan. To reduce the vibration and
noise, optimization algorithms should be used to minimize the
torque ripple while ensuring stable output of machine torque,
and to control the vibration of the machine system at the lowest
level possible.

The equation for evaluating the torque ripple used in this
article is

Tmax - Tm

n 100 1
T, 100% W

Trip =

where T2« and T},;, are the maximum and minimum values
of torque in steady state, and T, is the average value of the
torque, which is considered as the output torque, given as

1 t2
/ T(t)dt 2)

to —t1 Jyy

Tavg =

where ¢; and t» are the start and end of a rotor position period.

D. Fault Diagnosis and Tolerant Requirements

For fault diagnosis, MEA applications need to ensure de-
tection accuracy and speed, as well as high coverage of fault
identification. In certain fault situations, the system should be
able to continue operating with at least 70% power output to
ensure flight safety. After implementing fault-tolerant control,
the system should remain stable without obvious oscillation
or loss of control. In different fault situations, the time from
detecting the fault to executing fault-tolerant measures should
meet the response time requirements.

In summary, the current situation indicates that modern SRM
has made significant progress in aircraft. This section analyzes
the requirements of MEA for SRMs, covering machine design,
control, fault diagnosis, and tolerant requirements. Through the
discussion of these aspects, a foundation has been laid for further
exploration of the problems and solutions in various current
technologies.
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III. DESIGN

The machine design is critical to ensuring the system per-
formance and aviation safety. This section has summarized the
recent research on the design of SRMs, aiming to evaluate the
effectiveness of current studies in improving the performance of
machines and explore how to improve power density and effi-
ciency by developing reasonable and effective new optimization
algorithms and topology designs. The content included in this
section is shown in Fig. 2.

A. Parameter Optimization Methods

The structural parameters of the SRM can significantly affect
its performance. Through numerical simulation and algorithm
optimization, the number of iterations in the design process can
be effectively reduced, thereby reducing design costs and time.
Currently, machine learning and multiobjective optimization are
two mainstream parameter optimization strategies.

1) Machine Learning Algorithms: Machine learning algo-
rithms can predict the impact of different structural parameters
on SRM performance through a large amount of training data,
which can significantly reduce the number of actual tests and
save time and resources.

Fig. 3 shows the process of optimizing the machine pa-
rameters through machine learning fitting models. First, the
machine structure is discretized through FEA to obtain a dataset
consisting of machine optimization parameters and optimization
objectives [25],[26], as shown in Fig. 3(a). Then, a datasetis used
as input and trained through a machine learning model to obtain
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a fitting model for optimization parameters and optimization
objectives, as shown in Fig. 3(b).

In [27], a data-based design method for SRM has been
proposed, as shown in Fig. 4. This method has established a
machine loss model by calling SRM databases with different
structures, reducing the complex iterative operations of machine
learning. The machine designed by this method can achieve a
power of 200 kW at a speed of 3000 r/min, with a high torque
density of 11.49 N - m/kg and a power density of 2.86 kW/kg.
However, at an average torque of 804.5 N - m, its torque
ripple is 44%, which still needs to be optimized for aviation
applications.

Machine learning algorithms have been widely applied in
SRM modeling. However, they may produce sub optimal results
in prediction accuracy and error when trained without intelli-
gent optimization algorithms. Different intelligent optimization
methods can be combined in the SRM optimization application
of MEA to make up for its shortcoming. For example, PSO
can be used to optimize SVM models [28], while differential
evolution algorithms can be used to optimize extreme learning
machines [29]. In the future, with improved computing resources
and algorithms, integrating multiple optimization methods will
enhance the performance and efficiency of SRM.

2) Multiobjective Optimization Algorithms: Multiobjective
optimization algorithms combine optimization algorithms with
multiphysical field electromagnetic calculations through inter-
face programs. The parameters are generated through an opti-
mization algorithm and then transferred to the FEA software for
analysis through a script file. Once the analysis is completed,
the results are transferred back to the algorithm for selection,
creating a closed-loop optimization process. This process has
been shown in Fig. 5.

In [30], a model fitting method using surrogate models and
global optimization methods was proposed, as shown in Fig. 6.
This method was based on the DOE, utilizing two nonlinear
surrogate models [NN and RBF], as well as three optimization
algorithms (GA, GRSM, and PSO). This global optimization
model has more robust adaptability, effectively overcoming the
limitations of a single machine learning method and improving
the generalization ability of the model.
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Fig. 7. Finite element model optimization and Pareto set. (a) Teeth profile
adjusting. (b) Real optimized Pareto set.

By using the multiobjective differential evolution algorithm,
multiobjective PSO, and multiobjective GA optimization algo-
rithm separately for optimization of parameters, the efficiency,
average torque, and torque ripple of the SRM can been effec-
tively improved [31].

In [32] and [33], multiobjective optimization design methods
have been adopted, combining FEA and NSGA-II. Through
multiple iterations, these algorithms can generate a realistic
Pareto set for balancing the best solution between different
design objectives. By using these methods, combined with the
modified teeth profile parameters, the finite element model of
the SRM can be refined, as shown in Fig. 7.

Abunike et al. [34] demonstrated the effectiveness of the
NSGA-II algorithm in optimizing the objective function, re-
sulting in a 15% increase in average torque and achieved an
output efficiency of 96.2%. Meanwhile, the optimization time
was reduced from 65 to 10 min. In another research, Hua et al.
[32] used the NSGA-II algorithm to increase the average torque

Outer stator

(a)

Fig. 8. Two types of DSSRM in [37].

of a machine by 28.92% and decrease the torque ripple by
65.91%, achieving a final torque ripple of about 10%.

Local optimization, also known as preference optimization,
integrates the preference information of decision-makers into
multiobjective optimization algorithms to enhance the ability of
the algorithm to generate individuals within the preference do-
main. In [35], a multiobjective preference optimization method
based on NSGA-II is proposed. However, this algorithm has a
torque ripple of around 40% and an efficiency of around 80%,
which needs further exploration for its application in MEA.

In summary, multiobjective optimization algorithms can
achieve more precise and efficient optimization by effectively
quantifying the relative importance and difficulty of each objec-
tive. However, further research and improvement are still needed
on issues, such as torque ripple and efficiency. Future research
directions should focus on improving optimization algorithms,
conducting practical application testing, and exploring multiob-
jective tradeoff strategies.

B. Design of new Structures

In applications with high-temperature in aerospace, the design
of the SRM faces particular challenges [36]. The changes in
geometric dimensions under high temperatures may reduce the
performance of SRMs, affecting their power output and effi-
ciency. Research on improving SRM performance indicators
through new structural designs mainly focuses on stator and
rotor structures, as well as excitation modes.

1) Double-Stator SRM: The typical DSSRMs are shown in
Fig. 8 [37]. The use of a dual stator structure increases the
available winding area and has a high torque density. This
structure can significantly reduce the volume and weight of
the mechanical system and improve the accuracy and dynamic
performance of the system in limited space.

A DSSRM with opposite excitation between the inner and
outer stators is an efficient structure. This design lowers induc-
tance values and reduces current demand, resulting in lower loss
under various conditions and superior power conversion ratios.
In [27] and [38], power densities of 2.86 and 1.83 kW/kg were
achieved.

2) Double-Rotor SRM: In the design of a DRSRM, two inde-
pendently configured rotors can be designed to meet two differ-
ent torque-speed characteristics [39]. Compared with traditional
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rotor with skewed poles.

SRM, the DRSRM proposed in [40] increases the average torque
by 23%. The torque improvement will provide an effective
solution for aircraft with high load conditions, but its efficiency
still needs to be considered.

3) Teeth-Skewed SRM: By deflecting the teeth of the ma-
chine from the vertical direction to a specific angle, the teeth-
skewed design changes the magnetic field distribution within the
SRM [41]. A design with skewed teeth is shown in Fig. 9 [42]. By
expanding the air gap of the rotor slot, the inductance generated
when the rotor and stator are not completely aligned can be
reduced, which helps to maintain high torque output at high
speeds and reduce torque ripple. By using skewed teeth, torque
ripple can be reduced by 43.09%.

As shown in Fig. 10, in addition to the parallel skewed teeth, a
unique skewed rotor pole shape was also proposed in [43], which
reduces the torque ripple of traditional SRM from 32.25% to
20.21%. The major problem with teeth-skewed SRM currently
also lies in its efficiency, as the efficiency of only 60% in [41] is
clearly too low.

4) Teeth-Hollowed SRM: Guidkaya et al. [44] proposed a
novel rotor-shaped 6/2 SRM with a hollow teeth structure, which
has increased the acceleration zone of the SRM. In [45], the
design of circular and elliptical voids of SRM was studied, as
shown in Fig. 11.

Setting hollow structures on the SRM can increase the re-
luctance around the poles, thereby reducing radial forces and
achieving vibration suppression. However, this will also reduce
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the tangential force and affect the average torque, which is a
consideration in the design process.

5) Segmented-Stator/Rotor SRM: The segmented-SRM fea-
tures multiple independent iron cores in the stator or rotor,
embedded in nonmagnetic support components, as shown in
Fig. 12 [46]. This design aims to achieve shorter magnetic
circuits to reduce iron loss and torque ripple. Mehta et al.
[47] has proposed a segmented-rotor SRM that has reduced
torque ripple to 3.6%. Although its power is only designed to
be 120W, the extremely low torque ripple proves its potential
for development. In addition, a segmented-rotor SRM proposed
in [48] can generate higher output torque and reduce the number
of turns per phase by 20%, but the efficiency is only 80.68%.

6) Auxiliary Excitation SRM: In the SRM, the operating
range is usually limited to the first quadrant of the B-H curve,
as shown in Fig. 13(a). By introducing magnetic materials to
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Fig. 14.  AFSRM in [54].

reverse bias the stator core, the characteristics of the magnetic
circuit can be changed, allowing the machine to be effectively
controlled and utilized in the third quadrant [55], as shown
in Fig. 13(b). This method of expanding the working range
improves the performance of the SRM, especially under high
loads or fast dynamic response requirements, providing greater
torque output [56].

The team of Farahani [49] has demonstrated that PM-assisted
structures can achieve higher torque and power. In the design
of [57], PM is used between the end teeth of adjacent modules
in SRM. Under the same excitation current, the average torque
has been increased by 67.8%.

7) Axial-Flux SRM (AFSRM): The AFSRM transfers flux
along the axis direction of the rotor and stator, as shown in
Fig. 14. Recent studies have found that axial-flux structures can
provide higher power density, efficiency, and faster response
speed [54]. In [50], grain-oriented electrical steel was applied to
the AFSRM to improve its torque characteristics, resulting in a
maximum torque increase of 20.5% and achieving the efficiency
of 90.1%..

8) Hybrid Structure SRM: Various combinations of novel
SRM structures have been proposed to address the different im-
pacts of different structures on SRM characteristics. Ghaffarpour
has proposed a segmented double rotor PM SRM, which can
reduce torque ripple to 10.9% [51]. Kondelaji and Mirsalim [52]

have proposed a segmented rotor double stator SRM, resulting
in less iron consumption, shorter flux linkage paths, and lower
losses. The authors in [53], [57], and [58] have proposed SRMs
that combine segmented stator and PM-assisted excitation, in
which the PM was used to increase torque without limiting
winding area or reducing machine robustness. In [59], a dual sta-
tor hybrid excitation modular variable reluctance machine was
proposed, with good static torque characteristics and dynamic
performance. In [60], an axial-flux double rotor segmented
SRM was proposed to minimize unwanted torque ripple. By
combining the optimization of opening and closing angles, the
torque ripple coefficient has been reduced by about 73%.

According to the survey, the performance comparison of
different machines is presented in Table III. By comparing the
performance of output power, torque ripple, and efficiency, the
adaptability and limitations of the SRM new structure for MEA
applications can be analyzed as follows.

1) Output power: The power of DSSRM and teeth-skewed
SRM has been designed to meet the high-power demands
of up to 100 kW. However, most newly developed configu-
rations currently yield less than 1 kW. Further research and
improvement of power output methodologies are needed,
such as the optimization of magnetic circuit design and
utilization of high-performance materials.

2) Torque ripple: Some new structures, such as segmented
SRM and PM-DRSRM, perform well in torque ripple
suppression, but their testing environments are limited
to low-power machines. Conducting torque ripple perfor-
mance verification at higher power and torque can provide
an effective solution for improving the stability of SRM
used in MEA.

3) Efficiency: Except for AF-PMSRM, which can achieve
an efficiency of 90%, the efficiency of most other new
structures is below 85%, indicating significant room for
improvement. Further research is needed on methods to
improve efficiency and reduce energy loss, such as im-
proving cooling systems and applying efficient control
algorithms. In addition, lower power output is also one of
the factors leading to low efficiency. It is necessary to test
different structures under higher power output conditions
to verify their efficiency performance under high loads.

In summary, the new SRM structures still require extensive

research on power and efficiency improvement while maintain-
ing and further optimizing torque ripple suppression technology
to meet the application requirements of MEA.

IV. CONTROL

Due to the inherent nonlinear characteristics of the SRM, its
control is relatively more difficult [61], [62]. The traditional
CCC method has been proven to apply to aircraft [14], [21], [22],
[23], [63], exhibiting good performance at high power levels and
high voltages. However, under the traditional CCC method, the
nonlinear effects of the SRM will be amplified, which may lead
to decreased control accuracy and poorer dynamic performance.
At the same time, the current undergoes significant changes
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TABLE III
PERFORMANCE COMPARISON OF SRM MACHINES WITH DIFFERENT STRUCTURES
Machine Type Pole number | Voltage(V) | Power(kW) | Speed(r/min) | Torque ripple(%) Efficiency(%) | Reference
DSSRM 16/12/16 750 200 3000 44 / [27]
DSSRM 16/18/16 48 1.5 600 29.7 / [37]
DSSRM 12/8/12 300 100 3000 20 83.34 [38]
DRSRM 8/6/6/4 300 / 2000 / 87 [39]
Teeth-skewed SRM 24/16 600 100 4250 / / [42]
Teeth-skewed SRM 6/4 / / 3000 20.21 / [43]
Segmented SRM 12/8 12 0.12 1800 3.6 / [47]
Segmented SRM 12/8 / 0.5 2800 / 80.68 [48]
PM-SRM 12/10 120 0.3 600 / 73.2 [49]
AF-PMSRM / 150 2 600 / 90.1 [50]
PM-DRSRM / / 0.5 1000 10.9 83.6 [51]
Segmented-DSSRM 12/14/12 50 0.32 800 64.8 80.2 [52]
Segmented-PMSRM 12/10 210 0.6 2000 57.2 84.3 [53]
AF-DSSRM 12/8/12 96 1.5 1000 30.7 / [54]
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Fig. 15. Classifications of the control method.
quickly, which can easily generate high-frequency noise and
vibration [64].

Researchers have been exploring and developing various ad-
vanced control strategies to improve the performance, efficiency,
and stability of the SRM. As Fig. 15 shows, this section focuses
on the latest solutions for advanced SRM control methods, in-
cluding current regulation, torque control, vibration suppression,
and position sensorless technology [65].

A. Current Regulation

Accurate tracking of the reference current waveform is crucial
for obtaining the required average torque and minimizing the
torque ripple and losses in SRM. Most new current regulation
methods have focused on improving the accuracy of current
control.

1) Current Predictive Control: Traditional current predic-
tion is based on lookup tables. In [66], a lookup table for incre-
mental inductance and back EMF coefficient was established,
and based on the lookup table, a constant current injection
scheme for PWM constant frequency current predictive control
was proposed, as shown in Fig. 16.

Fig. 16.  Current predictive control method in [66].

Although alookup table is an effective solution, changes in the
operating state may result in actual conditions not matching the
original model used in the design, which may affect the accuracy
and effectiveness of lookup tables. A current prediction control
method that eliminates lookup tables is of great significance
for eliminating the dependence of control schemes on models
[67], [68].

In current research, current predictive control has been applied
to high-performance SRM control schemes, achieving torque
ripple as low as 15.63% [69], [70].

2) Sliding Mode Control (SMC): The SMC is a commonly
used control strategy for achieving high-performance control
of SRM systems. The core idea is to guide the system state to
the sliding surface by designing appropriate sliding mode sur-
faces and SMC laws, thereby achieving control of the dynamic
response, as shown in Fig. 17.

In [72], a digital sliding mode pulsewidth mode current
control method is proposed, which eliminates the need for
identifying phase inductance or flux linkage. In [73], a direct
second-order SMC method is proposed to minimize the current
distortion and torque ripple of SRM. The successful application
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Fig. 18.  Block diagram of adaptive current control [75].

of SMC method in an SRM with 60 kW and 15 N - m proves
its applicability for high power and torque [71]. The effective
suppression effect of SMC on torque ripple has great research
significance for maintaining the stability of MEA.

3) Adaptive Current Control: The adaptive current control
can adjust parameters in real time based on the dynamic char-
acteristics of the system. It can maintain the stability of the
system in the event of changes in system parameters or external
disturbances, as shown in Fig. 18.

An adaptive flux linkage observer based on Lyapunov has
been proposed for the severe dependence on the accurate flux
linkage model [74]. In [75], considering the neglect of system
uncertainty caused by magnetic saturation during the modeling
process, a superficial adaptive disturbance observer based on
the steepest descent method was embedded in the deadbeat
controller, thereby improving the stability of the system.

Although the dependence on the model can be reduced,
the accuracy of adaptive current control must be compen-
sated for through algorithm improvement. Excessive torque
ripple is one of the difficulties in its practical application in
research.
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Fig. 19.

Block diagram of Q-learning method in [78].

4) Intelligence Algorithms: Intelligent algorithms can effec-
tively manage nonlinear characteristics to achieve precise sys-
tem control. Alharkan et al. [78] proposed a novel Q-learning
scheduling method for the current control of SRM, as shown in
Fig. 19. This method, based on the reference current signal,
successfully tracked the reference current trajectory without
requiring model parameter information. In [76], the application
of GA in SRM commutation angle optimization was developed,
and the proposed method reduced torque ripple by more than
50%.1In [77], the preprocessing method verified that a back prop-
agation NN model based on the Levenberg Marquardt algorithm
resulted in higher control accuracy.

Table IV lists the key indicators of various methods used in this
research. The applicability and limitations of different current
regulation methods for MEA applications can be analyzed by
comparing the indicators.

For MEA applications, current predictive control and SMC
methods are more suitable due to their higher power capability
and relatively manageable torque ripple. SMC is particularly
promising because of its low torque ripple (10.06% to 13.2%),
although it requires careful implementation. Although adaptive
current control and intelligent algorithms are innovative, they
face significant challenges in terms of torque ripple (up to
95.41% and 60%) and output power, which will limit their use
in critical MEA systems.

B. Torque Control

The torque control of the SRM dynamically adjusts the torque
output of the machine based on actual load requirements. By
optimizing the torque output, the system can achieve optimal
performance under different working conditions, improving ef-
ficiency and performance. The current hotspots in torque control
research include DTC, DITC, MPTC, TSF.

1) Direct Torque Control: DTC is a widely used method
for the control of SRM, which can be applied to reduce their
inherent output torque ripple. The basic DTC method diagram
has been shown in Fig. 20. The traditional DTC method may
lead to negative torque in certain situations, thereby reducing the
torque—current ratio of the SRM. By adjusting the turn-off angle
in real-time, negative torque can be avoided [80]. Although the
DTC method can improve system performance, it is sensitive to
changes in machine parameters and requires precise parameter
adjustment and calibration in practical applications.
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TABLE IV
PERFORMANCE COMPARISON OF DIFFERENT CURRENT REGULATION METHODS FOR SRM

Method Machine types | Power(kW) | Speed(r/min) | Torque(N-m) | Torque ripple(%) | References
6/4 SRM 60 1000 10 21 [69]
Current Predictive Control 8/6 SRM 4 1500 24 15.63 [70]
8/6 SRM 2.2 3000 8 24.03 [67]
6/4 SRM 60 800 15 13.2 [73]
SMC 12/8 SRM 1.2 2500 1 / [71]
8/6 SRM 1.2 1500 25 10.06 [72]
Adaptive Current Control 8/6 SRM > 6000 3 / [741
12/8 SRM 1.5 1500 9.5 95.41 [75]
Intelligence Algorithms 8/6 SRM 2 600 0-7 60 [76]
12/8 SRM 1.5 1500 9 / [77]
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Fig. 20. Block diagram of DTC.

2) Direct Instantaneous Torque Control: DITC tends to con-
trol torque under instantaneous conditions. In [81], based on
the DITC method, the efficiency and torque ripple coefficient
have been combined to form an objective function, and GA
was used to optimize the commutation zone online. In addition,
DITC scheme based on adaptive dynamic commutation strat-
egy can effectively reduce torque ripple and improve system
efficiency [82].

DITC has a fast response speed and can achieve fast torque
adjustment, making it suitable for applications that require high
dynamic performance. However, during low-speed operation, it
will generate significant torque ripple, which is still a problem
that needs to be studied.

3) Model Predictive Torque Control: MPTC can accurately
predict the future state based on the machine model and achieve
high-precision torque control, improving the control accuracy
and stability. Ge has proposed an MPTC to suppress torque and
power supply current ripple, as shown in Fig. 21 [83], [84].
By predicting torque and power current ripple under different
switching states and constructing a cost function, mechanical
vibration can be reduced.

In addition, the new MPTC method includes combining
with PWM control signals [85], [87], constructing fourth-order
Fourier series torque and current models [91], and so on. The
MPTC method requires highly accurate machine models for
solving complex and computationally intensive optimization
problems in real time. Practical application needs to consider
computational accuracy and system computation time, which

Cost
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Fig.21. Block diagram of MPTC in [83].
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Fig. 22.  Block diagram of TSF control [52].

are gradually being addressed with the continuous upgrading of
processors.

4) Torque Sharing Function: The TSF method allocates the
total torque to each phase based on the function, ensuring that
the total torque of each phase at any time remains stable. The
control principle is shown in Fig. 22 [88].

In [88], an offline TSF for torque ripple suppression in SRM
was introduced, using the static flux linkage characteristics
to determine the optimal current distribution. Xia et al. [89]
considered the rise and fall of phase current and combined
the conduction angle and turn-off angle in current reference
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TABLE V
PERFORMANCE COMPARISON OF DIFFERENT TORQUE CONTROL METHODS FOR SRM

Method | Machine types | Power(kW) | Speed(r/min) | Torque(N-m) | Torque ripple(%) | References
DIC 8/6 SRM 2.2 1500 3 224 [79]
12/8 SRM / 5000 0.6 16.67 [80]
DITC 12/8 SRM / 1500 2.5 47.21 [81]
12/8 SRM 0.75 1500 2 60 [82]

12/8 SRM 1 1200 2 32.97 [83], [84]
MPTC 12/8 SRM 1 1000 4 32.71 [85]
12/8 SRM 1 1300 1 31.25 [86]
12/8 SRM 1 1500 4 62.27 [87]
8/6 SRM 5.2 6000 4 37.5 [88]
TSF 12/8 SRM 2 1000 20 56.65 [89]
12/8 SRM 1000 2 31.58 [90]

generation, achieving more comprehensive optimization during
commutation zone. In [90], a new TSF based on flux linkage
derivation was introduced, which thoroughly considered the ac-
tual torque generation ability of SRM at different rotor positions.

In addition, the TSF method has been combined with online
current contour generation technology [92] and MPTC [93],
[94], which can achieve better performance and control accuracy
through the new TSF.

The TSF method can achieve precise torque control by
optimizing current distribution to minimize torque ripple and
improve system control accuracy. However, implementing the
TSF method may require more complex control strategies and
algorithms.

By summarizing the torque control methods in this paper
in Table V and comparing the comprehensive requirements of
MEA, the current status of SRM research can be analyzed. DTC
can achieve high speed and low torque ripple (16.67%), suitable
for high-speed operating systems. DITC has relatively high
torque ripple, limiting its use in applications requiring stable
output. The torque ripple of MPTC varies greatly, and further
optimization is needed to improve its stability in practical appli-
cations. TSF has a wide range of torque applications, making it
suitable for high-load applications.

Currently, some new torque control methods are not suitable
for high-power machines, posing a challenge for MEA appli-
cations. Future research needs to focus on improving torque
control precision and validating machines at higher power levels.
Efficiency indicators are not prominent in current research, so
targeted development and validation of algorithm efficiency is
essential for high-performing MEA.

C. Vibration Suppression

When applying the SRM to aircraft, the vibration can cause
friction and energy loss of aircraft mechanical components
and even damage the stability of aircraft flight performance.
Therefore, research on vibration suppression of SRM is fun-
damental [95]. The current vibration suppression technology is
mainly achieved through algorithm optimization and external
interference.

1) Algorithm Optimization: The traditional voltage single
pulse drive method has been widely used in the SRM due to
its simplicity and cost-effectiveness. However, a single pulse
drive usually excites the natural frequency of the SRM, causing
significant mechanical vibration.

The VC method achieves effective control and vibration re-
duction of SRM by designing a current controller that regulates
the current [96]. The methods for reducing SRM vibration based
on optimizing VC include designing a current controller with
maximum torque current ratio [97], [98] and PWM technol-
ogy [96], [99], [100]. The PWM method controls the waveform
of the input voltage to include a unique frequency component
higher than the driving frequency, thereby avoiding excitation
of the natural resonance frequency when the voltage is turned
OFF [53], [59].

The VC algorithm has been validated for its effective vibration
reduction effect under high-speed performance. At a speed of
20 000 r/min and a torque of 16.2 N - m, the SRM using
VC algorithm achieved vibration reduction compared to voltage
single pulse drive [101].

In addition to improving the VC method, by adjusting the
current distribution, the occurrence of resonance problems can
be effectively reduced, and the stability and performance of the
system can be improved [102], [103], [104]. In [105], a new cur-
rent profile method was proposed. In [106], an optimization algo-
rithm based on GA was introduced to achieve vibration attenua-
tion and maintain reasonable copper loss. In [107] and [108], the
MPT and FC method was proposed, which achieved the goal of
minimizing torque and force ripple through online optimization
of shared functions.

2) External Interference: When the radial vibration caused
by electromagnetic fields can be accurately predicted, introduc-
ing new vibration signals for AVC can achieve lower net vibra-
tion, as shown in Fig. 23 [109]. The core idea of the AVC method
is to adjust the reverse signal before vibration occurs to predict
and suppress vibration. In [110], the complete peak acceleration
characteristics were obtained through an improved least squares
SVM and utilized AVC to suppress natural vibrations.

In addition to applying vibration, the vibration amplitude can
also be controlled by controlling the rate of change of the applied
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phase voltage. At the beginning of demagnetization, applying
negative voltage can shorten the demagnetization interval and
suppress negative torque [111], [112].

In summary, most methods for reducing vibration come at
the cost of sacrificing some efficiency. In order to achieve SRM
research in the context of MEA, it is necessary to develop multi-
objective optimization algorithms that balance performance and
efficiency while optimizing vibration suppression. At the same
time, a real-time monitoring and feedback system should be
established to detect and adjust vibration conditions promptly
to improve the stability and response speed of the system.

D. Position Sensorless Methods

The closed-loop position is an essential feature of the SRM
speed control system. Traditionally, the rotor position is detected
by mechanical position sensors. However, their presence un-
dermines the advantages of SRM in terms of simple structure
and adaptability to harsh environments. In addition, they reduce
performance at high speeds and make the entire system suscep-
tible to changes in temperature and operating conditions [113],
[114]. Therefore, to achieve higher performance MEA machine
control, sensorless control is a hot topic in SRM research. At
present, research on sensorless methods is mainly divided into
two categories based on the operating speed of machines, namely
zero or low speed and medium to high speed.

1) Zero or Low-Speed Sensorless Method: Several methods
exist for initial position detection of sensorless SRM, such as the
phase current method, phase inductance method, and test coil
method [115], [116]. In [117], the rotor position was estimated
based on a convex function optimization algorithm. In [118],
it was preferred to inject short-term high-frequency signals to
capture the peak current of the phase and perform curve fitting
to estimate the initial position.

The position sensorless control based on the pulse injection
method has been widely studied in the low-speed operation of
SRMs. The basic pulse injection principle diagram is shown in
Fig. 24. The current methods include position estimation based
on idle phase current injection [120], frequency conversion
injection method [119], etc.

When the pulse frequency is low, the copper losses and
maximum negative instantaneous torque in each pulse injection
region will be higher. To solve this problem, pulse injection
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can be combined with SMC to keep the induced current at a
minimum level throughout the entire idle phase [121]. Through
the self-debugging process, the method in [122] has overcome
the problem of offline measurement of magnetic parameters in
traditional low-speed sensorless control methods.

2) Medium to High-Speed Sensorless Method: In the
medium to high-speed stage, back EMF significantly affects the
accuracy of the high-frequency pulse method. The medium to
high-speed SRM with a sensorless control algorithm estimates
the rotor position using reluctance and flux linkage information,
along with current, etc. The position sensorless method based
on signal processing has been tested on a starting/generator
at 20 000 r/min and 150 kW, and its high accuracy has been
demonstrated [123].

Sensorless position estimation methods based on virtual phase
voltage and inductance have been proposed [124], [125]. How-
ever, these methods depend on the accuracy of flux linkage or
phase inductance calculations and are limited when the flux
linkage is saturated. At the same time, the flux linkage position
relationship data table occupies a large amount of storage space.

Xiao et al. [126] designed a nonlinear state observer that
avoids using 3-D magnetic properties, as shown in Fig. 25.
In [127], the real-time rotor position was obtained by calculating
the inductance value of the current overlapping phase and adjust-
ing the phase inductance online. Ge et al. [128] have proposed
a new continuous estimation method for SRM rotor position,
which does not require any additional equipment or memory,
and the maximum absolute estimation error was 1.67°.
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Currently, the sensorless control method for SRM is relatively
mature and has been tested in large loads and wide speed ranges.
However, due to the high demand for safety and reliability in
MEA, further fault tolerance analysis and onboard experiments
are necessary [79]. Looking ahead to the future, research on sen-
sorless control of SRM positions can focus more on improving
steady-state and dynamic performance and reducing machine
parameter dependence to achieve more widespread applications.

V. FAULT DIAGNOSIS AND TOLERANT CONTROL
A. Fault Diagnosis Method

The faults of the SRM system may lead to severe conse-
quences, such as over voltage, over current, permanent insulation
damage, cooling problems, decreased efficiency, control errors,
and unstable machine operation [129]. Studying the fault diagno-
sis and tolerant control technology of SRM can reduce downtime
caused by equipment failures, improve system reliability, extend
equipment life, and provide essential guarantees for the stable
and efficient operation of MEA.

The main sources of faults in the SRM system in MEA include
machine faults, power converter faults, and sensor faults, as
shown in Fig. 26. According to statistics, machine failures and
power converter failures are the most common, accounting for
about 40% and 35% [130].

1) Machine Faults: At present, the widely studied machine
faults mainly focus on two types, namely, winding faults and
mechanical faults.

1) Winding faults: Winding faults usually include open cir-
cuit and short circuit faults [131], which can be determined
by current detection. As the ITSC inductance decreases,
the decay time of the fault phase current after the circuit
breaker also decreases. By monitoring the changes in all
phase currents within the aligned rotor positions, ITSC can
be diagnosed [132], [133]. Fig. 27 shows the actual current

including overshoot caused by delay. When ITSC faults
occur, these overshoots will significantly increase [134].
When a fault occurs, the symmetry of the phase current
frequency characteristics will be disrupted, resulting in
negative sequence and zero sequence components [135].
Therefore, the results of Fourier analysis can also be used
for fault diagnosis [136], [137]. However, this method
cannot respond quickly to faults online and has insufficient
sensitivity in the initial stage of fault diagnosis. In addition,
methods, such as the extended Kalman filter [138] and the
current profile method [139] were proposed for diagnosing
winding faults.

2) Mechanical faults: The mechanical faults of SRM usually
refer to the problems related to the mechanical structure
that occur during the operation of the machine, which may
include bearing fault, insulation damage, rotor eccentric-
ity, etc.

The diagnostic method for mechanical faults is usually based
on the judgment of machine parameter values. Changes in cur-
rent amplitude can identify eccentricity faults, while current tra-
jectories can distinguish between static and dynamic eccentricity
faults [140], [141]. Measured values of flux linkage connections
in the coil can also provide information on the severity and
direction of different eccentricity faults [142]. By integrating
vibration and current signals, SRM bearing faults can also be
effectively diagnosed [143].

In addition, the high-frequency pulse injection method can be
used to detect insulation damage and poor coil contact [144].
By combining FEA and time-frequency analysis methods,
more accurate fault localization and diagnosis can be provided
[145].

2) Power Converter Faults: After a power device fault, the
phase current of the faulty phase is severely distorted, and the
torque ripple of the SRM increases. If the fault is not detected
and diagnosed promptly, the performance and the service life
of SRM will be seriously affected. From current researches, the
main focus of power converter fault diagnosis is to study power
switch faults and power diode faults.

According to the reliability study of SRM drivers, the open
circuit and short circuit failure rates of power switches are
8.373 x 10~ 7/h and 7.327 x 10~ 7/h. The failure rates of free-
wheeling diodes in standard converters are 1.14 x 10~%/h and
9.3312 x 10~1%h [130].

By analyzing the abnormal changes in the current signal, it is
possible to accurately detect faults in the internal components
of the power converter. In [146], [147], and [148], the fault type
and location are located by monitoring current errors.

The current spectrum analysis method can distinguish dif-
ferent fault characteristic frequencies by performing frequency
domain analysis on the current signal. In [149] and [150], precise
detection and localization of single-phase faults, multiphase
faults, and midpoint open circuit faults were achieved based
on current spectrum analysis.

In addition, the method based on high-frequency voltage
signal injection can also achieve fast power transistor fault iden-
tification [151], [152]. This method has fast response speed and
high detection accuracy and is suitable for real-time monitoring.
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Although mature fault diagnosis techniques for power con-
verters have been proposed, their practical application in MEA
faces some limitations. For example, methods based on high-
frequency signal injection may introduce additional interfer-
ence in systems, requiring fine-tuning of the system to avoid
misjudgment.

3) Sensor Faults: Sensors detect machine parameters and
provide feedback to the controller for precise control. Faulty
sensors can impair control performance and cause machine
malfunction.

Sensor pulse signal analysis can diagnose fault moments
through simple calculations and logical processing [154], [155].
In [153], a Grey prediction model was established to classify
position signal faults into abrupt faults and edge invariant faults,
as shown in Fig. 28. In [156], a phase inductance slope zero
crossing detection scheme was established, which can capture
at least one phase alignment position under regular operation
and one phase fault-free operation.

4) Summary of Fault Diagnosis Methods: The existing SRM
fault diagnosis methods can be roughly divided into mathemati-
cal model-based methods and signal processing-based methods.

The fault diagnosis method based on mathematical models
usually establishes a complex mathematical model of the ob-
ject to be tested, compares the theoretical values obtained by
the parameter observer with the actual values obtained by the
equipment to be tested under fault conditions, and calculates
residuals. By comparing the residuals with the threshold, the
fault is diagnosed, the specific principle is shown in Fig. 29.
Common methods include parameter estimation [153], state
estimation [154], [155], [157], etc.

The fault detection method based on signal processing
is mainly based on the changes of characteristic signals in
harmonic, amplitude, and other indicators, and processes
the collected signals to extract and analyze fault features.
The schematic diagram of this method is shown in Fig. 30.
Among them, commonly used signal processing methods
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include fast Fourier transform [132], [137], [155] and spectral
analysis [134], [149].

The existing SRM fault diagnosis methods have good appli-
cability in MEA and can effectively deal with machine faults,
power converter faults, and sensor faults. However, these meth-
ods have certain limitations in terms of online response speed,
anti-interference ability, and system complexity. Three main
problems need to be solved in the current fault diagnosis methods
for SRM as follows.

1) Low sensitivity: For short circuits with lower turns, the

system may not be able to detect ITSC faults.

2) Interference from load changes: When facing load
changes, the system may falsely report alarms without
actual faults.

3) Dependence on control strategies: Existing diagnostic sys-
tems may overly rely on the control strategies used during
machine operation.

By improving algorithms, adding sensitivity detection de-
vices, and optimizing data processing methods, the fault diagno-
sis technology for SRM can be effectively improved, enhancing
its accuracy and reliability.

B. Reliability Analysis and Fault Tolerant Control

The reliability analysis helps identify and correct potential
weaknesses in machine design and production, thereby ensuring
the stability and performance of the machine throughout its
expected life cycle. When some components of the machine
fail, fault tolerant control can help the machine avoid further
damage and prevent potential safety accidents.

1) Reliability Analysis: The current reliability analysis of
SRM systems mainly focuses on insulation reliability and power
device reliability.

1) Insulation reliability: Insulation reliability issues are
mainly caused by partial discharge resulting from stator
terminal over-voltage or concentrated electric fields. The
reliability analysis involves testing for PDIV according
International Electrotechnical Commission (IEC 60034-
18-41 and IEC 61934) [158], applying high-frequency
pulse voltage, collecting partial discharge signals, and
analyzing them with an oscilloscope after passing through
a high-pass filter.

Due to interference from phase to ground insulation, the
phase to phase insulation test may fail prematurely [158],
[159], as shown in the Fig. 31. Switching from a unipolar
pulse to a bipolar pulse signal can effectively improve the
reliability of testing [160].

When conducting reliability analysis for SRMs used in
MEA, it is essential to consider the impact of varying air
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Fig. 32.  Lifetime prediction model in [164].

pressures and humidity levels during different phases of
flight.

Reliability analysis under different air pressures shows
that as altitude increases and air pressure decreases, the in-
sulation PDIV gradually decreases. From normal pressure
to 50 kPa, the PDIV can decrease by up to 29.7% [160].
Similarly, reliability analysis under different humidity
conditions indicates that as RH increases, insulation PDIV
gradually decreases. When the RH increases from 40% to
95%, PDIV can be reduced by 15.9% [161].

2) Power device reliability: The reliability analysis of power
converters focuses on prominent faulty power electronic
components, such as semiconductor switches and ca-
pacitors [162], [163], whose main wear failure mech-
anism is thermal stress degradation [164]. By estab-
lishing corresponding failure criteria, current reliabil-
ity analysis of power converters includes methods, such
as combining Markov models [165], [166] or Bayesian
networks [167].

In [164], a comprehensive physical failure model was estab-
lished to focus on the reliability and lifespan factors, as shown in
Fig. 32. The Weibull distribution provides a reliable framework
for predicting insulation life, as follows:

Flt)=1— <exp (—(Z)B) 3)

where ¢ is the fault time, /3 is the shape parameter, and « is the
scale parameter.

Converter B
T
@ Machine B Controller
Converter A

Fig. 33.  Dual-redundancy drive with two machines [168].

By developing an advanced aging models, the lifespan of
device could be accurately evaluated, which was different from
traditional methods that only focused on average failure time
without considering the variability of failure time.

Currently, most research on the reliability analysis of SRM
for MEA applications relies on laboratory data, with inadequate
feedback from practical applications. Future research should
expand environmental adaptability analysis, improve reliability
models, and strengthen practical application data collection to
enhance SRM reliability in MEA.

2) Fault Tolerant Control: In order to ensure the normal
operation of the system in the event of a failure, many advanced
fault-tolerant design methods have been proposed and applied,
mainly through the design of machine redundancy and power
converter redundancy.

1) Machine redundancy: The machine redundancy method

involves adding redundant components or systems to en-
sure the system can operate normally during a fault. By
using SRM coaxial installation, machines of the same
size and structure can be placed together, allowing for
the continued operation of other machines in the event
of a malfunction in one machine [168], [169], [170], as
shown in Fig. 33. This method has been designed for
the fuel pump driver of aircraft main engines with a 6/4
SRM [169]. In addition, in the machine design phase, two
identical split winding can achieve fault tolerant operation
for short or open circuit faults [171].
The machine redundancy method significantly improves
system reliability, especially for critical areas requiring
extremely high system fault tolerance. However, its high
cost, increased complexity, weight, and space limitations
are challenges that need to be carefully weighed and
addressed.

2) Power converter redundancy: By introducing redundant
components and structures in circuit design, power con-
verter redundancy technology can effectively improve the
fault tolerance of the system.

In traditional SRM drives, phase winding are typically
connected in series. To enhance fault tolerance, faults in
power switches, power diodes, and phase winding can be
addressed by dividing the winding and creating nodes at
different locations [172], [173]. In addition, by establishing
different models for power switches, the system can switch to a
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backup switch module upon fault detection [174]. In the event
of a power switch open circuit fault, the system can increase the
current in the healthy channel, effectively managing the fault,
as discussed in sources [175].

Compared to traditional power converters, multilevel convert-
ers have higher fault tolerance due to their ability to provide
redundant operating modes with more semiconductor switches.

The fault tolerant control through multilevel power converters
is mainly based on neutral point clamping level structures [176],
[177], [178], [179]. The current path during faults can be re-
configured by using additional diodes and switches to avoid
damaging other components [180]. However, as the number
of switches increases, the probability of failure also increases,
requiring more complex control and higher costs.

Machine redundancy offers robust fault tolerance but at the
cost of increased complexity and weight, which may be re-
strictive in aerospace applications. In contrast, power converter
redundancy, particularly with multilevel converters, provides
scalable fault tolerance solutions, although with heightened
complexity and cost considerations. Future research could op-
timize fault diagnosis algorithms, reduce system complexity,
and integrate cost-effective redundancy solutions tailored to the
unique demands of MEA propulsion systems.

VI. APPLICATIONS AND CHALLENGES

Currently, SRM technology is not widely used in commercial
aviation. However, its successful application in military aircraft
has proven its viability in aerospace, specifically as a starting
and power generation system. An aviation built-in SRG system
includes high and low-pressure compressors, turbines, internal
combustion chambers, and SRG, and it can withstand aviation
high temperatures ranging from 300 °C to 400 °C, as shown in
Fig. 34.

As technology advances, the design and implementation of
SRMs continue to improve. For instance, the authors in [22]
and [108] demonstrated the potential of SRMs through their
high-speed 45 kW SRM, which utilized segmented pole rotor
structures, unique materials, and iterative optimization programs
based on FEA to achieve a wide range of constant power speeds
and improve torque capability. Barzkar and Ghassemi [4] studied
the use of SRM drivers in the MEA power system, while a
four-phase 16/12 structure SRM, suitable for MEA systems, was
introduced in [181]. This design aimed to achieve medium to
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TABLE VI
LONG TERM PLAN FOR MEA MACHINE POWER DENSITY TARGET [182]

Organization | Planned duration | Power density(kW/kg)
NASA 10 Years >13
15 Years >16
Airbus 15 Years 10-15
U.S.Air Force 20 Years >5

high-speed power generation and low-speed high-torque start-
ing, effectively mitigating torque ripple. The design has dual
overload capabilities, providing 30 N- m of torque at 2200 r/min
and 12 kW of power generation at 8000—12 000 r/min. Moreover,
a30kW, 50 000 r/min SRM was designed for military aerospace
applications in [14].

The current use of the SRM in the aviation industry presents
a set of challenges that require consideration. These challenges
include the following.

1) Efficiency and power density: The working principle of
SRM results in significant losses under certain operating
conditions, especially under partial load and low-speed
operation. Based on the analysis of current research, the
current SRM research can only achieve an efficiency level
of 80%, and the development of power density is also
limited.

Currently, various organizations have set different power
density targets for MEA machines in their long-term plans,
as shown in Table VI [182]. The future goal is to improve
materials and optimize structures, combined with new
structures (such as DSSRM and PM-SRM) to increase
the power density of SRM to a higher level and adopt
advanced control algorithms to ensure low losses.

Noise and vibration: The noise and vibration generated
by SRM during operation can affect passenger comfort
and mechanical stability. The current measures include
optimizing machine design (such as rotor and stator tooth
profile design), researching higher performance vibration
control strategies, and using vibration-absorbing materials
to reduce noise and vibration.

Control accuracy: The nonlinear characteristics and torque
ripple of SRM require precise control algorithms to ensure
stable operation. For the current advanced algorithms of
SRM, such as MPTC and intelligent algorithms, itis neces-
sary to test them under higher load and speed conditions to
verify their applicability to MEA. Meanwhile, developing
high-performance digital signal processors is also crucial
for implementing complex control strategies.

Thermal management: Although SRM can operate at
higher temperatures, the compact space and limited heat
dissipation capacity in aviation applications require effi-
cient thermal management systems. The future thermal
management system needs to be able to operate at high
temperatures of 300 °C to 400 °C and maintain the ma-
chine temperature below 200 °C to ensure long-term stable
operation of the equipment.

2)

3)

4)
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5) Reliability and safety requirements: The aircraft has ex-
tremely high requirements for the reliability and safety of
machines, and any potential failure may lead to serious
consequences. In the future, comprehensive testing and
analysis are needed to reduce failure rates through redun-
dant design and fault prediction techniques, ensuring the
reliability and safety of critical applications.

VII. CONCLUSION

As the aviation industry moves towards higher energy effi-
ciency, reliability, and safety, the concept of MEA has received
widespread attention. As an emerging machine technology, the
SRM has become a hot research topic in this field due to its
unique advantages. In this article, we review the latest develop-
ments in the design, control, fault diagnosis, and tolerant control
of SRM. By analyzing the research results of various indicators,
such as power, torque, torque ripple, and efficiency, this article
discusses the technical and experimental limitations of current
research of SRM, evaluates the applicability and limitations
of theoretical models in practical applications of MEA, and
proposes future research directions that need to be focused on.

Although the application of SRM in the aviation industry
is currently facing challenges, with the continuous progress of
technology, itis expected to achieve a wider range of applications
in the aviation industry in the future. Through research and
optimization, SRM has the potential to become an efficient,
reliable, and cost-effective machine solution in the aviation
industry.
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