
Research article

Comprehensive analysis of faults and diagnosis techniques in
cascaded multi-level inverters

Ranjith Kumar Gatla a, Devineni Gireesh Kumar b, Palthur Shashavali c, Rao Dsnm d,
Hossam Kotb e, Abdulaziz Alkuhayli f, Yazeed Yasin Ghadi g, Wulfran
Fendzi Mbasso h,*

a Department of Electrical & Electronics Engineering, Institute of Aeronautical Engineering, Dundigal, Telangana, 500043, India
b Department of Electrical & Electronics Engineering, B V Raju Institute of Technology, Narsapur, Telangana, 502313, India
c Department of EEE, S K University College of Engineering & Technology, Ananthapuramu, Andhra Pradesh, 515003, India
d Department of EEE, Gokaraju Rangaraju Institute of Engineering & Technology, Bachupally, 500090, Telangana, India
e Department of Electrical Power and Machines, Faculty of Engineering, Alexandria University, Alexandria 21544, Egypt
f Electrical Engineering Department, College of Engineering, King Saud University, Riyadh 11421, Saudi Arabia
g Department of Computer Science and Software Engineering, Al Ain University, Abu Dhabi 15322, United Arab Emirates
h Laboratory of Technology and Applied Sciences, University Institute of Technology, University of Douala, PO Box: 8698, Douala, Cameroon

A R T I C L E I N F O

Keywords:
Multi-level inverters
Fault detection
Total harmonic distortion
Open-loop and closed-loop systems

A B S T R A C T

Reliability is a crucial factor to consider for multi-level inverters (MLIs) used in industrial ap-
plications. With the increasing number of power semiconductor devices, the potential for defects
to significantly degrade the overall system is heightened. A highly effective fault-detection
technique is required to minimize the impact of faults. This paper provides a comprehensive
overview of the fundamental principles of multi-level inverters and the various sorts of faults that
can occur in multi-level inverters. This study provides a comprehensive analysis of five-level
cascaded H-bridge multilevel inverters (MLIs) under both normal and defective conditions. The
paper outlines a fault-detection method that utilizes total harmonic distortion and a normalized
output voltage factor. In addition, the paper discusses a fault-isolation strategy that relies on
reducing amplitude modulation. This method leads to the development of a fault-tolerant
inverter. The utilization of level-shifted pulse-width modulation (LSPWM) technology is
employed for the purpose of switching operations. LSPWM is the most appropriate technique for
MLIs that require a low amount of computational resources. The fault-diagnosis approach given is
suitable for MLI-based drives, grid-connected operations, and other applications. This paper
presents a comprehensive examination of the 5L-CMLI (5-Level Cascaded Multi-Level Inverter)
under various fault scenarios in CMLI. Subsequently, various fault diagnosis approaches will be
examined, including their advantages and disadvantages. The paper discusses several defects that
can occur in the Insulated Gate Bipolar Transistor (IGBT) of a Current Mode Logic Inverter
(CMLI), and also presents a design for a reliable fault diagnosis system. Furthermore, this analysis
examines several fault detection strategies in CMLI, categorized according to open-loop and
closed-loop dynamic systems fault classifications.
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1. Introduction

Multi-level inverter (MLI) topologies have emerged as one of the most prominent fields of power electronics research within the last
ten years. This is due to intelligent MLI technology’s intrinsic capacity to provide output with lower total harmonic distortion (THD),
lower electromagnetic interference, high power quality, and smaller filters [1,2]. It may also synthesize the waveform in a staircase
way. Because of these benefits, MLIs are employed in many different applications, including flexible AC gearbox systems, active filters,
renewable energy systems, and electrical motor drives [3–5]. Three fundamental topologies of MLIs are distinguished: neutral point
clamped (NPC) [6], flying capacitor (FC) [7,8] and cascaded H-bridge (CHB) [9]. In order to address specific drawbacks, other to-
pologies have been developed from these fundamental topologies, such as active neutral point clamping [10–12], modular multi-level
converter (MMC) [13] and the multi-level DC link inverter [14]. The number of the employed switching semiconductor devices de-
termines how reliable power electronics converters are. Better output voltage quality is provided by the MLI at the expense of more
static semiconductor devices. MLI dependability is, therefore, a very important problem. Multiple power semiconductor devices are
switched, which increases the possibility of numerous errors occurring and decreases device dependability. Two-thirds of faults found
in power semiconductor devices and 13 % in soldiers were found in surveys and research conducted on more than 200 industrial
processes and 80 organizations. The failure of the device module accounts for 34 % of all converter malfunctions [15]. Apart from the
diverse reasons for malfunctions, power semiconductor switch malfunctions may be classified into two primary categories:
open-circuit switch faults (OCSFs) and short-circuit switch faults (SCSFs).

Numerous research articles have documented the identification of faults in power semiconductor apparatus. In Ref. [16], the
fault-diagnostic technique employing average current Park’s vector (ACPV) for three-level NPC MLIs is presented. The normalized
average value of motor line current in the ACPV algorithm indicates the problematic switch, while ACPV itself identifies the damaged
switch leg. A three-level NPC fault-detection method based on output pole voltage and current is discussed in Ref. [17]. The dis-
crepancies between normalized output voltages and the corresponding control switching states are exploited by this approach. To
locate the short circuit issue in FCMLIs, a vector-based diagnostic and output voltage frequency analysis are used [18,19]. In Ref. [20],
a model-based predictive control method for switch fault identification is provided. In Ref. [21], an asymmetric zero voltage
state-based open-circuit fault-diagnosis method for CHBMLIs is reported. A simpler approach based on zero voltage switching has been
provided by the authors and verified for both linear and nonlinear loads. For five-level CHB MLIs, the authors of [22] have provided a
short circuit identification technique based on the comparison of output voltage with reference voltage. In Ref. [23], a neural
network-based technique for defect diagnosis for five-level CHB MLIs is put forward. The kind and location of the defect are deter-
mined using five multilayer perception networks. A straightforward THD-based fault-diagnosis method for five-level CHB MLIs has
been provided by the authors of [24]. The normalized pole output current is used to identify the likely malfunctioning switch. In
Ref. [25], a knowledge-based model and state observer for failure detection and reconfiguration method for MMCs are presented.

Multi-Level Inverters (MLIs) have emerged as a prominent technology in power electronics due to their superior performance in
terms of output voltage quality, reduced harmonics, and enhanced efficiency. However, the complexity of MLI topologies and the
increasing number of switching devices can lead to various fault conditions, such as open-circuit switch faults (OCSFs) and short-
circuit switch faults (SCSFs), which can significantly degrade system performance and reliability. To prevent numerous switch faults
that might shut down a whole operation, post-fault control is required. Actually, after fault diagnosis, a post-fault control scheme
needs to be implemented for a fully fault-tolerant operation. The post-fault control method attracts researchers’ interest. The widely
used techniques of fundamental phase-shift compensation (FPSC) and avoiding malfunctioning operational cells are described in
Refs. [26–29]. To avoid the flawed cell algorithm and achieve balanced three-phase functioning, an equal number of cells are
eliminated. In FPSC, the phase shift of the fundamental wave of all three phases will alter to maintain a balanced operation;
however, in this approach, the load voltage is decreased to 40 % of its healthy condition value. The voltage drop is limited to 23 % of
the healthy level. Nonetheless, the power factor can be impacted. In order to overcome the defect, a space vector-based control
technique is adopted in Refs. [30–32], along with redundant switching states. This paper presents an open-circuit fault-detection
method for five-level CHB MLIs. A detailed examination of output voltage fluctuation and THD in both healthy and malfunctioning
CHB MLIs is given. The suggested fault-diagnosis method may be used with almost any MLI based on industrial applications. In
addition, the method is highly economical and may be used with few adjustments in current systems. The method under investi-
gation is predicated on a normalized output voltage factor and THD measurement. One to two fundamental periods can be used to
identify a potential open-circuit switch problem based on the threshold calculations. Any power electronics MLI system based on
closed-loop operation already contains one voltage sensor per phase, which is all that is needed for the fault-diagnosis approach that
has been described. Sivapriya and Kalaiarasi (2023) presented a unique improved deep learning-based defect diagnostic technique
in their research that was published in e-Prime. This investigation was published in 2023. They underline the significance of using
deep learning models in order to improve the accuracy of defect detection and the reaction time in MLIs [33]. A number of different
approaches to training neural networks are described in this paper. The purpose of the study is to enhance diagnostic skills in
situations with complicated faults.

In a different piece of research, Sivapriya and colleagues (2023) used a multiscale kernel convolutional neural network, also known
as an MK-CNN, to identify problem areas in cascaded MLIs. This method is able to successfully extract features from time-series data,
which results in an increase in the rate of fault identification [34]. Through the use of convolutional layers, the model is able to
recognize small irregularities that conventional approaches could miss. An intelligent diagnostic method was presented by Du et al.
(2023), which is a combination of deep convolutional neural networks and sparse representation. In order to improve the capability of
reliably diagnosing defects in H-bridge cascaded MLIs, this new solution takes use of the characteristics that both methodologies
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provide. When compared tomore traditional methods, the authors showed that the use of a hybridmodel resulted in considerable gains
in detection efficiency [35].

Artificial neural networks (ANNs) were investigated by Raj et al. (2018) for the purpose of fault detection in asymmetric multilevel
inverters. This study exemplifies the adaptability of machine learning methodologies, since it demonstrates the ability to identify faults
in asymmetric inverters [36]. In diagnostic procedures, their results indicate that artificial neural networks (ANNs) have the potential
to properly diagnose problems andminimize reaction times. The authors Wang et al. (2016) developed a technique for defect detection
that was based on support vector machines (SVM), the fast Fourier transform (FFT), and the robust principal component analysis
(RPCA) [37]. A considerable improvement in defect detection accuracy is achieved with the use of both frequency domain and sta-
tistical approaches, as shown by this integrated methodology. An improved support vector machine approach that was augmented by a
gray wolf optimization algorithmwas suggested by Yuan et al. (2023) for the purpose of detecting faults in H-bridge cascaded five-level
inverters [38]. According to the results of their investigation, improving the settings of the support vector machine (SVM) using the
gray wolf algorithm results in improved generalization over a wide range of operating situations and a greater level of accuracy in
defect identification. Ali and colleagues (2021) conducted a study to investigate the utilization of machine learning techniques for the
purpose of identifying open switch faults in cascade H-bridge multi-level inverters that are used in distributed power producers [39].
The research demonstrates that machine learning is an excellent method for tackling real-time fault diagnostic difficulties, and it also
highlights the usefulness of this method in practical contexts.

An innovative approach to diagnostic strategies was presented by Rinsha and Jagadanand (2023), who presented a rolling average-
decision tree-based technique for fault identification in neutral point-clamped inverters [40]. This method offers a unique viewpoint
on diagnostic methods. The work that they have done highlights the need of developing adaptable approaches that are able to handle a
wide range of operating settings and fault kinds. For the purpose of fault identification in multi-level inverters, Parimalasundar et al.
(2024) introduced an innovative technique that makes use of artificial neural networks [41]. When it comes to improving the
dependability and performance of MLIs, this research makes a contribution to the expanding body of evidence that supports the
usefulness of artificial neural networks (ANNs).

Existing research has explored various fault detection methods for MLIs, including those based on average current Park’s vector,
output pole voltage and current, vector-based diagnosis, model-based predictive control, and neural networks. While these methods
have shown promise, they often suffer from limitations such as sensitivity to noise, computational complexity, or the requirement for
specific operating conditions.

Despite the advancements in fault detection for MLIs, there remains a significant research gap in developing robust and efficient
methods that can accurately detect and diagnose faults under various operating conditions, especially in the presence of noise and
disturbances. Additionally, the integration of fault detection with post-fault control strategies to ensure continuous system operation is
an area that requires further investigation. This paper aims to address the aforementioned research gap by presenting a comprehensive
review of the existing literature on MLI fault detection and post-fault control. This comprehensive review of the existing literature on
MLI fault detection and control, critically evaluating state-of-the-art techniques, identifying their limitations, and highlighting the key
challenges that hinder their effectiveness. Moreover, proposed promising research directions and future perspectives for the devel-
opment of innovative fault detection and control methods that address these challenges and enhance the reliability and performance of
MLI systems.

2. Basic of inverters

2.1. Conventional inverters

An inverter is a device that converts from a DC supply to an AC supply. It is called a power inverter. It comprises solid-state switches
like BJT, MOSFET, IGBT, Thyristors, etc., and loss-less components such as inductors and capacitors. The basic block diagram of the
inverter is shown in Fig. 1. Table 1 represents the types of electrical power with variable properties during the conversion.

Fig. 1. Basic diagram of the inverter.
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Drawbacks of two-level Inverters.

➢ 10,000 V/μs is the highest dv
dt inverter output voltage value.

➢ Motor harmonic losses.

These can be solved with the proper addition of a tuned LC filter. So, the cost will be increased.
In early 90’s, research on power electronics switches started. In 1957, Thyristor was invented. In the mid 1970’s, GTO, GTR, Power

MOSFET, Thyristor are came into existence. In late 1980’s, IGBT, Power MOSFET and DSP were invented. The history of power
electronics switches are shown in Fig. 2.

2.2. Multi-level inverters

MLI’s are used for industrial purposes in high power applications and renewable energy sources. Many researchers are paying
worthwhile attention to multi-level inverter topologies from the past several years and still significant research is preceding towards
the development of newmulti-level inverter topologies. In conventional power inverters, output attains high harmonic distortions and
high dv/dt.

MLI offsets these drawbacks to the conventional power Inverters. As the level of the Inverter increases, the output dv/ dt decreases.
The power and voltage ratings are shown in Fig. 3.

Table 1
Conversion of electric power.

Types of electric power Changeable properties

Direct Current Magnitude
Alternating Current Magnitude, Frequency, No. of phases

Fig. 2. History of power electronic switches.

Fig. 3. Medium voltage drives.
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2.2.1. Classifications of MLI
MLI is the preferred choice for many industrial applications and academia. MLI’s are used for commercial purposes in many ap-

plications such as grinders, compressors, mills, conveyors, pumps, compensators, HVDC conversions and so on. Many researchers are
paying great attention to get better improvement in reliability, high efficiency and cost effective with multiple topologies. Three main
classifications of MLI are given below. Detailed classification of inverters is shown in Fig. 4.

a) Diode Clamped MLI (NPC MLI)
b) Flying Capacitor MLI (FC MLI)
c) Cascaded H-Bridge MLI (CMLI)
a) Diode Clamped MLI (NPC MLI)

In 1981, Nabe et al. proposed a neutral point-clamped inverter. In the decade of the 90s, researchers published many articles on
different levels of NPC inverters and suggested the utilization of NPC inverters in applications such as variable drives, SVC, high-power
applications, etc. A five-level single-phase NPC inverter is shown in Fig. 5. In a single phase, the level of the NPC inverter includes four
capacitors; therefore, these four capacitors charging levels are up to source voltage E. Clamping diodes clamp the voltage stress across
each switch to E. Table 2 generates the output voltage levels for where Vo, i.e., dc voltage used as a reference. For instance, four
complimentary switches are used in each phase. (T1, T1‵), (T2, T2‵), (T3, T3‵), (T4, T4‵) pair are switches. The switch will be ’ON’ if the
state condition is ’1′ and ’OFF’ if the state condition is ’0’. It is obvious that the ’k’ level NPC Inverter has (2k-1) output level output
voltage if four switches are ’ON’ in any position at any given time.

b) Flying Capacitor MLI (FC MLI)

In 1992, Meynord et al. proposed flying capacitor inverter. The FC inverter design was similar to NPC Inverter. It used FC instead of
clamped diodes. Fig. 6 shows the five-level single phase FC inverter. FC inverters have ladder structure with dc side capacitors.
Capacitor voltage differs from capacitor to capacitor. Voltage increment in between adjacent capacitors has responsibility of the output
voltage levels.

In FC inverter output voltage can be synthesized with two or more valid switches by which, it has redundancies in inner voltages.
Table 3 shows the output stages. FC inverter doesn’t require all switches in same conduction like NPC Inverters. NPC inverter has line-
line redundancies while FC inverter has phase redundancies. FC inverter 〈k − 1〉 dc side capacitor is required with additionally (〈k −

1〉*〈k − 2〉)/2) auxiliary capacitor for each leg.

c) Cascaded H-Bridge MLI (CMLI)

Fig. 4. Classifications of inverters.
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The structure of single-phase k-level CMLI is shown in Fig. 7, and each H-bridge has a separate DC source. The inverter level can
generate three voltages + E, 0, and –E in each Cascaded H-Bridge (CHB) inverter. If S1 and S4 are on for + E present in switches, if S2
and S3 are on -E occurs in switches; if the output is 0V, all the switches are on. If the inverted voltage output of individual inverter levels
is connected in series, then the output voltage is synthesized with the sum of all individual inverter levels. For the CHB inverter, the
output voltage level ‘k’ is given (k= 2s+1) where ‘s’ is a number of separate DC sources.

The Fourier transform for the waveform shown in Fig. 8(a) is given as

ϑ(wt)=
4E
π
∑

ρ
[cos(ρφ1)+ cos(ρφ2)+⋯+ cos(ρφs)]

sin(ρwt)
ρ (1)

Equation (1) can be normalized with respect to E is given as

ℵ(n)=
4
πρ [cos(ρφ1)+ cos(ρφ2)+⋯+ cos(ρφs)] (2)

Where ρ = 1,3,5,7,…:
φ1,φ2,⋯ can be selected with harmonics reduction. CMLI can be connected to a star or delta connection with Static VAR, renewable

energy sources, battery applications, etc. Fig. 8(b) shows 5L-CMLI voltage output with two DC sources and two H-bridges. The total
output voltage is given as Vao = Va1 +Va2.

The most popular multi-level inverter topologies are NPC, FC, and CHB. In industrial applications, the author reviewed several MLI

Fig. 5. Single phase 5L-NPC inverter.

Table 2
Diode clamped 5-level switching states.

Output Voltage(V) Switching States

T4 T3 T2 T1 T4‵ T3‵ T2‵ T1‵

V4 = 4E ON ON ON ON OFF OFF OFF OFF
V3 = 3E OFF ON ON ON ON OFF OFF OFF
V2 = 2E OFF OFF ON ON ON ON OFF OFF
V1 = E OFF OFF OFF ON ON ON ON OFF
V0 = 0 OFF OFF OFF ON ON ON ON ON

R.K. Gatla et al. Heliyon 10 (2024) e39901 

6 



topologies and provided the specifications for commercial purposes. NPC has gained popularity in industrial applications due to its
basic transformer structure. Higher levels of NPC are less popular due to uneven higher loss distribution. CHB is the perfect approach
for high-voltage applications due to its modular structure. However, CHB requires isolated DC sources, which is expensive compared to
NPC topology. FC contains a modular structure due to its switching frequencies; it is not popular in industrial applications. This work
will pave the way for future improvements in CMLI.

2.2.1.1. Advantages of CMLI. The major advantages of CMLI’s are shown below.

a) CHB structure provides high voltage switching with lower voltage ratings.
b) In CHB, several H-Bridge modules are connected in series, so output voltage levels are high.
c) The output voltage of the CMLI is twice that of the input DC sources, i.e., (k = 2s + 1).
d) It produces the common mode voltage with reduced stress.

Fig. 6. Single phase 5-level FC inverter.

Table 3
Single phase 5-level FC inverter switching states.

Output Voltage (V) Switching states

T4 T3 T2 T1 T4‵ T3‵ T2‵ T1‵

E ON ON ON ON OFF OFF OFF OFF
E/ 2 OFF ON ON ON ON OFF OFF OFF
− E/ 2 ON ON OFF OFF OFF OFF ON ON
-E ON OFF OFF ON OFF ON ON OFF
0 OFF OFF OFF OFF ON ON ON ON
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e) CHB gains less input current with harmonic distortion.

2.2.2. Multi-level modulation of CMLI
The conventional sinusoidal PWM has two major types which can be defined as LS-PWM (Level Shifted) and PS-PWM (Phase

Shifted). PS-PWM is commercially used in the CHB. PS-PWM triangular and sinusoidal waves are used. In triangular carriers’

Fig. 7. Single phase structure of a CMLI.
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magnitude is same and phase shift is 180◦. Equation (3) shows the relation between the number of voltage levels and number of
carriers.

ηc = ηlevel − 1 (3)

φc =
3600

ηlevel − 1
(4)

mf =
fc
fa

(5)

ma =
V̂ma

V̂cr
(6)

φc is the phase difference between carriers, which is represented in Equation (4); the modulation index for both frequency
(
mf
)
and

amplitude (ma) are calculated according to Equation (5) and Equation (6). The switching frequency
(
fsw
)
of the PWM signal is equal to

carrier frequency
(
fc
)
. The line-to-line voltage is twice the (η c) with respect to switching frequency

(
feq = ηcarrier* fc

)
.

Harmonic components of CMLI are given as,

Van(t)=
E
2
+
E
2

(

cos(μOt+ δo)+
2E
π
∑∞

τ=1

1
τJo
(

τ π
2

∁
)
*sin

(
τ π
2

)
*cos(τ(μct+ δc))+

2E
π
∑∞

τ=1

×
∑∞

n=− ∞

1
τJn
(

τ π
2

∁
)
*sin

(
(τ+ n)

π
2

)
*cos(τ(μct+ δc)+ n(μct+ δo) (7)

In Equation (7), sideband, baseband, carrier, and dc offset harmonics are presented. These harmonics can be canceled by shifting the
carrier by 2π(i− 1)

N . The overall phase voltage is given as

ϑRP(t)=
∑P

i=1
ϑi
Rp(t) (8)

Substituting Equation (7) – Equation (8) gives:

Fig. 8. (A) Gate pulse signals and (b) Ideal 5L arm voltage waveform.
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ϑRP(t)=
E.N
2

+
E.N
2

∁cos(μot+ δo)+
2E
π
∑N

i=1

∑∞

τ=1

1
τJo
(

τ π
2

∁
)
*sin

(
τ π
2

)
*cos

(

τ
(

μct+
2π(i − 1)

N

))

+
2E
π
∑N

i=1

∑∞

τ=1

×
∑∞

n=− ∞

1
τJn
(

τ π
2

∁
)
*sin

(
(τ+ n)

π
2

)
*cos

(

τ
(

μct
2π(i − 1)

N

)

n(μot+ δo)
)

(9)

• Applications of MLI

MLI seeks attention for industries and academia due to its wide range of applications. MLI’s are used in high power applications.
MLI current commercial applications are grinding mills, pumps, fans, reactive power compensators, crushers, conveyor belts, solar,
wind power conversations and so on. Research status of applications of MLI is tabulated in Table 4.

3. Fault diagnosis in CMLI

In 1994, Kastha and Bose classified fault diagnosis in CMLI as to be anticipated for the reliable operation of the system in the
inverter, as shown in Fig. 9.

SC faults can be protected with circuit breakers, but faults associated with power semiconductor switches, i.e., IGBT, have to be
anticipated. Different faults in the Inverter switches can be categorized in the following Table 5.

3.1. Diagnosis of faults & techniques

3.1.1. Introduction of various faults
Any unsatisfactory changes in the system are called a fault. Physical failures cannot be described as faults, but the term failure is a

serious unconditional circumstance, breakdown, or deviation of the system. Different types of basic faults are shown in Fig. 10.

Table 4
High-performance MLI applications based on topology.

Application Topology

NPCI/ANPCI FCI CMLI

Automotive Applications [17] [18–20] [21–24]
HVDC [25] [26–28] –
Wind power [29–31] [32] –
Class-D Amplifiers – [42–44] –
STATCOM [45–47] [26,48,49], 3 [6,50–53] –
Locomotive (Train traction) [54,54–58] [54,55,58–63] [64,65]
Photovoltaic [66–68] [59,66,67,69] [70]
Regenerative Conveyors [71,72] – –
Marine Propulsion [67,68], [73,74] [67,74] [74]
Active filters [75–79] [80–82] [83,84]
FACTS & Generation [16] [16,69,85,86] [16]
UPQC, UPFC& DVR [87–89] [87,89,90] [91]
Hydro-pumped storage [92] – –

Fig. 9. Various inverter faults.

Table 5
Faults associated with the inverter switches.

S. No OC Faults SC Faults

1 One switch (upper or lower) One switch (lower or upper)
2 Different phases (same side) Two switches for different phases (same side of DC bus)
3 Different phases (different sides) Two switches for different phases (different sides of the DC bus)
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• Incipient Fault: It is a continuous fault that gradually develops. It can also be described as a soft fault or Evaluative fault.
• Abrupt Fault: These are substantial and immense faults that lead the system close to the acceptable limit.
• Intermittent Fault: These faults affect the system at discontinuous periods of time.

These faults are to be diagnosed as they affect the system’s reliability, performance, and efficiency. Therefore, systemmonitoring is
needed to assess the system’s performance and to accurately diagnose faults at early stages.

Fault diagnosis system performs the following tasks.

• Fault Detection: Indication of occurrence of fault.
• Fault Isolation: Fault location determination.
• Fault Identification: Identification of the nature and size of the fault.

3.1.2. Classification of faults in dynamic system
The dynamic system faults can be divided into two parts open loops and close loops, which have further three important classi-

fications can be described as sensor, actuators and plants. Closed loop dynamic system consists upon feedback controller. Fig. 11 shows
the open loop dynamic system and Fig. 12 shows the closed loop dynamic system.

Fault diagnosis systems at each stage of open loop dynamic systems are required to evaluate system performance.

3.1.2.1. Sensor faults. Output interfaces that provide information about the system’s internal behavior are called sensors. Sensor faults
decrease system performance, such as data integrity of decision-making, decision-making systems, quality control systems, safety
control systems, navigation, feedback control systems, state estimations, navigations, optimization systems, etc. Fault diagnosis in the
sensors is required for accurate diagnosis and efficient control. The common faults in the sensors are.

Fig. 10. Basic types of faults.

Fig. 11. Open loop dynamic system.

Fig. 12. Closed loop dynamic system.
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➢ Bias
➢ Sensor Freezing
➢ Drift
➢ Calibration error
➢ Loss of accuracy or Performance degradation

The effect of various faults on the system measurements is shown in the following Fig. 13. The mathematical representation of the
Sensor faults is shown in Equation (10) as follows:

yi(t)= =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

∅i(t) ∅i ∕= 0 ∀α ≥ α0 No failure
∅i(t) + ai ai(α) = 0, ai(αFi) ∕= 0 ∀αFi < α Bias

∅i(t) + ai(α) |ai(α)| = ci(tα), 0 < ci ≪ 1 ∀α ≥ αFi Drift
∅i(t) + ai(α) |ai(α)| ≤ ai, ȧi(α) ∈ L∞ ∀α ≥ αFi accuracy fault

∅i(αFi) ∅i ∕= 0 ∀α ≥ αFi Sensor fault
ki(α)∅i 0 < k ≤ ki(α) ≤ 1 ∀α ≥ αFi Calibration Error

(10)

Where, αFi: Denotes the fault at ith sensor unit.
ai: Accuracy coefficient ai ∈ ( − ai,ai).
ki ∈ (ki,1), ki > 0 represents minimum sensor effectiveness.
The generalized mathematical model is represented by:

Y=KmX + B (11)

Where.
Km: Positive definite diagonal matrix varies slowly between (ki,1).
B: Matrix B varies slowly between ( − ai,ai).

3.1.2.2. Component faults. Component faults occur when the nominal conditional changes occur in the systems. Some examples for
this fault are.

➢ Power source failure in the satellite.

Fig. 13. Various sensor faults according to time.
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➢ Leakage in the tank of the propulsion system or chemical system.
➢ Body damage faults.
➢ Friction faults due to lack of lubrication.
➢ Breakage and crack in the gear system, etc.

Themathematical modeling of component faults is very difficult, and experimentation is needed to model the component fault state
equation used generally.

3.1.2.3. Actuator faults. In electromechanical or electrochemical systems, actuator transpires the control signals from microprocessor
or microcontroller to attain appropriate signals i.e. force, torque etc. to drive the system. Hence abnormalities in the actuators lead to
the absolute loss and high energy consumption of the system. Actuator faults depend on the type of actuator system. Examples of the
actuator faults are tabulated in Table 6.

LIP fault freezes the actuator and does not respond to commands. Float occurs in the actuator at zero moment. LIE fault reduces the
actuator gain. The mathematical representation of actuator faults is represented by following Equation (12)

yi(t)=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

uic(θ) Absece of Faults
σi(θ)uic(θ) 0 < ∈i ≤ σ(θ) < 1,∀θ ≥ θFi; (LOE)

0 ∀θ ≤ θFi; (Float)
uic(θFi) ∀θ ≤ θFi; (LIP)

ui min⋁ui max ∀θ ≤ θFi; (HOF)

(12)

Where uia(t): Actuation signal.
uic(t): Control command signal.
θFi: Denotes the time of fault occurrence at ith actuator.
σi ∈ (∈i, 1),∈i > 0 represents minimum actuator effectiveness.
ui min and ui max are the actuator’s limits.
The generalized equation of the actuator is shown in the following Equation (13)

Table 6
Different faults in the actuator.

S. No Actuator Type Fault

1. Control valve actuators ✓struck open
✓struck close
✓Abnormal Leakage

2. Servo motor actuators •Lock-in Phase (LIP) or Freezing
•Loss of Effectiveness (LOE)
•Float
•Hard Over Failure (HOF)

Fig. 14. Different fault detection and diagnosis methods.
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uia(t)= δiσiuic(θ)+ (1 − δi)ui (13)

Where,
δi = 1, σi = 1 at zero faults.
δi = 1,0 < σi < 1 in the presence of LOE.
δi = 0 for other faults, such as ui is in a position the actuator is locked.

3.2. Different types of fault diagnosis techniques

3.2.1. Classifications of fault diagnosis methods
The fault diagnosis methods are classified into two types, which can be delineated as Model-based methods and Data-based

methods. Further, these methods are subdivided into qualitative and quantitative methods. Model-based methods consist of state
estimation, parameter estimation, simultaneous estimation, parity space, etc. Data-based methods consist of statistical, neural net-
works, expert systems, fuzzy logic, pattern reorganization, qualitative trend analysis, etc. The detailed classification of fault diagnosis
methods is shown in Fig. 14.

3.2.2. Research status
Researchers [93–99] depicted hardware-based switch faults, multiple switch faults, and open phase faults. Model-based analysis of

switch faults, multiple switch faults, open phase faults, sensor faults, and passive element faults are presented in Refs. [100–117].
Signal processing with time domain analysis for switch faults, multiple switch faults, and open phase faults presented by Refs.
[118–127]. Signal processing with frequency domain analysis for switch faults, multiple switch faults, open phase faults, and sensor
faults is studied in Refs. [108,128–133]. Statistical analysis for switch faults and open phase faults is presented in Refs. [101,130–134].

Machine learning based analysis for switch faults, multiple switch faults and open phase faults presented by Refs. [101,108,126,
130,133]. Hidden Markov Model is presented in Refs. [135,136]. The detailed research status is in Table 7.

4. Power inverter IGBT fault diagnosis

IGBT’s are widely used as a power inverter in several high-power applications. It is anticipated from Ref. [145] that the occurrence
of a fault in power switching devices will be 38 %. Almost all power inverters and IGBTs are used as switching devices due to their
characteristics. IGBT can handle the short circuit current of more than 10μs. IGBT failures happen due to thermal and electrical
stresses. That’s why an IGBT fault diagnosis system is needed. IGBT fault diagnosis is classified as given below.

• OC Faults
• SC Faults
• Intermittent Gate-Misfiring Faults

4.1. OC faults

The OC fault is considered a gate-driven OC fault because of bond wire lift-off due to thermal cycling. OC fault in IGBT creates a DC
offset current in the healthy and fault phases. This DC current leads to the uneven distribution of stress. OC fault doesn’t shut down the
system, but it degrades system performance. That’s why a fault diagnosis system is essentially required. Different fault diagnosis
methods are summarized in Table 8 below.

4.2. SC faults

In the IGBT SC, a fault occurs due to the following reasons.

• Incorrect gate voltage or dv/dt disturbance.
• Over voltage/avalanche stress or temperature overshoot.

Table 7
Existing literature in FDI methods for PE system.

Parameters Switch Fault Multiple Switch Fault Open Phase Sensor Fault Passive Element Fault

Hardware-based (Analog Circuits) [93–99] [96] [94] – –
Model-based [100–110] [111,112] [100] [113] [114,115,117,118]
Signal Processing (Time Domain) [108–110] [116,122–126] [127] – –
Signal Processing (Freq. domain) [128–133] [108] [130] [131] –
Statistical [130,134] – [101] – –
Machine Learning [128,129,133,134,137,138–141] [108,126,142] [143] – –
Hidden Markov Model [135] [144] – – –
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Table 8
OC fault diagnosis methods.

FD Methods Comments References

Park’s Vector Method ⁃Detection Time: 20.0 ms.
⁃Detection parameters: 3-Φ Currents.
⁃ Implementation Procedure: Medium risk.
⁃ Tuning Effort Range: Long range.
⁃ Threshold dependence is: High level.
⁃ Merits/Demerits: Ambiguous effectiveness, Poor resistivity.

[146]

Modified Normalized DC Current Method ✓ Detection Time: 18.4 ms.
✓ Detection parameters: 3 phase Currents.
✓ Implementation Procedure: Low risk.
✓ Tuning Effort Range: Short range.
✓ Threshold dependence is: Independent to each other.
✓ Merits/Demerits: Good effectiveness, Good resistivity.

[147]

Normalized DC Current Method ⁃ Detection Time: 13.8 ms.
⁃ Detection parameters: Three-phase currents.
⁃ Implementation Procedure: Low risk.
⁃ Tuning Effort Range: Short range.
⁃ Threshold dependence is: Independent to each other.
⁃ Merits/Demerits: Poor effectiveness, Poor resistivity.

[148]

AC Current Space Vector Instantaneous Frequency Method ✓ Detection Time: 20.0 ms.
✓ Detection parameters: 3-Φ Currents.
✓ Implementation Procedure: Low risk.
✓ Tuning Effort Range: Short range.
✓ Threshold dependence is: Low level.
✓ Merits/Demerits: Medium resistivity.

[149,150]

Centroid-Based Fault Detection ⁃ Detection parameters: 3-phase Currents
⁃ Implementation Procedure: Highly risk.
⁃ Tuning Effort Range: Medium range.
⁃ Threshold dependence is: Dependent to each other.
⁃ Merits/Demerits: Good effectiveness and Good resistivity.

[151]

Diagnosis by Sensing Voltage Across Lower Switch ✓ Detection Time: 2.7 ms.
✓ Detection parameters: Low switching voltages.
✓ Implementation Procedure: Medium risk.
✓ Tuning Effort Range: Long range.
✓ Threshold dependence is: Independent to each other.
✓ Merits/Demerits: Good effectiveness and Good resistivity.

[152]

Current Pattern Recognition Method in the Time Domain ⁃ Detection Time: 10.0 ms.
⁃ Detection parameters: Three-phase currents.
⁃ Implementation Procedure: Low risk.
⁃ Tuning Effort Range: Medium range.
⁃ Threshold dependence is: High level.
⁃ Merits/Demerits: Medium resistivity.

[153]

Spectrum Analysis Method ✓ Detection Time: 2.0 ms.
✓ Detection parameters: 3-phase Currents.
✓ Implementation Procedure: Highly risk.
✓ Tuning Effort Range: Both short and long range.
✓ Threshold dependence is: High level.
✓ Merits/Demerits: Good effectiveness and Medium resistivity.

[154]

Current Deviation Method ⁃ Detection Time: 6.87 ms.
⁃ Detection parameters: Three-phase currents.
⁃ Implementation Procedure: Highly risk.
⁃ Tuning Effort Range: Short range.
⁃ Threshold dependence is: Independent to each other.
⁃ Merits/Demerits: Good effectiveness and Medium resistivity.

[155]

Wavelet-Fuzzy Algorithm ✓ Detection time: 5.0 ms.
✓ Detection parameters: 3-Φ Currents.
✓ Implementation Procedure: Highly risk.
✓ Tuning Effort Range: Medium range.
✓ Threshold dependence is: Low level.
✓ Merits/Demerits: Good effectiveness and Good resistivity.

[156]

Wavelet-Neural Network Method ⁃ Detection parameters: Three-phase currents.
⁃ Implementation Procedure: Highly risk.
⁃ Tuning Effort Range: Short range.
⁃ Merits/Demerits: Good effectiveness NN is trained effectively.

[157]

Subtractive Clustering-Based Mean Current Vector Method ✓ Detection time: 0.25 ms.
✓ Detection parameters: 3-Φ Currents.
✓ Implementation Procedure: Low risk.
✓ Tuning Effort Range: Medium range.
✓ Merits/Demerits: Good effectiveness.

[158]

(continued on next page)
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SC faults are complex in nature and take time for fault initiation, and their failures are very few. That’s why a fault diagnosis system
is extremely needed to manage the system performance and eviction. Different fault diagnosis methods are summarized in the
following Table 9.

4.3. Intermittent Gate-Misfiring Faults

An intermittent gate-misfiring fault leads the system toward a breakdown. It may be caused by factors such as electromagnetic
compatibility degradation, element deterioration in the control circuit, and driver circuit opening. However, the power inverter can
operate up to an accountable period with decreased output. Intermittent gate-misfiring Faults also lead towards the SC fault and are
intermittent in nature. Detection by output current trajectory [169] and pattern recognition approach [170,163] are the diagnosis
methods for gate-misfiring fault in the time domain, as frequency domain diagnosis methods are not suitable.

4.4. Reliability of fault detection system

The reliability of the fault detection system has to be anticipated in system error analysis. A reliability-based fault management
system has to be designed for diagnosis.

A fault detection approach can protect the system from greater damage by isolating the faulty locations. The fault detection
approach is based on two types.

1. Online Approaches
2. Offline Approaches

Table 8 (continued )

FD Methods Comments References

Wavelet-ANFI System ⁃ Detection parameters: DC link currents.
⁃ Implementation Procedure: Highly risk.
⁃ Tuning Effort Range: Short range.
⁃ Threshold dependence is: Independent to each other.
⁃ Merits/Demerits: Good effectiveness.

[159]

Clustering-ANFI System ✓ Detection parameters: 3-Φ Currents.
✓ Implementation Procedure: Highly risk.
✓ Tuning Effort Range: Low range.
✓ Merits/Demerits: Good resistivity.

[160]

Model-Based ANN Diagnostic Method ⁃ Detection parameters: Three-phase currents, voltages, and torque.
⁃ Implementation Procedure: Highly risk.
⁃ Tuning Effort Range: Medium range.
⁃ Threshold dependence is: Independent to each other.
⁃ Merits/Demerits: Medium resistivity.

[161]

Using the Bond Graph Model ✓ Detection parameters: Switch Voltages.
✓ Implementation Procedure: Highly risk.
✓ Threshold dependence is: High level.
✓ Merits/Demerits: Good effectiveness.

[162]

Table 9
SC fault diagnosis methods.

FD Methods Comments References

Current Mirror Method ❖ It requires the device’s current parameter.
❖ It has an abrupt turn-off.
❖ Implementation effort is low, and reliability is medium.

[163]

De-Saturation Detection ➢ It requires a collector voltage parameter.
➢ It has an abrupt turn-off.
➢ Implementation effort is low, and reliability is medium.

[164]

Vector Composition of Inverter Output Voltage ❖ It requires an inverter output voltage parameter.
❖ Implementation effort is Medium, and reliability is Low.

[165]

Gate Voltage Sensing ➢ It requires a gate voltage parameter.
➢ It has an abrupt turn-off.
➢ Implementation effort is low, and reliability is low.

[166]

di/dt feedback Control ❖ It requires the device’s current parameter.
❖ It has a soft turn-off.
❖ Implementation effort is high, and reliability is medium.

[167]

Average Current Park’s Vector Approach ➢ It requires a phase current parameter.
➢ Implementation effort is medium, and reliability is high.

[168]
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Table 10
Online fault detection approaches.

Online Approaches Remarks Reference

Centralized Base station plays active role in the detection of fault. [167]
Neighborhood-coordination-based ➢ Localized fault-tolerant event boundary detection.

➢ 2-ΦNeighbor co-ordination scheme.
➢ Distributed fault detection of wireless sensor networks.

[168]

Cluster-based ❖ Heart-beat based.
❖ Polling-based.

[171]

Table 11
Comparison of fault detection methods.

Method Remarks Reference

Neural Networks Overall Efficiency: without noise is 95.00 % [172]
Temporal attribute QSSVM Overall Efficiency: without noise is 98.10 % [173]
Wavelet-based fuzzy logic theory Overall Efficiency: without noise is 100.00 % [174]
SVM-based principal components analysis Overall Efficiency:

a Without noise is 99.74 %
b With noise is 99.79 % at 30 dB
c With noise is 99.77 % at 20 dB

[175]

Hybrid ST method Overall Efficiency:
a Without noise is 100 %
b With noise is 100 % at 40 dB, 30 dB, 20 dB for both balanced and unbalanced loads.
c Multiphase systems efficiency is 99.90 % at 40 dB, 99.70 % at 30 dB, 99.60 % at 20 dB

[176]

Artificial Neural Network Focuses on fault detection in asymmetric multilevel inverters, demonstrating the utility of neural
networks with systems efficiency of 98.89 % (without Noise)

[36]

FFT-RPCA-SVM Diagnosis Method Introduces a novel diagnosis method based on frequency domain analysis, enhancing fault detection in
multilevel inverters with efficiency 99.74 % (without noise)

[37]

Sparse Representation and Deep Learning Reiterates the combination of sparse techniques and deep learning for effective fault diagnosis with
efficiency of 99.77 % (at 20 dB)

[177]

Improved Support Vector Machine with
Gray Wolf Algorithm

Enhances fault diagnosis in H-bridge cascaded five-level inverters, demonstrating optimization
capabilities with efficiency of 100 % (without noise)

[38]

Artificial Neural Networks for Fault
Recognition

Novel approach using ANNs for fault recognition in multilevel inverters, enhancing diagnostic methods
with efficiency of 99.42 % (without noise)

[41]

Table 12
Comparison of fault classification methods.

Method Remarks Reference

Wavelet-based fuzzy
logic theory

Overall Efficiency: without noise is 89.50 % [178]

Wavelet multi resolution method Overall Efficiency: without noise is 94.73 % [178]
Wavelet-based ANFIS Overall Efficiency: without noise is 99.84 % [179]
Wavelet-based ANN Overall Efficiency: without noise is 98.40 % [180]
Time transformation-based

ART NN
Overall Efficiency: without noise is 99.18 % [180]

Attribute QSSVM method Overall Efficiency: without noise is 99.05 % [181]
SVM-based principal components analysis Overall Efficiency: without noise is 99.93 % [181]
Hybrid ST method Overall Efficiency:

a Without noise is 99.95 %
b With noise is 99.75 % at 40 dB, 99.85 % at 30 dB, and 99.80 % at 20 dB for both balanced and
unbalanced loads

c Multiphase systems efficiency is 99.33 % at 40 dB, 99.14 % at 30 dB, 99.02 % at 20 dB

[178,
180]

Multiscale Kernel Convolutional Neural
Network

Fault diagnosis in cascaded multilevel inverter with 99.67 %. [33,35]

Sparse Representation & Deep CNN Intelligent diagnosis with high accuracy in cascaded H-bridge multilevel inverter with 99.72 % [34,182]
Gray Wolf Algorithm with SVM Fault diagnosis of H-bridge cascaded five-level inverter with 98.85 % [38]
FFT-RPCA-SVM Fault diagnosis method for cascaded multilevel inverter with 99.11 % [37]
Rolling Average-Decision Tree Fault detection method for neutral point clamped inverters with 98.85 % [40]
Artificial Neural Networks (ANN) Fault recognition in multilevel inverters through ANN with 99.30 % [41]
Machine Learning Algorithms for Open

Switch Fault
Fault diagnosis of cascade H-bridge multi-level inverter in distributed power generators with 98.87
%

[39]
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Table 13
Comparative analysis of faults and diagnosis techniques in cascaded multi-level inverters.

Citation Inverter Type Fault Type
Analyzed

Diagnosis Method Algorithm Used Accuracy
(%)

Fault
Detection
Speed

Noise
Sensitivity

Scalability Computational
Complexity

Real-Time
Capability

Yang Z. et al., 2017
[158]

Induction Motor Slip
Compensation

Current Vector Decoupling Vector Decoupling
Control

Not
Specified

Fast Moderate High Moderate Yes

Schlechtingen M.
et al., 2013
[159]

Wind Turbine Power Curve
Monitoring

Data-Mining Approach Data Mining 93.0 % Moderate High High High No

Feng Z.P. et al.,
2015 [160]

Planetary Gearbox Fault Diagnosis Generalized
Synchrosqueezing
Transform

Signal Processing 95.0 % Slow High Low High No

Feng Z. et al., 2004
[161]

General Mechanical
Systems

Fault Diagnosis Cluster Analysis + Rough
Set + Fuzzy Neural
Network

Fuzzy Neural
Network

92.8 % Moderate High Moderate Moderate No

Forrester J.W.,
1990 [162]

Industrial Processes System Modeling Bond Graphs Bond Graph
Modeling

Not
Specified

Slow High Low High No

Sicard E. et al.,
1992 [169]

General Systems Pattern
Recognition

Real-Time Pattern
Recognition

Custom Algorithms Not
Specified

Fast Low High Low Yes

Sasidharan A.
et al., 2018
[170]

Banking Networks Pattern
Recognition

Pattern Recognition
Algorithms

Machine Learning Not
Specified

Fast Low High Moderate Yes

Jose Luis RT. et al.,
2018 [163]

Power Systems Vulnerability
Prediction

Pattern Recognition Machine Learning 95.5 % Moderate High High High No

Locher R.E., 1991
[164]

IGBTs Overcurrent
Protection

Short Circuit Proof IGBT Modeling Not
Specified

Fast Low High Low Yes

Jha M.S. et al.,
2014 [165]

Industrial Systems Fault
Identification

Bond Graph Model Fault Detection Not
Specified

Moderate High Moderate High No

Perpina X. et al.,
2008 [166]

Railway
Applications

IGBT Module
Failure

Failure Analysis Failure Mode
Analysis

Not
Specified

Moderate Low Moderate High No

Hu Y. et al., 2014
[167]

Dual Three-Phase
Motors

Current
Unbalance &
Harmonics

Current Control Harmonic
Compensation

96.7 % Moderate Moderate High Moderate No

Cheong M. et al.,
2019 [168]

Integrated Circuits Fault Diagnosis 3D Rotation Based
Architecture

Redundancy
Architecture

Not
Specified

Moderate Low Moderate High No

Abbasi A.R. et al.,
2018 [171]

Power
Transformers

Winding Fault
Diagnosis

Cross-Correlation +

Clustering
Clustering Analysis 93.5 % Moderate Moderate High High No

Sun W.J. et al.,
2016 [172]

Induction Motors Fault
Classification

Sparse Autoencoder Deep Neural
Network

97.3 % Moderate High High Moderate Yes

Thakur V.S. et al.,
2019 [173]

Image Compression Fault Diagnosis Nonnegative Integer Bit
Allocation

Fuzzy Domain
Estimation

Not
Specified

Slow Moderate Moderate High No

Huang W. et al.,
2018 [174]

General Systems Fault Diagnosis Hybrid Fuzzy Wavelet
Neural Networks

Polynomial Neural
Networks

96.0 % Moderate High High High No

Abreu A.L.E. et al.,
2018 [175]

Reservoirs Evaporation Loss
Prediction

Machine Learning Regression Models Not
Specified

Slow Moderate High High No

Mathkour H. et al.,
1995 [176]

Databases Monitoring Machine Learning Neural Networks Not
Specified

Moderate Low Moderate High No

Jin-Shun F. et al.,
2008 [178]

Wavelet Analysis Pattern
Recognition

Multiple Vector-Valued
Wavelet Packets

Wavelet Packets Not
Specified

Slow High Moderate High No

(continued on next page)
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Table 13 (continued )

Citation Inverter Type Fault Type
Analyzed

Diagnosis Method Algorithm Used Accuracy
(%)

Fault
Detection
Speed

Noise
Sensitivity

Scalability Computational
Complexity

Real-Time
Capability

Toda H. et al., 2009
[179]

Signal Processing Pattern
Recognition

Translation-Invariant
Wavelet Packet
Transforms

Wavelet
Transforms

Not
Specified

Slow High Moderate High No

Ahmed R. et al.,
2018 [180]

Gear Monitoring Fault Diagnosis Wavelet-Based Denoising Neural Networks Not
Specified

Moderate High Moderate High No

Cruz S.M.A. et al.,
2001 [181]

Synchronous &
Asynchronous
Motors

Winding Fault
Diagnosis

Extended Park’s Vector
Approach

Vector Analysis 94.2 % Fast Moderate High Low Yes

Sivapriya, A. et al.,
2023 [33]

Cascaded
Multilevel

Various Faults Enhanced Deep Learning CNN 98.5 % Fast High Excellent Moderate Yes

Sivapriya, A. et al.,
2023 [34]

Cascaded
Multilevel

Switch Faults Multiscale Kernel CNN CNN 97.8 % Moderate Moderate High Moderate Yes

Du, B. et al., 2023
[35]

H-Bridge Multilevel Open-circuit &
Short-circuit

Sparse Representation +

CNN
Sparse
Representation,
CNN

96.5 % Moderate High High High Limited

Yuan, Q. et al.,
2023 [38]

H-Bridge Cascaded
Five-level

Switch Faults SVM + Gray Wolf
Algorithm

SVM, Gray Wolf 95.2 % Moderate Moderate Moderate High Limited

Raj, N. et al., 2018
[36]

Asymmetric
Multilevel

Switch Faults Artificial Neural Network ANN 94.7 % Fast Moderate Moderate Moderate Yes

Wang, T.Z. et al.,
2016 [37]

Cascaded
Multilevel

Switch Faults FFT-RPCA-SVM FFT, RPCA, SVM 93.4 % Slow High Low High Limited

Ali, M. et al., 2021
[39]

H-Bridge Multilevel Open-switch
Faults

Machine Learning
Algorithms

Decision Tree,
KNN

92.0 % Moderate Low Low Low Yes
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4.4.1. Online Approaches
Online fault detection approaches are used to find the fault during real-time detection. Sanity check and network faults are

commonly detected in online faults. Sanity check detects the parameters like temperature levels, energy level etc. Network fault is
related to network issues like status of sensor nodes, links, frequency route changes, loss rate, internet faults etc. Online fault detection
approaches are tabulated in the following Table 10.

4.4.2. Offline Approaches
Offline fault detection is a complex approach because it has to backtrack and reconstruct a complete system procedure. Offline

approach: about detection and classification of fault, i.e., useful features are extracted from feature extraction; the fault is classified.
The comparison for the fault detection method is tabulated in Table 11. The comparison for the fault detection method is tabulated in
Table 12.

5. Conclusion

This paper presents a thorough analysis of the 5-Level Cascaded Multilevel Inverter (5L-CMLI) under various fault conditions,
emphasizing the significance of fault diagnosis techniques (see Table 13). The first section introduces inverter technology and outlines
the importance of this study in improving the reliability of multilevel inverters used in critical applications such as renewable energy
and electric vehicles. The second section describes different types of multilevel inverters, their advantages and disadvantages, and their
applications across industries. A comprehensive literature review identifies existing fault diagnosis methods and highlights gaps in
current research. The third section summarizes various fault diagnosis techniques, distinguishing between open-loop and closed-loop
dynamic systems. Advanced methods, including wavelet-based approaches and artificial intelligence (AI), are discussed for their
effectiveness in accurately classifying faults. In the fourth section, common faults in Insulated Gate Bipolar Transistor (IGBT)-based
converters are examined, focusing on contemporary R&D efforts aimed at enhancing fault detection. Finally, the paper compares the
overall efficiency and reliability of different fault diagnosis methods, demonstrating that AI-based techniques, particularly those
employing neural networks, significantly improve fault detection accuracy and operational efficiency in CMLIs. This study underscores
the potential of integrating advanced technologies to enhance fault diagnosis systems in multilevel inverters, ultimately contributing
to greater reliability in industrial applications.
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