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Abstract 

The reliability and security of multicellular converters have become crucial tools for safeguarding electrical power 

conversion and ensuring the continuity of electrical drives. This concern has always been paramount in numerous 

industrial applications. Ensuring the reliability, continuity, and robustness of the three-phase multicellular inverter 

critically depends on accurately diagnosing faults in insulated gate bipolar transistor (IGBT) switches; these failures 

carry both technical and economic consequences for electrical system conversion. Therefore, detecting and diagnosing 

faults is crucial to preserving converters against these potential issues. This study aims to investigate the operational 

behavior of the three-phase multicellular inverter under normal and faulty conditions, more precisely focusing on open-

circuit and short-circuit faults in converter switches. To achieve this objective, the paper introduces a fault diagnosis 

technique based on a sliding mode observer for power switches in the three-phase multicellular inverter. The research 

is divided into two main sections. The initial segment concentrates on the aspects of sliding mode control, aiming to 

attain regulated output voltages, output currents, and floating capacitor voltage. This control strategy is essential for 

maintaining a stable and consistent operation of the inverter. The second segment focuses on fault diagnosis, analyzing 

the impact of a defective three-phase multicellular inverter on the overall functionality of the electrical system. The 

performance of the proposed algorithm is assessed and validated through simulations in the MATLAB/Simulink 

environment. 

 

Keywords: Three-phases multicellular inverter, faults diagnosis, open-circuit fault, short-circuit fault, sliding mode 

observer. 

 
 

1. Introduction 

Power electronics have evolved in the last few decades 

due to the development of semiconductor power 

components used in high-speed switching converter 

structures and the appearance of new converter structures. 

Few structures can handle high switching frequencies, 

while others are designed to transfer high power levels 

(i.e., multi-level, multi-cell, and multi-cell stepped 

structures) [1].  

Among these systems, multicellular converters, first 

developed in the 1990s by H. Foch and T. Meynard, are 

based on the series association of elementary 

commutation cells [2]. This topology ensures that voltage 

constraints are distributed across the different low 

semiconductor components connected in series.  
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The multicellular structure necessitates using floating 

capacitors, whose terminal voltages must be controlled 

and maintained at well-defined levels to maintain these 

advantages. The serial multicellular converter’s structure 

is adaptable to all configurations, including mounting as a 

chopper or an inverter. These converters are an attractive 

solution for high-power applications in many industrial 

applications of power systems supply [3]. These 

converters are widely used in industry and research. This 

use has led to the development of specific control laws to 

ensure correct operation. In the literature, several 

approaches have been considered to develop methods of 

controlling and observing unknown variables of 

multicellular converters.  

The modeling approach constitutes a crucial step in 

synthesizing control laws and observers [4]; modeling 

accuracy relies on the specific objectives that need to be 

achieved. For this reason, we can find different models for 

the same process, and the choice between them will 

depend on its use and control objective. The modeling of 

the multicellular converter is generally complex; indeed, 

the latter contains continuous variables (currents and 

voltage) and discrete variables (switches). The literature 

has three models: the average, harmonic, and the 

instantaneous models [1], [5]. The control of static 

converters hybridizes automatic control and power 

electronics, striving to enhance converter performance by 

adapting control to its structure, ultimately improving 

energy transmission to the load. The characteristics of a 

series multicellular inverter allow for ensuring the balance 

and evolution of the voltage across the capacitors by 

acting directly on the inverter control signal. Multicellular 

inverters have been successfully controlled in an open 

loop structure using the PWM (Pulse Width Modulation) 

control technique [4]. 

Nevertheless, there are instances where PWM control 

fails to regulate capacitor voltages at specific operating 

points, risking damage to the converter. Therefore, 

designing closed-loop control strategies to guarantee the 

inverter's proper operation becomes crucial. Various 

techniques have been suggested to address this issue, 

including linear and non-linear control methods [6], [7]. 

In [8], Emelyanov proposed and developed the first works 

on sliding mode variable structure control systems in the 

early 1950s. However, only in the 1980s did sliding mode 

control (SMC) of variable structure systems become 

interesting and attractive. 

The multicellular converters are highly sensitive to power 

semiconductor failure, which can be classified as open-

circuit (OC) and short-circuit (SC) faults [9], [10]. It 

would reduce the system's performance and force it to 

disconnect from the network. On one hand, SCF is 

deemed the most severe type of fault, capable of causing 

substantial damage and prompting an immediate system 

shutdown. On the other hand, OCF usually results in 

partial or complete loss of operation in one of the IGBTs 

within the static converter, leading to performance 

degradation [11], [12]. The SC-type fault of a switch 

appears when one of the two switches remains 

continuously in the ON state. The SCF occurs when the 

second switch is, in turn, controlled to close. This fault 

occurs due to a failure in the control of the transistors 

(driver failure, control card failure, connection problem 

between the control card and the driver) or due to physical 

failure of the piece of silicon caused by exceeding the 

temperature. Power switch SCF faults are challenging to 

handle due to subjecting the damaged component to high 

current, high voltage, and excessive local temperatures. 

Without a protection mode, this fault can spread and 

damage the other switch on the same phase in a matter of 

microseconds. An OC-type fault typically results in the 

total or partial failure of one of the IGBTs constituting the 

static converter. It is imperative to detect and compensate 

switch failures regardless of their nature to prevent the 

degradation of system performance and to avoid the 

propagation of failures and the generation of additional 

issues within the energy conversion chain. Failure to 

detect and subsequently compensate for the fault could 

destroy the inverter. 

A fault diagnosis method is crucial to mitigate these 

risks and enable the multicellular inverter to continue 

operating under nominal conditions until future 

maintenance can be conducted. Fault diagnosis plays a 

critical role in enhancing reliability, ensuring service 

continuity, and reducing maintenance costs of power 

electronics. It has been a significant focus of research in 

recent years. [13] introduces a fault diagnosis method for 

OCF in inverters, using a voltage-extended state observer 

designed for the dynamic mixed logic model. Open circuit 

faults are detected based on the residual phase voltage 

between the observed and actual voltage. In [14], a 

technique for diagnosing SCF and OCF faults of the three-

phase inverter is presented; this technique aims to identify 

and locate faults in the IGBT of the three-phase inverter, 
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which is based on the maximum single voltage of the 

inverter output and compared to its reference. In [15], a 

sliding mode observer-based fault detection method is 

developed for a multi-cell converter of four quadrants. 

[16] discusses a sliding mode observer-based approach 

for open-circuit fault detection of switch faults in a 

multilevel converter. A fault diagnosis of OCF and SCF 

faults in a multi‑cell converter based on a sliding mode 

observer is proposed in [17]; this diagnostic approach is 

based on a first-order sliding mode switched observer. 

Authors in [18] introduced a fault diagnosis method for 

multilevel-multicell converters based on a sliding mode 

controller and an adaptive threshold; this fault detection 

method is based on monitoring the output voltage and 

current. Authors in [19] presented fault diagnosis methods 

for short circuits and open circuits; they proposed a 

classification and diagnosis approach based on applying a 

gate signal to each switch; this method uses only current 

magnitude data while applying a voltage vector to detect 

faulty switches.  

In this paper, we present a fault diagnosis method 

based on sliding mode observer for detecting, identifying, 

and isolating OCF and SCF faults in the three-phase 

multicellular inverter. This manuscript is organized as 

follows. After introducing the subject, section 2 presents 

the three-phase multicellular inverter model.  In section 3, 

the sliding mode controller is presented and tested. The 

fault diagnosis method proposed has been demonstrated 

in section 4, and finally, in section 5, concluding remarks 

are presented with recommendations for future research. 

 

2. Three-Phases Multicellular Inverter 

Model 

The modeling approach is very important for 

synthesizing control laws and observers. A three-phase 

multicellular inverter consists of three single-phase 

multicellular inverters grouped in parallel and controlled 

so that the output three voltages are shifted by 120 

degrees. 

Figure 1 shows a representative diagram of a floating 

capacitor three-phase multicellular inverter. It supplies a 

three-phase load with resistance R, and inductance L. E 

represents the DC input voltage. It is a hybrid system in 

which continuous (voltages and currents) and discrete 

(binary switches) variables evolve. 

 

Figure 1. Representative diagram of a three-phase 

multicellular inverter. 

The following definitions are offered with reference to 

phase (a), but are valid for all phases. Each phase of the 

inverter is composed of p elementary switching cells 

connected in series, with each cell consisting of two 

complementary switches. It is controlled by a binary 

signal uk; when the cell’s upper switch is conducting, this 

signal equals 1, and 0 when the cell's lower 

complementary switch is conducting. These cells are 

connected to the R-L load in series and separated by 

floating capacitors. 

There are p-1 floating voltage sources [7], [20]. There 

are ncells + 1 voltage levels available at the output of each 

phase. A representative schematic of a single phase of a 

three-phases multicellular inverter is shown in Figure 2. 

Each cell is surrounded by two voltage sources VCk and 

VCk-1; for: k=1…n-1. With VC0=0, VCp=E; so:  

𝑉𝐶𝑒𝑙𝑙𝑘 = 𝑉𝐶𝑘
− 𝑉𝐶𝑘−1

 (1) 

 

Figure 2. Structure of a single phase of a three-phases 

multicellular inverter. 
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An equal distribution of voltage constraints on each 

cell must be imposed to assure normal functioning i.e.  

𝑉𝐶𝑘
= 𝑘 ∙

𝐸

𝑃
 (2) 

In addition, the applied voltage to the load is given by: 

𝑉𝑐ℎ(𝑡) = ∑ 𝑆𝑘 ∙ 𝑉𝑐𝑒𝑙𝑙𝑘

𝑃

𝑘=1

 (3) 

The voltage on the capacitor Ck is related to the current 

Ick by: 

𝑖𝐶𝑘
(𝑡) = (𝑆𝑐𝑒𝑙𝑙𝑘+1

− 𝑆𝑐𝑒𝑙𝑙𝑘) ∙ 𝑖𝑐ℎ(𝑡) (4) 

𝑑𝑉𝐶𝑘

𝑑𝑡
=

(𝑆𝑐𝑒𝑙𝑙𝑘+1
− 𝑆𝑐𝑒𝑙𝑙𝑘)

𝐶𝑘
∙ 𝑖𝑐ℎ(𝑡) (5) 

The given expression describes the behavior of all 

states of the converter. To deduce the output voltage, 

Kirchhoff's law is applied. Therefore, the load voltage is 

given by: 

𝑉𝑐ℎ(𝑡) = ∑(𝑉𝐶𝑘
(𝑡)

𝑃

𝑘=1

− 𝑉𝐶𝑘−1
(𝑡)) ∙ 𝑆𝑐𝑒𝑙𝑙𝑘 (6) 

By grouping these expressions in the form of equations 

of states, we obtain: 

𝑑𝑉𝐶1

𝑑𝑡
=

1

𝐶1
(𝑆2 − 𝑆1) ∙ 𝑖𝑐ℎ 

𝑑𝑉𝐶2

𝑑𝑡
=

1

𝐶2
(𝑆3 − 𝑆2) ∙ 𝑖𝑐ℎ 

⋮ 
𝑑𝑉𝐶𝑃−1

𝑑𝑡
=

1

𝐶𝑃−1
(𝑆𝑃 − 𝑆𝑃−1) ∙ 𝑖𝑐ℎ 

𝑑𝑖𝑐ℎ

𝑑𝑡
=

1

𝐿
(𝑆1 − 𝑆2)𝑉𝐶1

+
1

𝐿
(𝑆2 − 𝑆3)𝑉𝐶2

+ ⋯

+
1

𝐿
(𝑆𝑃−1 − 𝑆𝑃)𝑉𝐶𝑃−1

+
𝑆𝑃

𝐿
𝐸

−
𝑅

𝐿
𝑖𝑐ℎ 

 

(7) 

From the given differential equations, we establish a 

state representation with the state variables being the 

floating voltages Vck and the load current ich, which takes 

the following form:  

𝑋̇ = 𝐴𝑋 + 𝐵𝑈 (8) 

With: 1 2 1, , ,
T

C C Cp chX V V V i−
 =   ; U:  the control 

vector. 

 

3. Control of Three-Phases Multicellular 

Inverter 

A three-phase multicellular inverter's control system 

must guarantee the regulation of output currents and 

voltages in each phase while ensuring an even distribution 

of stresses on each switch. Several control approaches 

have been developed and documented in the literature for 

these inverters. PWM control is an open loop control 

called natural control that guarantees the correct operation 

of the inverter studied and the balancing of the voltages at 

the terminals of the capacitors. However, it is necessary 

to develop closed-loop control strategies to ensure the 

stability, robustness, and continued correct operation of 

this inverter, such as the application of the sliding mode 

control technique, which takes into account the evolution 

of output voltages and currents as well as the capacitor 

voltages. Applying these control techniques to our three-

phase multicell series inverter piques our interest in this 

section. 

 

3.1. Open loop control 

Pulse Width Modulation (PWM) is a simple and 

efficient control method that operates in an open loop, 

ensuring the proper functioning of the inverter and 

maintaining the voltages across the terminals of floating 

capacitors. The principle of this strategy is the comparison 

of a modulating signal and a triangular carrier; the 

intersection of these two signals generates the control 

signal for each cell; these command orders must be out of 

phase by an angle of δ =2π/p. Each carrier has a value 

between 0 and 1, and the function that allows these 

carriers to be generated is given by equation 9 [15], [21]. 

𝑡𝑟1 =
2

𝜋
arcsin[cos(2𝜋𝑓𝑑é𝑐𝑡)] 

𝑡𝑟1 =
2

𝜋
arcsin[cos(2𝜋𝑓𝑑é𝑐𝑡 − 𝛿)] 

⋮ 

𝑡𝑟𝑝 =
2

𝜋
arcsin[cos(2𝜋𝑓𝑑é𝑐𝑡 − (𝑝 − 1)𝛿)] 

(9) 

The principle of PWM control for a multicell phase of 

a three-phase inverter is depicted in Figure 3. In this 

technique, control commands for each cell are derived 

from the intersection of a triangular carrier and a 

sinusoidal modulation signal. Due to the need to control 

the various cells that make up the multicellular phase, a 

significant amount of carrier is required. The regular 
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phase shift of the triangular carriers allows, on the one 

hand, the multilevel output voltage to reach its 

intermediate levels; on the other hand, this regular phase 

shift makes it possible to multiply the apparent frequency 

of the output voltage.  

 

Figure 3. Principle of the PWM control for a single phase of 

the three-phases multicellular inverter. 

In Figure 4, the evolution of the output voltage and 

current of the three-phase multicell inverter is 

represented. The three phases exhibit a 120-degree phase 

shift, with each phase having five voltage levels. 

 

 

Figure 4. Load voltages and currents of the three-phase 

multicellular inverter. 

 

3.2.  Sliding mode controller 

Sliding Mode Control (SMC) is a type of nonlinear 

controller that utilizes Lyapunov’s method and is known 

for its robust performance in the face of model 

uncertainties and external disturbances [22]. The primary 

objectives of control using sliding modes can be 

summarized in two key points: first, to create a surface S 

such that all system trajectories follow the desired 

behavior for tracking, regulation, and stability; second, to 

establish a control law U that attracts and maintains all 

state trajectories on this sliding surface [23], [24]. The 

multicellular inverter is a nonlinear system with a variable 

structure and multiple inputs; implementing sliding mode 

control involves defining a sliding surface for each 

switching cell. Additionally, it is essential to associate 

these surfaces with an appropriate control law that ensures 

the stability and continuous operation of the converter.  

We consider the system defined by equation (8); the 

dimension of the surface vector S aligns with that of the 

control vector U.  

To ensure the convergence of a state variable x 

towards its reference values xref, various forms of sliding 

surfaces have been introduced. Typically, the selection of 

a surface is based on the error in the controlled variable 

denoted as e(x), where e(x) = xref - x.  Thus, we define p 

sliding surfaces as follows: 

𝑆1 = 𝑉𝐶𝑟𝑒𝑓1
− 𝑉𝐶1

 

𝑆2 = 𝑉𝐶𝑟𝑒𝑓2
− 𝑉𝐶2

 

⋮ 
𝑆𝑝 = 𝑖𝑐ℎ𝑟𝑒𝑓

− 𝑖𝑐ℎ 

(10) 

In order to verify the convergence condition, we use 

the Lyapunov approach. The Lyapunov's function is 

chosen as follows:  

𝑉(𝑋) =
1

2
𝑆2(𝑋) (11) 

To ensure the decrease of the Lyapunov function, it is 

sufficient to guarantee that its derivative is negative. 

𝑉(𝑋) = 𝑆̇(𝑋) ∙ 𝑆(𝑋) < 0 (12) 

The structure of the sliding mode controller consists of 

two components U=Ueq+Un. 

Ueq ensures that the controlled variable is maintained 

on the sliding surface defined by S = 0. This command is 

derived from the observation that the surface's derivative 

is zero. The value of Un is determined to satisfy the 

convergence condition. During the sliding surface phase 

and steady state, the surface remains at zero, allowing us 

to derive the expression for the equivalent control. 

𝑈𝑒𝑞 = − [
𝛿𝑆

𝛿𝑋
∙ 𝐵(𝑋)]

−1

∙ [
𝛿𝑆

𝛿𝑋
∙ 𝐴(𝑋)] (13) 

During the convergence mode, and by replacing the 

equivalent command with its expression, the 

attractiveness condition becomes: 



Science, Engineering and Technology  Vol. 5, No. 1, pp. 137-153 

 

 

142 

𝑆(𝑋) ∙
𝛿𝑆

𝛿𝑋
𝐵(𝑋) ∙ 𝑈𝑛 < 0 (14) 

To fulfill the attractiveness condition, the sign of Un 

must be opposite that of 𝑆(𝑋).
𝜕𝑆

𝜕𝑋
𝐵(𝑋). The proposed 

form of the discrete command Un is:  

𝑈𝑛 = 𝐾𝑖𝑠𝑖𝑔𝑛(𝑆(𝑋)) (15) 

K is a constant, and the selection of this constant K is 

highly impactful. 

Subsequent Figure 5 and Figure 6 depict the load 

voltage, load current, and floating capacitor voltage of a 

single phase of the three-phase multicell inverter 

controlled by SMC, respectively. 

 

 

Figure 5. Load voltage and load current of a single phase of 

the three-phase multicell inverter controlled by SMC. 

 

Figure 6. Floating capacitor voltage of a single phase of the 

three-phase multicell inverter controlled by SMC. 

The simulation results of this control strategy applied 

to the studied converter, shown in Figures 5 and 6, show 

that the output voltages and currents reach their desired 

reference values, as well as an equitable distribution of the 

voltages at the terminals of the floating capacitors. 

4. Fault Diagnosis Based on Sliding Mode 

Observer 

With many sensitive components, the risk of failure in 

a multicell-multilevel converter is much higher. In the 

presence of a failure of a semiconductor device, a 

multilevel converter will operate with distorted output 

voltages and currents. Multilevel inverter fault diagnosis 

has emerged as an intriguing topic in the field of inverter 

fault diagnosis. This work focuses on the faults that occur 

in the power switches of a multicell inverter, which can 

be categorized into two types: short circuit (SC) faults and 

open circuit (OC) faults. 

The fundamental concept behind using an observer for 

fault detection is to estimate the system's outputs based on 

measurements and subsequently construct the residual by 

appropriately weighing the error between the output 

estimate and the actual output. The residual is then 

scrutinized for the possibility of faults by employing an 

adaptive threshold. Specific decision rules can then be 

applied to determine whether a fault has occurred [25], 

[26].  

A diagnostic technique based on a sliding mode 

observer is proposed for detecting and identifying IGBT 

faults in a three-phase multicellular inverter. This 

observer generates parameter estimates that serve as 

diagnostic signals, using a developed mathematical 

model's input and output signals. These estimated signals 

are compared with their regular counterparts to identify 

their differences. The detected differences act as 

signatures for fault diagnosis. The proposed sliding mode 

observer can be described as follows: 

𝑉̇̂𝐶1
=

[𝑆2 − 𝑆1]

𝐶
∙ 𝑖̂𝑐ℎ 

𝑉̇̂𝐶2
=

[𝑆3 − 𝑆2]

𝐶
∙ 𝑖̂𝑐ℎ 

⋮ 

𝑉̇̂𝐶𝑝−1
=

[𝑆𝑝 − 𝑆𝑝−1]

𝐶
∙ 𝑖̂𝑐ℎ 

𝑖𝑐̂ℎ =
[𝑆1 − 𝑆2]

𝐿
∙ 𝑉̂𝐶1

+
[𝑆2 − 𝑆3]

𝐿
∙ 𝑉̂𝐶2

+ ⋯

+
[𝑆𝑝−1 − 𝑆𝑝]

𝐿
∙ 𝑉̂𝐶𝑝−1

+
1

𝐿
𝑆𝑝

∙ 𝐸 −
𝑅

𝐿
∙ 𝑖𝑐̂ℎ −

1

2𝐿
∙ 𝐸 

 

(16) 
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[
𝑉̇̂𝐶1

𝑖̂𝑐̇ℎ

] = (
0

[𝑆2 − 𝑆1]

𝐶
[𝑆1 − 𝑆2]

𝐿

𝑅

𝐿

) ∙ [
𝑉̂𝐶1

𝑖𝑐̂ℎ

] + Γ̂1

+ [
𝜃1𝑠𝑖𝑔𝑛(𝑉̃𝐶1

)

𝜃2𝑠𝑖𝑔𝑛(𝑖̃𝑐ℎ)
] 

[
𝑉̇̂𝐶2

𝑖̂𝑐̇ℎ

] = (
0

[𝑆3 − 𝑆2]

𝐶
[𝑆2 − 𝑆3]

𝐿

𝑅

𝐿

) ∙ [
𝑉̂𝐶2

𝑖𝑐̂ℎ

] + Γ̂2

+ [
𝜃1𝑠𝑖𝑔𝑛(𝑉̃𝐶1

)

𝜃2𝑠𝑖𝑔𝑛(𝑖̃𝑐ℎ)
] 

⋮ 

[
𝑉̇̂𝐶1

𝑖̂𝑐̇ℎ

] =

(

 
 0

[𝑆𝑝 − 𝑆𝑃−1]

𝐶
[𝑆𝑝−1 − 𝑆𝑝]

𝐿

𝑅

𝐿 )

 
 

∙ [
𝑉̂𝐶𝑝−1

𝑖̂𝑐ℎ

]

+ Γ̂𝑘 + [
𝜃1𝑠𝑖𝑔𝑛(𝑉̃𝐶𝑝−1

)

𝜃2𝑠𝑖𝑔𝑛(𝑖̃𝑐ℎ)
] 

 

(17) 

Where:  

Γ̂1 =
1

𝐿
(𝑆2 − 𝑆3) ∙  𝑉̂𝐶2

+ ⋯ +
1

𝐿
(𝑆𝑝−1 − 𝑆𝑃)

∙  𝑉̂𝐶𝑝−1
+

1

𝐿
(𝑆𝑝 −

1

2
) ∙  𝐸 

Γ̂2 =
1

𝐿
(𝑆1 − 𝑆2) ∙  𝑉̂𝐶1

+ ⋯ +
1

𝐿
(𝑆𝑝−1 − 𝑆𝑃)

∙  𝑉̂𝐶𝑝−1
+

1

𝐿
(𝑆𝑝 −

1

2
) ∙  𝐸 

⋮ 

Γ̂𝑘 =
1

𝐿
(𝑆1 − 𝑆2) ∙  𝑉̂𝐶1

+ ⋯ +
1

𝐿
(𝑆𝑝−2 − 𝑆𝑃−1)

∙  𝑉̂𝐶𝑝−2
+

1

𝐿
(𝑆𝑝 −

1

2
) ∙  𝐸 

(18) 

With: θ1 and θ2 are the observer gains (large constant), 

and the residual 𝑉̃𝐶𝑖 

𝑉̃𝐶𝑖 = 𝑉𝐶𝑖 − 𝑉̂𝐶𝑖 (19) 

Sign (x) is the sign function, that is defined as: 

𝑠𝑖𝑔𝑛(𝑥) = {
1
0

−1
         

𝑥 > 0
𝑥 = 0
𝑥 < 0

 (20) 

The basic concept behind the fault diagnosis method 

based on sliding mode observer is to compare the 

observed states with simulated states of a three-phase 

multicellular inverter. If there is a discrepancy between 

these states for a certain period, it indicates that a fault has 

occurred. This occurrence triggers a procedure that 

involves assumptions, modifications, and evaluations to 

identify the fault, as shown in Figure 7.  

 

Figure 7. Diagram of the fault diagnosis method based on 

sliding mode observer. 

The introduced sliding mode observer demonstrates 

excellent state estimation performance; the estimated 

currents ideally attend to the measured currents and the 

voltages at the terminals of the floating capacitors, as 

illustrated in Figure 8. 

 

 

Figure 8. The load current and voltage of the 1st floating 

capacitor measured and estimated for a single phase of the 

three-phase four-cell inverter. 

In normal operating mode (without faults), the output 

currents and voltages achieve their reference values. 

However, when a fault occurs in the IGBTs of the 

multicellular inverter's arm, the system degrades, 

distorting the output voltages and currents in the affected 

phase of the three-phase multicellular inverter. 
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4.1. The diagnosis strategy of the OCF and SCF 

in the three-phase multicellular inverter  

The proposed fault diagnosis technique consists of two 

steps: the first involves detecting the faulty phase, and the 

second focuses on detecting and localizing the faulty 

IGBT. 

 

4.1.1. Detection of the faulty phase  

In a healthy operating condition (without faults), a 

three-phase inverter's three phases should ideally be out 

of phase by an angle of 120 degrees. Under these 

circumstances, the waveforms of the voltages and currents 

are identical, indicating no issues affecting their output. 

However, if one of the three-phase voltage or current 

signals shows distortion compared to the others, it 

suggests a fault affecting the IGBTs in the corresponding 

phase of the inverter.  

 

4.1.2. Identification of the faulty cells 

In the event of a fault affecting an IGBT in one phase 

of the inverter, the first step is identifying the faulty phase. 

Once the faulty phase is determined, the next stage is to 

locate the specific faulty cell within that phase. This can 

be done by monitoring the voltage of the floating 

capacitor associated with the affected cell. The voltage of 

the capacitor linked to the faulty cell is expected to show 

noticeable distortion compared to the voltages of the other 

capacitors in the system. When an OCF occurs at the 

upper IGBT switch (USF) (e.g., the first phase), the 

current cannot flow through the IGBT S1, which means 

that the positive current of phase A must be zero, the 

negative current can flow through the IGBT S2. The 

current value will be non-positive when the OCF occurs 

at the upper stage. Similarly, if an OCF occurs at the lower 

IGBT switch (LSF), the current value will be non-

negative after the fault is triggered. These clues are used 

to detect and localize faulty IGBT.  

 

4.1.3. Isolation of the faulty cells 

After identifying the faulty component, the fault 

isolation process focuses on separating it from the rest of 

the circuitry to prevent any potential damage to the 

system. This damage may involve deactivating or 

bypassing the defective component while ensuring the 

remainder of the system functions properly. 

 

4.2. Simulations and discussion results 

In this section, a three-phase multicellular inverter 

circuit is simulated under the MATLAB/SIMULINK 

2018a environment using the parameters’ values 

summarized in Table 1. 

Table 1. Operating parameters of the three-phases 

multicellular inverter. 

Parameter Description Values 

Vin [V] Input DC voltage 2000 

Ci,j [F] Capacitor 3𝑒−4 

R,j [Ω] Load resistance 5 

L,j [H] Load inductance 5𝑒−2 

fPWM [kHz] The switching 
frequency 

5.5 

Te [s] The switching period 1𝑒−6 

 

 

 

 

Figure 9. The variations of Three-phase voltages during the 

appearance of an OCF on the inverter phases. 
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Figure 10. The variations of Three-phase voltages during the 

appearance of an SCF on the inverter phases. 

The main objective of fault diagnosis is to promptly 

detect and identify different types of failures at their early 

stages. Building on the previous analysis, we will focus 

on the faults affecting our inverter. We initiate by 

identifying the faulty phase. The subsequent Figures 

illustrate the dynamics of the output voltage of the three-

phase multicellular inverter under fault conditions, 

specifically an OCF fault and SCF fault occurring on the 

IGBTs of the inverter. Subsequently, we will present the 

dynamics of the output currents of the three-phase 

multicellular inverter in the presence of these faults. 

Before defects occur, the three-phase voltage 

waveforms appear identical and exhibit a phase shift of 

120 degrees without distortion. At time t=0.06 (s), a fault 

is detected in one phase of the three-phase multicellular 

inverter. This fault detection results in distortion of the 

output voltage in the faulty phase, in contrast to the 

voltage signals from the other phases. From this 

observation, we can identify the defective phase in the 

inverter, as shown in Figure 9 and Figure 10. 

After identifying the faulty phase, the next step is to 

locate the defective cell within that phase. 

4.2.1. Case 1: Open-Circuit faults  

In Figure 11, we plotted the output voltages and 

currents during an open-circuit (OCF) fault on the IGBT 

of the first phase of the inverter at time t = 0.05 (s). The 

figures illustrate the faulty phase by showing noticeable 

deformations in the output voltage and current 

waveforms. Additionally, we observe that the voltage of 

the floating capacitor corresponding to the defective cell 

is distorted when the fault occurs. 

 

 

 

Figure 11. Evolution of the load voltage; load current; floating 

capacitor voltage; of the 1st phase of the inverter during the 

appearance of OCF fault in the US. 

The defective cell can be identified by observing the 

voltage degradation across the floating capacitors. This 

degradation is evident when the positive alternation of the 

current in the first phase is canceled, indicating that the 

fault originates in the upper stage. Conversely, a fault 

occurs in the IGBT of the lower stage. In that case, the 

measured current will be canceled during the negative 

alternation, leading to load voltage distortions, as 

illustrated in Figure 12. 
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Figure 12. Evolution of the load voltage; load current; floating 

capacitor voltage; of the 1st phase of the inverter during the 

appearance of OCF fault in the lower LS. 

 

To analyze the impact of an OCF on a three-phase 

multicellular inverter, we applied open-circuit faults to 

various IGBT transistors within the inverter.  The results 

were consistent with previous observations. When an 

OCF occurs in an IGBT of one phase, the degraded 

operation is evident in the distorted load voltages of the 

affected phase. The measured load currents are nullified 

during the positive half-period if the fault is at the upper 

stage (US) and during the negative half-period if the fault 

is at the lower stage (LS).  Additionally, the voltage across 

the floating capacitors connected to the faulty cell 

experiences significant fluctuations upon the occurrence 

of the fault, as shown in Table A1. 

Table A1 illustrates the voltage fluctuations across the 

floating capacitors corresponding to different positions of 

OCF fault. To precisely identify the defective cell, 

observing the apparent deterioration of voltages across the 

floating capacitors is possible. Upon an OCF fault in the 

kth cell, notable variations are observed in the voltages of 

the two adjacent floating capacitors. The capacitor Ck 

acquires a voltage, while the adjacent capacitor Ck-1 

experiences a proportional voltage reduction 

corresponding to the acquired energy. 

 

4.2.2. Case 2: Short -Circuit faults  

In Figure 13, we present the output voltages during a 

short-circuit (SCF) fault occurring on the IGBT of the first 

phase of the three-phase inverter at time t = 0.05 (s). These 

Figures clearly illustrate the faulty phase by showing 

deformations in the output voltage waveform. 

Additionally, it is noted that the voltage of the floating 

capacitor associated with the defective cell becomes 

distorted when the fault occurs. 

 

 

Figure 13. Evolution of the load voltage and the floating 

capacitor voltage; of the 1st phase of the three-phase four-cells 

inverter during the appearance of SCF fault. 

SCF faults were introduced to various IGBT 

transistors constituting the inverter to evaluate the impact 

of SCF on the three-phase multicellular inverter. The 

results obtained are consistent with those reported 

previously. The defective cell can be identified by 

observing the voltage degradation across the floating 

capacitors. When an SCF fault occurs in the IGBT of one 

phase of the three-phase inverter, the degraded state is 

indicated by deformations in the load voltages of the 

faulty phase. The voltage across the floating capacitors 

associated with the defective cell undergoes substantial 

fluctuations upon the occurrence of the fault, as illustrated 

in Table A2. 
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Table A2 depicts the voltage fluctuations across the 

floating capacitors corresponding to different SCF fault 

positions. We can observe the significant voltage 

deterioration across the floating capacitors to identify the 

defective cell. When a SCF fault occurs in the kth cell, 

substantial variations are evident in the voltages of the two 

adjacent floating capacitors. The voltage of capacitor Ck 

experiences a sudden decrease, while the adjacent 

capacitor Ck-1 receives a proportional voltage 

corresponding to the energy lost from capacitor Ck. 

 

4.2.3. OC and SC faults detection and identification  

Detecting OCF and SCF faults in a three-phase 

multicellular inverter is crucial for maintaining the safe 

and reliable operation of power electronic systems. 

Typically, this procedure involves observing and 

analyzing different electrical parameters. In this section of 

the study, the method employed for detecting and 

identifying defects is the sliding mode observer described 

previously. The proposed observer generates parameter 

estimation signals; the distinction between these and 

measured signals is employed as a distinctive marker for 

detecting faults. By observing the signals of the output's 

voltages and current as well as the floating capacitors 

voltages of the three-phase multicellular inverter, a 

significant understanding of the inverter's functioning can 

be obtained. Sudden fluctuations in these signals can act 

as indicators of faults. The 𝑉̂𝐶𝑖 and 𝑖̂𝐶ℎ are the observed 

signals of 𝑉𝑐𝑖 and 𝑖𝑐ℎ.  

Once a fault occurs, the measured and estimated load 

current and floating capacitor voltages are observed. The 

fault will probably degrade the load voltage and current, 

as well as the floating capacitor voltage associated with 

the faulty cell, beyond the normal operating range. 

Monitoring The measured and estimated signals. If there 

is a significant difference between these values, this 

indicates a fault. The residuals, the estimation errors, are 

then analyzed to detect and isolate the faults. Thresholds 

are designed and applied to the residuals formed for fault 

diagnosis. In this step, we construct the residual, i.e., the 

differences between the measurement of the system 

output and its estimated values. The residual ri can be 

expressed as follows: 

𝑟𝑖 = 𝑦𝑖 − 𝑦̂𝑖 , where 𝑦𝑖 is the measured value and 𝑦̂𝑖 is the 

estimated value.  

At time t = 0.05 (s), an OCF fault occurred in the IGBT 

associated with the first cell of phase (a). This fault 

resulted in a degraded operating condition characterized 

by significant distortions in both the load voltages and 

currents, as shown in Figure 11 and Figure 12. Figure 14 

and Figure 16 illustrate the measured and estimated 

signals of the load current and the voltage across the 

floating capacitors of the faulty phase in the three-phase 

inverter. 

 

Figure 14. The measured and estimated load current of the 

faulty phase during OCF. 

Figure 15. The residuals of the measured and estimed load 

current of the faulty phase during the OCF. 

 

Figure 16. The measured and estimated voltages of the 

floating capacitors of the faulty phase during OCF. 

 
Figure 17. The residuals of the measured and estimed floating 

capacitor voltage of the faulty phase during the OCF. 
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The previous figures show the detection and 

identification of an OCF fault at the first cell by 

employing the load current and floating capacitor voltage. 

Figure 15 and Figure 17 depict the generation of the 

residuals of the measured and estimated signals; then, in 

Figure 18, we applied threshold values to the formed 

residuals to generate the detection signals. 

 

 

Figure 18. Residual and thresholds values for load current and 

floating capacitor voltage during OCF. 

The results clearly illustrate the usefulness of the 

proposed observer in detecting and identifying switching 

faults during an OCF fault. 

 

 

Figure 19. OCF fault detection time. 

In Figure 19, OCF failure occurrence is defined as the 

moment when the open circuit fault occurs, at t=0.05 (s). 

The OCF fault alarm is triggered when the residual first 

crosses the threshold, at talarm≈0.058 (s). Therefore, the 

OCF detection time is tdet ≈0.008 (s). 

Given the importance and critical nature of SCF faults 

in this type of inverter, it is essential to ensure the 

reliability of the SCF fault detection approach. The 

following figures illustrate the results of SCF fault 

detection 

 

Figure 20. the measured and estimated load current of the 

faulty phase during SCF. 

 

Figure 21. The residuals of the measured and estimed load 

current of the faulty phase during the OCF. 

 

Figure 22. The measured and estimated voltages of the 

floating capacitors of the faulty phase during SCF. 

 

Figure 23. The residuals of the measured and estimed floating 

capacitor voltage of the faulty phase during the SCF. 

In the scenario of an SCF fault occurring at time T1 in 

the IGBT corresponding to the first cell in phase (a) of the 

three-phase inverter, significant distortions in the output’s 

voltages and currents, as depicted in Figure 13, Figure 20, 
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and Figure 22, indicate a degraded regime. The previous 

figures illustrate the measured and estimated signals of the 

load current and the voltage of the floating capacitors of 

the faulty phase of the three-phase inverter, Figure 21 and 

Figure 23 illustrate the generation of the residual signal. 

In Figure 24, we applied threshold values to the formed 

residuals to generate the detection signals. 

 

 

Figure 24. Residual and thresholds values for load current and 

floating capacitor voltage during SCF. 

The detection signals are shown in the following 

Figure. 

 

 

Figure 25. SCF fault detection time. 

In Figure 25, SCF failure occurrence, at t=0.05 (s). The 

OCF fault alarm is talarm≈0.054 (s). Therefore, the SCF 

detection time is tdet ≈0.004 (s). 

In the previously presented simulation analysis, the 

figures illustrate the characteristic signals for each type of 

failure and determine the fault diagnosis time for both 

OCF and SCF. As observed, the fault detection time for 

both types of faults is less than 10 (ms), indicating a fast 

detection process. In [27], a comparison of fault diagnosis 

methods for three-phase inverters is presented and 

summarized. The fault diagnosis time based on signal 

processing exceeds 20 (ms). In summary, the sliding 

mode observer-based diagnosis method proposed in this 

paper enhances fault detection and localization speed by 

up to 50% through residual performance. 

During the fault detection phase, a fault alarm is 

triggered to indicate the presence of a fault in the phase 

without providing information about the specific 

component problem or fault mode. Thus, during the fault 

identification phase, the faulty cell and the type of fault 

that caused the alarm must be determined. This combined 

process of fault detection and identification is generally 

called "fault diagnosis," which aims to determine the 

nature, location, and type of fault. The next step is fault 

isolation, which may involve disabling or bypassing the 

faulty component while ensuring the rest of the system 

remains operational. 

 

5. Conclusion 

This paper presents a novel approach for diagnosing 

open-circuit faults (OCFs) and short-circuit faults (SCFs) 

in a three-phase multicell inverter. The primary objective 

of this study is to develop an effective fault diagnosis 

method for the analyzed converter. We have designed an 

innovative diagnostic approach using a sliding mode 

observer. By comparing the residuals generated by the 

observer against a predefined threshold, we achieved 

precise detection and localization of both open- and short-

circuit switch faults. Furthermore, this method identifies 

the nature of the fault and the exact faulty switch, ensuring 

a robust and efficient fault diagnosis. The fault diagnosis 

method based on the sliding mode observer provided a 

key advantage: it significantly reduced the false alarm rate 

by enhancing the system's resilience to fluctuations in the 

IGBT power supply. This robustness ensured reliable 

fault detection, minimizing erroneous alerts and 

improving system performance. The obtained results 

demonstrated the effectiveness of the proposed technique 

in accurately detecting and identifying both open-circuit 

and short-circuit faults within the converter. The results 

validated the proposed approach’s reliability as a robust 

fault diagnosis solution. The sliding mode observer 

method demonstrated remarkable speed and efficiency in 

fault diagnosis while minimizing its impact on the overall 
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system operation, ensuring rapid detection and seamless 

performance. 

Furthermore, the implementation of sliding mode 

control proved highly effective, highlighting its 

advantages in optimizing the inverter's performance by 

enhancing stability, increasing reliability, and ensuring 

robust operation under various conditions. The controller 

demonstrated stable and robust performance, significantly 

reducing static error and enhancing response time. These 

improvements make it an effective control strategy for 

boosting inverters' overall performance and reliability. 

After a successful fault diagnosis, selecting an 

adequate fault-tolerant control method became 

paramount. Fault-tolerant control is crucial for 

maintaining the reliability and robustness of power 

systems that incorporate multilevel-multicell converters, 

ensuring continued performance even in the presence of 

faults. The task involved formulating control strategies 

that could swiftly identify and address faults within the 

power converter, enabling the system to remain 

operational and execute appropriate measures to mitigate 

the effects of the fault, ensuring minimal disruption to 

performance. We can recommend several fault-tolerant 

control strategies to ensure system functionality even in 

the presence of faults. One approach is redundancy-based 

control, where redundant power switches or control 

modules are added to provide backup functionality in case 

of failure. Another effective strategy is reconfiguration, 

which involves dynamically updating control parameters 

and altering the control structure in real time to adapt to 

fault conditions, thereby maintaining optimal system 

performance and reliability. Our future research will 

concentrate on the experimental evaluation and validation 

of the proposed fault diagnosis technique alongside 

developing and testing fault-tolerant control strategies. 

This strategy will ensure these methods' practical 

applicability and effectiveness in real time. 
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6. Appendix 

 

Table 2. Floating capacitor voltages for various Cases of OCF. 

Fault description The voltage of the floating capacitors Notes  

The OCF fault has occurred 

on the IGBT corresponding 

to the 1st cell. 

 

 

The voltage across the first floating 

capacitor (Vc1) undergoes an increase 

at the time of the fault. These 

increments initiate at 20% and can 

reach up to 60% of their value 

throughout the simulation period. 

 

 

 

The OCF fault has occurred 

on the IGBT corresponding 

to the 2nd cell. 

 

The voltage across the second floating 

capacitor (Vc2) experiences increments 

reaching 20% (+200 V) of its value. 

Conversely, the voltage across the 

adjacent capacitor (Vc1) undergoes a 

decline of 40% (-200 V) of its value 

from the moment of the fault and 

throughout the simulation period. 

The OCF fault has occurred 

on the IGBT corresponding 

to the 3rd cell. 

 

The voltage across the third floating 

capacitor (Vc3) rises by up to 13.4% 

(+200 V) of its value. In contrast, the 

voltage across the adjacent capacitor 

(Vc2) experiences a decrease of 20% (-

200 V) Throughout the duration from 

the moment the fault occurs until the 

end of the simulation period. 

The OCF fault has occurred 

on the IGBT corresponding 

to the 4th cell. 

 

The voltage across the capacitor (Vc3) 

decreases by 20% from the moment of 

the fault and throughout the simulation 

period. 
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Table A2. Floating capacitor voltages for various Cases of SCF.  

Fault description The voltage of the floating capacitors Notes  

The SCF fault has occurred 

on the IGBT corresponding 

to the 1st cell. 

 

 

The voltage across the first floating 

capacitor (Vc1) undergoes an abrupt 

drop to zero (-500V). Other voltages are 

not affected by any changes. 

The SCF fault has occurred 

on the IGBT corresponding 

to the 2nd cell. 

 

The voltage across the second floating 

capacitor (Vc2) experiences a sharp 

drop of up to 25% (-250 V) of its value. 

In contrast, the voltage across the 

adjacent capacitor (Vc1) undergoes a 

sudden increase in its value of 50% 

(+250 V). 

The SCF fault has occurred 

on the IGBT corresponding 

to the 3rd cell. 

 

The voltage across the floating 

capacitor (Vc3) undergoes an abrupt 

decrease of 16.7% (-250 V). 

Conversely, the voltage across the 

adjacent floating capacitor (Vc2) 

increases by up to 25% (+250 V) of its 

value. 

The SCF fault has occurred 

on the IGBT corresponding 

to the 4th cell. 

 

The voltage across the floating 

capacitor Vc3 undergoes an abrupt 

increase of 33.4% (+500 V). 
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