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 Nowadays, the large number of shunt active power filters (SAPF) is installed 

in many grid networks to eliminate the source currents harmonics and 

enhance power quality. These filters are installed in different places 
according to the filtration requirements. The connection between SAPF and 

grid network has a negative effect during the open-circuit fault of the 

insulated gate bipolar transistor (IGBT) switch of the SAPF. This paper 

proposes the application of the new diagnostic method based on the 
trigonometric circle and mean value variations techniques to the early 

detection and precise location of the open-circuit fault of the IGBT switches, 

and the inclusion of the modified reconfigurable inverter topology to allow 

the perfect continuity of the filter currents, and improve the diagnostic of the 
open-circuit fault. A single-sided amplitude spectrum technique (SSAS) is 

applied on the source currents to get the THDi% value. The obtained 

simulation results prove, the great success of the proposed diagnostic 

method, the ability of the modified reconfigurable inverter to be adapted to 
the grid network, the short response time between the diagnosis and the 

reconfiguration process is about 7 ms which is very sufficient to guarantee 

the rapid continuity of the shunt active power filter. 
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1. INTRODUCTION  

In the recent years, the growing numbers of non-linear loads in the distribution of grid networks has 

increased the risks of harmonic pollution. These risks have a negative effect on the energy quality and 

threaten the stability of the grid networks continuity [1], [2]. To remedy these problems, the passive power 

filters were firstly installed, to compensate the reactive power, improve the power factor, and reduce the line 

current harmonic. However, problems of their bulkiness and system resonance are their main disadvantages. 

In order to avoid these limitations, the shunt active power filters (SAPF) are found to be an effective 

solution, to compensate the energy quality, reduce current harmonics and minimize power losses during its 

transmission from a source to the non-linear load [3], [4]. To achieve these advantages, some scientists are 

interested to the application of the SAPF in different situations in the grid network, Ouchen et al. [5] applied 

the predictive direct power control for the SAPF, in another study, they incorporated the fuzzy logic 

technique in the SAPF associated with photovoltaic system to improve the results of the predictive direct 

power control [6], Dash et al. [7] included the harmonic mitigation for the SAPF to reduce the current 
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harmonics, Sharma et al. [8] improved the performance of the SAPF by applying the fractional proportional 

integral controller. There are other studies that have contributed to the application of the filter techniques that 

help to reduce the harmonics, among these Saleh et al. [9] conducted a comparative study between the 

nearest level control and the selective harmonic elimination for multi-level inverters, Alhamrouni et al. [10] 

focused on the designing of a topology that contributes in compensating both the reactive power and 

harmonic currents. Therefore, the SAPF is considered as an ideal resistant to the non-linear load [11]. 

The SAPFs contain an inverter i.e. a switched system [12] of the power electronic to provide 

harmonic currents equal to the load currents. There are many topologies of the SAPF that have been 

presented in literature; Hoon et al. [13] suggested a topology of neutral point clamped (NPC) three-level 

inverter by applying the deviation control, Venkataramanaiah et al. [14] suggested several topologies, which 

may contribute well in improving the performance of the SAPF. The multi-level inverter devices with various 

topologies are considered as very important tools for energy conversion (DC/AC) that is used to control the 

drive motors [15]–[19] as well as in compensation of the filter system SAPF of the grid networks. The 

topology of the used multi-level inverter of the SAPF is considered as a very important solution to increase 

the produced energy while improving its quality [20]–[22], because it allows in increasing the number of 

phases [23] and/or its switches, and has big possibility of applying the several different control methods such 

as (pulse width modulation (PWM) and space vector pulse width modulation (SVPWM)) on its switches 

[24]–[28]. The large number of semiconductors (IGBTs) is required for the realization of this type of multi-

level inverter, however, the several possibilities of faults that may happen in the semiconductors can reduce 

its reliability [29]–[31]. The majority of faults that occur in the multi-level inverter are either in its switches 

or its control, for this it can be said that the reliability of power electronics becomes a serious problem [32], 

[33]. The faults that can occur in the physical semiconductor component of the IGBTs are themselves critical 

faults [34]. The faults are mainly related to an open or short circuit or to the control of the inverter itself. A 

lot of researchers have been interested in studying the behavior of the inverter while the fault occurs, as well 

as the applications of different fault-tolerant topologies to overcome those faults or to mitigate their 

seriousness; Chen et al. [35] include the several strategies of the fault-tolerant control in the T-type three-

level inverters under the oscillations of the neutral-point voltage, they have found that the topology could 

overcome the faults in short time, Duran et al. [36] suggested the optimal fault-tolerant control of the parallel 

inverters to improve the reconfiguration time of the fault-tolerant inverter.  

The faults diagnosis (detection, location) is the most important tool especially in the faulty  

multi-level inverter. There are several techniques for the detection and location of the faulty switches, they 

are often relied on the currents average values of the Park vector d-q for the fault detection, and examined by 

the distinguished mean value variations for the fault location [37], [38]. After finishing the diagnosis process, 

a great attention must be focused on the process of continuity by introducing the concept of redundancy in 

inverter topologies [39], where the fault-tolerance means keeping the operation with an acceptable 

performance during the fault occurrence, thanks to the structure and/or control of the reconfigurable inverter 

[40], [41]. In general, some power devices such as relay switch, fuses, must be added to the fault-tolerant 

topologies, these devices help to reconfigure the inverter [42]–[44]. 

This paper proposes a new diagnosis method for the faulty switch of the SAPF inverter, this method 

based on two techniques; the mean value variations for the early detection and the trigonometric circle for the 

precise location, the proposed method is applied on a reconfigurable three-level inverter, and in order to 

know the effect of the open-circuit fault on the source currents, a harmonic spectrum technique of the single-

sided amplitude spectrum (SSAS) is suggested to be applied on the source currents to get the THDi% values. 

 

 

2. MODELING OF SHUNT ACTIVE POWER FILTER (SAPF) 

The SAPF is a generator that compensates the non-linear loading current iL that drains the sinusoidal 

source current of the grid network in phase with the voltage [9]. Figure 1 shows a schematic diagram of the 

SAPF. The reference current iF of the SAPF is generated to guarantee the form of the grid network sinusoidal 

current iS, for that, it must be compensated for the load current iL to cancel the harmonic contents of the 

current iS. The SAPF must inject compensated harmonic currents equal but opposite to iF. So, adding the 

loading current iL to the opposite filter current iF gives the source current iS. 
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The load currents can be given as (3). 
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The separation of the homo-polar axis components is considered as an advantage due to the application of the 

(--0) transformation, where there is no contribution of (, ) axes in homo-polar components. If the 

neutral phase is separated from the three-phase system, therefore, no existence of the homo-polar current 

component that will be eliminated in the simplified (2) and (3) [45], [46]. By using load currents and source 

voltages, the instantaneous power components p-q are calculated as in (4). 
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Real and imaginary powers can be divided into two mean components (�̄�, �̄�) and oscillating (�̃�, �̃�) as given 

in (5): 

 

[
𝑖𝐿𝛼
𝑖𝐿𝛽

] =
1

𝛥
[
𝑉𝑠𝛼 −𝑉𝑠𝛽
𝑉𝑠𝛽 𝑉𝑠𝛼

] [�̄�
0
] +

1

𝛥
[
𝑉𝑠𝛼 −𝑉𝑠𝛽
𝑉𝑠𝛽 𝑉𝑠𝛼

] [
0
�̄�
] +

1

𝛥
[
𝑉𝑠𝛼 −𝑉𝑠𝛽
𝑉𝑠𝛽 𝑉𝑠𝛼

] [
�̃�
�̃�
] (5) 

 

The separation between the desired average power components and non-desired (�̄�, �̄�) oscillatory harmonic 

power components (�̃�, �̃�) is inevitable. It helps to calculate the reference currents of the active filter that are 

injected between source and load. The reference currents of the SAPF are the harmonic components of iL 

and iL. The grid network voltages, loading currents and the active filter currents are the inputs of the parallel 

active filter controller, as illustrated in Figure 1. 

 

 

 
 

Figure 1. Schematic diagram of the SAPF 

 

 

2.1.  Open-circuit fault of the inverter IGBTs 

To investigate the SAPF operation, an open-circuit fault is induced in the internal switch S0
11 of the 

first leg at t=0.1 s. The spectrum analysis of the source current by applying the SSAS technique helps to 
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calculate the THDi% value. This section aims to study the effect of a single faulty switch on the performance 

of the source current. 

 

2.1.1. Results and discussion 

Figure 2 shows the spectrum analysis of the source current. Before inducing an open-circuit fault of 

the switch S0
11, the first leg THDi% value of the source current is equal to 3.06 %, it can be noted that the 

source currents (isa, isb, isc) have almost sinusoidal forms as shown in Figure 2(a). From 0.1 s and up, they 

become deformed and imbalanced which lead to the emergence of even and odd harmonics and increased 

THD value to 10.20% measured in the interval of [0.04 0.2 s], as shown in Figure 2(b). Before inducing the 

fault, the oscillations of the phase (a) source current isa are symmetrical with respect to zero. After starting the 

fault, the isa oscillates between -60 and 53 A and the different harmonic ranks as reported in Figure 2(a). The 

fault detection can be noticed easily, however, the faulty switches are localized only by the help of the 

proposed diagnostic methods that will be seen in the next section. 

 

 

 
(a) 

 

 
(b) 

 

Figure 2. Spectrum analysis of the source current by applying the SSAS technique (a) source current of the 

first leg isa and (b) harmonic spectrum of isa under the open-circuit fault of switch S0
11 at 0.1 s 

 

 

3. METHOD OF DETECTION AND LOCATION OF THE OPEN-CIRCUIT FAULTS 

3.1.  Fault detection by the mean value of the Park’s vector 

The Park vectors application is based on the advantage of an average value of currents of the d-q 

axis during one cycle [47]. The three-phase currents can be transformed into two currents of the d-q axis by 

the Park transform vector as represented in (8). The average values of currents d-q during one cycle is 

calculated by (9). The magnitude and angle (argument) are calculated. The two obtained average values can 

be expressed in a d-q system coordinates by the use of (9). 
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𝑀𝜇 = √𝜇𝑑
2 + 𝜇𝑞2, 𝜃𝜇 = 𝑡𝑎𝑛−1

𝜇𝑞

𝜇𝑑
 (9) 

 

The application of the mean value vector can be applied to the loading and source currents at the 

same time under the healthy and faulty three-level inverter. An open-circuit fault of the insulated gate bipolar 

transistor (IGBT) switch can produce disturbances in the source and filter currents. The diagnostic method 

consists of calculating the average values of the source currents [48]. From these current values, the mean 

value variations are proposed to detect the faults. The two limits b1 and b2 of the mean value variations are 

put as the instant indicators of the open-circuit fault occurrence. Each fault has its own distinguished trends 

of the current mean values of the source.  

 

3.1.1. Results and discussion 

Before the open-circuit fault occurrence, the mean values of the source currents oscillate within the 

band limits b1 and b2 due to their symmetrical shape. Immediately after the open-circuit fault, the mean 

values exceed the band limits. At the point where the mean value of the source currents intercepts with one of 

the band limits is called the instant of the open-circuit detection as well indicated in Figure 3. 

 

3.2.  Fault location by application of the trigonometric circle 

3.2.1. Results and discussion 

The application of the trigonometric circle is used to locate precisely the faulty switch, Figure 4 

describes the position of the fault angle θμ under the healthy state; the zero-fault angle means that there is not 

any faulty switch. The trigonometric circle application is designed to locate four faulty switches 

simultaneously; each one is tested separately as illustrated in Figure 5, an open-circuit fault is induced at  

0.1 s, the proposed trigonometric angle trajectories contribute in the extraction of the fault angles of four 

switches of the first leg which are grouped in Figure 5 and the fault angle interval of each faulty switch is 

mentioned in Table 1 from the trends of the mean values of the source currents by applying of the mean value 

variations, and the specific fault angle interval of each faulty switch. 

 

 

 
 

Figure 3. Simulation results of mean value of source current of the first leg under an open-circuit fault of 

switch S0
11, and examined by the application of the mean value variations 

 

 

 
 

Figure 4. Fault angle θμ by the trigonometric circle under the healthy state 
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Figure 5. Graphical representation of the located fault angles by the trigonometric circle application on the 

source current isa 

 

 

Table 1. Location of the open-circuit fault with corresponding to fault angle intervals of the source currents 
Open-circuit Mean value of isa, isb and isc Interval of θμ 

S0
12 open 

Exceed the  

band limits 

150 ˂θμ ˂210 

S0
11 open 150 ˂θμ ˂210 

S1
11 open 330 ˂θμ ˂30 

S1
12 open 330 ˂θμ ˂30 

S0
22open 270 ˂θμ ˂330 

S0
21 open 270 ˂θμ ˂330 

S1
21 open 90 ˂θμ ˂150 

S1
22open 90 ˂θμ ˂150 

S0
32 open 30 ˂θμ ˂90 

S0
31 open 30 ˂θμ ˂90 

S1
31 open 210 ˂θμ ˂270 

 

 

4. RECONFIGURATION OF THE FAULTY INVERTER 

4.1.  Topology of the modified reconfigurable inverter 

The reconfigurable inverter topology requires the addition of many devices represented in the 

addition of the active diodes to switches. These devices allow the inverter reconfiguration and obtains new 

bi-directional current paths [49] as shown in Figure 6. Under an open or short circuit faults, the positive point 

of the previous topology is the ability to recover the lost voltage. The two types of relays NC (S0
U1, S

1
U1, ...) 

at each leg to isolate any expected open-circuit fault, the relay (SNP) for the neutral point (NP) isolation and 

the redundant anti-parallel diodes to overcome the faulty freewheel diodes. The relay (SNP) allows for the 

identification of the two active switches and improves the performance of the faulty inverter. The connection 

of the relay (SNP) to the neutral point reestablishes the inverter function. When an open-circuit fault occurs at 

the S1
11 switch of phase U1, the relay (SNP) opens to release the neutral point and allows the exploitation of 

the alternative configurations. The inverter will operate alternately with the relay switching (SNP’) depending 

on the desired voltage in the faulty leg. 

 

 

 
 

Figure 6. Modified reconfigurable three-level NPC inverter to be integrated into the SAPF 
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4.1.1. Results and discussion 

Figure 7 shows that the THDi% value of the source current of the first leg isa is equal to 3.96%. It 

can be concluded that the current of isa has very little distortion. The proposed diagnostic technique and the 

modified inverter topology contribute to overcoming the open circuit fault with the concept of fault-tolerant. 

Figure 8 illustrates the timeline before and after the fault inclusion. It can be noticed that all 

detection, location, and reconfiguration processes lasted just 0.007 s. This extremely short time is largely 

sufficient to guarantee the source current without harmonics which are caused by the open-circuit fault, and 

also to ensure the continuity of the SAPF.  

 

 

 
(a) 

 

 
(b) 

 

Figure 7. Spectrum analysis of the source current by applying the SSAS technique (a) source current of the 

first leg isa and (b) harmonic spectrum of isa under the open-circuit fault of the SAPF fault-tolerant inverter at 

switch S0
11 at 0.1 s 

 

 

 
(a) 

 

 
(b) 

 

Figure 8. Timeline of (a) diagnosis and reconfiguration processes and (b) diagnosis result, under the open-

circuit fault at switch S0
11 at 0.1 s 
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5. ROBUSTNESS TESTS OF THE DIAGNOSTIC METHOD UNDER OPEN-CIRCUIT FAULT 

5.1.  Fault angle value according to the degrading variations 

In order to conduct the robustness tests, variables of the input voltage Vdc are selected in the Table 2. 

These variables must be modified by a large variation to know the reliability of the proposed diagnostic 

method, and to understand the efficiency of the proposed reconfigurable inverter topology during one faulty 

switch S0
11. Where each variable is modified individually which corresponds to a localized fault angle for 

each variation. 

 

 

Table 2. Variations of the input voltage Vdc 

Variable Symbol Value (V) 

Vdc 

V1 400 
V2 450 
V3 500 
V4 550 
V5 600 

 

 

5.1.1. Results and discussion 

Figure 9, shows the location of open-circuit fault of the switch S0
11 by applying the variations of all 

the input voltage Vdc, as shown in Table 2. From the obtained results of Figure 9, it can be concluded that the 

fault angle values are not affected by the modification any mentioned variables in the previous table, because 

the fault angles are limited between 150 and 210, as shown in the Figure 9, this means that the proposed 

diagnostic method is successful to precise locating under the degraded values of all selected variable, thanks 

to the trigonometric circle technique, the fault angles can be located even under severe conditions. 

 

 

 
 

Figure 9. Fault angle locations of the open-circuit at the switch S0
11 according to the variation of input 

voltage Vdc 

 

 

6. CONCLUSION 

In this paper, the shunt active parallel filter (SAPF) model with voltage Vdc regulator is presented in 

order to reduce the negative effect of the source current distortion harmonics caused by the non-linear load. 

The harmonic spectrum technique of the single-sided amplitude spectrum (SSAS) is applied on the source 

currents to get the THDi% values. In the healthy state, the first leg THDi% values of the source current is 

equal to 3.06 %. In the faulty state, the open-circuit fault is included in one switch of the three-level inverter 

of the SAPF, the THDi% value of the source current of the faulty leg is equal to 10.20%, this big increase of 

the THDi% values allow to propose a diagnostic method that is based on the techniques of the trigonometric 

circle and mean value variations to detect and locate the open-circuit fault of the IGBT switches, the obtained 

results prove the efficiency of the proposed diagnostic method in terms of the early detection and precise 

location of the faulty switch. Moreover, in this paper, the proposed fault-tolerant inverter topology has been 

included in the SAPF. In order to know the performance of the reconfigurable inverter under an open-circuit 

fault of the switch, the obtained results of the faulty leg using the THDi% values prove the reconfiguration 



Int J Elec & Comp Eng  ISSN: 2088-8708  

 

Study of the performance of fault-tolerant multi-level inverter included in shunt … (Omar Fethi Benaouda) 

2479 

performance; where the THDi% values of the source current are equal to 3.96%. In addition, the time for 

diagnosis and reconfiguration processes is estimated to 0.007s which is extremely short and appropriate to 

ensure the perfect continuity of the filter process. After confirming that the fault-tolerant inverter is 

successfully incorporated with the proposed diagnostic method, the robustness tests are applied on the faulty 

inverter of the SAPF with the degraded parameters of the input voltage Vdc of the reconfigurable inverter. The 

obtained results are very motivating in terms of the early detection and precise location of the open-circuit 

fault and the fast reconfiguration of the proposed fault-tolerant inverter of the SAPF. For future prospects, it 

would be better to apply the proposed diagnostic method on other domains that interested in the application 

of converters. This will be the scope of a future paper. 
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