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Abstract- To enhance the conventional inverter reliability used in PV systems, several diagnostic methods have been 
investigated. These methods are predominantly applied to detect and identify the IGBT related OCF. In this respect, the present 
paper puts forward a novel normalized-currents and current-slope information based diagnostic method. Indeed, owing to the 
critical importance accorded to PV systems following the appearance of IGBT's OCF, the present work is designed to advance 
a direct RFOC controlled SSTPI-IM diagnostic method and reconfiguration strategy effectively applicable in PV system. 
Accordingly, fault reconfiguration proves to rest on shifting the SSTPI topology to a FSTPI topology using relays and a 
redundant leg. The latter is exclusively applicable in case of emerging IGBT fault prevailing in more than a single SSTPI leg. 
The proposed SSTPI-IM diagnostic method and reconfiguration strategy associated effectiveness and performance, in terms of 
system continuity as well as fast detection and reconfiguration, are validated through simulation results. 

 

Keywords PV system, Diagnostic methods, IGBT's OCF, SSTPI-IM, Reconfiguration strategy. 

Nomenclature 

SSTPI: Six switch three-phase inverter 
OCF: Open-circuit fault  
PV: Photovoltaic 
IGBT’s: Insulated gate bipolar transistors 
RFOC: Rotor flux oriented control 
MPPT: Maximum power point tracking 
GPV: Photovoltaic generator 
IM: Induction motor 
SCF: Short-circuit fault 
PWM: Pulse with modulation 
VSI: Voltage source inverter 
MMC: Modular multilevel converter 
SMO: Sliding mode observer 
FTC: Fault tolerant control 
P&O: Perturb and observe 
FDM: Fault detection method 
MPP: Maximum power point 
NCDF: Non-crossed double fault 
CDF: Crossed double fault 
Iα, Iβ: Currents in the Clarke vector 
Ias, Ibs, Ics: IM stator currents 

ws: Stator pulsation 
Imax: Current maximum amplitude 

1. Introduction 

Given the diversified applications of several industrial 
domains, such as renewable energy conversion systems, 
aeronautics and robotics, the conventional power converting 
systems turn out to be excessively used. In this respect, the 
PV system stands as one of the most widely popular 
renewable energy conversion systems, recording an average 
annual growth rate of 42 % throughout the period ranging 
from 2000 to 2015 [1]. It is worth noting, however, that for 
an effective maximization of energy transfer to the load to be 
achieved, implementing the most appropriate MPPT 
techniques seem imposed. In this context, the DC-DC 
converters prove to stand as best fit for implementing these 
techniques [2-8]. Given the development in the literature, 
there are several MPPT techniques are used in PV systems 
such as P&O, incremental conductance, fuzzy logic, ANFIS, 
neural network (ANN), SMO and deep learning [9-12]. 
Regarding the present work, however, the examined PV 
system, subject of study, appears to involve a GPV enclosing 
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several PV-boost converter modules (modular distribution), a 
DC-AC converter as well as an IM. Still, given the PV 
system related complexity, certain power-converter 
associated faults seem likely to take place. Actually, the 
occurrence of such faults might well result in a total 
shutdown of the PV system operation. For this reason, 
several diagnostic methods and reconfiguration strategies 
have been continuously developed in the relevant literature. 
In this context, the present work is exclusively focused on 
investigating the DC-AC converter related faults.   

Generally, the switch OCF and SCF related damages 
constitute the most widely recurrent faults affecting the DC-
AC converters. In effect, the switch SCF related fault is more 
difficult to detect, and most often occurs quickly, that is why 
the PV system usually incorporates a set of special hardware 
protection circuits. On the appearance of switch SCF in the 
DC-AC converter, the IM must be shut down immediately, 
and repair is required. The relevant protection circuits are 
presented in [13]. As for the switch OCF, the fault may well 
be due to a thermal cycling, likely to result in bonding wires 
uplifting. It is worth highlighting, in this regard, that the 
switch OCF does not lead to the PV system shutdown, but 
can engender secondary failures necessitating urgent 
monitoring. Hence, for the purpose of further improving the 
PV system’s reliability and maintaining its continuity, it is 
necessarily to detect, identify and avoid such a fault, which 
actually constitutes the present paper’s focus of interest [14, 
15]. In 1976, the model-based fault diagnoses used to be 
implemented by applying the analytical redundancy method 
[16]. Then, the remarkable progress noticeable in this regard 
has paved the way for devising a wide range of diagnostic 
methods applicable in various systems. Worth citing among 
them is the diagnostic method based on instantaneous 
frequency and current vector trajectory information, 
implemented in a PWM-VSI, as figuring in [17]. Moreover, 
and for the purpose of detecting and locating the multiple 
OCF in PWM-VSI, the current slope method has been 
recently improved, as documented in [18].  

In the relevant literature, several diagnostic methods 
dealing with information on the average currents in the 
Park's vector are also available [19-22]. In this respect, a real 
time and robust diagnostic method useful for detecting and 
identifying the OCF switches, implemented in sensorless 
vector control IM drives is investigated in [23]. A fast 
diagnosis method for detecting and identifying multiple OCF 
switch and current sensor related faults in VSI-PMSM drives 
is advanced in [24]. Similarly, a diagnostic method applied in 
MMC, based on a half-bridge and SMO switching model is 
introduced in [25]. As for [26], the FFT algorithm is applied 
for the purpose of detecting OCF switches in converters. 
Based on instant voltage error, the OCF switches can be 
detected and identified using a real-time diagnostic method 
as illustrated in [27]. Furthermore, a single switch OCF 
diagnostic method and tolerant control in MMC is introduced 
in [28]. 

Among the initially advanced diagnostic methods, some 
were designed to detect and identify the single switch OCF, 
while some others were devoted to detecting and identifying 
the multiple switch OCF. An important step in detecting and 

identifying multiple switch OCF, however, is the fault 
isolation. In addition, developing highly effective 
reconfiguration strategies to maintain system continuity has 
drawn a great deal of interest in the relevant literature. For 
instance, a redundant-leg based FTC has been implemented 
to highlight the system’s reliability under fault compensation 
condition, as addressed in [29]. Concerning the present 
paper, however, a fast diagnostic method proposed in [30] is 
applied to the PV system whereby multiple switch OCF can 
be rather effectively detected and identified. In effect, the 
suggested design enables to maintain greater simplicity, 
robustness against false alarms and low-cost implementation. 
For the sake of further enhancing the system’s reliability and 
maintaining continuity during an OCF occurrence, a special 
reconfiguration strategy has been set up. The proposed 
strategy depends on the switch OCF type, whether single or 
multiple. In the case of a single and phase OCF, fault 
reconfiguration is implemented by shifting the topology from 
SSTPI to FSTPI. As for the others multiple OCF case, 
however, a redundant leg is provided to maintain fault 
compensation. 

Finally, it is worth noting that the suggested diagnostic 
method and reconfiguration strategies have proved to help in 
ameliorating the PV system’s reliability and continuity, as 
the IGBT related OCF can be successfully located, isolated 
and compensated. 

2. PV system description 

The studied PV system is structured as in Fig.1.  

 
Fig. 1. Diagram of the studied PV system. 

Overall, the system’s architecture encloses a GPV 
involving several PV-boost modules (modular distribution), a 
DC/AC converter as well as an IM. For an effective 
optimization of the power transfer process to be achieved, we 
consider implementing a P&O type of MPPT control. The 
P&O command is the most widely applied technique used in 
a wide range of photovoltaic applications, owing mainly to 
its easy and practical implementation [31]. The principle of 
P&O rests mainly on the duty cycle associated disturbance, 
as illustrated through Fig.2. To maintain the IM speed 
performance, the RFOC strategy has been applied in the 
association of SSTPI-IM. The RFOC implementation scheme 
is depicted in Fig.3. 

3. The investigated diagnostic method 

The investigated diagnostic method appears in Fig.4 [30, 
32]. Actually, this diagnostic method proves to exhibit a 
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high-level performance and accuracy against false alarms, 
enabling to locate and identify the OCF switches in joint 
association of SSTPI-IM. Accordingly, 27 distinct switch 
fault signatures can be identified through this investigated 
diagnostic method, classifiable into five faulty switch 
conditions, specifically, (a): a single IGBT OCF; (b): a single 
phase OCF; (c): a NCDF in two different legs; (d): a CDF in 
two different legs; and (e): three IGBTs’ OCF. 

 
Fig. 2. A flowchart of the P&O type MPPT control. 

 
Fig. 3. Diagram of the direct RFOC strategy jointly 

associated with SSTPI-IM. 

This method, subject of investigation, relies essentially 
on the measurement currents’ drawn information, thereby, 
sparing the need for any additional hardware or extra sensors, 
and reducing the PV system related cost and complexity. In a 
first step, relevant information, derived from normalized 
currents, is drawn by means of the Clarke vector modulus. 
Accordingly, the Clarke vector transformation is given by: 

                                                                  (1) 

                                                   (2) 

 
Fig. 4. Diagram of the advanced diagnostic method. 

Then, the Clarke vector modulus is provided by the 
following equation: 

                                                         (3) 

Hence, the normalized stator currents can be attained by 
dividing each stator current's phase by the Clarke vector 
modulus, as given by: 

                                                                    (4) 

Where: n = as, bs and cs. 

Throughout the healthy state, the IM stator currents are 
fluently sinusoidal, as specified by: 

                                   (5) 

Overall, the Clarke vector modulus is determined 
through the following equation: 

                                                               (6) 

Ultimately, the normalized stator currents can be 
depicted as follows: 
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Relying on the final equation (7), one may well note that 
the normalized stator currents’ associated values do not 
appear to depend on the stator currents’ measured amplitude, 

comprised within the  range. Accordingly, the average 

absolute values of the normalized stator currents can be 
provided by means of: 

                                              (8)                                                                                                                     

The diagnostic method, subject of investigation, rests on 
the normalized stator currents’ average error values, 
determined through:  

                                                            (9)    

Where:  defines the normalized stator currents’ mean 
absolute value relevant to the healthy operating conditions, 
as depicted through: 

                                                  (10) 

The introduced error terms  are exclusively used to 
detect and identify the faulty SSTPI legs. Therefore, for the 
OCF diagnoses of the other types of faults to be achieved, 
the joint association of the  and  provided 
information need be effectively maintained. For the purpose 
of further enhancing the advanced scheme’s performance and 
robustness against false alarms, a diagnostic error term ‘m’ 
has been introduced into the other fault types’ diagnoses 
drawn information. 

The error term m depends highly on the current slope 
associated information, as defined by: 

                                                                     (11) 

Where: k1 designates the present sample. 

Additionally, the Clarke trajectory related deviation 
angle  is provided by: 

                                                             (12) 

During healthy operating conditions, the   average 
absolute value is determined by: 

                                                    (13) 

Hence, the m diagnosis variable is depicted through the 
following expression:  

                                                              (14) 

Where:  is equal to 0.785 correspondence to the  
in the healthy case. 

Throughout the healthy operating conditions, the entirety of 
the diagnoses’ variables will take values approaching zero. In 
the OCF case, however, these errors’ signatures will be 
changed to account for the localization and number of faulty 
IGBTs. Thus, the advanced PV architecture, simultaneously 
involving the association of SSTPI-IM, as depicted in Fig.5, 
below: 

 
Fig. 5. The SSTPI-IM joint association architecture as used 

in the PV system. 

The investigated diagnostic method is constructed upon 
analysis of the diagnosis variables associated behaviors 
relevant to both of the healthy and faulty conditions.  

In sum, the advanced framework related diagnosis 
variables are defined as follows: 

                                 (15) 

                              (16) 

                                    (17) 

The entirety of the diagnoses’ variables turn out to help 
in detecting and identifying 27 faulty switch cases, as 
highlighted in [30]. On accounting for the fast switch OCF 
detection and robustness against false alarms, the threshold 
values , , ,  and can be analyzed by means of 
the diagnosis variables related behaviors, as depicted under 
both of the healthy and faulty operating conditions. 
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4. SSTPI-IM reconfiguration strategy under the IGBT’s 
OCF occurrence   

In a bid to isolate and compensate the IGBT’s OCF, we 
consider putting forward a new reconfiguration strategy 
under single and multiple OCF. This reconfiguration strategy 
rests on using relays (or ideal switch in the simulation) as 
well as a redundant leg. Actually, the implementing such a 
strategy is easy, less costly and highly effective.  

In the OCF case of a single IGBT or phase, the 
reconfiguration strategy is ensured by changing the structure 
of the SSTPI to a FSTPI, without using any redundant leg.  
Furthermore, Fig.6 highlights well the reconfiguration 
procedure with respect to the third phase OCF case.   

With reference to Fig.6, the relay ‘‘RD’’ undertakes to 
ensure the removal of the faulty phase, while the relay ‘‘RR’’ 
serves to maintain the PV system’s continuity by connecting 
the faulty phase to the DC middle point. At this level, it is 
worth underlining that in the healthy condition, the relay RD 
is activated while the relay RR is deactivated. Concerning the 
other OCF cases, the reconfiguration strategy is maintained 
by incorporating a redundant leg (T7, T8) in the SSTPI 
original topology. This new reconfiguration strategy relies on 
substituting the SSTPI topology with a FSTPI topology, 
without system shutdown, by adding a redundant leg. The 
reconfiguration strategy relevant to the case of an OCF 
appearance in more than a single SSTPI leg is shown in 
Fig.7. One can well confirm that, following a fault detection 
via the proposed FDM, the relay RD is deactivated while the 
relay RR is activated to maintain the PV system’s continuity.   

 
Fig. 6. The reconfiguration strategy scheme under single 

or phase OCF. 

 
Fig. 7. The reconfiguration strategy scheme under 

multiple OCF. 

5. Simulation results 

This section is devoted to discussing and presenting the 
entire photovoltaic production chain relevant simulations, 
observed under both of the healthy and faulty operating 
conditions, on considering the SSTPI-IM association. As 
simulation subjects, the PV module, boost converter and IM 
exhibit the following characteristics and parameters, depicted 
on Tables 1, 2 and 3, below. 

Table 1. PV module parameters. 

Description Value 

Pmax (Maximum power in W) 300 

Vmpp (Voltage at MPP in V) 31.9 

Impp (Current at MPP in A) 9.4 

Icc   (Short-circuit current in A) 9.75 

Vco   (Open-circuit voltage in V) 39.8 

Table 2. Boost converter parameters. 

Description Value 

Ce (Input capacity in µF) 0.9804 

L  (Inductance in mH) 6.8 

F   (Switching frequency in kHz) 20 

Cs (Output capacity in µF) 94.295 

Sampling time (sec) 1 ´10-6 

Table 3. IM parameters. 

Description Value 

Rated power (kW) 1.1 

Rated line voltage (V) 600 

Rated speed (rpm) 2820 

Rated load torque (N.m) 3.5 

Number of pole pairs 1 

Stator resistance (Ω) 6.863 

Rotor resistance (Ω) 7.67 

Stator inductance (H) 0.708 

Rotor inductance (H) 0.708 

Mutual inductance (H) 0.684 

Moment of inertia (kg.m2) 0.0033 

Friction factor (N.m.s/rad) 0.00351 
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5.1. Under healthy condition 

Considering the healthy conditions, Fig.8 highlights the 
PV module (300 W) respective power and current 
characteristics in voltage terms, with solar irradiation 
consideration of about 1000 W/m2 and a constant 
temperature of 25 °C.   In a bid to optimize the power 
transfer, a P&O command is used to control the boost 
converter. 

The signature of the boost output voltage concerning 
each PV module (300 W) along with the signature of the 
GPV output voltage are shown in Fig.9. Accordingly, one 
can well notice that each single module associated boost 
output voltage is equal to 85.13 V. The GPV encloses seven 
PV modules (of 300 W), with each module incorporating a 
boost converter (modular structure). In effect, the GPV 
associated output voltage is roughly equal to 600 V. After the 
application of the RFOC command in the SSTPI-IM 
association, Fig.10 outlines the simulations relating to the 
stator currents, the speed, the torque and the flux, as 
measured and estimated by their respective references. 

 
(a) 

 
(b) 

Fig. 8. The PV module relevant characteristics. 

 
Fig. 9. The output voltage of a single PV module (300 W) 

and GPV. 

The simulation results are depicted through Fig.10, 
where: 

Ø The stator current shape of the first phase “a” is 
perfectly sinusoidal, as presented in Fig.10-a; 

Ø The shape of the measured mechanical speed 
follows its reference speed, displaying an 
effective dynamic performance, as illustrated in 
Fig.10-b; 

Ø The shape of the estimated electromagnetic 
torque along with its respective reference are 
shown in Fig.10-c. At constant speed, these 
electromagnetic torques are constant, 
highlighting the strong dynamic performance of 
the control; and 

Ø The shape of the estimated rotor flux with its set 
point are presented in Fig.10-d. The estimated 
rotor flux appears to follow its set point, 
characterized with a fluctuation at a reversed 
motor direction (the magnetization 
phenomenon). 

With respect to the suggested diagnostic method and 
reconfiguration strategy, the load torque is roughly equal to 
1.75 N.m, with a reference speed of about 200 rad/sec. The 
values associated with the thresholds , , ,  and  

 are equal to 0.06, 0.275, 0.28, -0.408 and 0.161, 
respectively [30]. Besides, the IGBT OCF is achieved by 
removing their gate signal with the anti-parallel diode 
connected. 

As for the following section, it is devoted to observing 
the faulty case. It is worth underlining, in this context, that, 
the investigated reconfiguration strategy is applied when the 
IGBT’s OCF’s are detected and identified through the 
diagnostic method advanced. 

fk dk sk pk

gk
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(a) 

 
(b) 

 
(c) 

 

 
(d) 

Fig. 10. The Speed control via direct RFOC command from 
the IM, powered by a SSTPI. Legend: (a): stator current of 
the first phase “a”, (b): measured speed ( ) and reference 

speed ( ), (c): estimated torque and its reference, and (d): 
estimated flux and its reference. 

5.2. Under a faulty case 

5.2.1   Single or phase OCF 

The IM stator currents together with ,  and   
are presented in Fig.11. The OCF of IGBT T3 is undertaken 
at time T = 0.7 sec. Actually, the OCF is detected and 
identified via the advanced diagnostic method at time T = 
0.7027 sec, corresponding to the intersection of with . 
Hence, to compensate the OCF and maintain the PV 
system’s continuity, the reconfiguration strategy must be 
applied.  

Thus, the reconfiguration strategy relevant to the OCF 
case is achieved by removing the faulty SSTPI leg and 
connecting the faulty IM phase to the DC middle point. With 
reference to Fig.11, one can well confirm that the OCF 
compensation is reached when the  turn out to approach 
the zero value, which corresponds to the instant T = 0.7352 
sec. At this time level, the behaviors associated with the 
other diagnosis variables are similar.  

In sum, the proposed diagnostic method and 
reconfiguration strategy prove to require just 0.0027 sec and 
0.0325 sec, respectively, in order to detect, identify and 
compensate the T3 IGBT OCF. This reconfiguration strategy 
remains the same with respect to the third phase OCF case. It 
is worth highlighting that this reconfiguration strategy does 
not require any redundant leg. 
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*
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(a) 

 
(b) 

 
(c) 

 

 
(d) 

Fig. 11. Simulation results considering the healthy case, 
faulty case (IGBT T3) and compensation case.  Legend: (a): 

IM stator currents; (b): ; (c):   , and (d):  . 

5.2.1   The remaining IGBT’s OCF cases 

It is worth noting that in these faulty cases, the 
reconfiguration strategy does not appear to be similar to the 
first faulty case (single or phase OCF). The IM stator 
currents along with ,  and  , for a double OCF in 
the IGBTs T2 and T6 (the second and third phases’ faults), 
are shown in Fig.12. These IGBTs related OCFs are achieved 
at the instant T = 0.8 sec.   

Noteworthy, also, is that when the diagnosis variable M 
attains the value 0.1, corresponding to the instant T = 0.8174 
sec, the IGBTs’ OCFs are detected and identified via the 
proposed diagnostic method. Accordingly, to compensate 
these faults and maintain the PV system’s continuity, the 
reconfiguration process is undertaken by inserting a 
redundant leg. More specifically, the redundant leg (T7, T8) 
maintaining the same command would substitute the second 
SSTPI leg (T2, T5), and the third SSTPI leg is removed. In 
addition, the DC middle point undertakes to connect the third 
IM faulty phase. It is worth stating that in the OCFs cases, 
the SSTPI topology is usually substituted with the FSTPI 
topology to maintain the PV system’s continuity.  Regarding 
Fig.12, one could well note that the fault compensation 
procedure is achieved at the moment when M is almost equal 
to zero, which corresponds to the instant T = 0.8472 sec. At 
this time level, the entirety of the diagnosis variables’ 
behaviors are the same.  

Worth highlighting, in the end, is that the advanced 
diagnostic method and reconfiguration strategy prove to 
require just 0.0174 sec and 0.0472 sec, respectively, to 
detect, identify and compensate the IGBTs’ OCFs. This 
reconfiguration scheme proceeds in the same way with 
respect to the multiple OCF case, on excluding the single and 
phase OCF case. 

nE nS M

nE nS M
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 12. Simulation results considering the healthy case, 
faulty case (T2, T6) and compensation case. Legend: (a): IM 

stator currents; (b): ; (c):  , and (d):  . 

6. Conclusion 

In this work, a reconfiguration strategies applied in PV 
system is put forward. Aimed at compensating single and 
multiple IGBT OCF, the reconfiguration architecture 
intervenes, following a fault detection and identification 
process, by means of a specifically designed FDM. Overall, 
the advanced diagnostic method proves to display a set of 
distinctive features, particularly, a prompt OCF detection 
procedure, low-cost implementation as well as a highly 
effective robustness against false alarm problems.  This 
diagnostic method relies mainly on information concerning 
the normalized measured currents and current slope. 

As to the fault compensation scheme, it rests basically on 
shifting the SSTPI topology to a FSTPI topology by means 
of special relays and a redundant leg. The latter acts 
exclusively during the fault emergence circumstances 
affecting more than a single SSTPI leg. The proposed 
reconfiguration strategies require approximately 0.047 sec in 
order to maintain the PV system continuity. It is also 
important to note that, throughout the IGBT’s OCF 
compensation process, no noticeable loss of reliability, 
power flow and PV system continuous functioning can be 
perceived.  

Ultimately, the simulation results achieved in regard to 
the designed diagnostic method and reconfiguration 
strategies turn out to demonstrate high-level performance and 
efficiency in terms of IGBT’s OCFs detection, isolation and 
compensation. 
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