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Abstract

Inverter is an essential component of a grid connected PV system. In fact, an open-switch fault in this power converter could result 

an important system malfunction and consequently leads to system disconnection. In this context, this paper focuses on the fault-

tolerant control of PWM-inverter with redundancy leg for grid-connected PV system. In addition, a fast method of fault detection 

and compensation is used to maintain the continuous operation of the converter when there is a half-leg open-circuit fault (IGBT+ 

anti-parallel diode) on one of PWM-inverter legs. Therefore, it can detect this type of fault and compensate it in less than 50 μs 

by using a time criterion instead of voltage criterion. Also, the fuzzy logic technique is employed to control the active and reactive 

power injected into the network without exceeding the whole system power capacity limits. Note that, in this study, the active 

and reactive power references of the chosen operating point (the reactive-to-active power ratio: tgφ = Q/P = 0.19) are based on 

experimental tests. Simulation results show the feasibility and the effectiveness of the proposed fault diagnosis method in terms of 

fault detection and service continuity in presence of a half-leg open-circuit fault in PWM-inverter without any over-rating of the PV 

system components or instability.
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1 Introduction
Over the past decade, and in order to reduce the pollution 
problem, a lot of effort has been focused on the develop-
ment of environmentally friendly sources of energies such 
as wind and solar [1]. Elsewhere, the most of solar pho-
tovoltaic energy technologies are used in grid connected 
power generation system. However, in grid-connected 
PV systems, the photovoltaic energy conversion is mainly 
based on numbers of power electronics converters which 
are considered as the most vulnerable parts in a photovol-
taic system and the failure of these converters has very 
serious consequences on the overall system operation [2]. 
In fact, a sudden failure in one of the power switches 
decreases system performances and leads to disconnecting 
the system. Moreover, if the fault is not quickly detected 
and compensated, its effect can lead to hard failure of the 
system [3]. Hence, a tolerant control strategy is extremely 

important to realize the high reliability requirement of 
the equipment, ensure continuity of service, and achieve 
a faster corrective maintenance. According to statistics, 
the majority of failures are related to faults in electrolytic 
capacitors and power switches [4]. Many works have dis-
cussed the fault tolerant control schemes in power elec-
tronic converters for PV systems. A fault diagnosis in the 
power conversion stage (classical DC-DC boost converter 
+ voltage-source full-bridge inverter) of a grid-connected 
PV system has been studied in [5]. The proposed fault 
diagnosis approach is based on the frequency spectrum 
of the signals in order to achieve faster preventive main-
tenances. In [6], a redundancy based three-level boost 
DC converter having fault tolerant capacity is presented. 
The  onverter developed in this work has three states which 
are described as normal state, faulty state and rebuilt state. 
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In [7], the authors suggested a fault detection diagnosis for 
the T-type three level inverter that is based on the mass 
center of the voltage pattern. In reference [8], a new fault 
detection method is proposed to provide an open-switch 
fault-tolerant control for both of boost converter and grid-
side converter (GSC) in a grid-connected photovoltaic. 
In this work, the mean value of the error voltages is used 
as fault indicator for the GSC, while, for the boost con-
verter the inductor current form is used as fault indicator. 
Also, the author of [9] discussed the open-switch fault case 
and current sensor fault case in the interleaved flyback 
converters of a micro-inverter system. Moreover, a solu-
tion for modelling and controlling the operation of DC/DC 
converters, both in normal and in fault regime, is proposed 
in [10]. The proposed converter model is based on ARX 
structure with variable coefficients. However, in order to 
generate the appropriate model coefficients for variable 
duty cycle, a feedforward neural network is used in this 
structure. In [11], the authors suggested a new procedure 
for detecting the faults which occur in the inverter and 
LCL filter operation for photovoltaic panels application. 
In this contribution, the load parameters are estimated in 
real time using a fast estimation method. More recently, 
in [12], an overview of the research work done in fault 
tolerant power electronics circuits in photovoltaic applica-
tions has been presented. Finally, in [13], a new fault-tol-
erant control strategy is exposed in a photovoltaic system 
based on a non-isolated DC-DC converter. The principle 
of the proposed fault detection method is based on sam-
pling the voltage across the inductor at a much higher fre-
quency than the switching frequency.

Besides, this work aims to study the fault tolerant con-
trol of a three-phase PWM-inverter dedicated to pilot 
grid-connected PV system. The fault tolerant topology 
DC-AC converter is applied by adding one redundant leg 
and associated with fast method of fault detection and 
compensation to maintain the service continuity, when 
a half-leg open-circuit fault occurs on the level of one 
of its legs. The suggested method minimizes the delay 
time between the fault occurrence and its compensation. 
Simulation results show the effects of half-leg open-circuit 
fault on the studied PV system response and demonstrate 
the possibility to compensate it in less than 50 μs by using 
a time criterion instead of voltage criterion and therefore 
with such a fault tolerant topology, the PV system can stay 
safely connected to the network under fault conditions.

The rest of the paper is organized as follows. Section 2 
gives a description of the studied grid connected PV 

system. A modeling of a PCS and a proposed fault tolerant 
detection method are detailed in Section 3. 

Simulation results are presented and discussed in 
Section 4. Section 5 is devoted to conclusion. 

2 System description
Fig. 1 [14] represents the configuration of HMSS (Hokuto 
Mega-Solar System) grid connected. From this structure, 
our study is focused on the 400 kW Power Conditioning 
System (PCS) of the 2nd stage, which is consisted of 
a 400 kW inverter and two 200 kW choppers as shown 
in Fig. 2 [15]. The technical specifications of the PCS are 
listed in Table 1 [15–17].

3 Modeling and control of 400 kW PCS
In this work, the issues which need to be addressed by the 
400 kW Large Scale (LS)-PCS control are:

• Capture of maximum energy from the solar (MPPT);
• Inject the active and reactive power into the grid;

Fig. 1 Structure of HMSS connected to the grid [14]

Fig. 2 PCS configuration [15]
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• Ensure the service continuity in presence of PWM- 
inverter half-leg open-circuit fault without exceeding 
the whole system power capacity. The control scheme 
of the LS-PCS grid-connected is depicted in Fig. 3. 
To operate the LS-PCS in the MPPT mode in order to 
capture the maximum power from the solar, the DC-DC 
boost converter has been controlled using a pilot cell 
technique proposed in [17]. Moreover, to ensure an 
active and reactive power control, two fuzzy logic 
controllers (FLC1 and FLC2) are used (see Fig. 4). 

The instantaneous active and reactive power delivered 
to the grid can be written as follows [18]:
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So, to control the active power P by tuning the FLC1, 
the reference current (idref) is derived from the active power 
error eP and its variation ΔeP which are defined as [19, 20]:

e P Pp ref� � ,  (2)

�e z ep p� �� ��
1

1
.  (3)

Also, the control of the reactive power Q to follow 
a desired value (Qref) is achieved by tuning FLC2 on the 
reference current (iqref) as shown in Fig. 3. Hence, the reac-
tive power error eQ and its variation ΔeQ are given by:

e Q QQ ref� � ,  (4)

�e z eQ Q� �� ��
1

1
.  (5)

Thus, the discrete form of the outputs of the two fuzzy 
controllers is given as follows in the dq frame:

i k i k k i kdref dref d i drefn�� � � � � � �� �1 1� � ,  (6)

i k i k k i kqref qref q i qrefn�� � � � � � �� �1 1� � .  (7)

3.1 PV system power capability
The capacity of the PV system is delimited in the plan (PQ) 
to avoid overloading of the constituent elements through-
out the solar conversion chain. The hatched area (green 
trapeze in Fig. 5) represents the limits of the whole PV sys-
tem capacity (T = 25 °C and G = 1000 W/m2 ) in terms of 
active and reactive powers injected into the grid.

3.2 Fault-tolerant PWM-inverter topology
Several topologies of DC-AC converters are used in power 
electronic applications. Fig. 6 shows the studied fault-tol-
erant topology. It is based on a redundant leg composed 
of the switches T7 and T8. This leg will replace the faulty 
one of the other legs under any power switch failure in the 
PWM-inverter. When a fault occurs in one of the power 
switches (T1 − T6), the fault detection scheme detects the 
fault occurrence and isolates the faulty leg [21]. If this fault 
is an open circuit, the isolation is implemented by remov-
ing the gate signal from the switches of the faulty leg. In the 
case of short circuit, the faulty leg is isolated by fast act-
ing fuses and consequently, the short-circuit fault becomes 

Table 1 Specification of PCS [15]

Capacity 420 kVA / 400 kW

AC voltage 420 V ± 10%

DC voltage 600 V

Input DC voltage 230–600 V

Switching frequency 4 kHz

Conversion efficiency > 95%

Control functions
MPPT by choppers 

Suppression of low-order harmonics

Fig. 3 Control scheme of the LS-PCS for power generation and fault 
tolerant control

Fig. 4 Active and reactive powers fuzzy logic controllers; (a) Fuzzy logic 
controller of active power; (b) Fuzzy logic controller of reactive power

(a)

(b)
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an open-circuit fault after isolation of the faulty leg by the 
two fuses. In both cases, the reconfiguration scheme trig-
gers the suited bidirectional switch (TRIAC) to connect the 
faulty phase to the midpoint of the redundant leg. 

In brief, in a fault case on the leg number k (k = 1, 2, 3), 
the compensation is achieved by the following steps [22]:

1. Detection of the fault and therefore the faulty leg 
(detailed in next paragraph);

2. Removing the switching orders of the two switching 
drivers of the faulty leg;

3. Close the suited bidirectional switch by activating its 
command;

4. Using the switching orders of the faulty leg for the 
redundant one;

5. Stopping the fault detection scheme.

3.3 Fault detection scheme
In this study, the fault detection method is based on the com-
parison between measured and estimated pole voltages of 

converter, vk0m and vk0es (k = 1, 2, 3), respectively [22, 23]. 
The estimated voltages vk0es can be expressed by the fol-
lowing equation:

v
V

k es k0
2 1

2
� �� �� DC

,  (8)

where δk ∈ {0, 1} is the switching pattern of the top 
semi-conductor switches of the leg number k and VDC is 
the DC-bus voltage.

An open-switch fault can be detected by analyzing the 
difference between the measured and estimated voltages. 
A voltage error, denoted εk0 is therefore defined by:

� k k m k esv v
0 0 0
� �� �.  (9)

In the healthy condition, the pole voltages are equal and 
thus, their difference is zero. We suppose that the switches 
are ideal. With this supposition, in normal operation, the 
measured and estimated pole voltages are equal and thus 
their difference is zero.

Let us consider that an open-circuit fault occurs in the 
switch Tk (k = 1, 2, 3) of the leg k.

The equivalent circuit of this faulty leg is illustrated by 
Fig. 7. In this circuit, the measured pole voltage vk0m and 
the voltage error εk0 for the phase k depend on the phase 
current (iGa, b or c positive or negative) and the switching pat-
tern δk, indeed:

• if iGa, b or c > 0 ⇒ vk0m = −VDC/2,
• if iGa, b or c < 0 and δk =0 ⇒ vk0m = −VDC/2,
• if iGa, b or c < 0 and δk =1 ⇒ vk0m = VDC/2.

In addition, Table 2 gathers the analytical expressions 
of the voltage after the fault occurrence, according to the 
switching pattern δk, when the current iGa, b or c is different 
from zero.

Fig. 5 Active and reactive powers limits of the studied PV system

Fig. 6 Fault tolerant topology of PWM-inverter with redundancy leg

Fig. 7 Equivalent circuit of the leg k in the case of an open-circuit fault 
in the switch Tk (k =1, 2, 3)
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Up to now, we supposed that the switches are ideal. 
In this hypothesis, the previous analytical study demon-
strated that the possible fault of a switch can be detected 
by a simple comparison between the measured voltage 
vk0m and the estimated voltage vk0es. However, in real 
case, because of turn-off and turn-on propagation time 
and interlock dead time generated by the switches drivers, 
the voltage error εk0 is not null and constituted of peaks 
during switching time [22, 23]. In fact, to avoid the detec-
tions errors due to semiconductor switching, the absolute 
value of the voltage error |εk0| is firstly compared with the 
threshold value 'h', to determine if the difference between 
the measured and estimated voltages is large enough to be 
considered a fault as shown in Fig. 8.

The output of the first comparator, noted Ck is equal to 
0 if |εk0| < h and equal to 1 if |εk0(t)| ≥ h. Thus, the signal at 
the output of this comparator has a square waveform with 
a low duty cycle and a frequency equal to twice the switch-
ing frequency of the switches. If, we inject this output into 
an integrator, we obtain the time during which vk0m and vk0es 
are different if the integration is initialized to zero after 
each square waveform. This is done using a counter which 
receives the signal Ck and delivers an image of the time nk. 
To detect the fault, the integrated resulting signal is applied 
to a second comparator having a threshold value Nt several 
times larger than the switching time Ts. In this way, false 
fault alerts due to semiconductor switching are avoided 
and the fault can be detected in less than 30 μs (this time 
includes delays due to acquisition and switching time) [24]. 

The resulting signal (noted by OCF_Tk: Open-Circuit 
Fault in the switch Tk ) of the open-circuit fault detection 
scheme is used to isolate the faulty leg, trigger the suited 
switch Trk (k = {1, 2, 3}) and stop the fault detection.

4 Simulation results
Results of simulation study allowed us to understand the 
dynamic of the proposed PV system connected to power 
network which is assumed as stable and balanced.

Firstly, the consequences caused by the occurrence of 
an open-switch fault in one of PWM-inverter legs are dis-
cussed for an operating point (Pref, Qref), which are based 
on experimental tests: tgφ = Q/P = 0.19, see Fig. 7 [17]. 
Then, the performance of PV system by integrating fault 
tolerant topology with a redundant leg and a fault detec-
tion and compensation procedure is presented to guaran-
tee the service continuity without any over-rating of the 
PV system power capability.

4.1 Functioning in inverter failure mode
In the following, we will discuss the effects and conse-
quences of a half-leg open-circuit failure on one of PWM-
inverter legs without applying the fault-tolerant control 
strategy (i.e., without fault detection or compensation). 
Then, we will show the importance and the contribution 
of the detection techniques and compensation of this type 
of faults presented previously.

4.1.1 Case of open half-leg without detection and 
compensation
In this case, an open-circuit fault is considered in the 
upper half-leg (IGBT (T1) with the anti-parallel diode (D1)) 
of the first leg of the inverter at t = 0.5 s. Fig. 9 shows the 
simulation results obtained before and after the appear-
ance of this fault at time t = 0.5 sec without introducing 
fault detection and compensation procedure. 

The objective of this simulation test is to show the 
importance and justify the use of a fault-tolerant control 
of the PV system connected with the network. Before the 
fault occurrence (t < 0.5 s), the PV system works correctly. 
Indeed, the active and reactive powers properly follow 
their references and the DC bus voltage is stable. On the 
other hand, as soon as the fault appears, these same pow-
ers are no longer correctly controlled and significant oscil-
lations can be noted (see Fig. 9 (a)). Likewise, the DC bus 
voltage shows unacceptable oscillations and completely 
collapses as illustrated in Fig. 9 (d).

It is also seen that this fault leads to the total loss of control 
of the phase current of the faulty leg as shown in Fig. 9 (b). 
This has repercussions on the other currents which manifest 
distortions and excessive increases (see Fig. 9 (b) and (c)).

Table 2 Voltage error during an open-circuit fault of the switch Tk

iGa, b or c δk Dk Dk+3 vk0m vk0es εk0

> 0 1 off on −VDC/2 +VDC/2 −VDC

> 0 0 off on −VDC/2 −VDC/2 0

< 0 1 on off +VDC/2 +VDC/2 0

< 0 0 off off −VDC/2 −VDC/2 0

Fig. 8 Block diagram of the fault detection method
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Thus, if the fault is not quickly detected and effectively 
compensated, these effects on the PV system will be destruc-
tive and destabilizing and the protection systems (circuit 
breakers, fuses, etc.) will undoubtedly intervene to discon-
nect the system and anticipate these undesirable effects.

Under these conditions, the service continuity is not 
ensured.

4.1.2 Detection and compensation of half-leg open-
circuit fault
Let us now present the performance of the fault tolerant topol-
ogy of PWM-inverter based on redundancy leg, with a very 
fast method of fault detection and reconfiguration as shown 
schematically in Fig. 8. It can detect the fault and compen-
sate it in less than 50 μs. Simulation results are carried out in 
the same conditions of failure of a power converter as previ-
ously discussed. In this case, the active power injected into 
the network is slightly influenced by this open-circuit fault 
in the upper switch. It decreases from 150 kW to approxi-
mately 123 kW, then regains its reference in approximately 
250 μs, which is the time required to detect and compen-
sate this fault (see Fig. 10 (a)). However, the reactive power 
injected into the network is not at all influenced by this fault. 

The same is true for the phase currents (in particular that of 
phase (a) which marks a deviation of 36 A at the first instants 
of the fault) as shown in the Fig. 10 (b) and (c). In addition, 
there is a non-significant peak in the DC bus voltage (about 
5 V), see Fig. 10 (d). Thus, the active and reactive powers 
injected into the network are properly controlled; the phase 
currents remain practically and the DC bus voltage is well 
stabilized. In this case, the PV system can tolerate this kind 
of failure without worries and continue to operate normally. 

5 Conclusion
In this paper, an inverter half-leg open-circuit fault-toler-
ant control in a grid-connected solar PV system has been 
applied. This control is based on a redundant leg and asso-
ciated with an affective and fast method of fault detection 
and reconfiguration. To avoid the over-rating of the stud-
ied PV system components during its control for power 
generation and guarantee the service continuity, its power 
capacity has been delimited in the (PQ) power plane. 
In addition, fuzzy logic approach has been used to control 
the active and reactive power injected into the network.

Simulation results show the effectiveness and rapidity 
of the proposed method in terms of fault detection and 

Fig. 9 Simulation results of the studied PV system, case of an open half-leg at t = 0.5 s without fault detection or compensation; (a) Active power (kW) 
and reactive power (kVAr); (b) Phase currents iabc (A); (c) Zoom of iabc (A); (d) VDC bus voltage (V)

(a) (b)

(c) (d)
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diagnosis. It can detect this type of fault and compensate 
it in less than 50 μs by using a time criterion instead of 
voltage criterion. Therefore, the PV system can stay safely 

connected to the network under fault conditions without 
over-rating the whole system component or instability.

Fig. 10 Simulation results of the studied PV system, case of an open half-leg with fault detection or compensation in 50 µs; (a) Active power (kW) and 
reactive power (kVAr); (b) Phase currents iabc (A); (c) Zoom of ia (A); (d) VDC bus voltage (V)

(a) (b)

(c) (d)
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