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Abstract: The photovoltaic system is experiencing great growth in the production of electrical energy these days. It plays a vital role 

in the production of electrical energy in isolated towns. It is generally either stand-alone or connected to a network. The energy produced 

by the photovoltaic generator is in continuous form; the conversion from its continuous form to the alternating form requires a converter: 

the inverter. In order to improve the quality of the waveform, we moved from the classic solar inverter to multilevel inverters. These 

multilevel inverters are equipped with power switches which are required to withstand strong fluctuations in the voltage produced by 

the GPV (photovoltaic generator). It is obvious that the degradation of the inverter leads to a distortion of the wave quality. This article 

presents the simulation of the GPV-Chopper Boost-Inverter chain in fault-tolerant cascaded H-bridges in order to overcome the 

difficulties of voltage constraints experienced by power switches (IGBT: insulated gate bipolar transistor). The results of simulations 

carried out in Matlab/Simulink show good performance of the designed inverter model. 
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Nomenclature  

Isc  Short circuit current 

Ki 
Short circuit current of the entire system at 25 °C and 

1,000 W/m2 

T Operating temperature 

Tn Rated temperature 

G Solar irradiation 

Q Electron charge (1.6 × 10-19 C) 

Voc Open circuit voltage 

N Ideality factor 

K Boltzmann constant (1.38 × 10-23 J/K) 

Eg0 Band gap energy of semiconductor 

NS Number of photovoltaic cells connected in series 

NP Number of photovoltaic modules connected in parallel 

RS Series resistance 

Rsh Shunt resistance 

Vt Diode thermal voltage 
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1. Introduction 

The strong growth in the use of photovoltaic 

modules has and continues to arouse the curiosity of 

researchers, which has led to major technological 

innovations and falling costs not only in the field of 

solar energy but also in power electronics. In order to 

improve the profitability of solar systems, we used the 

boost converter, which has the role of increasing the 

value of the voltage of the photovoltaic DC (direct 

current) bus, and stabilizing the fluctuations caused by 

the variation of the solar irradiation and temperature [1, 

2]. In order to improve the wave quality during the 

conversion from the DC form to the AC (alternating 

current) form of electrical energy, we have moved 

from the use of photovoltaic microinverters to 

multilevel inverters. It should be noted that multilevel 

inverters have brought an undeniable benefit to 
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photovoltaic systems [3, 4]. Furthermore, these 

multilevel inverters are equipped with power switches 

(IGBT) which are subject to significant voltage 

constraints. In addition, the photovoltaic generator has 

a non-linear characteristic in terms of power produced 

as a function of illumination and temperature, which 

can consequently damage power switches such as 

IGBTs which are designed to withstand low and 

medium voltages [3, 5]. In this paper, we will present 

in Section 2 the overall structure of the study model, 

after which, we will proceed by presenting in Section 

3 the real characteristic of a photovoltaic cell; in 

Section 4 the structure of the boost converter; a fault-

tolerant H-bridge inverter model will be presented in 

Section 5, and Section in 6 we will present the 

simulation results of the GPV-Chopper Boost-Inverter 

chain in fault-tolerant cascaded H-bridges. The 

inverter control technique used is that of triangular-

sinusoidal pulse width modulation with a phase 

arrangement of the carriers. 

2. Materials and Methods 

2.1 Materials 

The photovoltaic conversion chain that we are going 

to study is made up of a photovoltaic module 

responsible for converting incident energy from the sun 

(photon) into electrical energy in continuous form, a 

DC-DC converter or boost chopper responsible for 

increasing the value of the voltage produced by the PV 

module, the accumulator batteries responsible for 

storing energy at the boost output and the famous 

tolerant cascaded H-bridge inverter ensuring the DC-

AC conversion and maintaining continuity of operation 

(Fig. 1). 
 

2.1.1 Photovoltaic Generator 

A photovoltaic generator is an assembly of 

photovoltaic modules. A photovoltaic module/panel is 

the series/parallel association of photovoltaic cells 

according to the voltage/current requirement. The 

photovoltaic cell is the fundamental element in the 

conversion of solar rays (photons) into electricity. The 

equivalent electrical circuit of the photovoltaic cell is 

shown in Fig. 2. 

The mathematical model that governs the diagram in 

Fig. 2 is represented by the equation: 

𝐼𝑃𝑉 = 𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑠ℎ (1) 

Now the current in the diode is known and is 

expressed by: 

𝐼𝑑 = 𝐼0 [𝑒𝑥𝑝 (
𝑞 ∗ (𝑉 + 𝐼 ∗ 𝑅𝑆)

𝑛 ∗ 𝐾 ∗ 𝑁𝑠 ∗ 𝑇
) − 1] (2) 

With I0, the saturation current:  

𝐼0 = 𝐼𝑟𝑠 ∗ [
𝑇

𝑇𝑛
] ∗ 𝑒𝑥𝑝 [

𝑞 ∗ 𝐸𝑔0 ∗ (
1
𝑇𝑛

−
1
𝑇)

𝑛 ∗ 𝐾
] (3) 

𝐼𝑟𝑠, reverse saturation current:  

𝐼𝑟𝑠 =
𝐼𝑠𝑐

𝑒𝑥𝑝 [𝑞 ∗
𝑉0𝑐

𝑛 ∗ 𝐾 ∗ 𝑁𝑠 ∗ 𝑇]
 

(4) 

The current through the shunt resistor is given by:  

𝐼𝑠ℎ =
𝑉 + 𝐼 + 𝑅𝑠

𝑅𝑠ℎ
 (5) 

The current of the incident photon is given by: 

𝐼𝑝ℎ = [𝐼𝑠𝑐 + 𝐾𝑖 ∗ (𝑇 − 298)] ∗
𝐺

1000
 (6) 

Hence finally the current produced by the cell is: 

𝐼𝑝𝑣 = 𝑃𝑝ℎ − 𝐼0 ∗ [𝑒𝑥𝑝 (
𝑞 ∗ (𝑉 + 𝐼 + 𝑅𝑠)

𝑛 ∗ 𝐾 ∗ 𝑁𝑠 ∗ 𝑇
) − 1]

− 𝐼𝑠ℎ 

(7) 

 

 

 
Fig. 1  DC-AC conversion algorithm. 
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Fig. 2  Equivalent electrical circuit of a photovoltaic cell. 

 

 
Fig. 3  Equivalent electrical circuit of a boost converter. 

 

2.1.2 Boost Chopper 

Fig. 3 represents the electrical circuit of a voltage 

boost converter commonly called boost. Assuming that 

this system operates in continuous mode, we can 

describe it in the following:  

(1) step 1: 0 < 𝑡 < 𝜔𝑇  

Switch K is closed, diode D is blocked; we have: 

𝑉𝐸 = 𝐿
𝑑(𝑖𝐿)

𝑑𝑡
 ⇒  𝑖𝐿(𝑡) = 𝐼𝑚 +

𝑉𝐸

𝐿
𝑡 (8) 

At time 𝑡 = 𝜔𝑇, the current in the inductor reaches 

the peak value: 

𝐼𝑀 = 𝐼𝑚 +
𝑉𝐸

𝐿
𝜔𝑇 (9) 

(2) step 2: 𝜔𝑇 < 𝑡 < 𝑇 

At 𝑡 = 𝜔𝑇, we open the switch K; diode D conducts; 

So we have: 

𝑉𝐸 − 𝑉𝑆 = 𝐿
𝑑(𝑖𝐿)

𝑑𝑡
 ⇒ 𝑖𝐿(𝑡)

= 𝐼𝑀 −
𝑉𝑆 − 𝑉𝐸

𝐿
(𝑡 − 𝜔𝑇) 

(10) 

At time t = T, the current in the inductor reaches its 

minimum value: 

𝐼𝑚 = 𝐼𝑀 −
𝑉𝑆 − 𝑉𝐸

𝐿
(1 − 𝜔)𝑇 (11) 

Let 𝑑(𝑖𝐿)  be the ripple of the current in the 

inductance defined by:  

𝑑(𝑖𝐿) = 𝐼𝑀 − 𝐼𝑚 (12) 

Eq. (9):  

⇒ 𝑑(𝑖𝐿) = 𝐼𝑀 − 𝐼𝑚 =
𝑉𝐸

𝐿
𝜔𝑇 (13) 

And Eq. (11) →  

𝑑(𝑖𝐿) = 𝐼𝑀 − 𝐼𝑚 =
𝑉𝑠 − 𝑉𝐸

𝐿
(1 − 𝜔)𝑇 (14) 

By combining Eqs. (13) and (14), we obtain the 

voltage at the converter output: 

𝑉𝑠 =
𝑉𝐸

1 − 𝜔
 (15) 

We see that the value of the output voltage only 

depends on the value of the input voltage and the duty 

cycle ω; with 𝜔 ∈ [0, 1] in the literature. 

2.1.3 Fault-Tolerant H-Bridge Inverter 

Table 1 below gives the operating principle of a full 

H-bridge inverter in healthy operating mode. 

In order to improve profitability when converting 

electrical energy from its DC form to its AC form in 

photovoltaic systems, we have considered the integration 

of multilevel inverters in the latter. In Ref. [6], the 

authors proposed the integration of an asymmetric 

multilevel inverter with two full bridges for low voltage 

applications. In Ref. [7], the authors prove the 

effectiveness of multilevel inverters powered by the 

solar photovoltaic system in the parallel active filter. 

It should therefore be noted that multilevel inverters 

have brought an undeniable plus to photovoltaic solar 

systems for the conversion from DC to AC form of 

electrical energy. Furthermore, it is no doubt that these 

multilevel inverters are equipped with power switches, 

which are called upon to withstand stresses caused by 

strong variations in the DC bus voltage of the photovoltaic 

generator. In order to overcome this problem, the authors 

in Ref. [8], propose a system that includes a microgrid 

for energy production and storage (wind turbine, 

photovoltaic panels and batteries) and load elements 

(heat pump) which consume electrical energy to provide 

thermal heating of buildings. In Ref. [9], the authors 

propose the integration of chemical storage batteries 

with an H-bridge inverter. The authors in Ref. [10], 
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(a)                                                  (b) 

Fig. 4  Classic model on the left and tolerant model on the right of the full H-bridge inverter. 

 

Table 1  Possible switching states of an H-bridge inverter. 

K1 K2 K3 K4 Output voltage 

1 0 0 1 E 

1 1 0 0 0 

0 0 1 1 0 

0 1 1 0 -E 
 

propose the addition of an additional arm to a three-

phase inverter and the authors in Ref. [11] propose the 

addition of a 4th additional arm of FC (flying capacitor) 

type to a three-phase NPC (neutral-point clamped) 

inverter. In this paper, we propose to mount a thyristor 

in parallel with each IGBT (i.e. antiparallel with each 

diode), and a fuse at each input of each phase of a full 

H-bridge inverter as shown in Fig. 4. In the presence of 

a fault on an IGBT (short circuit or open circuit), the 

thyristor being capable of withstanding high tensions, 

automatically takes over and drives. The voltage value 

at the inverter output remains unaffected. 

2.2 Methods 

In this section, we present the method we used.  

 For the design of the tolerant H-bridge inverter 

To design the classic H-bridge inverter, we 

proceeded by detecting and locating the faults; this 

phase consists of studying the inverter in degraded 

mode, and making a comparative study of the results 

obtained with those in healthy mode. Then we isolated 

the detected faults; this phase consists of the electrical 

isolation of the damaged semiconductors, by adding a 

fuse to each input of each phase. Finally, we 

reconfigured the post-faults; here it was sufficient to 

mount a thyristor in parallel with each IGBT. Since a 

thyristor is capable of supporting high powers, it would 

therefore be capable of supporting an excess 

voltage/current during a short circuit/open circuit that 

could damage an IGBT transistor. 

 For the control of the fault-tolerant H-bridge inverter 

Because of its simplicity and efficiency in controlling 

the complete H-bridge inverter, the control used here is 

the sine-triangle PWM (pulse-width modulation) with in-

phase arrangement of the carrier signals. The main power 

switch and its redundant are controlled by the same 

signal as shown in Fig. 5. 

Pulse width modulation is achieved by comparing a 

low-frequency modulated wave (reference voltage) 

with a high-frequency triangular-shaped carrier wave. 

The switching times are determined by the intersection 

points between the carrier and the modulator, the 

switching frequency of the switches is set by the carrier. 

In three-phase, three sinusoidal references phase-

shifted by (2pi/3) at the same frequency f. As at the 

inverter output, the voltage is not purely sinusoidal, so 

it includes harmonics, which are the only ones 

responsible for the interference, which generates 

additional losses. This PWM is used to remedy these 

problems and has the following advantages [12]: 

(1) Variation of the output voltage frequency; 

(2) Elimination of certain voltage harmonics. 
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Fig. 5  Triangular-sinusoidal PWM control technique of a fault-tolerant H-bridge inverter. 

 

 
Fig. 6  Simulink block of a photovoltaic module. 

 

 For GPV simulation 

Here, we used mathematical logic connectors in 

Matlab/Simulink (Fig. 6) to simulate the resulting 

equations of the photovoltaic module: 

Saturation current:  

𝐼0 = 𝐼𝑟𝑠 ∗ [
𝑇

𝑇𝑛
] ∗ 𝑒𝑥𝑝 [

𝑞 ∗ 𝐸𝑔0 ∗ (
1
𝑇𝑛

−
1
𝑇)

𝑛 ∗ 𝐾
] 

Reverse saturation current:  

𝐼𝑟𝑠 =
𝐼𝑐𝑐

𝑒𝑥𝑝 [𝑞 ∗
𝑉𝑐0

𝑛 ∗ 𝐾 ∗ 𝑁𝑠 ∗ 𝑇] − 1
 

The current through the shunt resistor:  

𝐼𝑠ℎ =
𝑉 + 𝐼 + 𝑅𝑠

𝑅𝑠ℎ
 

The current of the incident photon: 

𝐼𝑝ℎ = [𝐼𝑐𝑐 + 𝐾𝑖 ∗ (𝑇 − 298)] ∗
𝐺

1000
 

The current produced by the cell:  

𝐼𝑃𝑉 = 𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑠ℎ   

or  

𝐼𝑑 = 𝐼0 [𝑒𝑥𝑝 (
𝑞 ∗ (𝑉 + 𝐼 ∗ 𝑅𝑆)

𝑛 ∗ 𝐾 ∗ 𝑁𝑠 ∗ 𝑇
) − 1] 

Hence  

𝐼𝑝𝑣 = 𝑃𝑝ℎ − 𝐼0 ∗ [𝑒𝑥𝑝 (
𝑞 ∗ (𝑉 + 𝐼 + 𝑅𝑠)

𝑛 ∗ 𝐾 ∗ 𝑁𝑠 ∗ 𝑇
) − 1] − 𝐼𝑠ℎ 

The overall GPV-BOOST-Bridge H circuit looks 

like below (Fig. 7). 
 

 
Fig. 7  Simulink block of the fault-tolerant GPV-boost-H-bridge inverter system. 
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3. Simulation Results 

The current-voltage characteristic of the PV module 

shows that the current evolves while keeping its 

constant (despite small fluctuations) and begins to fall 

at a certain point until it cancels out at the value of the 

open circuit voltage (Voc). Table 2 presents simulation 

parameters of the PV. 

The current-voltage characteristic of the PV module 

shows (Fig. 8) that the power changes considerably 

with the voltage until reaching a threshold from which it 

begins to fall and disappears at the value of the open circuit 

voltage. This point where the power value is maximum is 

called the point of maximum power (Pmax) with 

coordinates (Imp, Vmp) determined by the tangent method. 

Fig. 9a shows the voltage at the output of the boost 

converter. This voltage changes considerably with the duty 

cycle. It takes a little time to grow and then maintains 

its consistency despite small fluctuations [13, 14]. 

Fig. 9b represents the behavior of the storage battery 

during operation; at the beginning it is full, and begins 

to discharge considerably over time. 

Fig. 10 represents the carrier signals and the 

reference signal for controlling an inverter with 5 full 

bridges mounted in cascade, i.e. 11 voltage levels. The 

reference signal is a sinusoid; it represents the 

characteristic of the signal expected at the output of the 

inverter. The carrier signals are triangular; they ensure 

the switching rate of the inverter power switches. For 

sine-triangle PWM control, the number of carriers is 

twice the number of bridges. So in our case, we have 

10 carrier signals. 

Fig. 11 represents the output voltage of the 5 full 

bridge inverters in healthy operating mode. A value of 

1,183 V is recorded with a total harmonic distortion by 

8.08% [7]. 

Fig. 12 represents the output voltage of the 5 full 

bridge inverters in degraded operating mode (with the 

1st switch of the 1st bridge (K1) held open) whose 

value dropped from 1,183 V to 1,154 V with a total 

harmonic distortion of 8.08% [Figs. 13, 14]. We 

therefore record a deterioration in the voltage level in 

the presence of a fault. The same study is carried out on 

switches K2, K3, K4; the couple (K1K4) responsible 

for generating the voltage of value E; the couple (K2K3) 

responsible for generating the voltage of value -E; the 

couples (K1K2), (K3K4) responsible for generating the 

voltage of value 0; the 2 pairs (K1K3), (K2K4) made 

up of a main switch and its complementary, as well as 

the 4 switches of an H bridge simultaneously; and the 

results are mentioned in Table 3. 
 

 
(a) 

 
(b) 

Fig. 8  Behavior of current (a) and power (b) at the GPV 

output as a function of voltage: case where irradiation = 

1,000 W/m2 and temperature = 25 °C. 

 

Table 2  Evaluation of the PV module in Simulink (for Ns = 

54, Np = 1) and simulation parameters. 

Parameters Values 

Maximum power of a PV module 200 W 

Maximum power voltage Vmp 26.4 V 

Maximum power current Imp 7.58 A 

Open circuit voltage Vco 32.9 V 

Short circuit current Isc 8.21 A 

Number of cells in series Ns 54 

Number of cells in parallel Np 1 

Boost output voltage Vs 237.2 V 
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(a) 

 
(b) 

Fig. 9  Voltage at the output of the boost converter (a) and in the battery (b). 
 

 
Fig. 10  Behavior of the carrier signals and the reference. 

 

 
(a) 

 
(b) 

Fig. 11  Classic 5 H-bridge inverter voltage (11 levels) powered by GPV/total harmonic distortion. 
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(a) 

 
(b) 

Fig. 12  Appearance of the inverter voltage at 5 classic H-bridges (11 levels) supplied by a GPV with the 1st switch of the 1st 

bridge K1 kept open/total harmonic distortion. 
 

 
(a) 

 
(b) 

Fig. 13  Shape of the inverter voltage with 5 tolerant H-bridges (11 levels) powered by a GPV /total harmonic distortion. 
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(a) 

 
(b) 

Fig. 14  Shape of the inverter voltage at 5 tolerant H-bridges (11 levels) supplied by a GPV with the 1st switch of the 1st bridge 

(K1) kept open/total harmonic distortion. 
 

Table 3  Summary of the voltage values and harmonic distortion rates of the two inverter models in degraded operating mode. 

 Switch(es) held open 0 K1 K2 K3 K4 

Model 

Classic 
Voltage (V) 1,183 1,154 1,133 1,154 1,133 

THD (%) 8.08 8.08 9.02 8.04 9.07 

Tolerant 
Voltage (V) 1,183 1,183 1,183 1,183 1,183 

THD (%) 8.08 8.07 8.08 8.07 8.08 
 

K1K4 K2K3 K1K2 K3K4 K1K3 K2K4 
K1K2 

K3K4 
K1K4 

1,104 1,104 1,104 1,104 1,125 1,083 1,025 1,104 

10.22 10.13 10.17 10.17 9.72 11.87 16.80 10.22 

1,183 1,183 1,183 1,183 1,183 1,183 1,182 1,183 

8.07 8.07 8.07 8.07 8.07 8.08 8.06 8.07 
 

We then continue to keep switches K2, K3, K4 

open; the couple (K1K4) responsible for generating 

the voltage of value E; the couple (K2K3) 

responsible for generating the voltage of value -E; 

the couples (K1K2), (K3K4) responsible for 

generating the voltage of value 0; the 2 pairs (K1K3), 

(K2K4) made up of a main switch and its 

complementary, as well as the 4 switches of an H-

bridge simultaneously. 

We see that for the classic model the value of the 

voltage and the total harmonic distortion deteriorate in 

the presence of a fault; and the degradation rate is a 

function of the size of the defect. In the case of the 

tolerant model, we see that the value of the voltage and 

the distortion rate remain unchanged in degraded mode 

as in healthy mode. 
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4. Conclusion 

DC-AC power conversion has become a more 

widespread activity in the field of electrical energy 

production and consumption. The problem of stability 

of converters in this field (inverters) arouses more 

curiosity among researchers nowadays. It is indeed true 

that the integration of multilevel inverters in 

photovoltaic applications has made an undeniable plus. 

The simulation results presented in this paper also show 

that the designed fault-tolerant H-bridge inverter model 

improves the availability and continuous service 

conditions of this conversion system. And as a 

perspective to this work, we recommend connecting the 

designed system to the parallel active filter. 
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