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This paper discusses open-circuit fault (OCF) diagnosis and fault-tolerant control strategy (FTCS) of a nonisolated DC-DC
converter. The photovoltaic power conversion structure (PPCS) consists of a photovoltaic generator and an interleaved Boost
converter (IBC). The maximum power point tracking (MPPT) control of the IBC ensures operation at maximum power. The
design of the nonlinear Backstepping control is detailed based on the equivalent average model of IBC, and the stability is
studied using Lyapunov’s theorem. The proposed OCF fault detection is based on sampling the voltage across the inductor at a
much higher frequency than the switching frequency. In an OCF situation occurrence and a high control signal state, the
detection of three negative samples is a condition for signaling the presence of an OCF fault; the photovoltaic system continues
its normal operation. The simulation results show the validity of the proposed FTCS. The proposed diagnosis and control
strategy improves the performance of the IBC in terms of cost, reliability, and service continuity.

1. Introduction

For several years, photovoltaic energy has become one of the
most requested renewable energy sources since it is more
suitable even in the low levels of irradiation, it is modular,
and it has less need for maintenance. Associated with a condi-
tioning circuit based on a DC-DC converter, the applications
of the photovoltaic systems are calculators, traffic lights,
pumping systems, production plants, and electrification of
remote areas [1]. Due to the many advantages of reducing cur-
rent ripples, limiting the size of passive components, and
improving the dynamics due to interleaving mode operation,
the interleaving technique is widely used in electric cars, power
generation energy, and thermoelectric generation systems [2].
Given their importance in multiple uses of DC-DC converters
in several industrial applications, it is necessary to guarantee
their reliability through a continuous diagnostic of its operat-
ing state. The diagnostic system ensures the reliability of the
power converters and thus prevents the propagation of the
fault. According to statistics, the majority of failures are related
to faults in electrolytic capacitors and power switches [3, 4]. A

significant number of research works deal with fault-tolerant
control of these components. The faults of the power switches
are classified into two categories, an open-circuit fault (OCF)
or a short-circuit fault (SCF). In [5], the authors present an
online monitoring method and diagnosis of all components
of nonisolated converters (Boost converter, Buck converter,
and Buck-Boost). The principle of the OCF fault detection
method is achieved by measuring the voltage across the faulty
switch which becomes greater than the input voltage. Using
the last observation, the author concludes that the monitored
switch is faulty. In [6], a fast detection and isolation (FDI)
method based on model inversion and fuzzy logic algorithm
is presented. The proposed method is validated using a Boost
converter, and the simulation and practical results show the
validity of the proposed method. The advantages of this
method are the fault detection and isolation of a power
switch, a sensor, and a capacitor in addition to its robustness
with respect to system uncertainties and noise. In [7], the
OCF and SCF fault detection method is presented. The ana-
lyzed circuit is an N-level Buck/Boost converter. The fault
detection method uses the flying capacitor voltage and the
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current in the inductor. The simulations and practical valida-
tion results show the validity of this method. In [8], the author
proposes a detection method that is based on the sliding mode
observers. The study circuit is a half-bridge DC/AC converter;
the sliding mode controller is synthesized through a linear
inequality matrix in order to detect the fault. In addition to
the accuracy of fault detection, the proposed method has the
advantage of rapid identification of system parameters. In
[9], the author discusses an OCF in a three-phase interleaved
Boost converter. The proposed method is based on the com-
parison of the input current in the rising edge of the control
signal and in the falling edge of this signal. To normalize, the
difference between the input current samples at the indicated
times divided by the maximum ripple is calculated. The pro-
posed detection strategy has the advantage of the simplicity
of implementation without the need for a complex system
model or converter emulation. The proposed method allows
fault detection in different scenarios, the speed of fault detec-
tion (<2Tsw) compared to the simplicity of the proposed
method. The adaptation of the switching frequency allowed
good fault detection while reducing the rise effect caused by
the fault occurrence. In [10], fast fault detection method
(FDM) is discussed in a photovoltaic system based on a Boost
converter. The proposed detection method is based on the
inductor current shape. The (OCF) detection algorithm is
implemented in FPGA, OCF, and SCF and are detected
and corrected in real time. The results of HIL and experi-
mental tests show the validity of this method; the detection
time is less than a cutting period. In [11], the focus is on
monitoring the state of the switch/diode and capacitor.
The fault detection method in the indicated components
uses two sensors for measuring the voltage of the diode
and the inductance and two temperature sensors. Practical
validations showed the validity of this method. The pro-
posed method detects the fault for less than one period
and it has advantages of simplicity of implementation and
the possibility of application in other DC-DC conversion
structures (Buck, Boost, and Buck-Boost).

In this paper, a new diagnosis method is proposed. The
detection principle is based on sampling the inductance
voltage. To ensure rapid detection of OCF, the sampling
signal of the voltage across the inductor is characterized by a
frequency 10 times equal to the switching frequency of the
power switch. In addition, the nonlinear controller synthesis-

based Backstepping approach is presented. The stability is
studied using the Lyapunov method. The rest of the paper is
organized as follows. Section 2 deals with the modeling of
the photovoltaic system. A presentation of a Backstepping
controller and a proposed OCF detection method are detailed
in Section 3. Simulation results and comparative study are pre-
sented in Section 4. Section 5 is devoted to conclusions.

2. Description of the PV System

Figure 1 illustrates the photovoltaic power circuit. Switches
S1 to S3 and S are MOSFETs or IGBTs with antiparallel
diodes. The power switch S is a replacement switch in the
event of an OCF in one of the S1 to S3 switches, and switch
S is used for fault correction in the reconfiguration phase
using multiposition switch k.

2.1. Normal Mode Operation. The interleaved DC-DC Boost
converter topology is illustrated in Figure 1. The current volt-
age and power characteristics of the photovoltaic generator are
given in Figure 2. Depending on the irradiation level, the
power curve is characterized by a point whose coordinates
are the maximum power and the corresponding photovoltaic
voltage. In normal operations, the interleaved Boost converter
is controlled for operation at a maximum power of the photo-
voltaic source. The power curve shows that the extracted
power is maximum if the photovoltaic voltage is close to 31
volts. This remark remains valid for a temperature of 25°C
despite the changes in irradiation. The curves given in
Figure 2 show that the extracted power is intermittent and
greatly depends on the irradiation. To maximize the energy
extracted independently of climatic changes (irradiation or
temperature), an algorithm called (MPPT) is used. The main
role of this algorithm is to provide a reference voltage that is
used as the desired voltage in the closed control loop. In addi-
tion, the DC-DC converter consists of 3 phases that operate in
the same way. The power switches are controlled with a phase
shift of 120°. The interleaved control technique is adopted to
reduce current ripples delivered to the load [12].

2.2. Faulty Mode Operation. In normal operation, in the
absence of an (OCF) fault, switch S is not used. Switch k
has 4 positions. Position 0 represents the rest position (switch
not active). In position 1, this switch is set to replace the
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Figure 1: Photovoltaic system based on a three-phase interleaved Boost converter.
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switch S1 with the replacement switch S when S1 is faulty.
Similarly, in positions 2 and 3, this switch is positioned to
replace, respectively, the switch S2 or S3 by the switch S if
one of these switches is faulty. When an (OCF) occurs in
one of the switches S1 to S3, the faulty switch is isolated, then
replaced by the switch S. The emergency switch is then
ordered to ensure normal operating continuity of the photo-
voltaic production system. The major advantage of the pro-
posed structure is that a single correction switch is shared
to correct the failure.

2.3. Interleaved Converter Model. The instantaneous DC-DC
converter model is given as follows [12]:

C1 _Upv = Ipv − IL1 + IL2 + IL3ð Þ,
L1 _IL1 =Upv − 1 − u1ð Þ ·Us,

L2 _IL2 =Upv − 1 − u2ð Þ ·Us,

L3 _IL3 =Upv − 1 − u3ð Þ ·Us,

ð1Þ

where Us and Upv are, respectively, the input and output
voltage; IL1, IL2, and IL3 are the inductor currents; u1, u2,
and u3 are, respectively, the binary control signals. The aver-

aged model of the IBC can be described by

_Upv =
Ipv
C1

−
IL1 + IL2 + IL3ð Þ

C1
,

_IL1 =
Upv

L1
− 1 − α1ð Þ · Us

L1
,

_IL2 =
Upv

L2
− 1 − α2ð Þ · Us

L2
,

_IL3 =
Upv

L3
− 1 − α3ð Þ · Us

L3
,

ð2Þ

where αiðiϵf1, 2, 3g are the duty cycle of the control inputs.
The averagedmodel of the IBC is reformulated as follows [12]:

_Upv =
Ipv
C1

−
1
C1

M½ �T · IL½ �, ð3Þ

_IL
� �

=
Upv −Us

L
M½ � + Us

L
α½ �: ð4Þ

The inductances are assumed to be identical, ðL = L1 =
L2 = L3Þ, and matrices ½IL�, ½M�, ½α� are defined as follows:
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Figure 2: (a) Current voltage. (b) Power curve of the PV generator.
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3. Backstepping Control Design

The Backstepping control approach is a recursive method. It
includes feedback control and stability using Lyapunov’s the-
orem. The design process follows steps in which a number
cannot exceed the system order. Figure 3 illustrates the IBC
control strategy using the Backstepping control loop. The
proposed controller synthesis consists of two loops. For oper-
ation at maximum power, an external loop is used to regulate
the photovoltaic voltage to its reference given by the MPPT
algorithm. An internal loop is dedicated to controlling the
inductor’s currents. The synthesis of the control law is car-

ried out in two steps since the IBC model is second order.
Between the two steps, a so-called stabilizing function is
determined, which subsequently constitutes a reference of
the inductor currents [13]. Figure 3 shows a summary of
the Backstepping control strategy for the interleaved Boost
converter. The Backstepping controller synthesis steps are
explained and detailed in the next section.

3.1. Nonlinear Control Design. The control objective is to
adjust the photovoltaic voltage to follow its reference.

Step 1. Let us introduce the following output error:

e1 =Upv −Ud , ð6Þ

where Ud is the desired photovoltaic voltage. Deriving e1
with respect to time yields and accounting for (3) implies

_e1 =
Ipv
C1

−
1
C1

M½ �T · IL½ � − _Ud: ð7Þ

In equation (7), ½M�T · ½IL� behaves as a virtual control
input. Such an equation shows that one gets _e1 = −k1 · e1
(k1 > 0 being a design parameter) provided that

M½ �T∙ IL½ � = Ipv + k1e1C1 − C1 _Ud: ð8Þ
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Figure 3: Nonlinear control strategy.
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As ½M�T∙½IL� is just a variable and not (an effective) con-
trol input, (7) cannot be enforced at all time instants t ≥ 0.
Nevertheless, equation (8) shows that the desired value for
the variable ½M�T · ½IL� is

Id =
Ipv + k1e1C1 − C1 _Ud

3
: ð9Þ

Equation (8) is found by supposing that the three phases
constituting the IBC converter are identical, and the currents
flowing through the inductors have identical reference Id .
Indeed, the error is expressed by (10)-(11)

e½ � = IL½ � − Id · M½ �, ð10Þ

The error matrix of currents flowing through the induc-
tances is given by (11).

e½ � =
e11

e21

e31

2
664

3
775 =

IL1 − Id

IL2 − Id

IL3 − Id

2
664

3
775, ð11Þ

where ½e� is the error matrix, which vanishes asymptotically;
then, the control objective is achieved, i.e., e1 vanishes in
turn. The desired value Id is called a stabilization function.
Now, replacing ½IL� in (8) gives

_e1 =
Ipv
C1

−
1
C1

e11 + e21 + e31 + 3 · Idð Þ − _Ud: ð12Þ

Replacing (9) in (12) gives

_e1 = −k11e1 −
e11 + e21 + e31ð Þ

C1
: ð13Þ

Step 2. Using equation (4), equation (9), and equation (10),
the time derivative of the error matrix ½e� is as follows:

_e½ � = Upv −Us

L
M½ � + Us

L
α½ � −

_Ipv + k1 _e1C1 − C1 €Ud

3

 !
· M½ �:

ð14Þ

The controlled system is expressed by the time derivative
of the errors given by equation (13) and equation (14). Let us
choose the Lyapunov function whose time derivative allows
asymptotic convergence of errors (e1, e11, e21, and e31) to zero
and then deduce the control laws:

V =
e21
2
+
e211
2

+
e221
2

+
e231
2
: ð15Þ

The derivative of Lyapunov’s function is

_V = −k1e
2
1 − k11e

2
11 − k21e

2
21 − k31e

2
31 + e11 k11e11 −

e1
C1

�

+
Upv −Us

L
+
Us

L
α11 −

_Ipv + k1 _e1C1 − C1 €Ud

3

 !#

+ e21 k21e21 −
e1
C1

+
Upv −Us

L
+
Us

L
α21

�

−
_Ipv + k1 _e1C1 − C1 €Ud

3

 !#
+ e31 k31e31 −

e1
C1

�

+
Upv −Us

L
+
Us

L
α31 −

_Ipv + k1 _e1C1 − C1 €Ud

3

 !#
,

ð16Þ

where k11 > 0, k21 > 0, k31 > 0 are design parameters.
Equation (16) shows that the equilibrium ðe1, e11, e21, e31Þ =
ð0, 0, 0, 0Þ is globally asymptotically stable if
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Figure 4: (a) Closed loop control and fault detection. (b) Control signal for the replacement switch.
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3.2. Proposed Fault Detection and Correction. Figure 4 illus-
trates the photovoltaic system in a closed loop. In this paper,
the detection study is carried out under the assumption that a
single fault occurs or is triggered in one of the switches S1, S2,
or S3. The monitoring of the health of the switches S1 to S3 is
done by sampling the voltages of the inductances UL1 to UL3
with the signal T at a frequency 10 times higher than the
switching frequency. F1, F2, and F3 represent the binary sig-
nals indicating the presence or absence of an OCF in one of
the respective switches S1, S2, and S3. The replacement
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Figure 5: (a) Proposed (OCF) fault detection. (b) Fault detection timing diagram.
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switch is controlled by the signal of the faulty switch; this sig-
nal is deduced from Figure 4(b).

The switches S1 to S3 are monitored in parallel, and
simultaneously, each phase is monitored independently of
the other phases. On arrival of a rising edge of a control signal
Ui (i from 1 to 3), the detection process starts in phase i. Tak-
ing phase 1 as an example, in normal operation, the voltage of
the inductance UL1 has a positive sign in the high state of the
control. In the presence of an OCF in S1, this rule is no longer
valid and the inductance changes to a negative sign. In this
paper, and in order to avoid detection errors or confusions
about the state of health of the switch S1, three successive
inductor voltage UL1 samples of the negative sign in the
presence of the high state of the control signal undoubtedly
shows that switch S1 is affected by an OCF. Figure 5 illus-
trates the proposed OCF detection principle using the state
machine. The timing diagram presented in Figure 5(b)
shows the fault detection process. The following chrono-
gram concerns the detection of a failure that occurs in
switch S1 of phase 1. An OCF occurs at time t0, the con-
trol signal is in the high state, and the voltage of the
inductor switches from a positive value (UL1 = Upv) to a
negative value (UL1 = Upv −Us). In this situation, after a
passage of 3 edges (rising or falling) of sampling signal
T, the three successive samples of the inductor voltage
UL1 have a negative sign, the variable indicating the pres-
ence of a (OCF) is set to high. In conclusion, the three
negative samples in addition to the presence of the S1
control signal in the high state confirms that the S1 switch
is affected by an OCF.

Table 1 and Table 2 show the maximum detection time
according to the following parameters:

(i) The sampling frequency fs = 200 kHz, 400 kHz, and
600 kHz

(ii) The number of samples of theUL1 voltage between 1
and 3 samples

(iii) The duty cycle α

The detection time is calculated by assuming that the
fault occurs in the opening phase of the power switch. This
assumption allows to determine the extreme case and thus
to have the maximum detection time. The expression of max-
imum detection time in the case of one sample, two samples,
or three samples of the inductance voltage UL1 is given by

DT = 1 − αð Þ · T + Ts, ð18Þ

DT = 1 − αð Þ · T + 1:5Ts, ð19Þ
DT = 1 − αð Þ · T + 2 · Ts, ð20Þ

where α is the duty cycle, Ts is the sampling signal period,
and T is the switching period.

4. Simulation Results

The studied system in the previous sections is simulated
under Matlab/Simulink. In addition to the Backstepping

command, the PID controller, P&O, and INC-COND
(MPPT) algorithms are implemented to validate the opera-
tion of the PV system. Table 3 gives the simulation
parameters.

In the following simulation test, an irradiation step
(900W/m2 to 1000W/m2) as illustrated in Figure 6(a) is
applied to the PV generator, and the temperature is kept con-
stant at T = 25°C. Figure 6(b) shows the photovoltaic voltage
in the two MPPT cases: P&O and INC-COND. Figures 6(c)
and 6(d) illustrate, respectively, the photovoltaic voltage in
transient and at the moment of change of irradiation. It is
noted that the maximum power point detection time for both
MPPTs is almost identical, equal to 3mS. Regarding the
ripple around the maximum point, the INC-COND MPPT

Table 1: Maximum detection time ðα1 = 1 − ðUpvopt
/UsÞ = 0:54Þ.

Sampling
frequency (kHz)

Number of
samples

Max detection
time (μS)

Td/T (%)

200

1 28 56

2 30.5 61

3 33 66

400

1 25.5 51

2 26.75 53.5

3 28 56

600

1 24.66 49.32

2 25.5 51

3 26.32 52.64

Table 2: Maximum detection time (f s = 10; f = 200 kHz).

Duty cycle
Number of
samples

Max detection
time (μS)

Td/T (%)

0.4

1 35 70

2 37.5 75

3 40 80

0.5

1 30 60

2 32.5 65

3 35 70

0.6

1 25 50

2 27.5 55

3 30 60

Table 3: Simulation parameters.

Parameters

PV generator Ppv max = 3:48 kW, Upv max = 31V

Converter (IBC)
L1 = L2 = L3 = 2mH, f = 20 kHz

C = 470μF, C1 = 3300 μF

Backstepping
PID

k1 = 0:01, k2 = 10
kp = 0:1, ki = 0:02

MPPT (P&O, INC-COND) Step = 0:01
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presents small ripples around the maximum point at the
beginning of the simulation and also at the moment of irradi-
ation change compared to the P&OMPPT. Figure 6(e) shows
the evolution of the PV power, and it is observed that the
extracted power follows its maximum. Figure 6(f) shows
the currents flowing through the inductances L1 to L3 and
the current IL which represents their addition divided by
three. Figure 6(g) shows the interleaving technique applied
to a three-phase DC-DC converter that minimizes the ripples
of the current IL. Figure 6(h) shows that the efficiency of the
MPPTs, the P&O, and INC-COND MPPTs has an efficiency
of 99.8% when the irradiation is stable. This value drops to
99.2% at the time of an abrupt change in irradiation.

The following simulation concerns OCF detection as
explained in the previous sections. In this simulation, the
irradiation is set at 1000W/m2 and the temperature is 25°C.
Figures 7(a) and 7(b) illustrate the photovoltaic voltage and
power. It can be seen that the voltage and the power follow
their optimum values. At the instant t = 1 S, an OCF is trig-
gered in S1, and a negligible deviation is recorded in the volt-
age and power. Figure 7(c) shows the signals U1, UL1, and T
and the fault detection signal. At the time t = 1 S, an OCF is
triggered in S1, and after a time equal to 12.5μS, the fault
detection signal indicates the presence of a fault. During this
phase of detection, it is noted that the voltage of the induc-
tance UL1 has a negative sign which shows that the switch
is surely at fault. The samples of UL1 are taken at the rising
edge of signal T which justifies this time of detection. The
detection time represents 25% of the switching period. Once
the OCF is detected, the faulty switch is isolated, the correc-
tion process is started, and the faulty switch is immediately
replaced by the substitution switch S. The photovoltaic sys-
tem is not influenced by the presence of an OCF, but it con-
tinues its normal operation.

In the following simulation test, the studied system is
controlled by the Backstepping command and then by the
linear command based on a conventional PID corrector.
The objective is to make a comparison between these two
methods. Identically to the previous simulation, the irradia-
tion is set at 1000W/m2 and the temperature is 25°C.
Figure 8(a) shows the photovoltaic voltage given for the
two control methods. In the case of a Backstepping control-
ler, it is noted that the response is faster, especially in tran-
sient mode; on the other hand, by using a PID controller,
the transient mode lasts 0.1 S so that the voltage returns to
the permanent mode. In addition, in the case of a PID con-
troller, the voltage response has an overshoot of 6 volts
which corresponds to 19%, unlike the Backstepping control
without any overshoot. Figure 8(b) shows the photovoltaic
voltage in the interval 0.9 to 1.1 S. At the instant t = 1 S, an
OCF in S1 is triggered, a small voltage drop equal to 1 volt
is recorded for the Backstepping controller, and the PV volt-
age quickly returns to its optimal value. The same remark is
recorded for the PID controller. The voltage deviation is
almost identical to the previous case, but the duration is
greater and equal to 50mS. For the extracted power, the
same remark as the previous test is recorded. According to
Figure 8(c), the PV power follows its optimal value, and
the response in the case of a Backstepping controller is much
better than a PID controller. Figure 8(d) shows the UL1
inductance voltage in addition to the occurrence and
(OCF) detection times. The UL1 signal evolution is shown
when using Backstepping and PID control. It can be con-
cluded that the synthesized controllers (Backstepping and
PID) have an influence on the response of the photovoltaic
system, but these controls have no influence on the fault
detection time, which remains related to the UL1 signal sam-
pling time.

100

P&O efficiency
INC-COND efficiency

99.8

M
PP

T 
effi

ci
en

cy
 (%

)

99.6

99.4

99.2

99
0 0.1 0.2 0.3 0.4 0.5

Time (s)
0.6 0.7 0.8 0.9 1

(h)

Figure 6: Simulation results of Backstepping and MPPT algorithms: (a) irradiation, (b) PV voltage, (c) PV voltage (0 to 5mS), (d) PV voltage
(498mS to 504mS), (e) PV power, (f) inductor currents, (g) inductor currents (295mS to 300mS), and (h) MPPT efficiency (%).
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The last simulation in this paper concerns the compari-
son between the detection method proposed in this paper
and the proposed method in [12]. Identically to the previous
simulation, the irradiation is set at 1000W/m2 and the tem-
perature is 25°C. In [12], a PID controller is used. According
to Figures 9(a)–9(c), a comparison between the commands
leads to the same conclusions mentioned above; in summary,
the photovoltaic system response in the case of a backstep-
ping controller is better than the response of a PID controller.
Likewise, according to Figure 9(d), the OCF detection time
that is proposed is more interesting, and it is equal to
12.5μS, unlike in [12], where the OCF detection time reaches
50μS. The detection time is therefore 4 times greater, equal to
the switching period.

Table 4 gives the OCF detection time in some works of
the literature. The various simulation results show that the
detection time of the proposed method is interesting: the

OCF detection time is improved compared to other methods
in the literature.

5. Conclusion

In this paper, a newmethod of OCF detection is exposed. The
adaptation circuit consists of a (IBC) is controlled to reduce
the ripple of the power transmitted to the load. The maximi-
zation of the photovoltaic power is achieved by the imple-
mentation of P&O and INC-COND MPPT algorithms. The
simulation results showed that the efficiency of the MPPTs
is interesting and almost identical; the INC-COND algo-
rithm allows a good optimal point tracking with weak ripples,
while the ripples induced by the use of the MPPT P&O are
relatively more important. The adjustment of the PV voltage
to the optimum value is obtained by the synthesis of the
Backstepping controller, and the stability is analyzed by
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Figure 7: (a) PV voltage, (b) PV power, and (c) OCF fault detection.
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Lyapunov’s theorem. The proposed OCF method is based on
the use of the state machine; sampling the inductor voltage at
a frequency higher than the switching frequency accelerates
the OCF detection process. The simulation results show that
the OCF detection time is improved compared to other
works in the literature; this time, it is less than a switching
period. In addition, the Backstepping control allows a much
better response compared to the control using a conventional
PID controller.

The limitations of the proposed method are related to
several factors. A first constraint is the number of samples
to be taken from the voltage to decide if there is a fault or
not. In this paper, three samples are taken to be sure that
there is an OCF in one of the monitored switches. Increasing
this number reduces the detection time and improves the
reliability of the detection result, and decreasing this number
significantly reduces the detection time but can affect the

accuracy and reliability of the detection. The duty cycle is
the second constraint since the detection time must be
strictly lower than the power switch closing time. Another
limitation comes from the sampling frequency; this factor is
related to the evolution of digital processing circuits (micro-
controller, DSP) and which can accelerate the process of fault
detection by increasing this frequency. The last criterion is
the switching frequency of the power switch. This factor is
maintained in this paper since it is linked to the power switch
that is a MOSFET. In continuous operation mode, this fre-
quency can be ajusted while respecting the limit values of
the passive components (inductance, capacitor) to keep the
same current/voltage ripples. By adjusting the switching fre-
quency, the time can be reduced ð1 − αÞ · T in equation (18)
equation (19), and equation (20)which composes the detec-
tion time can be reduced. An increase in the switching fre-
quency allows significantly reducing this term which
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Figure 8: (a) PV voltage, (b) PV voltage (0.9 to 1.1 S), (c) PV power, and (d) OCF fault detection.
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represents an undesirable delay or a waiting cycle and thus a
lost time slowing down the detection process since the fault
can be triggered when the control signal is in the low state
but the detection process starts at the passage to the high state
of the control signal.
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