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‘Data-Driven Switch Fault Diagnosis for DC/DC
Boost Converters in Photovoltaic Applications

Diego Rivelino Espinoza-Trejo

and José Pecina Sanchez

Abstraci—Switch semiconductors are essential compo-
nents in power electronics stages for photovoltaic (PV)
systems, which are prone to failures caused mainly by
thermal stress, thereby affecting PV energy production.
Specifically, dc/dc boost power converters are commonly
used as maximum power point tracking (MPPT) systems.
Several works have been reported so far in the literature for
switch fault detection and isolation (FDI) purposes in boost
power converters. However, most of them require additional
sensors and circuitry to those included in any PV system,
which generate extra costs on the overall system. Hence,
this work presents an efficient and low-cost switch fault
diagnosis proposal, which requires only the most common
measurements in PV systems, namely, PV current and volt-
age. This work departs from a data-driven FDI methodology
for diagnosing switch open- and short-circuit faults in dc/dc
boost converters. The experimental results have been eval-
uated against sudden irradiance changes and switch faults
in a test bench of 350 W operating under a closed-loop
nonlinear control action for MPPT purposes by using the
dSpace 1104 board.

Index Terms—Multiclass classifiers, open-circuit faults,
photovoltaic systems, short-circuit faults.

I. INTRODUCTION

HIGH penetration of photovoltaic (PV) generation into
A electrical grids demands high reliability standards such
as security and predictability. PV generation operates mainly
through different power electronics systems, basically made up
by switch semiconductors, which are the most failure-prone
elements mainly due to thermal stress [1]. Switch failures are
broadly categorized as: 1) open-circuit faults (OCF); 2) short-
circuit faults (SCF); and 3) intermittent gate-misfiring faults [2],
which can seriously affect the power conversion system if any
action is taken after fault triggering. Therefore, fault-tolerant
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DC/DC boost converter as interface between PV module and

design is proposed as one of the most important actions for
improving the reliability of power electronics components [3].
As a consequence, sophisticated monitoring and fault detection
and isolation (FDI) techniques are becoming mandatory for
PV systems [4]. Particularly, the PV application presented in
Fig. | is considered in this study, which has been employed
for transformerless grid-connected PV configurations [5], power
optimizers [6], [7], [8], and has been widely studied in the
literature due to its attractive features that make it suitable for
many other applications [9]. Nevertheless, the ideas exposed
here could be extended to other PV configurations and will be
explored in future works.

For the present study, a switch failure is not considered as a
destructive event, as the PV module behaves as a current source
(see Fig. 1). However, note that under switch fault scenarios,
PV power drops to zero, thereby affecting energy production.
In addition, the return on investment can be increased due to
a long time for warranty replacement, and the forecasting PV
production will also be affected by this kind of failure events.
Consequently, several works have been reported in the literature
to detect and isolate switch failures, which are briefly detailed
in the next section.

A. Literature Review

In [10], an FDI scheme was proposed for a quadratic boost
converter. Switch and diode OCF and SCF can be diagnosed with
this proposal. In this case, inductor voltages were selected as
fault diagnosis characteristics, which implies adding an auxiliary
winding to the magnetic core of the inductor for the voltage
measurement. In addition, the PWM signal and a logic circuit
are required for FDI purposes. Several OCF and SCF fault
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diagnosis schemes have been proposed for single-switch dc/dc
converters [11], [12], [13], [14]. In [11], the PWM signal and the
inductor current were required for FDI purposes. In this case,
switch faults can be detected and isolated in less than two switch-
ing periods. In [12], the inductor current, the input and output
voltages of the boost converter were required for predicting the
inductor current. Consequently, the error between the measured
inductor current and its prediction was used to detect and isolate
switch faults in less than one switching cycle. However, this
proposal can be affected by parametric uncertainty, as threshold
selection depends on converter’s parameters. In [13], switch and
diode OCF and SCF could be diagnosed in less than one switch-
ing cycle. For this, the diode voltage and a logic circuit must
be added to the dc/dc converter. A comprehensive monitoring
system was proposed in [ 14]. In this case, switch and diode OCF
and SCF, switch and capacitor aging, and interturn fault of the
inductor can be detected by using two electrical sensors and
two temperature sensors. In [15], a fast switch fault diagnosis
method was proposed for single- and dual-switch converters. For
this, the magnetic component voltage and the gate driver signal
of the dc/dc converter were required for diagnosing OCF and
SCF. In [16], once more, the inductor current derivative and the
gate driver signal were required for switch fault diagnosis and
capacitor lifetime monitoring in nonisolated single-switch dc/dc
converters. Here, a similar fault detection scheme to that given
in [15] was proposed for switch fault diagnosis. However, in [16],
aRogowski coil sensor was proposed for estimating the inductor
current derivative instead of an auxiliary winding, as suggested
in [15]. Similarly, in [17], switch OCF and SCF diagnosis and
fault-tolerant operation were proposed for boost dc/dc converters
in PV applications. In this case, the switching command signal
and the sign of the inductor current slope were required for fault
detection and identification. Here, the maximum detection time
was one switching period. On the other hand, a switch open-
circuit fault detection and fault compensation schemes were
proposed for a modified boost dc/dc converter for alternative
energy harvesting systems in [18]. For switch OCF detection, an
index was created by using the inductor and load currents and the
inductor current reference of the closed-loop control structure,
which makes the fault detection scheme dependent of control
parameters. A model-based FDI approach was proposed in [19]
for OCF and SCF in dc/dc boost converters. In this article, switch
faults were modeled by using an additive structure. Here, a Luen-
berger observer was employed for fault identification purposes.
For this, three measurements (PV current and voltage, output
voltage) and the control signal were required for decoupling the
residual signal from irradiance changes and load variations. The
sign of the residual signal (positive or negative) was used for
fault isolation purposes, while fault detection was achieved in
eight switching periods. A similar work was proposed in [20],
but in this case, a robust FDI scheme was achieved by using a
high-gain observer by taking advantage of the integral action’s
effect of the nominal control after fault is triggered. For this,
OCF and SCF were described as ever-growing signals, thereby
enabling the suggested FDI scheme. More recently, a data-driven
fault detection method was suggested in [21], which proposes to
detect anomalies for any kind of dc/dc converter. Specifically, an
statistical feature estimation using Gaussian process regression

is employed with fault detection objectives. In this context,
training modeling implies to collect samples in real scenarios
to detect anomalies adequately for each dc/dc converter. This
in turn requires fault detection parameters adjustment for each
application, which makes it an attractive but more complex
methodology.

On the other hand, a short-circuit protection scheme with fault
tolerance was proposed for boost switching dc/dc converters
in [22]. Output short-to-ground and switch short-circuit fault
scenarios can be handled by this proposal. After fault detec-
tion, the fault-tolerant action isolates the converter from its
power supply, achieved in 5 us. For this, an inductor voltage
sensor and the PWM signal are required for fault diagnosis
purposes. It is worth mentioning here that the most recent
short-circuit protection schemes for silicon carbide (SiC) metal—
oxide—semiconductor field-effect transistor (MOSFET) look for
compensating the short circuit withstand capability (amount
of time from the start of short-circuit fault until the device is
completely damaged), which is smaller than for silicon (Si)
insulated gate bipolar transistor IGBT) [23]. Nevertheless, note
that if the power supply of the dc/dc boost converter is a PV array,
then there is no damage after short-circuit faults as the PV array
behaves as a current source. Hence, for the PV configuration
studied in this article, a fast short-circuit fault detection is not
mandatory.

Lastly, regarding machine learning techniques for fault clas-
sification, the present work has been inspired by recent works
reported in the literature [24], [25], [26], [27]. In these works,
special attention has been paid to faults related to the dc side
of the PV system. A comprehensive review of fault classifi-
cation techniques for PV systems has been presented in [24].
In [25], a hierarchical classification method was suggested as
fault monitoring method to detect and classify line-to-line and
line-to-ground faults at the dc side of PV systems by using three
classifiers, namely: 1) support vector machines (SVM); 2) naive
Bayes; and 3) logistic regression. Meanwhile, potential-induced
degradation and light and enhanced temperature induced degra-
dation failures were automatically predicted by using the princi-
pal component analysis method in combination with a k-nearest
neighbor classifier. On the other hand, an intelligent detection
algorithm for dc arc-faults was presented in [27], which is
based on both the optimized variational mode decomposition
and SVM.

With this background in mind, a qualitative comparison of
fault diagnosis techniques for dc/dc converters is presented in
Table I. The main contributions of the present FDI scheme are
as follows.

1) The proposed scheme only requires the PV voltage and
current sensors for diagnosing open- and short-circuit
faults.

2) DC bus short-circuit faults (pole-to-pole) can be also
detected because their behavior is similar to switch short-
circuit fault conditions.

3) The proposed FDI algorithm is effective against drastic
irradiance changes and temperature variations.

4) As opposed to other data-driven FDI schemes, normal
and faulty samples from real scenarios are not required
for training modeling.
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TABLE |

COMPARATIVE TABLE OF FAULT DIAGNOSIS TECHNIQUES FOR DC/DC CONVERTERS

Detection . . . Extra
Reference time Required signals Required sensors circuitry Type of faults Topology
Less Drive signal and grl:afg—a e
than one . Stena Inductor  voltages Switch and diode sng
[10] o polarity of induc- Yes switch
switching (two sensors) OCF and SCF
tor voltage de/dc
cycle
converters
Less . . Single
than two Drive signal and ‘ Switch OCF and switch
[11] o slope of the induc- Inductor current Yes
switching SCF dc/dc
tor current
cycles converters
Less Drive sienal and Inductor  current,
than one ¢ sigl input and output Switch OCF and Boost dc/dc
[12] o predicted inductor No
switching current voltages of SCF converters
cycle converter
Less Drive signal S(t), Buck, boost
than one Vint, Vina and . Switch and diode and  buck-
(131 switching Sy (time delay Diode voltage Yes OCF and SCF boost dc/dc
cycle unit for S(t)) converters
. . . . Switch and diode
Less Drive signal Diode and induc- OCF/SCF,  switch Single
S(t), wvs, Vin, tor voltages, induc- ; . .
than one . aging, capacitor switch
[14] o Vini — Ving and tor current, ambi- Yes . .
switching . . aging, and inter- dc/de
S (time delay ent and capacitor
cycle . turn fault of the converters
unit for S(t)) temperatures .
inductor
On}e . L Magnetic  compo- Switch OCF and most PWM
[15] switching Drive signal s1 Yes dc/dc
nent voltage SCF
cycle converters
Less Single
than one . . Rogowski coil sen- Switch OCF and switch
[16] switching Gate driver signal sor Yes SCF de/de
cycle converters
One Drive signal and Single
[17] switchin the sign of the Inductor current Yes Switch OCF and switch
& inductor  current SCF de/dc
cycle
slope converters
Modified
(18] B Inductor  current Inductor and load No Switch OCF de/de boost
command currents
converter
Eight . PV current and Switch OCF and de/de boost
[19] switching Control signal voltage, output No
SCF converter
cycles voltage
Eight . PV current and Switch OCF and de/de boost
[20] switching Control signal voltage, output No
SCF converter
cycles voltage
Present FIYC . PV current and Switch OCF and dec/dc boost
switching None No
work cycles voltage SCF converter

Note: For [13], Vth1 and Vth2 are thresholds related to internal parameters of the dc/dc converter, and for [14], Vth1-Vth4 are thresholds related to internal
parameters of the dc/dc converter, vs represents switch voltage of the dc/dc converter, and Vin denotes input supply voltage.

In connection with the above contributions, this research work
is justifiable from various fronts. The two employed sensors
are the most common measurements in any PV system, which
permits to achieve a cost-effective solution for the switch FDI
problem. Equally important is the fact that this novel FDI scheme
employs conventional PV cell models, which results in a much
reduced complexity of the classification model training. All as-
pects considered, with this FDI proposal the reliability standards
of security and predictability in PV systems are increased. Ad-
ditionally, it is worth mentioning that data separability, as posed
in this work, is considered as a novel idea for fault diagnosis
purposes, which is detailed in the next section. Admittedly,
the suggested FDI scheme depends on the power converter
topology and is exclusive for PV applications. However, as
mentioned earlier, this PV configuration is widely employed

in diferent configurations, for instance, in power optimizers.
Consequently, the ideas exposed here will be explored in other
PV configurations in the future.

The rest of this article is organized as follows. In Section II,
data separability for open- and short-circuit faults is demon-
strated by using conventional PV cell modeling. Next, the fault
classification algorithm is presented in Section III. The exper-
imental results are shown in Section IV. Finally, Section V
concludes the article.

[I. DATA SEPARABILITY

The studied system in this article is presented in Fig. |, which
is constituted by a PV module (or PV array), a dc/dc boost
converter, and the load element (dc bus). In Fig. I, SCF is
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Fig. 2. Graphical representation of operating points under nominal and
fault conditions for different irradiance and temperature levels.

represented by the normally open switch swq, while OCF is
depicted by the normally closed switch sws.

Also, vy, represents the input voltage in the terminals of the
capacitor C1, and i, denotes the PV current generated by the
PV module. The dynamic modeling of this converter is presented
in the Appendix A in (4), which is only used for the nominal
control system design. However, it is worth highlighting that
only (ipy, Vpy) are required for the proposed FDI scheme.

Under a SCF, ideally, the PV voltage goes down to zero and the
PV current reaches the short circuit current value. Also, under
an OCF, the PV current goes down to zero and the PV voltage
increases to the open-circuit value. These fault conditions are
illustrated in Fig. 2 for different irradiance and temperature
levels (see OCF and SCF zones).

It is well known that irradiance changes mainly impact the PV
current, while temperature variations impact the open-circuit
voltage, which can also be observed in Fig. 2. As an exam-
ple, note that the PV voltage is zero in the SCF zone. As a
consequence, the PV operating point—after fault is triggered—
mainly depends on the irradiance level. Note that the PV current
and voltage in Fig. 2 are given in p.u. based on their rated current
or voltage at the maximum power point under standard test
conditions. In this way, the results presented in this article are
valid for any PV module (or array) used as input power source
for dc/dc boost converters. Moreover, it is worth mentioning that
the characteristics curves in Fig. 2 were obtained by using the
simplified model with one diode, [28], [29], which has also been
used for model training. As a result, this switch FDI proposal
does not require actual faulty conditions data for training pur-
poses, which is considered as one of the main contributions of
this work.

Three zones can be distinguished in Fig. 2, which are related
to the nominal operation, SCF and OCF zones. The nominal
operation zone can be modified as needed. In Fig. 2, it is defined
by the most common operating conditions, i.e., PV module
operation at the maximum power point (MPP). However, this
zone can still be expanded, for example, to improve the robust-
ness of the diagnostic scheme against disturbances caused by

Y1275101 + Bigg Voo ¥ Bi2s Tov

Nominal
15 _~Operation
’ a (label +1)
1 r
a
0.5 o
best-fit g
8 0
>
-0.5
-1
(label -1 '
15 training
15 dataset
0.8
o (P1) 00 Vo PU)
Fig. 3. Training dataset and best-fit hyperplane for short-circuit faults.

irradiance changes. OCF zone mainly depends on maximum and
minimum temperature levels of the PV system’s geographical
location. Nevertheless, it is worth noting that temperature levels
are also required for PV system’s sizing. Consequently, there
is no inconvenience for model training purposes. Meanwhile,
the SCF zone is defined in a simpler way, as PV current mainly
depends on the different irradiance levels, which can be known
for any location. Thus, as visualized in Fig. 2, data separability
can be guaranteed for almost any PV operating point in spite of
irradiance and temperature variations. As a result, the switch FDI
issue considered in this work can be solved by using multiclass
classifiers, which is developed in the next section.

[lI. FAULT DIAGNOSIS SYSTEM

The FDI scheme proposed in this article departs from a
training dataset given by

(M)

(M) (1, (2) i,

1) .2
W @ M) Yii s Yij s+
where x is a vector whose components are PV voltage v, and
current g,,, i.e.,

v 7 “py

:
&%) = [v;“ M)} Yk e{l,... M},

For this study, the dataset was obtained by using a PV cell model
given in [28] and [29] by taking into account three different
levels of irradiance and three temperature levels, which can be
(k)

observed in Fig. 4. Besides, y; ;

two values, i.e., if ) belongs to class ¢, then yfjk) = +1, and

yi(j;?) = —1,if x € class j. Subscripts i, j € {1, 2,3} are associ-

ated with three classes defined as follows: 1) Nominal operation
(N.O.); 2) Short-circuit fault (S.C.); and 3) Open-circuit fault
(0.C)).

Hence, a three-class classifier is required for FDI purposes,
which is built departing from three boolean classifiers. One-
versus-one multiclass classifier methodology has been sug-
gested for fault isolation purposes. The function §;; given in
(1) is proposed as a boolean classifier for every pair of classes ¢

is the outcome, which takes only
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Fig. 4. Graphical representation of training dataset for fault classifica-
tion: (a) 1 versus 2, (b) 1 versus 3, and (c) 2 versus 3.

and j, ¢ < j, such that ¢, 5 € {1,2, 3}
G = sign (Yy) (D

where the sign function argument is given by the linear regressor

Yij = fza(m) = Bij1 + 6; T )

TABLE I
TRAINING DATASET FOR BOOLEAN CLASSIFIER FOR PAIR OF
CLASSES 1 AND 2

’ Cond. ‘ Irr. ‘ Temp. (°C) ‘ vpy (p.u.) ‘ ipy (p-u.) ‘

25 0.8 1.046 +1

1 25 0.7 1.046 +1

25 0.6 1.046 +1

25 0.75 0.6277 +1

N.O 0.6 25 0.6588 0.6277 +1
25 0.5534 0.6277 +1

25 0.7 0.2092 +1

0.2 25 0.6 0.2092 +1

25 0.5007 0.2092 +1

10 0 1.0462 -1

1 25 0 1.0549 -1

50 0 1.0695 -1

10 0 0.6277 -1

S.C. 0.6 25 0 0.6329 -1
50 0 0.6416 -1

10 0 0.2092 -1

0.2 25 0 0.2109 -1

50 0 0.2138 -1

Note: Units for irradiance (Trr.) column are given in kW/m?,

TABLE IlI
REGRESSORS PARAMETERS

lParameter‘ Value ‘Parameter‘ Value ‘Parameter‘ Value ‘

B121  |-0.8548| 122 2.9648 B12s  |-0.1758
Bi31 |-0.4950| Pis2 | —0.4431 Bi3z3 | 9.6293
B231 0.9414 |  fazo -1.6980| 233 | 0.0712

where f3;; = [Bijg,ﬁijg]T and z = [vpv,ipv]-r. The linear re-
gressor is trained such that

fij i €R? = {+1,-1}.

As example, the regressor Y15 = f12(a:) is trained by using the
training dataset given in Table II. Numerical values for vy, , 7,,, in
Table II were obtained using a conventional PV cell model [28],
considering the irradiance and temperatures values shown in
Table I1. Note that PV voltage and current are given in p.u. units,
and the outcome ¥ is given by the labels +1 and -1. In addition,
data are organized by considering the classes 1 (N.O.) and 2
(S.C.) and the different levels of irradiance and temperature.
Thus, for every pair of classes ¢ and 7, % < j, the value Y;; =

fi() is a number which is near +1 when yl(]k) = +1, and near
—1 when yz(]k) = —1. Regressor parameters [3;;1, 8ij2, Bij3 are
chosen to minimize the sum squared error [30]

(v~ 7, (I<1>>)2 ot (500 - F (x(M)>)2

Specifically, the best-fit hyperplane (minimizing the sum squared
error) for boolean classifier 312 is shown in Fig. 3, with training
data given in Table Il are also illustrated in this figure. The
hyperplane illustrated in Fig. 3 was obtained by using the pa-
rameters 3121, B122, f123 shown in Table I11. A brief description
of how parameters 3 for classifier Y75 are obtained is presented

3
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in Appendix B. A similar procedure can be carried out for the
other two regressors, i.e., Y73 and Ya3.
Consequently

N 1
Yij = 1

Hence, given a feature vector x, 7J;; is the prediction of the ¢ vs j
classifier, with §;; = 1 meaning that the one-vs.-one classifier
is guessing that y;; = . Therefore, §J;; = 1 is considered as one
vote for class 7, and §;; = —1 as one vote for class j. Thus,
the final estimated class is obtained by majority voting [30]. In
general terms, there are K (K — 1)/2 such pairs of classifiers,
where K is the number of classes. Thus, in this study there
are three boolean classifiers, namely, 12, 13, and y23. The
decision boundary for boolean classifier ;2 proposed in this
work is shown in Fig. 4(a), which is obtained by setting Y15 = 0
in (2), such that — 3193 = ﬂ1T2x. Note that it is able to adequately
distinguish a SCF from a nominal operation for any irradiance
and temperature conditions.

On the other hand, the decision boundary of classifier for
classes 1 versus 3 is shown in Fig. 4(b). It must be able to classify
an open-circuit fault and a nominal condition adequately. As
shown in Fig. 4(b), data separability could be compromised for
irradiance levels lower than 200 W/m?. Nevertheless, PV sys-
tems shut down at a minimum irradiance level such that it is no
mandatory to operate the FDI algorithm for very low irradiance
levels. As a consequence, this classifier will satisfactorily oper-
ate for most temperature and irradiance conditions. It is worth
mentioning that this classifier was trained by taking into account
only data of the worst case of irradiance level (200 W /m?) for
the N.O. class. Lastly, the decision boundary of classifier for
classes 2 versus 3 is illustrated in Fig. 4. As shown in this figure,
it satisfactorily distinguishes short- and open-circuit faults for
any irradiance and temperature conditions.

Remark 1: More sophisticated techniques are available for
fault classification (FC), for instance, logistic regression, sup-
port vector machines, neural networks, [24], [25], [26], [27],
which will be explored in future works. However, the proposed
FDI scheme departs from a simple, but effective data-driven
perspective by using basic machine learning tools.

€ Class 1,
€ Class j.

IV. EXPERIMENTAL RESULTS

Experimental validation of the FDI algorithm proposed in
this article is given in this section. For this, a dc/dc boost
converter rated at 350 W and operating at a switching frequency
fsw = 10 kHz, 5 batteries in series-connection as load (12 V
80 Ah each), and two PV modules of 175 W each in parallel-
connection were integrated in the prototype, as illustrated in
Fig. 5. In these results, the irradiance changes were emulated
by disconnecting (for irradiance drop emulation) one of the two
PV modules through a mechanical switch. The parameters of
this power converter are given as follows: L = 1.2 mH, C =
30 uF and Cy =94 wuF. The MOSFET used in this prototype
was IRFP250 N and the diode was STTH30RD4W. In this case,
the dc/dc boost converter is operating under the influence of
a closed-loop control action [8], which is briefly described in

L ey PR

(b)
Fig. 5. PV Test Bench. (a) PV modules. (b) Prototype of boost DC/DC
converter.
“ B = 51sz
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oper-circult fault condifiom.. . .- 4

Fig. 6. Transient and steady-state responses illustrated in plane V-1 for
irradiance change and open-circuit fault conditions.

Appendix A. Here, settling time was selected as t; = N X Ty,
where Ty, = 1/ fsy 1s the switching period and N is an integer.
The dSpace 1104 board has been considered for data acquisition
and controller implementation by using a sampling frequency
of 40 kHz. A downsampling factor of Ngs = 5 has been used
merely for the purpose of reducing the computational burden
of the dSpace board aiming at facilitating the virtual interface
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Fig. 8. Transient and steady-state responses illustrated in plane V-I for
irradiance change and short-circuit fault conditions.

tasks during the experiments. However, this is not mandatory
for the proposed FDI scheme. Consequently, with an evaluation
window of 0.25 s, a testing dataset with 2000 samples has been
used for each of the two experiments presented in this section.
The experimental results are presented in Figs. 6—9. All variables
illustrated in these figures are expressed in p.u. values based on
theirrated values, defined in Table I'V, where P,,,, is the PV power
and vy, is the output voltage of the dc/dc boost converter.

A. Open-Circuit Fault Scenario

The open-circuit fault scenario is described in Figs. 6 and 7.
First, a sudden irradiance drop is induced about ¢t = 0.1034 s,
which can be observed through the PV current in Fig. 7(b).

. . ,
1 |
’5 irradiance >
S 05f change
3 -
= open-circuit
0F (b) 1 fault ;
0 0.05 0.1034  0.15 0.2 0.25
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change "~
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3r change |
O, | open-circuit
[ class #1 | fault
1 i
U] \
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Experimental results (open-circuit fault): (a) PV voltage vy, in p.u., (b) PV current i,,,, in p.u., (c) PV power P,, in p.u., (d) control action u,

TABLE IV
RATED VALUES FOR THE EXPERIMENTAL RESULTS

’ Variable ‘ Rated value ‘ Variable ‘ Rated value ‘

9.64 (A)
60 (V)

vpy | 363 (V) | ipo
Ppo | 350 (W)

Vbus

In addition, this change can be identified in the PV power, as
illustrated in Fig. 7(c). A transient response is also perceived
in the PV voltage because of this irradiance change. Here, the
control action u compensates this disturbance by guarantee-
ing PV voltage regulation at the voltage reference given by
U;v = 0.82 p.u., as shown in Fig. 7(a). Nevertheless, the fault
classification FC signal shows class number 1 as result, i.e., it is
not affected by this disturbance, as observed in Fig. 7(f). Next,
an open-circuit fault occurs att = 0.2 s. As a consequence, the
PV current and power fall to zero [see Fig. 7(b) and (¢)]. Also,
the control signal u (duty cycle) tries to compensate the failure
event. However, it diverges due to the integral control action of
the proportional-integral-derivative (PID) controller. Thus, the
FC signal is triggered and associated with class number 3. In
this case, the fault isolation time is 2 ms, [see Fig. 7(f)] which
corresponds to 16 sampling periods (four switching cycles).

In addition, transient and steady-state responses for the open-
circuit fault scenario are illustrated in Fig. 6 in the plane V-I.
First, a closed-loop equilibrium point is observed before the
irradiance change. Here, the PV current and voltage are at their
maximum value iy, = 1 p.u. and vy, = 0.82 p.u., approxi-
mately. Next, after the transient response associated with the
sudden irradiance drop of 50%, a new closed-loop equilibrium
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Fig. 9.
(e) output voltage vy, in p.u., and (f) fault classification signal FC.

point is reached at i,, = 0.5 p.u. and vy, = 0.82 p.u. After
this, the transient and steady-state responses associated with the
open-circuit fault can be observed in the figure together with the
decision boundaries for classifiers 313 and ;2 (straight lines).
Therefore, it can be concluded that transient responses do not
affect the open-circuit fault detection.

B. Short-Circuit Fault Scenario

The short-circuit fault scenario is now described in Figs. 8
and 9. Again, att = 0.1034 s there is a sudden irradiance drop,
which can be observed through the PV current and power in
Fig. 9(b) and (c). Although, the FC signal is kept in class 1, as
shown in Fig. 9(f). After this,at¢ = 0.2 s there is a short-circuit
fault. Here, the PV current increases to its short-circuit value,
[see Fig. 9(b)]. While, PV voltage and PV power fall almost to
zero, [see Fig. 9(a) and (¢)]. It is due to an internal resistance
into the inductor. The control signal once more diverges due
to the integral control action in the PID controller, as can be
observed in Fig. 9(d). However, the FC signal indicates class
number 2, as shown in Fig. 9(f). Once more, the transient and
steady-state responses are shown in Fig. 8. Three equilibrium
points are visualized in Fig. 8. One of them is related to the
short-circuit fault condition, while the other two correspond to
closed-loop nominal operation. In addition, transient responses
associated with irradiance change and short-circuit fault can
also be observed in the same graph together with the decision
boundaries. In this case, the fault isolation time is 2.4 ms [see
Fig. 9(f)], which implies 20 sampling periods (five switching
cycles), approximately. Consequently, through this experimen-
tal validation, the FDI proposal has been rigorously validated
through real scenarios by taking into account irradiance changes
and switch OCF and SCF.
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Experimental results (short-circuit fault): (a) PV voltage v, in p.u., (b) PV current i,,,, in p.u., (c) PV power P, in p.u., (d) control action u,

V. CONCLUSION

PV systems are being increasingly integrated into the electri-
cal grids, which implies that PV generation must be reliable and
predictable. Consequently, fault-tolerant control structures are
becoming more important for this kind of systems. For this, FDI
algorithms are mandatory for fault decision-making. In this way,
this article proposed a new switch open- and short-circuit FDI
algorithm by using only two sensors for dc/dc boost converters,
which are commonly employed for PV MPPT applications.
This FDI proposal has been evaluated against switch faults
and irradiance changes by obtaining satisfactory results. This
same idea could be extrapolated to power optimizers by using
the same dc/dc converter topology employed in this work. As
future work, data-driven FDI techniques will be reviewed for
other and more complex PV configurations. Note that only two
sensors are required for fault classification purposes, which is
one of the contributions of this work in comparison with previous
works, which require extra sensors and circuitry. Also, it is worth
mentioning that PV voltage and current are the most common
measurements in any PV system for MPP tracking (MPPT)
algorithms. Hence, the FDI scheme proposed in this work is
considered as a noninvasive and economically attractive FDI
scheme, which could be easily integrated to the most recent
monitoring systems.

APPENDIX A
NOMINAL CONTROLLER DERIVATION

The nominal controller is developed in this section. Departing

from Fig. 1, the following averaged model is obtained:
Chay =

— To + ipv

Lio =121 — 3+ 23U
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Cots =29 —lp — T2 U 4

where the state vector is defined by x = (21,79, 73)7 =
(Vpws L, Ubus) ™ . As can be observed from Fig. 1, vy, represents
the input voltage in the terminals of the capacitor C1, iy, the
current of inductor L, and vy, s the voltage in the terminals of
the output capacitor Cy. Also, iy, in (4) denotes the PV current
generated by the PV module, ¢, the load current and u the control
variable (duty cycle for the switch )1, see Fig. 1), which has a
limited operating range, u € [0, 1]. The state feedback control

law given by
u:(l—“)—LClu (5)

reduces the input—output mapping to
N .
J=v+ ad(zpv) (6)

where v is constructed departing from a PID controller

de

b +Ki/edt+1j* 7)

where e = y* —y with y* = z7. Hence, y* is selected to
guarantee the MPP in the PV module. The PID con-
troller gains (K, K;K;) are defined to achieve a desired
step response. Hence, the PID controller gains are cho-
sen as Kq=4f N (p+2),K, =16f2, N2672(2p&* +
1), K; = 64f2, N3¢ 2p, where fy, is the switching fre-
quency, £ is the damping factor, p € RT and the settling time
is chosen as ts = N x Tg,,, where N is an integer and T, =
1/ fsw» [311, [32]. In this way, departing from (7), the auxiliary
control law v results as

v=Kye+ Ky

K
U:er—l—Ki/edt—i—?d(mg—ipv). 8)
1

APPENDIX B
REGRESSOR’S PARAMETERS DERIVATION

Derivation of the set of parameters 3 for the classifier Y7 is
presented in this section. However, a similar procedure can be
carried out for the other two Boolean classifiers, namely, Y73
and Ys3. For this, equation given in (2) can be written in matrix
form for the classifier Y15 as Y = AX, with

;
v = [, Y80 e M,

X = [5121751227[3123]T e R3*!

and
1 v;(,p i&)
A= c RMx3
1 oD a0

where M is the number of samples used for training. Note that
parameters (3 are included in the solution vector X. However,
for most cases this equation has no solution. But, it is well
known that the optimal solution X of this matrix equation
can be found with the pseudoinverse of matrix A, i.e., X =

A'Y = (ATA)"LATY; as it turns out, it can be demonstrated
that this solution minimizes the sum squared error € in (3), i.e.,
|[Y — AX||2 = ||e||. Hence, for the selection of parameters /3,
we have used the dataset given in Table II and the command
regress in MATLAB, which requires vector Y and matrix A as
inputs, which are obtained through the data training process.
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