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Abstract: This work proposes an automated reconfiguration system to manage two types of faults
in any position inside the solar arrays. The faults studied are the short-circuit to ground and the
open wires in the string. These faults were selected because they severely affect power production.
By identifying the affected panels and isolating the faulty one, it is possible to recover part of the
power loss. Among other types of faults that the system can detect and locate are: diode short-
circuit, internal open-circuit, and the degradation of the internal parasitic serial resistance. The
reconfiguration system can detect, locate the above faults, and switch the distributed commutators
to recover most of the power loss. Moreover, the system can return automatically to the previous
state when the fault has been repaired. A SIMULINK model has been built to prove this automatic
system, and a simulated numerical experiment has been executed to test the system response to the
faults mentioned. The results show that the recovery of power is more than 90%, and the diagnosis
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1. Introduction
Academic Editor: Mohammadreza

e Several investigations about dynamic reconfiguration systems (DRSs) in photovoltaic
ghaei

(PV) arrays focus on reducing the electrical incompatibilities or mismatches among the
solar panels. Studies such as [1-3] aim to compensate the losses in the delivered power
by the solar installation as fast as possible when mismatching or partial shading occurs.
Typically, these mismatches are caused by nonuniform irradiation over the solar array due
to temporal events, such as partial shadows over the modules, and other reasons as stated
in [4,5].

The cost of adding a dynamic reconfiguration system can negatively affect the return
published maps and institutional affil- ~ ©f iNvestment of the PV plant if the power gain obtained with the DRS is not large enough.
{ations. As mentioned in [6], the aforementioned situation is most probable in the cases in which

the DRSs focus solely on solving irradiance mismatches. Nevertheless, a reconfiguration
system can be easily justified if it addresses and solves severe faults that affects the PV
plant production and/or can generate a security risk [7].

A DRS that mitigates severe faults in a PV installation requires a fault detection subsys-
tem. In this regards, several authors have developed fault detection methods, e.g., [8-14].
Fault detection methods may use images such as the ones taken by unmanned aerial
systems (UASs) that have been proved useful for large PV plants given that the visual
conditions of the Creative Commons _ data about the site can be taken in relatively short time and does not require additional
Attribution (CC BY) license (https:// ~ ne€asurement circuitry [15,16]. Nevertheless, image-based fault detection techniques are
creativecommons.org/licenses /by / not suitable for real-time reconfiguration given that it requires a complex data communi-
40/). cation network with a relatively large bandwidth. Fault detection techniques based on
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measurement of electrical variables such as [17,18] are most suitable for a mitigating faults
with DRS.

In this work, we propose a system that reconfigures the PV generators to minimize
the power losses when a short-circuit to the ground or a wire open-circuit fault occurs
in series-parallel photovoltaic arrays. These two faults cause the disconnection of the
entire PV string generating an significant decrease of the yield plant. Other faults such as
diode short-circuit, internal open-circuit inside PV modules, and parasitic serial resistance
degradation are only located and classified because the power losses caused by each one of
these three faults are minimal, affecting mainly the faulty panel.

A similar approach to this paper can be found in [7] where the DRS is proved in a total
cross-tied PV array to reconfigure the array when electrical faults happen. Nevertheless,
there are substantial differences between our work and others. Our contribution focuses
on the following aspects:

®  The presented switch matrix is built in a modular and distributed way as close as
possible to the PV panel. This approach is opposite to the centralize switching matrix
presented in the literature, e.g., [7,19].

e Our work focuses on detecting, locating, and isolating the electrical faults in the PV
array. Almost all the DRSs are oriented to reduce mismatching or partial shading
problems, except for [7]. When our system isolates the faulty panel, is easy to observe
the increment of output power.

*  Our systems reconfigure the PV array in simulation time when a critical electrical
fault occurs, and when the electrical faults are repaired. This means that the Diagnosis
Algorithm has to detect the faults, the position, and classify them, also when the
fault is fixed. Then a second algorithm made the reconfiguration of the faulty panel
or repaired panel. Our reconfiguration solution is based on a multiple finite state
machine and is far different from other solutions reported in the literature as is shown
later, because it receives the diagnosis information to take a control action.

¢ Our diagnostic algorithm is computationally lightweight when compared to other
approaches from artificial intelligence, such as neural networks or metaheuristic
solutions.

¢ Our simulated PV array has panel string with commercial size reaching voltages
close to 600 volts; this shows the applicability of the solution for actual commercial
installations.

*  Our numerical experiment is quite different because we simulate an operative point
of the PV array, and then we apply 19 fault events in simulation time, one at a time,
to see the behavior of the produced power. This way, we prove our solution is more
realistic to study current-voltage (i — v) curves characteristics.

Automated Fault Management System Approach

The traditional dynamic reconfiguration systems can be transformed into an auto-
mated fault management system when capabilities are added to detect and diagnose faults
inside the array. This concept is presented in Figure 1, where the block diagram has three
main subsystems: the data acquisition system, the control unit, and the switching matrix.
In the context of reconfigurable solar arrays, each part has its particular complexity.

The data acquisition system (DAQ) captures signals such as currents, voltages, irradi-
ances, and temperatures to estimate the array’s performance. The proposed reconfiguration
system’s approach acquires each panel’s differential voltage, the string currents, and the
array’s operative voltage. The differential voltage could be measured by simple methods
as is proposed in [20,21].
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Figure 1. Block diagram for the automated fault management system.

The control unit is responsible for finding whether the solar array has an abnormal issue
and for controlling the switches. These tasks are achieved with the following submodules:

e The first submodule aims to determine the condition and fault severity of each panel

within the array. In order to do this, signal processing and mathematical modeling
techniques are used. An overview of the online, offline techniques for fault detection
in solar panels is presented in [22].
Another approach is given by Mellit in [23], where detection and classification tech-
niques are divided in (1) image analysis and (2) electrical characterization. Imaging
methods are currently expensive and time consuming, whereas electrical characteri-
zation is cheaper and more flexible [24]. The latter methods also can be further split
into several branches: signal processing and statistical methods (e.g., [8,25,26]),i — v
curve characteristics analysis (e.g., [27,28]), power losses analysis or efficiency analysis
(e.g., [17,29,30]), current and/or voltage measurements (e.g., [31,32]), and artificial in-
telligent methods (e.g., [9,33,34]). The diagnosis algorithm implemented in this work is
based on the IF-THEN rules presented by the authors in [35] and follows the diagnosis
branch based on current-voltage measurements.

¢ Once the fault has been determined and located, a second algorithm establishes
the configuration that produces an improvement of the output power for the given
conditions. In this regard, there are plenty of proposals trying to maximize the output
power in the array. For instance, there are approaches based on electric measurements
using sorting algorithms [4,36], or based on the equalization of the irradiance [37].
Moreover, there are more elaborated solutions using branches of artificial intelligence,
such as algorithms based on metaheuristics techniques [38-41], algorithms based on
diffuse logic [42], procedures based on neural networks [43], algorithms based on
rough set [44], or based on the study of the inflection points of the curve I-V [45]. This
work uses a simple approach based on a multiple finite state machine that has not
been reported in previous articles.

Finally, the switching matrix performs the electrical re-connection according to the
results of the reconfiguration algorithm. This matrix is usually implemented with relays,
and according to [1] the selected topology defines the complexity of the switching matrix.
The proposed reconfiguration system focuses on series-parallel (SP) topologies, however
this is not the only array topology but is indeed the most used from the commercial
viewpoint [46].

In summary, this article proposes an automated fault management (AFM) system
capable of dealing with electrical faults in the solar array. The primary objective is recov-
ering part of the energy loss caused by severe faults. Hence, the modeling process for
the photovoltaic generators, fault types description, the switching matrix logic, and the
diagnosis/reconfiguration algorithms are presented in Section 2. The planned numerical
experiment is shown in Section 2.5, while the results and analysis are given in Section 3.
The primary conclusions of this study are pointed out in the last section.
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2. Materials and Methods
2.1. Modeling the PV Array

The electrical behavior of the crystalline-silicon solar modules is modeled with the
single-diode model (SDM) presented in [47], and according to [48] the errors generated
by this model are equivalent to errors produced by the double-diode model at standard
test conditions. Specifically, we are using SDM because we are not working under low
irradiance conditions in which the carrier-recombination losses in the depletion region are
important to consider. Therefore, SDM is accurate enough and is as follows,

V+(I-14)Rs
Izlph_15<e(wq"5t) _1> _M

P
v
Loy = Ls,ap (e Yy — 1>

where I, is the photo-generated current, I and V are the current and voltage of the module,
Rs and R, are the parasitic series and parallel resistance, I is the dark current saturation
of the diode, N; is the number of cells in series that are in the module, and V; is the
thermal voltage. The V; is equal to kT /q, where k is the Boltzman constant approximately
1.38 x 10722 J /K, and q is the electronic charge equal to 1.6 x 1071 C. Finally, T is the
module temperature expressed in Kelvin. Inside Equation (1), the saturation current is
affected by the semiconductor material used and by the fabrication process; in order to
model this, an ideality constant A; € [1,2] is introduced. The bypass diode is also presented
in the model as Iz, and {lgp, I 4, V3 4p} represent the forward current, the saturation
current, and the thermal voltage of the bypass diode, respectively.

The parameter translation models in the function of the irradiance G and temperature
T are taken from [49], i.e.,

M

G
Iph = (Iph,n +K;- AT) ’ (_-Tn’ Ar=T-T,, 2)
I +K;-A
I = ph,n I T ) (3)
(Voc,n + KV : AT)
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where I, , is the photo-generated current at standard test conditions (STC), Gy, is the
irradiance at 1000 W/m?2, T, is the module temperature at 298.15 °K, Vj, is the open-
circuit voltage at STC, Ky is the thermal coefficient for open-circuit voltage, and K| is the
thermal coefficient for short-circuit current. The above equations were implemented in
SIMULINK ® using the SimPowerSystems Specialized Technology library following the
model presented in [18].

The series-parallel PV array is built by three strings of 16 solar modules; each one of the
solar modules is identical to that presented in Figure 2, and all of them are fed with identical
ambient stimuli, which are irradiance and module temperature at standard test conditions.
In addition, a controlled voltage source is used to select the voltage operation point Vop
of the array. The voltage Vop is chosen according to the constant voltage method [50] to
define the maximum power point as,

Vop=m- Vo -« 4)

where m is the number of modules in the string and x € [0.7,0.8] and its typical value
is given by Viupp/ Vocn- Here, the term Vypp, is the maximum power point voltage of the
module reported in the data-sheet.
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Calculation of the module’s current: Im =(I_ph - |_diodg Calculation of I_ph:

Figure 2. Model of the photovoltaic module implemented in Simulink.

We use the mathematical matrix notation for locating modules and measurements
in the solar array. This means that the physical location or the electrical measurements
could be treated with the matrix form. In a PV array which has a size of m x n panels and
n strings, the logic position p of each module could be easily defined using an ordered pair
of variables (i,j) such as i € [1, m] for elements in the string, and j € [1, n] for strings in
the array. In this way, the location is defined by (i + m(j — 1)); for instance in the Figure 3,
the measured voltage at panel 19 could be expressed as V (3,2).

I(1) 14 134
Vblk Vblk Vblk
<) <) <. Li
V(1,1) 1 +§] V(1,2) » +§ V(1,3) . +§
_ _ _ an
N+ L N+ L N+ L
vey | f[q] V@) | f[q] ved) |, f[q] rRE Vop
+
[ e R >
V(3,1) y :[_] V(3,2) ﬂ:[_] V(3,3) i:[“]
V(16,1) M4 V(16,2) S 1 V(16,3) M4
Pl S R EACE e P Ce

: 0@ $ & 1

Power PV Switches  Bloking  Controlled Main Test
resistor Panel box diode voltage source circuit circuit

Figure 3. Photovoltaic array schematic. The electrical measurements are indicated in red color,
and the distributed switch boxes for fault reconfiguration are next to the PV panels.
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2.2. Modeling the Electrical Faults

The diagnosis and reconfiguration algorithms focus mainly on two faults types that
severely affect the power production: the string open-circuit and short-circuit to ground.
The string open-circuit occurs when the string fuses burn-out or when module connectors
lost conductivity between the PV module and the switching boxes. This fault type is
simulated with a controllable normally-close (NC) single-pole single-throw (SPST) switch.
On the other hand, the short-circuit to ground occurs when the solar module’s insulation
materials, wires, or connectors allow an electrical path to the grounded holding structure.
This fault type is simulated with a controllable normally-open (NO) SPST switch that
connects the PV module’s positive terminal to the ground.

Assuming that all the m x n modules in a PV array are working close to the maximum
power point (MPP), these two faults could generate power losses of around 100/n % each
one per fault. Hence, if simultaneous faults occur in different strings, the power losses
should be multiplied by the number of parallel events. This is the reason why we focus on
these two faults.

Additionally, other electrical faults such as internal degradation of the PV module,
open-circuit inside the PV module, and module’s short-circuit are considered in this study.
These faults have less impact on the output power; however, they are no less important
because they could conflict with the diagnosis or reconfiguration algorithms. A brief
description of each of them is given next:

¢ Internal degradation: the PV module degradation causes an increase in the internal
series resistance [28]. This effect is modeled using a controlled voltage source in series
with the PV module internal resistance as shown in the light orange box of Figure 2.
The additional resistance value can be modified during the simulation using port
three, called RND, shown in Figure 2, when this fault is applied to a specific PV
module, the series resistance increases to twice its average value.

e Internal open-circuit: This fault is simulated with controllable NC SPST switch in
series with the R; resistance as shown in Figure 2 (light green box). Port four, called
IOC, shown in Figure 2 activates the switch during the simulation time.

*  Module’s short circuit: This condition is emulated similarly to the open-circuit fault.
A controllable NO SPST switch is included at the PV module’s output parallel with
the bypass diode.

Again, assuming that all PV modules are working at MPP, if just one panel presents
one of the above three faults, the general power loss could be approximated for severe
cases to 100/ (mn) %.

2.3. Modeling the Switching Matrix

The switching matrix was designed to work in a modular and distributed way based
on the work of Storey in [51]. As shown in Figure 3, the switching boxes commutate the PV
modules between the principal circuit and the alternative test circuit. However, the design
can be easily expanded to more strings, as is presented later. In Figure 4, the sub-figures
(a), (b) show the single-pole double-throw (SPDT) relay connection to construct a circuit
that allows reconnection between two different electrical paths, while (c), (d) show how to
connect the panel in short-circuit or open-circuit.

In the sub-figures, the continuous lines represent electrical connections, and dotted
lines represent opening wires. The red color represents the primary circuit, while the
green color the alternative circuit. The control signals for the relays are shown in Table 1,
where the symbols {1,0,x} represent the logic signals of HIGH, LOW, and “HIGH OR
LOW”, respectively.
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Figure 4. Safe states for the switching box. (a) State A, panel in the main circuit; (b) State B, panel in the testing circuit; (c)

State C, short-circuited panel; (d) State D, panel with open connection.

Table 1. Control vector for reachable safe states.

Figure 4 K1 K2 K3 K4
State A (a) 0 0 0 0
State B (b) 1 1 1 0
State C (c) X 1 0 1
State D (d) X 1 0 0

The above switching design can be scaled to larger PV systems; for example, the Figure 5
shows the proposed schematic for a m x 3 array. The designed switching schematic allows
not only working with the testing circuit but also allows the PV panel to move among
strings. The number of required SPST switches is given by (5), where n represents the
number of strings, mn is the number of panels in the array, and m is the amount of the
panels in each string.

Nsw = (4n)mn = 4n’m (5)

2.4. Modeling the Control Unit
2.4.1. Diagnosis Algorithm

The diagnosis algorithm is based on the logic rules published in [35]. The algorithm
requires the following input variables to work; one of them is a matrix voltage V where
each cell V (i, j) contains the differential voltage of a module in the PV array. In addition,
a vector I where each cell I(j) contains the string’s current. Other inputs are the array’s
operative voltage Vop, the open-circuit voltage of one reference module V¢, and the
current I of one particular circuit made to test faulty modules.

The algorithm outputs a matrix O of size m x n where each cell O(i, j) is filled with a
number indicating a specific characteristic as shown in Table 2. The algorithm also requires
four values: the acceptance level of power loss 6, a voltage threshold T, the blocking diode
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voltage V}j;, and the quantization interval Q; introduced by the analog to digital converter.
The diagnosis algorithm based on IF-THEN rules is presented in Algorithm 1.

S1 S2 S3 5S4
® ¢ O

) W) W ) 1
0

1 s1

52

s3

o s4

Figure 5. Modular design of the m x 3 switching box.

Table 2. Tags for fault classification.

Fault Type

5
aQ

Normal module
Recover module
Short-circuit to ground
Short-circuit module
Open-circuit module
Open wire in the string
Bypass diode working
Internal degradation

N Uk W -k O

2.4.2. Reconfiguration Algorithm

For this work, the reconfiguration algorithm is based on a multiple finite state machine,
which means that many identical state machines are running simultaneously. In this way,
each switch box has its finite state machine that controls the relay combinations. We only
use two combinations of relays for this job: States A and B in Figure 4. The other states are
used for testing or isolation procedures not shown here to reduce the complexity.
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Algorithm 1: Diagnosis algorithm based on electrical characterization
1 Input data: V of size m x n, I of size 1 x n, Vop, Voc, It
2 Output data: O of size m X n
3 Constants: § = 0.05,Vy, = 0.8, T, =2, Qr = 0.05
4 Internal Variables: i,j,y PowerLoss, Vio4, Vinax, cnit
/* This line iniciated all internal variables */
5 V Internal Variables <— Initial values
/* This line define the size of input matrix */
6 [m,n] < SIZE(V)
/* This line count the number of string currect equal to zero */
7 cnt < COUNT(I == 0)
s for j=1:n do
/* This line finds the maximun voltage in the string j */
9 Vinax < MAX(V(:,)))
/* This line estimates a number of short-circuited modules */
10 — | Vop |
y " Vmax
11 for i=1:m do
12 Vinod <= V (i, ])
13 PowerLoss < Yinax = Vinod
Vmux
14 if (I(j) <0) then
15 if (Vmod < (VOp + Vi — (m — 1)VOC + Tv)) then
/* Open wires between the module and switching box */
16 O(i,j) <5
17 elseif (Voc — Q; < Vjuos < Voc + Q) then
/* Modules affected by open-circuit */
18 O(i,j) <4
19 else if (I(j) > 0) then
20 if (cnt == 0 A PowerLoss > §) then
/* Degradated module */
21 O(i,j)«7
2 else if (V04 < Voc A It > 0) then
/* Recovery module */
23 O(i,j) +1
24 if (—Tp— Q1 < Viod <Tp+Qp) Ay >0 A Ir == 0then
25 if (—T, <V(m,j) <T,) then
/* Module with a short-circuit to ground */
26 O(i,j) + 2
7 else if (—Vyix — Q1 < Vinod < —Viux + Q1) then
/* Module with shadows or internal open-circuit */
28 O(i,j) < 6
29 else if (—Q; < Vg < +Qj) then
/* Module with a short-circuit */
30 O(i,j)+ 3

A multiple finite state machine is formed by several identical state machines running
in parallel, as shown in the Figure 6. Each state machine controls a specific switch box in
the figure. Furthermore, the assignation is represented with the sub-index number in the
transition-conditions and states. As it was mentioned before, every state machine has two
states and two transitions; the logic for the kth switch box, which is located in the position
(i,) of the array, is described next:

. At the beginning, the kth PV module is connected to the main circuit, which means
that it is in state A.
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e If the kth PV panel has an open wire, or if the module is the first one with a short-circuit
to the ground, the panel will be moved to the testing circuit (State By). The transition-
condition T1; expressed as in Equation (6) changes between the two states.

*  Now the faulty panel is in state By connected in the testing circuit, but if it is repaired,
the AFM system will identify the PV module’s working conditions. Hence, the kth PV
panel is returned to the main circuit, and this is done with transition-condition T2 as
in Equation (7).

In the transition equations, the variable O(i, j) contains the result of the diagnosis

algorithm for the module position i, j.

T1(i m(j-1)) ¢ O(i,j) ==5V

(O(i,j) == 2 NIs O(i, j) the first cell == 2) ©)

T2(iym(j-1)) > O, ) == 7)

States machine State machine
controlling the first controlling the mn
switch box switch box

Figure 6. Multiple finite sate machine which describes the control of the distributed switch boxes.

2.5. Numerical Experiments

To prove the AFM system, a numerical experiment was implemented and executed
over Matlab 2015a, running Simulink version 8.5, and the toolbox SimPowerSystems
Specialized Technology 2015. The simulated experiment has all the subsystems presented
in Figure 1 which are: the PV array of 16 x 3 modules, analog to digital converters,
the distributed switching boxes, and the control unit, which is composed of the diagnosis
algorithm and the reconfiguration algorithm. The PV array has been sized in such a way
that it is compatible with the most common commercially available grid-tied inverters,
e.g.,a 600 V 6 kW inverter.

The PV array operates under the non-fault condition in an operating point close to the
maximum powetr, specifically at a voltage of 16 x 0.75 X V. During the experiment time,
several fault events are applied to the PV array to look at the power behavior and analyze
the algorithm results.

Every module is characterized by the well-known model of five parameters presented
in Section 2.1, and its parameters are taken from [49] and shown in Tables 3 and 4. The cell
temperature is considered constant in all the modules (298.15°K) as well as the global
irradiance of (1000 W/m 2). Furthermore, the electrical cables were modeled as AWG #
10 with a resistance of 3.27 )/ Km, and assuming a photovoltaic string length of 30 m.
The resistance in the testing circuit was calculated as Vmpp/Impp. Regarding the DAQ
implementation, a zero order hold was programmed with a sampling time of 0.1 s, and the
quantizer discretizes the signals in 0.05 intervals.

Additionally, each of the 19 simulated events has a duration of 0.5 s and the en-
tire experiment lasts 22 s. It is clear that radiation changes across the day, however in
tropical countries, with sunshine skies, we could consider the temperature and irradi-
ance constants for a small-time span of less than 36 s in the range hours of [9 am, 3 pm],
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and according to [18] the irradiance variations, for a specific day and location are around

[0.00002, 0.01810]% for that time span.

Table 3. Values of the five-parameter model of the KC200GR [49].

Parameter

Saturation current ()
Photo current(I,y, )
Series resistance (R;)
Parallel resistance (R;)
Ideally factor (Ay)

9.825 x 1078 A

415.405 Q)

Table 4. Electrical performance at standard test conditions (STC).

Specification for KC200GT

Maximum Power (Pmax)
Maximum Power Voltage (Vmpp)
Maximum Power Current (Impp)
Open Circuit Voltage (Voc, n)

Short Circuit Current (Isc, n)
Temperature Coefficient of Voc (Ky)
Temperature Coefficient of Isc (Kj)
Number of series cell (N;)

200.0 W

—123x 1071 v/°C
318 x 1073 A/°C

The proposed experiment is presented in the Table 5; the second column describes the
fault types, and the third column, the duration of the event. The fourth column indicates
the PV numeric label, and the fifth column indicates the expected result of the diagnosis
algorithm when it works in an open-loop. Here, open-loop means without feeding the
reconfiguration algorithm. Figure 7 shows the fault locations in the array, and the Figure A1

in the appendix shows the implemented test bench.

Table 5. Programmed events applied to the PV plant and the expected diagnosis results.

Fault Type Interval (s) PV Label Diagnosis

El Short Circuit 0.5-1.0 3 3
E2 SC to ground 1.5-2.0 3 2

Open Circuit module 1.5-2.0 18 6
E3 OC module 2.5-3.0 3 6
E4 Open wire 3.54.0 22 5
E5 SC to ground 4.5-5.0 22 2
E6 SC 5.5-6.0 22 3
E7 sC 6.5-7.0 46 3
E8 SC to ground 7.5-8.0 46 2
E9 Open wire 8.5-9.0 46 5
E10 SC 9.5-10.0 11 3
El1 SC to ground 10.5-11.0 11 2
E12 Open wire 11.5-12.0 11 5
E13 sC 12.5-13.0 41 3
E14 SC to ground 13.5-14.0 41 2
E15 OC module 14.5-15.0 41 6
E16 OC module 15.5-16.0 5 6
E17 OC module 16.5-17.0 29 6
E18 OC module 17.5-18.0 35 6
E19 OC module 18.5-19.0 9 6

Internal degradation 18.5-19.0 26 7
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Figure 7. Location of the fault events inside the PV array.
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3. Results

The results of the AFM system are presented graphically. Firstly, the ribbon chart in
Figure 8 shows the automatic fault classification made in simulation time (real-time for
us) by the diagnosis algorithm. Secondly, Figure 9 shows two power curves; one curve
representing the output power behavior when we execute the whole experiment without
the AFM system, and the other one when we execute the experiment again but with the
AFM system working.

The axes in the Figure 8 describe the PV location of the module, the sample time and
the fault classification. The results are presented in a ribbon chart where discrete levels
of height range from 0 to 7 values according to the Table 2. In the figure, every ribbon
represents a PV module, and the working and faultless PV modules are represented with
the number zero. For a specific ribbon, if the number is higher than one, it means that a fault
condition is occurring in that precise sample time. The fault events are pointed in the figure,
and below them, the PV tag and diagnosis result is shown, i.e., { PV Tag, Diag.result}. It
is easy to observe from the figure that the experiment sequence was correctly decoded as it
is presented in (8),

(13,3}, {18,6}{3,2}, {3,6}, {22,5}, {22,2}, {22,3},
{46,3}, {46,2}, {46,5}, {11,3}, {11,2}, {11,5}, {14,3},

{14,2},{14,6},{5,6}, {29,6}, {35,6},{9,6}{26,7}}. (8)

The planned sequence of fault events mixes faults with different severity levels;
for instance, the short-circuit to the ground or an open-wire fault causes much more
power losses in the PV array than minor faults such as a short-circuiting diode, internal
degradation, or internal open-circuit. In this sense, the presented AFM system locates and
diagnoses the PV modules with a slight time delay of just one sample.

Additionally, notice in Figure 8 that events {E2, E4, E5, E8, E9, E11, E12, E14} are the
ones which affect several modules in one string. This event list is associated only with short-
circuit-to-ground faults or open wire in the string. When these two fault types happen, they
generate one faulty module and m — 1 affected modules. For example, the event E4 over
module 22 is an open wire between the module and the switching box; the figure shows
that m — 1 PV modules are affected and are classified as modules with open-circuit voltage,
and the faulty panel 22 is the one with the defect. Moreover, other events like E11, which is
the short-circuit to ground over module 11, generate m — 1 affected modules. In this case,
modules located above module 11 are in open-circuit voltage (this means a tag number less
than eleven). In contrast, modules below module 11 are classified as short-circuited to the
ground (this means a tag number higher than eleven)

g1 E2  E3
. {33} {186}, {36}
{3.2}

SN SRS o)

Module
location

- E15 200
= El3 . 150 {41,6}
B B9 Cip gy 3y {112}

E7
; 46,1
. {46,3}{16:2} {46 )gamplcs

Figure 8. Plotted results of the diagnosis algorithm.
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4. Discussion

The AFM system’s results are entirely satisfactory for several reasons, among them:
real-time diagnosis without false positives or false negatives, real-time reconfiguration
sensible to critical faults, and high recovery of power loss after reconfiguration.

In Figure 8, it is easy to observe that the number of false positive (FP) or false negative
(FN) detections are zero. For example, capturing the FP could be understood when there
is no AFM system detection while the programmed fault occurs. On the other hand,
capturing the FN could be appreciated when detection results appear in time periods
without programmed faults. In both cases, the counting of FP and FN indicates that the
accuracy and sensitivity are 100% for this experiment. This means that the diagnosis
algorithm detects only the positive cases and detects only the negative ones.

As mentioned before, the Figure 9 shows the output power behavior with and without
the AFM system. When the AFM system is not working and the fault sequence is applied
to the array, the produced power drops depending on the fault type. Minor faults events
like module short-circuit, internal open-circuit, or internal degradation, generate small
losses around 1.4% of the total produced power, i.e., less than 2.1 %. However, when the
fault type is a short-circuit to the ground or an open-wire in one string, the harm in the
production power is notorious. For instance, when the events E2, E4, E5, ES, E9, E11, E12,
and E14 happen, the power production drops, as it is shown in the third column on Table 6.
Although, when the AFM system works properly, the power loss recovery is more than
90% for all the severe cases; therefore, the effect in the total power is minimum, as shown
in the fifth column in the Table 6.

In addition, a positive aspect of this diagnosis and reconfiguration system is the
automatic detection of the recovered panels; this means that the system can return to the
original array configuration when the fault is repaired. This can be observed in Figure 9.

An important characteristic of the diagnosis algorithm is the low number of operations
required to classify the m X n elements in the PV array. Moreover, the algorithm complexity
is O(mn(log(m) + 1)), where the logarithmic term comes from the ordering required in line
9in Algorithm 1. Notice that in other research papers such as [7,32] or specialize reviews
such as [8,23], the computational complexity of the solutions are not addressed.

As a future work, the impact of the variability of the PV array irradiances and tem-
peratures in the algorithm will be analyzed. It is of special interest to tune the proposed
algorithm in such a way that fast changing irradiances do not produce false positive or
false negatives. In addition, the effect of external faults outside the PV array has to con-
sidered; for instance, faults in the inverters or power transformer are topics interesting to
incorporate for future work.

Table 6. Power loss and recovered power with the system.

Event Fault Type Lost Recovered Real
Power (%) Power (%) Loss (%)
E2 SC to ground 34.78 31.96 2.82
E4 Open wire 33.33 31.95 1.38
E5 SC to ground 33.33 31.95 1.38
E8 SC to ground 14.28 12.90 1.38
E9 Open wire 33.33 31.95 1.38
Ell SC to ground 33.33 31.95 1.38
E12 Open wire 33.33 31.95 1.38

E14 SC to ground 33.33 31.95 1.38
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Figure 9. The behavior of the output power with different electrical faults in the 16 x 3 PV array.

5. Conclusions

22

We have presented an automated fault management system composed of three main
parts: the diagnosis algorithm, the reconfiguration algorithm, and the distributed switching
matrix. The AFM system was tested using a solar array composed of 16 x 3 PV modules
and 19 events that use 5 electrical faults. The simulated faults have different severity
levels, and for the short-circuit to the ground or an open-wire, the AFM system recovers
more than 90% of the power loss with a diagnosis accuracy and sensitivity of 100% for the

planned experiments.

The diagnosis algorithm is lightweight because it is based on IF-THEN rules derived
from circuit analysis theory applied to the PV array. This is a vital aspect against other
classification techniques like artificial neural networks, support vector machines, k-nearest
neighbor, etc., because our diagnosis method based on behavioral rules processes the data
with only a sample delay. No data training is required, which is suitable to be implemented

using micro-controllers or IoT devices.
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Abbreviations

The following abbreviations are used in this manuscript:

MDPI  Multidisciplinary Digital Publishing Institute
DOAJ Directory of open access journals
PV Photo-voltaic

SDM  Single-Diode Model

STC Standard Test Conditions

DRS Dynamic Reconfiguration Systems
AFM  Automated Fault Management

SC Short Circuit

ocC Open Circuit

NC Normally-close

NO Normally-open

DAQ  Data acquisition system

SPST  Single-Pole Single-Throw

SPDT  Single-Pole Double-Throw

FP False Positive

FN False Negative
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