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Fault diagnosis of power converters in a grid connected photovoltaic system
using artificial neural networks

Introduction. The widespread use of photovoltaic systems in various applications has spotlighted the pressing requirement for
reliability, efficiency and continuity of service. The main impediment to a more effective implementation has been the reliability of
the power converters. Indeed, the presence of faults in power converters that can cause malfunctions in the photovoltaic system,
which can reduce its performance. Novelty. This paper presents a technique for diagnosing open circuit failures in the switches
(IGBTs) of power converters (DC-DC converters and three-phase inverters) in a grid-connected photovoltaic system. Purpose. To
ensure supply continuity, a fault-diagnosis process is required throughout all phases of energy production, transfer, and conversion.
Methods. The diagnostic approach is based on artificial neural networks and the extraction of features corresponding to the open
circuit fault of the IGBT switch. This approach is based on the Clarke transformation of the three-phase currents of the inverter
output as well as the calculation of the average value of these currents to determine the exact angle of the open circuit fault. Results.
This method is able to effectively identify and localize single or multiple open circuit faults of the DC-DC converter IGBT switch or
the three-phase inverter IGBT switches. References 26, tables 4, figures 8.

Key words: grid connected photovoltaic system, artificial neural network, power converters, open circuit failure of IGBT,
fault detection.

Bemyn. [upoxe suxopucmanus gpomoenekmpuyHux cucmem y pisHux 3acHmocy8anHax GUCYHYIO HA Nepuiuti NIaH HA2ATbHI 8UMO2U OO0
HaoiiHocmi, eexmusnocmi ma OesnepepsHocmi 0Ociyeo08ysants. OCHOBHOI NEPewKo0or 0l eheKmMUHIUO020 3acmocysants Oyna
Haoiinicmy cunosux nepemeopiosais. Cnpasoi, HaaeHICMb HeCnPasHOCMell Y CUNOBUX NEPEMBOPIOBAYAX MOJice CHpUMUHUMU 3001 8 pobomi
homoenexmpuunoi cucmemu, wo mooice sHuzumu it npodykmuericme. Hoeusna. 'V yiti cmammi npedcmasnena memoouxa OiacHoCmuKu
o6pusy xona 6 nepemuxauax (IGBT) cunosux nepemsoprosauie (nepemeopiogauis nocmiiiHo2o cmpymy ma mpugasHux inéepmopis) y
ghomoenexmpuuniti  cucmemi, niokmoueHiti 0o mepeosici. Mema. [ 3a6e3neyenHs OesnepepsHOCMi NOCMAYAHHA NOMpIOeH npoyec
OdlaeHOCMUKY HecnpasHocmell Ha 6CIX emanax GupobHuymea, nepeoadi ma nepemsopenms enepeii. Memoou. [iaenocmuunuil nioxio
3ACHOBAHUL HA WMYYHUX HEUPOHHUX MEPedNCcax ma GUIVYeHHs O3HAK, wjo eionosioaiomv obpusy kona IGBT-nepemuxaua. Lleti nioxio
IPYHMYEMbCA Ha hepemeopenni Knapka mpugasuux cmpymie Ha 6uxooi iHEepmMopa, a m aKoxc po3PAXyHKY CepeOHbO20 3HAYEHHS YUX
cmpymie O 6UHAYEHHs MOYHo20 Kyma obpusy koaa. Pesynemamu. llei memoo Oossonac epexmusHo idenmupikysamu ma
JIOKanizyeamu 0OUHOUHi abo MHOMCUHHI HecnpasHocmi posimkuymoeo koaa 1GBT-nepemuxawa DC-DC nepemeoprosaua abo IGBT-
nepemuxaua mpugasrozo ineepmopa. biom. 26, tadm. 4, puc. 8.

Kniouosi cnoea: dororajibBaHiuHa cucTeMa, IIIKJIIOYEHA A0 Mepe:Ki, IITYYHA HelpPOHHA Mepexa, CHJIOBI IepeTBOpIOBayi,

BiztmMoBa IGBT npu 00puBi ko/1a, BUSIBJICHHSI HeCIIPABHOCTEHH.

Introduction. Conventional energy resources remain
strategic for energy production, but meeting the world's
growing energy needs will be a major challenge in the near
future. This is in line with an imminent global energy
shortage situation, as well as the depletion of reserves of
such energy resources in a way that is dangerous for future
generations. At the same time, the use of these energy
sources poses a significant environmental risk to the future
of our planet due to the release of greenhouse gases. As a
result, producing electrical energy from clean, non-
polluting, and renewable sources has become a global
necessity and a topic of interest in our societies [1, 2].

During the past decade, photovoltaic (PV) energy has
become a reliable source of energy, which is based on the
conversion of solar radiation into electrical power. In the last
decade, solar energy has proliferated and now promises to
play a leading role in the current energy transition. The
cumulative capacity of the PV installations around the world
has increased to reach more than 500 GW [3].

Photovoltaic systems technologies, including power
converters, have reached the stage where they can be used
in stand-alone, grid-connected or hybrid power systems. In
recent years, the evolution of PV systems studies has led to
the design of efficient systems [4]. Despite of all this
evolution, no system is immune to failures. For this reason,
a significant deal of effort is now being put into the
monitoring and diagnosis of PV systems. One of the parts
most prone to faults in a PV system is the power
converters, which includes the DC-DC and the three-phase
inverter. These faults, which are mainly caused by the

degradation of the switch components such as open circuit
faults in IGBT’s, can decrease performance and even lead
to total unavailability of the PV system. As a result, these
faults will reduce the productivity of the system [5].

Several researchers have investigated the behavior
of power converters in case of an internal fault and have
developed diagnostic and identification methods, focusing
in particular on the open circuit failure of IGBT switch. In
[6, 7], the authors discuss new approaches based entirely
on the artificial neural network (ANN) and the Clarke
transformation as a detection tool for locating an interrupt
fault of the IGBT switch in a three-phase inverter. In [8,
9], new feature extraction approaches using three-phase
load currents are proposed, in [9], the diagnostic method
used is based on neural network (NN) that has learned
from a database derived from the analysis of the three
phase currents. Another study based on discrete wavelet
transforms (DWT) and NN for fault detection was
proposed in [10, 11]. The presented technique allows the
identification of single and multiple faults in IGBTs,
where the detection mechanism is based on the analysis of
the currents. In [12] the Park’s vector technique was
presented. The principle of this method is based on the
conversion of three phase system (/,, I, 1.) into a two-
phase system (I, 1,). In this case, the Park contour is a
circle whose center is the origin. This contour is
considered as a simple and interesting reference index,
since these deviations indicate the anomalies that can
affect the system. The fixed reference frame is used to
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evaluate the evolution of currents at the occurrence of
open circuits in the inverter. Another diagnostic method
proposed in [13-16] is based on calculating the average
values of the three phase currents, the absolute mean
values are used as primary variables to formulate
diagnostic indicators. In [17-20], the authors use fuzzy
logic as an expert system for fault detection of open
circuit faults in a three-phase inverter, this technique is
based on processing and analyzing the load currents. In
[21], the author proposes a fault detection technique for
three-phase inverters based on monitoring the RMS value
and the average values of the three-phase currents.

This paper proposes a technique for detecting and
locating the open circuit fault of the IGBT’s switches of
the power converters in a grid connected photovoltaic
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system using the ANN assisted by the Clarke
transformation. This approach requires the three phase
currents (1, I, I.) to calculate the Clarke currents as well
as the fault angles related to the open circuit faults of the
IGBT switch of the DC-DC converter or the three-phase
inverter. These features are then fed as inputs into the
ANN structure, the resulting output of the ANN is used to
identify and locate faults that may exist in the DC-DC
converter or the three-phase inverter.

Description of the grid connected photovoltaic
system. Figure 1 shows the model of a photovoltaic
system connected to the grid through DC/DC boost
converter and a three-phase inverter. In this model we
have fixed the weather conditions such as incident solar
irradiance and temperature.

Y rTE—
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Photovoltaic cell. The photovoltaic energy results from
the direct transformation of rays from the sun into
continuous electrical power by means of cells. Thus, to
obtain sufficient power, the cells are connected in series and
in parallels [2, 22]. The connection between the power
source and the distribution grid is provided by a series of
power converters. The power stage is an essential element in
a photovoltaic system; it is usually formed by a DC-DC
converter connected to an inverter via a DC bus.

Implementation of DC side control. A DC-DC
boost converter is mainly composed of an inductor L, a
switch T, a diode and input capacitance C, to smooth the
output voltage of the PV panel. It is used to extract the
maximum power available at the PV array at any time and
transfer it. This converter acts as an interface between two
elements. It ensures the transfer of the maximum power
supplied by the generator via a control action [3, 23].

A maximum power point tracker (MPPT) control
associated with a DC-DC converter, allows a PV array to
be operated to produce the maximum of its power
whatever the weather conditions (temperature and
irradiation), the converter control places the system at the
maximum operating point. A power converter controlled
by an MPPT will optimize the photovoltaic conversion
chain. In this paper a Perturb and Observe algorithm is

Fig. 1. Grid connected PV system diagram

employed (Fig. 2) because of its simplicity and easy
implementation [3, 23].

Measures V(K) and I(K) and calculates
P(K)= V(K)*I(K)

Calculates AP=P(K)=P(K-1)
Calculates AV=V(K)=V(K-1)

@ |

( v(k):v(K-;)¥d

AP>0

Fig. 2. Flowchart of Perturb and Observe algorithm

Implementation of AC side control. A two level
three-phase inverter is used for converting the DC energy
into AC energy, where the six switches (T1-T6) are
employed in the main circuit of the inverter. The DC bus
C, is the link between the two converters and its purpose
is to act both as a power storage element and a filter [24].

To achieve stable operation of the system, the
voltages and currents in the system must be monitored
and controlled. This is accomplished by implementing the
control part [24, 25].
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Figure 1 presents a control strategy for a three-phase
inverter connected to grid; this control technique includes
two numbers of control loops. Voltage control is provided
to maintain the DC link voltage constant; the boost
converter is controlled by the duty cycle of the MPPT.
Then the voltage measured from the boost V. is
compared to the reference voltage V... For the voltage
control a PI controller is employed [24, 25].

The three-phase currents of the inverter (/,, I, 1.)
and the grid voltages (V,, V;, V.) are transformed into to
dq reference frame (/,, 1,) and (V4 V,). To obtain a unit
power factor in a grid-connected PV system, the current
reference /, s is considered to be zero. The output from
the voltage controller is the current reference /... The
voltage reference for the PWM is the PI current
controller’s outputs which are given by [24, 25] in (1):

. K (. .
Ud :Vd_w'Llot'lq+(Kp+le'(ld—ref_ld)’
6]
Uy=Vy+a-Liy-ig+ KP+T Nig—rer =14

where U,, U, are the dq desired voltage references; w is
the angular frequency of the grid; K, K; gains of the PI
controller; L,,, refers to L, + L.

Grid synchronization. One of the most critical issues
with grid-connected PV systems is the synchronization
between the PV system and the grid. The phase angle & of
the grid voltage vector is the main output of the
synchronization algorithm. In this paper it is extracted
using phased locked loop. The phase angle used to control
the three-phase inverter switches, calculate and control
active and reactive power, and convert feedback variables
(grid voltage and current) to a reference frame [22, 24].

The fault diagnosis approach. The reliability of
power converters has always been a major concern in
many power applications such as power generation. It is
worth mentioning that these converters are particularly
sensitive to faults in their power components IGBT’s,
which can be broadly can be classified as open circuit
faults and short circuit faults. In our work, we focus on
the open circuit fault; such a fault can lead to secondary
failures in other converter components, which can lead to
high repair costs [5].

Figure 3 shows the procedure for diagnosing open
circuit failures that may affect the different power
converters (DC-DC converter and three-phase inverter) is
based on the following steps:

e application of the Clarke transformation on the
three-phase currents of the three-phase inverter;

e extraction of information from the
transformation;

e implementation of ANN as diagnosis method;

e identification of open circuit fault of IGBT switch.

For the feature extraction approach, the suggested
defect diagnosis system takes into account the inverter
output current signals. After applying the Clarke
transformation to convert these three-phase currents to
two-phase currents, a feature extraction technique is
employed to extract the most efficient characteristics of
the operating system. The system’s characteristics are
then determined for various operational scenarios (with
and without faults). The values of the feature vectors in

Clarke

distinct fault instances are recorded in a fault table. This
table is then used to train the ANN that will be utilized to
detect and diagnose open circuit faults in the grid-
connected photovoltaic system’s power converters.
The extracted characteristics. The system of (2)
shows the three phase currents of the inverter output:
1, =1« -sin(a) . t),
Iy = Iy -sin(e-1—2-7/3); ?)
I, = Ipay -sin(@-1+2-7/3);
where I, is the maximum amplitude of the current.
Applying the Clarke transformation on the system
allows us to obtain the system of equation (3) [7]:
2 1 1

[y =iy —— iy —— i
3 3 3
3)
i,B :L'(l’b _ic)=
NE)
where i,, igare the Clarke currents.
The average currents in the two axes (« and f) can
be calculated using the following equations [7]:

amean

a length(i,, )

3 igl)
. _ B\J
Ypmean = ; lengthiiﬂ i’

where N defines the number of samples.
The calculation of the angle that corresponds to the
open circuit fault in each switch is given by [7]:

0= tan‘l(MJ . (5)

! Bmean

“4)

The range of the angle in each fault condition in the
different T; switches is shown in Table 1 [12, 26].

Table 1
The open circuit angle in each switch of the power converters
State 6 State 6
Healthy [0, 2n] T1 and T5 [n/2, 5n/6]
Tl [7/2, 37/2]] T1 and T6 [57/6, 31/2]
T2 [0, ©/2] or [37/2, 2] | T2 and T3 | [0, 7/6] or [3w/2, 2x]
T3 [0, m/6] or [7n/6, 2] | T2 and T4 [m/6, 2m]
T4 [7/6, Tn/6] T2 and T5 |[0, n/2] or [117/6, 2]
T5 [0,5m/6]or[11n/6, 2n]| T2 and T6 [37/2, 117/6]
T6 [57/6, 117/6] T3 and T5 |[0, n/6] or [11a/6, 2x]
T [0, 2x] T3 and T6 [7n/6, 117/6]
T1 and T3 [7n/6, 37/2] T4 and TS [m/6, 5/6]
T1 and T4 [7/2, Tn/6] T4 and T6 [57/6, Tn/6]

The architecture of the ANN used. The ANN system
is built up of neurons with identical structures that are linked
together in a manner comparable to the human nervous
system’s cells. It consists of a series of layers coupled in such
a way that each neuron receives its input from the output of
the one before it. The neurons of the input layer are
connected only to the next layer while the neurons of the
hidden layers have the particularity of being connected to all
the neurons of the previous layer and of the next layer [10].

The input layer of our neural network has three
neurons (igmeans ipnean and ), whose job is to send the
input values to the hidden layer, which has 15 neurons,
and the output layer, which has six neurons (Fig. 4). The
system’s intended output is binary (1 or 0).
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Input Layer Hidden layer Output Layer combinations are manually fed into the system, the ANN is

Fig. 4.The architecture of the ANN used

The desired output for the different possible fault
cases at the IGBT switches of the two power converters is
shown in Table 2.

Table 2
Classification of open circuit faults
State Output State Output
Healthy [00000 0] T1 and T5 [100010]
Tl [100000] T1 and T6 [100001]
T2 [010000] T2 and T3 [011000]
T3 [001000] T2 and T4 [010100]
T4 [000100] T2 and T5 [010010]
TS [000010] T2 and T6 [010001]
T6 [000001] T3 and T5 [001010]
T [111111] T3 and T6 [001001]
T1 and T3 [101000] T4 and T5 [000110]
T1 and T4 [100100] T4 and T6 [000101]

Validation of diagnosis method. In this part a
validation of the efficiency of the developed method for the
detection of the open circuit faults of power switches
integrated in the power converters (DC-DC converter and
three-phase inverter). A simulation of normal and faulty
operation was carried out in MATLAB / Simulink
environment. The normal case and all possible fault

used for the learning process, and the generated code is
implemented in our simulation system.

The simulation of the system was carried out using
the parameters presented in Table 3.

Table 3
The parameters of the studied system
Parameters Values
Number of modules in series 15
Number of modules in parallel 16
The desired power, kW 51.156
Capacitor C;, F 6.7586:107°
Capacitor C,, F 5.5-107
Inductor L, H 3107
Boost frequency, kHz 5
DC-link voltage, V 700
Inverter frequency, kHz 10
Parameters of LCL filter: L;,, H |4.1897- 10"
L,,H |2.513810°"
CpF  [5.0886-107
Grid frequency, Hz 50

Simulation results. Figure 5 shows the simulation
results in the healthy state and in the presence of an open
circuit fault. An operation in faulty mode due to an open
circuit fault on the IGBT T4 will cause the loss of the
negative half-wave of the current of phase B. In another way
if there is no opening of the IGBT T4 and T5 will cause a
loss of positive alternation in the current of phase C.

The inputs to the system diagnostic block consist of
the following characteristics (igmean, igmean and 6). The
information of each scenario for the healthy case and the
defective cases is summarized in Table 4.

SO TS
R HW‘WWWMM

I I L I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 i

Fig. 5. Three phase currents in healthy and faulty mode
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Table 4
Diagnostic indicators values

States Parameters iameans ipmeans O
Healthy 0.0004039 —0.004703 27491
Tl -39.14 9.166 166.8
T2 39.17 -9.186 346.8
T3 11.59 —38.45 286.77
T4 —11.6 38.53 106.8
T5 27.52 29.37 46.86
T6 —27.49 —29.43 227
T1 and T3 -16.8 —82.43 258.5
T1 and T4 -96.12 6.134 176.3
T1 and T5 —63.08 55.82 138.5
T1 and T6 -53.36 -80.41 236.4
T2 and T3 96.23 —6.064 356.396
T2 and T4 16.89 82.44 78.42
T2 and T5 53.35 80.32 56.41
T2 and T6 63.04 —55.78 318.45
T3 and T5 79.83 26.65 18.46
T3 and T6 42.88 —86.38 296.4
T4 and T5 —42.68 86.35 116.3
T4 and T6 —79.76 —26.61 198.5
T —0.003302 —0.000994 196.8

Neural network learning outcomes. Learning is a
crucial stage in the deployment of a neural network, in which
the network’s behavior is modified until the desired behavior
is achieved. The software MATLAB was used to do
automatic learning until a very small squared error was
acquired. The ANN learning base is presented in the form of
table. It is represented by classes of vectors, where each class
represents a type of functioning (healthy and defective), and
each vector is represented by the sampled values.

The best learning performance obtained thanks to a
good choice of the ANN structure and after several learning
tests. The learning performance of the ANN used is
evaluated by the root mean square error. In our case, the
ANN reached a value of 9.1656-10" after 28 iterations, as

shown in Fig. 6.
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Fig. 6. Performance of the ANN

Once the ANN has been constructed (Fig. 7) and its
training has achieved satisfactory performance, we move
on to the step of comparing the target outputs to the
simulation results. The results of the ANN test are shown
below in Fig. 8.
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Fig. 7. The ANN used
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Fig. 8. Simulation results in state: (a) Healthy, (b) Fault in DC-
DC Boost Converter, (¢) Fault in T4 and TS, (d) Fault in T1 and
T3, (e) Fault in T3

According to the results obtained during the test, it can
be seen that the results of the ANN used evolve according to
the desired results for the different types of operation.
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Conclusion. This paper proposes the use of artificial
neural networks to classify open circuit faults in IGBTs of
power converters in photovoltaic systems. The resulting
network has a simple design with an input layer, a decision
output layer, and a hidden layer of 15 neurons, as well as
graphical outputs that display the learning results. After
multiple learning tests, it can be established that a good
choice of artificial neural network structure results in greater
learning performance. The simulation results, as shown
above, demonstrate the reliability and performance of the
fault detection and diagnosis system created for the
photovoltaic system’s power converters.
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