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Open circuit fault diagnosis for a five-level neutral point clamped inverter in a grid-connected
photovoltaic system with hybrid energy storage system

Introduction. Recently, the number of high and medium voltage applications has increased dramatically. The connection between
these different applications requires series-parallel combinations of power semiconductors. Multilevel converter topologies provide
major advantages to these applications. In this paper, a grid-connected photovoltaic system with a hybrid energy storage system
using a five-level neutral point clamped inverter is studied. Although the multilevel inverter has many advantages over the two-level
inverter, it has a high probability of experiencing an open circuit fault. In this context, the five-level inverter has 24 controllable
switches, one of which may experience an open circuit fault at any time. Therefore, it plays an important part in the reliability and
robustness of the whole system. The novelty of this paper presents an approach to accurately detect the open circuit fault in all
insulated gate bipolar transistors of a five-level neutral point clamped inverter in a photovoltaic power generation application with a
hybrid energy storage system. Purpose. Before using fault-tolerant control to ensure service continuity, fault diagnosis techniques
must first be used, which are the crucial phase of reliability. Methods. A detection method based on the maximum and minimum
error values is proposed. These errors are calculated using the expected and measured line-to-line pole voltages. Results. The open
circuit fault detection method is implemented using MATLAB/Simulink. Simulation results showed the accuracy of detecting the open
circuit fault in all insulated gate bipolar transistors in a short time. Moreover, this method is adaptable to several applications and is
also robust to transient regimes imposed by solar irradiation and load variations. References 26, table 3, figures 16.

Key words: photovoltaic, fault diagnosis, five-level neutral point clamped inverter, line-to-line pole voltages.

Bcemyn. Ocmanniv wacom pisko 3pocia KitbKicmb 3aCmocy8anb GUCOKOL ma cepeOnvoi manpyeu. 3’€OHauMa Midc yumu pisHUMU
BUKOPUCIAHHAMU 8UMA2AE NOCTIO08HO-NAPANETbHUX KOMOIHAYI cunosux Hanienposionuxie. Tononoeii bazamopisHesux nepemeoprosayis
Haoaroms yum 000amKam eeluKi nepesazu. Y yiti cmammi aus4acmucsa homoenekmpusna Cucmema, niokmoyeHa 00 Mepedxci, 3 2iOpuoHoI0
CcUCmMeMOI0 30epieantst enepeii, AKa GUKOPUCIOBYE N ImupieHesutl IHeepmop i3 (IKCY8aHHAM HeumpaibHoi mouku. Xoua 6azamopieHesull
inéepmop mae bazamo nepesaz, NOPIGHAHO 3 OBOPIBHEBUM THBEPMOPOM, GiH MAE BUCOKY UMOBIPHICTNG BUHUKHENHS 0bpu8gy Kona. Y 36 43Ky 3
yum n’smupieresutl ineepmop mae 24 keposaHi nepemuxayi, 00UH 3 AKUX 0YOb-AKOI Mumi modice 3imkHymucs 3 oopusom xoaa. Taxum
uuHOM, 6iH 6idicpac ajcaugy poas y Hadiimocmi ma cmitikocmi eciei cucmemu. Hoeusna yici cmammi agnse co60ro nioxio 0o mowno2o
BUAGIIEHHA HECNPAGHOCII PO3IMKHYIMO20 KOJIA Y 6CIX OINOIAPHUX MPAHZUCMOPAX 13 1301b0BAHUM 3AMEOPOM N AIMUPIGHEB020 iHGepmopa 3
¢hixcysannam HellmpanbHoi mouku y pomoenekmputHux 000amKax Os GUPOONIEHHSA eNeKMpPOeHepeii 3 SIOPUOHOI0 CUCEMOTO 30epieaHHs
enepeii. Mema. Ilepw nidc gukopucmogysamu ioMo8oCmitikuii KOHmpons 05l 3abe3neyents b6e3nepepeHocmi 00Cy208y8anHs, HeOOXIOHO
CROYAMKY BUKOPUCTIOBYEAMU MEMOOU OIAZHOCMUKU HECHPAGHOCMEl, KT € GUPTUAIbHUM emanom Hadiunocmi. Memoou. 3anpononoearo
MemoO  BUABNEHHA, 3ACHOBAMUN HA MAKCUMATLHOMY MA MIHIMATLHOMY 3HAYEHHAX nomunok. Lli nomunku pospaxogyiomecs 3
BUKOPUCHIAHHAM OYIKY8AHUX MA BUMIDAHUX MidicghazHux Hanpye na nomocax. Pesynsmamu. Memoo suagienns o6pusy Kona peanizoeaHo 3
surxopucmarnnam MATLAB/Simulink. Pezynomamu Mo0enio8ants NOKA3AMU MOYHICMb GUSGNIEHHS 00pUgy Koia y 6CIX OIinomspHux
MpaH3uCmMopax i3 i301b0BAHUM 3aMBOPOM 3a KOpomKull yac. binbw moeo, yeii Memoo adanmyemocs 00 KibKOX 3ACMOCYBAHb, d MAKOIC
CMILIKULE 00 NEPexiOHUX PedCUMIB, BUKTUKAHUX COHAYHUM GUNPOMIHIOBAHHAM ma 3Minamu Hasanmadicenns. biomn. 26, Tabm. 3, puc. 16.
Knrouoei cnosa: pororanppaniyna cucrema, AiarHOCTHKA HECHPaBHOCTelH, I’ATUPIBHEBUI IHBepPTOP i3 3a)KMMOM HeHTpai,
JIiHiliHA HAIIPYTa HA I0JII0CaX.

1. Introduction. Photovoltaic (PV) system is system must be equipped with an inverter that presents the

increasingly important as it is easy to set up and requires
low maintenance. Currently, the energy demand in the
public domain has been fulfilled through the
implementation of stand-alone, grid-connected and hybrid
PV system configurations [1]. However, like other
renewable energy sources, solar energy tends to be
intermittent because it is influenced by meteorological
conditions [2]. Hence, the Energy Storage System (ESS) is
typically needed in renewable energy based microgrid
system to serve as a buffer between production and load. In
microgrid systems, the incoming and outgoing power of the
ESS elements varies considerably depending on the
instantaneous power production and load status [3]. These
intermittent variations negatively impact ESS performance,
reduce ESS life and increase the cost of battery
replacement, as batteries are featured with high-energy
density, but have low-power density, low charge/discharge
rates and slow dynamic response. One way around these
problems is to combine multiple types of energy storage
elements to create a Hybrid Energy Storage System
(HESS). Currently, batteries and supercapacitors (SCs) are
the most popular choices for many systems because SCs
have high-power densities, offer a long life cycle with high
efficiency and fast charge/discharge response [4, 5].

The grid-connected PV system with a HESS was
widely studied in the literature [6, 7]. Moreover, this

connection between the generator and the AC side. The
inverter, which is based on power semiconductors,
including insulated gate bipolar transistors (IGBTs) and
diodes, is one of the most vulnerable components, and
therefore plays an important role in the reliability and
robustness of the overall system. According to a study,
34 % of faults in power converters are related to power
semiconductors and mainly to controllable switches, while
diodes have a lower failure rate [8].

The multi-level Neutral Point Clamped (NPC)
inverter is increasingly used in grid-connected PV systems
because it has many advantages over two-level inverters,
including lower harmonic distortion of the output voltage,
the best choice for medium to high power and low
switching loss [9, 10]. However, the high number of power
switching devices increases the chance of failure. The most
common power semiconductor failures are open circuit
(OC), short circuit (SC), which can occur due to high
thermal or electrical strain, wire disconnection or gate
driver failure [11]. In most cases, a short-circuit fault
results in an overcurrent, which is very destructive and can
immediately damage the IGBTs. Therefore, protection
against short-circuit faults is often achieved through
hardware solutions. In addition, industrial gate drivers
protect the system against short circuits [12]. However,
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when an OC fault occurs, the system continues to operate,
but the line current and DC bus voltage fluctuate, which
may result in a secondary fault in the power converter or
other devices. One of the most important ways to boost
system reliability is through fault-tolerant techniques.
Currently, fault tolerance methods for inverters are mainly
classified into two categories: software-based approaches
without additional hardware and hardware-based
approaches [13]. However, fault diagnosis is a crucial
phase of service continuity, because without it, it is
impossible to reconfigure the converter correctly [14].
Literature review. Fault diagnosis methods for
multilevel converters are still not widely studied in the
literature due to their more recent development than two-
level converters. Moreover, the diagnostic methods
validated for two-level converters are not directly
applicable to multilevel converters due to their large
number of power components. These methods are
classified into two categories: voltage-based methods and
current-based methods. For methods based on currents
[15] proposes a method using the Average Current Park
Vector for a three level NPC inverter. Although this
method can detect the OC fault in two switches, the
possibility of the failure of two IGBTs at the same time is
rare. In [16], the authors contribute to the improvement of
the previously mentioned study by accurately detecting
the faulty switch. However, this study is only dedicated to
AC drive applications. A study based on the extension
theory method to locate faults in a three-level NPC
inverter supplying an AC motor is proposed in [17]. The
inputs used for this method are the frequency spectra of
the line current waveforms. For an AC motor drive, the
frequency spectra are different depending on the faulty
switch. However, for a grid-connected system, it is
impossible to detect the OC fault because the frequency
spectrum is the same for the upper half arm as well as for
the lower half arm. The authors of [18] accurately locate

o L{gq+wgrLtlgd

the OC fault in a three-level NPC converter associated
with a wind power system using the neural network. The
inputs used in this study are the magnitude and phase
angle of the generator currents. However, this method is
limited to AC drive applications and requires large data
storage and computing capacity.

For voltage-based methods, the authors of [19]
propose a method based on the evaluation of pole
voltages and motor line currents to detect the fault in a
three-level NPC inverter. Although this method has the
ability to detect multiple OC faults in all IGBTs and
clamp diodes, it is not suitable for grid-connected
systems. In [20] the authors contributed significantly to
the accurate location of the faulty IGBT in a three-level
NPC rectifier without adding additional hardware. The
estimated voltage errors are represented by the expected
value of the converter line voltage and its estimated value.
However, this estimation generates a lot of noise, and the
choice of thresholds and minimum detection time depends
on each system, which reduces the robustness of this
method. Fault detection of a five-level NPC inverter is not
studied at all in the literature. The authors in [21] focused
on the reconfiguration of this inverter without specifying
the diagnostic method.

The goal of the paper. To remedy the previously
mentioned drawbacks, this study presents an approach to
accurately detect the OC fault in all IGBTs of a five-level
NPC inverter. This inverter is used in a grid-connected PV
system with a HESS to improve the power quality and to be
able to support high power. The detection method is based
on the maximum and minimum error values resulting from
the comparison between the measured line-to-line pole
voltages and their expected values. The fault monitoring is
well achieved regardless of the load type (resistive or
inductive) and power state (transient or steady-state), which
amplifies the reliability of this algorithm. In addition, the
proposed method can quickly detect the OC fault.

2. System description. The global
system architecture is depicted in Fig. 1,
which comprises three main functions:
generation of electrical energy, HESS and
energy management, connection to the
grid.

2.1 PV generation. PV panels have
been installed to produce electrical energy
(Fig. 1,a). The PV generator is formed by
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Five level

GrEYad  NPC
inverter

PV panels connected in series for
increasing the voltage and in parallel for

increasing the current, and a DC/DC
boost converter which transmits the

produced power P,, to the DC bus. The
voltage V), at the terminals of the bank of
panels, and the current /,,, passing through
them, follow a 1,/(V,,) characteristic
which depends on the exogenous inputs
which are the solar irradiation, and the
atmospheric temperature. The electrical
behavior of a PV cell can be described
with good precision by a model called

«single diode» [22].

Fig. 1. Schematic diagram of grid-connected PV system with AC load

The Perturb & Observe method is used for extracting
the maximum power of PV panels. It is an iterative method,

allowing acquiring the maximum power point. It depends
on measuring the characteristics /,,(V,,) of the PV modules,
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then induces a slight disturbance of the voltage (or the
current) to analyze the resulting power change [23].

2.2 Configuration of the HESS and energy
management. Figure 1,b presents the HESS, which
includes batteries and SCs. Each bank of SCs and
batteries is connected to a DC/DC buck-boost converter,
which connects it to the DC bus. There must be a
complementarity between these hybrid storage systems.
The batteries providing the «energy» function are sized in
terms of average power, while the SCs having the
«power» function are sized in transient power. The
implementation of SCs is to improve battery life.

The energy management is presented in Fig. 1,c. To
determine the total power P, it is necessary to calculate the
power of the PV generation P,,, the power of the load Pjyuq
and the power dissipated in the grid filter P, Then a low-
pass filter is used to split the total power into two
components: the transient power component P;,, and the
average power component P,,. Consequently, the part
containing the high frequencies (transient power) is supplied
to the SCs and those of the low frequencies to the batteries
[24]. The power balance equation is stated as follows:

Frot = Pioad + Ploss _va :Pavg + B - (1

Since the components P,,, and P,, are based on a
reference current on the DC bus side, two gains are used
to estimate the reference currents on the SC side ([screr)
and battery side (/4 s ). The measured values of the SC
and battery current (Isc and [,,) are taken in order to
compare them with their reference values. In addition, a
compensation factor is wused to increase system
performance by recovering uncompensated battery power
due to its slow dynamics [25]. This uncompensated power
is added to the transient power to be recovered by SC.
Finally, the PI controllers are concerned with the
generation of adequate control signals via the duty cycles
of the converters (Dgc and D,,), which allow the
measured currents to follow their references.

2.3 Control of grid connection. The grid connection
consists of a five-level NPC inverter, an R-L filter at each
phase, a load and a power grid as shown in Fig. 1.d. To
control the grid side, Voltage Oriented Control (VOC) is
proposed in this paper using the PI controller. The purpose of
the VOC is to keep the DC bus voltage constant regardless of
the amplitude and direction of the power. This control
technique needs to calculate the angle using a phase locked
loop for the Park transform. The control strategy comprises
an outer loop to control the DC bus voltage and two internal
loops to control the direct and quadrature components of the
current (d-axis and g-axis). The external loop is then
produced employing a regulation loop, making it possible to
maintain a constant DC bus voltage, with a PI regulator
generating the current reference I . Concerning the
internal loop, the direct and quadrature components are used
to regulate active and reactive power, respectively.
Furthermore, a decoupled control for direct and quadrature
components is implemented to tackle the problem of the
relationship between the d-axis and g-axis [26].

3. Open circuit fault analysis. This section presents
the analysis of the OC fault in a five-level NPC inverter,
which is shown in Fig. 2 by the arm of the 4 phase. The
five-level NPC inverter arm consists of four capacitors of
equal capacity dividing the input voltage V,. into four
identical voltage levels and eight switches (IGBTs)
mounted in antiparallel with diodes. In addition, six clamp

diodes are present to have five additional voltage levels,
as shown in Table 1 [9].

This analysis is only dedicated to the switches of the
upper half arm of phase 4 Sy, Sp, S3, Sua due to its
symmetrical shape. Therefore, the switches of the lower
half arm Sjs, S46, S47, S4g have the same analysis as those
of the upper half arm, except for the path and the sign of
the phase current.

3.1 Open circuit fault in S4;. When the OC fault
arises in the switch Sy, then the current path is Dy, Sy,
S43, S44 and the switching state P, is impossible as shown
in Fig. 3,a. Figure 4,a represents when an OC fault occurs
in Sy at the instant = 0.5 s, from this instant a part of the
positive phase current (/) flows. Furthermore, the diode
Dy is reverse biased due to the grid voltage, which is
greater than the DC bus voltage V,/4. The control
increases the amplitude of the currents of other phases
() and 1)) to balance the power.

3.2 Open circuit fault in S,. When the OC fault has
appeared at the switch S, the switching states P, and P, are
impossible. Therefore, the current path of the faulty phase
(Iy) is formed by D», S4; and Sy4 as shown in Fig. 3,b. Then
the diode D;, which blocks the majority of the positive phase
current, is reverse biased. Therefore, the positive phase
current is 0, as shown in Fig. 4,b.

Fig. 2. The A-phase arm of a five-level NPC inverter

Table 1
Switching states in phase X
State of IGBT’s states X € {4, B, C} Pole
leg X | Syi | Swo | Sxs | Sxa | Sxs | Sxs | Sx7 | Ss | voltage Vyo

P, 1 1 1 1[10]0]0]|O0 +V /2
P, 0|1 1 1 1[0]0]O0 +V4/4
0 001 1 1 1]10]0 0

N, 00|01 1 1 10 —Val4
N, 0O[0]0]0]1 1 1 1 V2

Fig. 3. Current paths in the case of an OC fault
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3.3 Open circuit fault in S ;. When S,3 is open-
circuited, the impossible switching states are P,, P, and 0.
Therefore, the current path is formed by D;, Sy4 as shown
in Fig. 3,c. However, because of the negative DC bus
voltage and the positive grid voltage, diode D; is always
reverse biased. So, the positive current corresponding to
the faulty phase cannot flow, as shown in Fig. 4,c.

3.4 Open circuit fault in S4. When S,4 is open-
circuited, the impossible switching states are P,, P;, 0 and
N. Therefore, the current path is formed by D5, D47, D4
and D,s as shown in Fig. 3,d. However, due to negative
DC bus voltage and positive mains voltage, diode D g,
Dy;, Dy and Dys are always reverse biased. So, the
positive phase current cannot flow as shown in Fig. 4,d.
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Fig. 4. Current waveforms under OC fault in switches (a) Sy1, (b) S42, (¢) Su3, (d) Sua

From the previous analysis, the phase current is 0 in
both situations when the switch Sy; or Sy is faulty. The
phase current when the fault occurs in S5 or Sy is also
equal to each other. Therefore, if the load is not reactive,
it is difficult or impossible to distinguish the OC fault
from the switches mentioned above. Unless there are
additional algorithms added to the detection technique.
This will add a large computational capacity and slow
down the detection time.

4. Diagnostic technique. In this section, a technique
for detecting an OC fault of one of the switches of a five-
level NPC inverter is proposed. This method is based on the
comparison between the measured and expected line-to-line
pole voltages, denoted Vyy and ¥y, respectively (XYe {4B,
BC, CA}). The five-level NPC inverter is controlled by the
sine-triangle PWM control, which generates the control
commands Jy(i€{l, 2, ..., 8}) to control the DC-bus voltage
and the active and reactive power. Using these control
commands those of the upper half arm of each phase, it is
possible to estimate each pole voltage V' yo(Xe {4, B, C})
according to the following relation:

Vo =(0x1+0xs +8x3+ys -2) V;c :
The expected line-to-line pole voltages are:

Vxr =Vxo ~Vro- 3)

To precisely locate the OC fault in each phase and

each switch, the fault was analyzed using the deference

between the expected and measured line-to-line pole
voltages AVyy. The diagnostic errors are calculated by:

AVxy =Vxy —Vay . “
The diagnostic errors must be normalized so that the
diagnostic algorithm is independent of the DC bus voltage
using the following formula:
exy =AVxy [Vac - )
In healthy conditions, the diagnostic errors are 0,
which means the measured and expected line-to-line pole
are equal. On the other hand, if the OC fault has occurred
in any switch, two-line voltage errors are affected by the
OC fault, because each phase is linked to two line-to-line
pole voltages. The third error, which has nothing to do
with the faulty phase, remained 0.
Therefore, it is possible to accurately detect the
defective half arm. For example, if the fault appeared in
the upper half arm of phase X, the errors are as follows:

2

& yy = threshold;
eyz =0; (6)
&7y = —threshold.

The diagnostic errors linked to defective phase X
take symmetrical values. If the fault appeared in the lower
half arm of phase X, the errors are the same, but the
values of those linked to the defective phase are reversed.

After detecting the fault and determining the faulty
phase and half-arm, it is necessary to identify with
precision the faulty switch by determining the values of
the errors corresponding to each switch. To calculate the
maximum error value when Sy is in OC, the current
passes through Dy, Sy,, Sy; and Sy, instead as explained in
section (3), connecting the DC bus mid-point (O) to the
AC terminal and generating a pole voltage of value P;.
This results in a pole voltage error AVyy of V,/4. From
(5), the normalized diagnostic error applied to the
identification process (&yy) reaches a magnitude of 0.25
when the switching state is P,. Furthermore, the second
normalized diagnostic error (gzx) affected by the fault
obtains a symmetrical value of —0.25 when the switching
state is N,. The third error (&yz), which is completely
unrelated to the faulty phase, is 0. Using the analysis done
in section (3), a similar process is employed to compute
the normalized diagnostic error values for all switches,
and the results are listed in Table 2.

However, these errors are not fixed at those values
which vary at each cycle between 0 and the maximum
value for the high error and between 0 and the minimum
value for the low error. For this, it is only necessary to
capture the maximum and minimum error values using an
algorithm that calculates at any time the maximum and
minimum error values, resulting in six errors {max(&yy),
min(gyy), max(&yz), min(egyz), max(gy), min(gzy)}.
Therefore, the fault detection of each switch relies on the
behavior of these six errors and the threshold ranges in
which these errors may exist. Table 3 summarizes the
proposed OC fault detection method.

The diagnostic algorithm is recapitulated in the block
diagram in Fig. 5. In summary, the algorithm begins with a
step of calculating the expected pole voltages, and a line-to-
line pole voltage measurement from which the necessary
diagnostic errors are calculated. Then, as shown in Table 2,
the maximum and minimum values of each normalized
diagnostic error are extracted, since the errors don’t have a
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fixed value. An OC fault is recognized by checking (6),
which identifies the faulty phase. In the event of a fault, the
conditions in Table 3 immediately locate the faulty IGBT.

5. Simulation results and discussion. The simulation
results of a grid-connected PV system with a hybrid storage
system were performed via MATLAB. All the parameters of
the studied system are presented in the Appendix. Power is
injected via a balanced three-phase grid (220 V / 50 Hz).
Before the system is subjected to an OC type fault, it is
simulated in its healthy state to check the energy
management. The PV generation power and the load power
are shown in Fig. 6,a. From Fig. 6,b, it is evident that when
the PV generation is higher than the demand the battery and
the SC are charged by the deference of the two powers, and
when the generation is lower than the load demand the

battery and the SC discharge to provide the rest of the
required power. In the same figure, the SC supplies or
absorbs the transient component of the current, while the
battery supplies or absorbs the average component of the
current. Figure 6,c shows the DC bus voltage following its
reference (630 V). There are small fluctuations that are
corrected by the PI regulator when the generation power or
the load demand is changed. Figure 6,d illustrates the three-
phase currents coming out of the five-level NPC inverter.
The quality of the currents is very good thanks to this
inverter. From Fig. 6,e, it is clear that the active power
coming out of the inverter is the same as that of the load,
which means that the energy management is working well.
Since the load is purely active, the grid side controller
maintains the reactive power around 0, as shown in Fig. 6,f.

Vac +
Fault detection Faulty
Virwd e diagnostic S Eq (6) phase
Oxisp| errors [Eq (2)-(4)] AVX; \Zygxy
max(ey)
Max and min 2;(&2)) }.Tault?/‘swi.tch Faulty
Value.: min(e,) P| identification — GBT
extraction [ max(ez) Table (3)
min(ez)
Fig. 5. Proposed diagnostic algorithm block diagram
Table 2
Normalized diagnostic errors with OC fault in phase X
Faulty Exy Eyz Ezx
switch| P, P, 0 N, N, P, Py 0 N, N, P, Py 0 N, N,
Sy 10251 0 0 0 0 0 0 0 0 0 0 0 0 0 [-0.25
Sy | 05 ]025] 0 0 0 0 0 0 0 0 0 0 0 [-0.25] -0.5
Syp [075] 05 ]025] 0 0 0 0 0 0 0 0 0 |-0.25] -0.5 |-0.75
Sya 1 [075] 05 (025| 0 0 0 0 0 0 0 [-0.25|-0.5|-0.75] -1
Sys | -1 [-0.75] -0.5 |-0.25| 0 0 0 0 0 0 0 |025] 0.5 [0.75 1
Sys | -075]-0.5]-025] 0 0 0 0 0 0 0 0 0 |025] 0.5 ]0.75
Sy | 0.5 [-025] 0 0 0 0 0 0 0 0 0 0 0 |025] 05
Sy |-0.25] 0 0 0 0 0 0 0 0 0 0 0 0 0 |025
Table 3
Look-up table for detection of the faulty IGBT of phase X
Faulty switch max(&yy) min(&gyy) max(&yy) | min(gyy) max(&zy) min(&zy)
Sx1 [0.05 0.25] =0 =0 =0 ~0 [-0.25 —0.05]
S [0.250.5] ~0 ~0 ~0 ~0 [-0.5 -0.25]
Sy [0.50.75] ~0 ~0 ~0 ~0 [-0.75 -0.5]
Sxa [0.75 1] ~0 ~0 ~0 ~0 [-1-0.75]
Sxs =0 [-1-0.75] =0 =0 [0.75 1] ~0
Sxe =0 [-0.75 -0.5] =0 =0 [0.50.75] ~0
Sx7 =0 [-0.5 -0.25] ~0 ~0 [0.25 0.5] ~0
Sxs ~0 [-0.25 —0.05] ~0 ~0 [0.05 0.25] ~0

To verify the effectiveness of the proposed detection
technique, an OC type fault is imposed on the switches by
forcing the switching states to 0. For the same parameters
(irradiation and load) used previously, the OC type fault is
generated at 0.55 s in switches Sy3, Szq and S¢7, as shown in
Fig. 7-9. From Fig. 7, the three fault cases show significant
oscillations on the output currents of the faulty five-level
NPC inverter. Consequently, the active power supplied to
the load and the grid is no longer stable as well as the
reactive power supplied to the grid is no longer equal to 0
and is oscillating, as shown in Fig. 8. Figure 9 shows a
comparison between an ESS with and without SCs when
the OC type fault occurs on the same switches mentioned
previously. When the OC fault appeared, it turned out that

the SCs absorb the power peaks that are harmful to the
batteries. These show small ripples as if nothing had
happened. On the other hand, the system without hybrid
storage (without SCs) forces the batteries to absorb the
power peaks, which will reduce its lifespan.

The normalized diagnostic errors with which the fault
can be detected are shown in Fig. 10. After # = 0.55 s, the
behavior of these errors for the three fault cases is changed,
which means that there is a fault. From Fig. 10,q, the &;3 and
&cy errors vary at 0.75 and —0.75 respectively, and &gg¢ is
around 0. From Table 2, the fault is in the S,3 switch. The
fault can be easily detected using the same reasoning for
Fig. 10,b,c. Furthermore, when the load changes at 1 =0.75 s,
these errors remain stable at maximum and minimum values.
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Fig. 10. Normalized diagnostic errors: a) SA3; b) Sps;  ¢) Scr

However, these errors switch between 0 and their
maximum and minimum values. For this, Fig. 11 shows
after using an algorithm to calculate the maximum and
minimum point of each error. It is now easy to locate the
fault using Table 3. The fault detection signals are
presented in Fig. 12. Note that when the amplitude of the
faulty phase detection signal is equal to «1» the fault is in
phase A4, «2» the fault is in phase B, and «3» the fault is in
phase C. When the amplitude of the faulty switch
detection signal is equal to «1» the fault is in switch Sy,
«2» the fault is in switch Sy, and so on, and «8» the fault
is in switch Syg. After the occurrence of an OC fault at
0.55 s in a five-level NPC inverter, the proposed method
accurately detected it thanks to the six-normalized
diagnostic errors. In addition, the time to identify each
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To test the robustness under transient conditions, the
fault is shifted to # = 0.5 s which is the same time as the
load variation. The OC fault is now applied to the
switches Sys, Sgy, Sc3- From Fig. 13,a—c, the maximum
and minimum errors are the same values of Table 3 to
detect the fault in switches Sys, Sz, Scs. Therefore, the
detection results are shown in Fig. 14,a—c. Moreover, for
an active load fixed at a value of 2 kW with a reactive
power of 2 kVAr, it is obvious that the OC fault is well
detected, according to Fig. 15, 16.
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6. Conclusions. A method for detecting an open
circuit fault in a five-level neutral point clamped inverter
has been proposed. This inverter has been used in a grid-
connected photovoltaic system with a Hybrid Energy
Storage System. The combination of the battery and
supercapacitor improves the overall battery performance in
terms of lifetime. Even when the open circuit fault occurs,
the supercapacitor absorbs the ripples that are harmful to
the battery. The detection method is mainly based on the
calculation of the maximum and minimum point of each
normalized diagnostic error, which results in six. These six

errors are determined by comparing the three measured
line-to-line pole voltages with their expected values. The
fault in each switch is related to the behavior of all six
faults at once. Therefore, it is possible to discriminate the
fault in each insulated-gate bipolar transistor through the
lookup table. Furthermore, this method can identify the
open circuit fault no matter what type of load. It is also
robust to transient regimes imposed by solar irradiation and
load variations, ensuring system reliability.

Appendix.

PV array parameters: MPPT power P, = 165 W;
inductor filter L,, = 10 mH; cells in series N, = §; cells in
parallel N, = 4.

Battery parameters: terminal voltage V,,, = 12 V;
inductor filter L,,; = 8 mH; A-h capacity 100 A-h; internal
resistance 1.2 mQ2; batteries in series — 25.

SC parameters: maximum voltage Vg = 2.5 V;
inductor filter Lgc = 8 mH; internal resistance 3.2 mQ;
nominal capacity 350 F; SC in series — 120.

Utility grid parameters: DC bus capacitance
C = 900 pF; coupling inductance L, = 6.8 mH; grid
voltage V, =380 V; grid frequency f= 50 Hz.
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