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Abstract: The article presents two contributions: the first is an optimised control structure for photovoltaic grid connected systems (PVGCSSs).
The power chain is composed of two cascaded power converters, namely, a boost converter and a five-level T-type multilevel
converter. Traditionally, each power converter is controlled by a separate mode control (SMC) from the other, which is computationally
intensive since each converter requires its own control system, which is not practical. The suggested control, called integrated finite
set model predictive control (IFS-MPC), allows controlling cascaded converters at the same time in one stage, instead of controlling
them separately. Consequently, the overall implementation system is widely reduced. The second contribution of the article is a
modified IFS-MPC called modified integrated finite set-model predictive control (M-IFS-MPC), which ensures the correct functioning
of the grid-tied PV system under certain faults in converter components. Indeed, when one of the DC-link capacitors fails or when
one of the auxiliary switches breaks down, by selecting an appropriate choice of the DC-link capacitors’ voltage reference, the
proposed design allows a normal operation without intervention on the power circuit.

Keywords: FS-MPC « T-type multilevel converter integrated FS-MPC < photovoltaic grid connected system (PVGCS) e predictive incremental
conductance method (P-Inc-Cond) e fault-tolerant multilevel inverter fault tolerant PV system

1. Introduction

Multilevel power converters have the potential to be used in medium/high voltage-high power applications (high
voltage direct current (HVDC) systems, flexible AC transmission systems [FACTS], medium voltage variable speed
drive systems, high-voltage grid-connected system-based renewable energies; Bughneda et al., 2021; Franquelo
et al., 2008), whereas two-level inverters (2L-VSI) cannot be used in such applications due to their limited voltage
rating (Kouro et al., 2010). Their main role is synthesising a pseudo-sinusoidal voltage waveform from several levels
produced from capacitor voltage sources. Consequently, the harmonic content of the output currents and voltages
is greatly reduced, approaching zero as the number of levels increases. In addition, the dv/dt switching stresses
lead to less electromagnetic interference, and the common mode voltage is also reduced, with the possibility of
operating at a lower switching frequency (Rodriguez et al., 2002).

There are mainly three families of multilevel converters: (a) the neutral point clamped converter (NPC), (b) the
cascaded H-bridge inverter and (c) the flying capacitor converter. The H-bridge inverter topology uses the modular
structure of converters with two voltage levels to allow the transit of high power by sharing it among a number of
converters, making the global converter inefficient, costly and more complicated for the control (Villanueva et al.,
2009). For Photovoltaic (PV) applications, this topology has the main advantage that each module converter is

N . . . .
s Email: boudja.wassim@googlemail.com

3 Open Access. © 2023 Boudja and Barra, published by Sciendo. [ AT This work is licensed under the Creative
Commons Attribution NonCommercial-NoDerivatives 4.0 License.


https://orcid.org/0000-0002-2407-2530

Boudja and Barra

fed by a separate DC source. This characteristic gives us the possibility to connect PV panels in each H-bridge,
thus achieving independent maximum power point tracking, which improves the energetic efficiency of the overall
system (Acharya et al., 2019).

The flying capacitor converter topology requires a large number of bulk capacitors and suffers input imbalance
voltage, which cause bad output waveforms (Huang and Corzine, 2006). In the NPC topology, the number of clamped
diodes increases excessively as the voltage level increases, causing more losses in the converter (Rodriguez
et al., 2010). Other multilevel converter variants have emerged recently such as hybrid multilevel converters (active
neutral point clamped converter [ANPC], hybrid ANPC converter, hybrid H-bridge converter) and T-type power
converter (Abu-Rub et al., 2010; Arikesh and Parvathy, 2020; Gupta et al., 2016; Ounejjar et al., 2011; Rezaei et al.,
2022; Sharifzadeh and Al-Haddad, 2019; Vemuganti et al., 2021).

The T-type converter is an advanced topology possessing the advantages of low conduction losses, high
efficiency, a relatively low number of switches and fault tolerance. A single-phase T-type converter is based on a full
H-bridge converter connected to an auxiliary bidirectional switch combination, giving the converter a four-quadrant
functioning possibility (Ceglia et al., 2006; Ouchatti et al., 2022).

In the last decade, finite set model predictive control (FS-MPC) has appeared as an attractive alternative offering
a completely different and powerful approach to control power converters. FS-MPC is nowadays very mature and
is well known for its brilliant performance, such as its fast dynamic response, no need for linear controllers, no need
for modulators pulse width modulation (PWM) or space vector modulation (SVM), completely different modulation
approach compared to PWM, extremely simple and being able to be implemented with standard microprocessors.
The method is based on the fact that a finite number of possible switching states can be generated by the power
converter. The system model is used to predict the behaviour of the variables for each switching state. For the
selection of the appropriate switching state to be applied to the system, a cost function must be defined and
evaluated for the predicted values at each sampling time. Then, the optimal switching state that minimises the
quality function is selected to apply during the next sampling interval (Vazquez et al., 2017).

The general photovoltaic grid-connected system (PVGCS) scheme is composed of two stages of power
converters, namely, an maximum power point tracking (MPPT) chopper converter cascaded with a two-level
voltage source inverter. Each converter is controlled independently by its own control system. The first contribution
proposes an optimised control of the two power converters placed in back-to-back mode, instead of controlling them
separately, which avoids the use of two control circuits, and thus, the hardware implementation is considerably
reduced.

During the lifetime of a PV system, the power electronics components break down 4 to 5 times more than
the rest of the power conversion chain components. The repair process causes the system to stop, and the
functioning is thus interrupted. This interruption becomes a real problem if the system is placed in a stand-
alone zone. The solution is to simply replace the boke components. In the literature, failure in power electronics
converters is a very important topic that needs more and more attention for introducing new methods and ideas
to deal with these faults from a ‘diagnostic’ point of view (Riera-Guasp et al., 2015) or from a ‘reliability’ point
of view (Peyghami et al., 2020; Wang, n.d.). Regarding the inverter side, there are very few studies that treat
this aspect from a control point of view using the MPC method without introducing additional components or
circuits.

In Azer et al. (2020), the authors present a fault-tolerant method on an NPC inverter by subdividing the power
topology into sub-inverters with modified modulating signals based on PWM. The method is limited only to open-
circuited switch faults. Also, in Sebaaly et al. (2021), the authors have presented a modified FS-MPC method
applied to a packed E-cell inverter. The method also deals with an open-circuited switches fault only without treating
the short-circuited device fault. In addition, they have not indicated if they have added additional hardware elements.
Table 1 shows a brief comparison of the aforementioned works.

In this context, a second contribution is presented that proposes certain solutions for the integrated finite set-
model predictive control (IFS-MPC) system operation under certain faulty conditions such as a short-circuited
capacitor and open-circuited switch. In the proposed M-IFS-MPC, we treat an additional case of a short-circuit
failure. Furthermore, a combined case of the two previous failures is studied when a short-circuit failure and an
open-circuit fault occur, which is not treated previously. One of the major advantages of this method is that it prevents
the interruption of the system operation when a sudden fault happens, not to mention that this method suites
applications where the placement of the system is difficult to reach and repair, for instance, offshore renewable
systems and space applications. Across the two faulty scenarios, the control system guarantees the continuity of
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Fault-tolerant technique Contribution Complexity Limitations Additional
hardware

Carrier-based PWM — SPWM-based control strategy Division of the Open- No
(Azer et al., 2020) — Modifying the modulation when fault occurs inverter into sub- circuit

— Four simultaneous fault tolerance inverter fault only

— Maintaining the capacitor voltages balanced
Switching mode — FS-MPC-based control strategy Possible additional Open- Yes
operation based on — One fault treated that is open circuit hardware for fault circuit
FS-MPC (Sebaaly et al., — Maintaining the capacitor voltages balanced detection — a costly fault only
2021) solution
The present paper — FS-MPC-based control strategy Uses hardware of No

— Two types of faults studied short circuit and open circuit normal control for /

— Two simultaneous fault tolerance detection

— Maintaining the capacitor voltages balanced

SPWM, sinusoidal pulse width modulation.

Table 1. Possible voltage levels of the studied T-type inverter with their corresponding switching state.

the service, thanks to the proposed control algorithm that employs voltage sensors in dc-link side (voltage balancing
sensors) and load side (load voltage sensor).

The article is organised into three sections as follows: After an introduction in Section 1, Section 2 is dedicated
to the healthy operation of a grid-connected PV system, while Section 3 is devoted to the faulty operation of
the grid-connected PV system. In Section 2, part 1, we show the advantage of the hybrid predictive incremental
conductance MPPT over the classic one. In part 2, the PV system, which includes the T-type inverter, is controlled
using the proposed integrated control strategy of the FS-MPC. The simulation results are shown in part 3. In Section
3, two scenarios of faulty operations are presented under a modified IFS-MPC to detect and reject the faulty cases
without adding any hardware components. The results are after that presented and commented on in the last part.
Finally, a conclusion is provided.

2. Healthy Operation of the Grid-Connected PV System

2.1. Hybrid predictive incremental conductance MPPT control
Figure 1 depicts the general PVGCS scheme. Generally, it is composed of two stages of power converters, namely,
a boost converter cascaded with a 2L-VSI. Each converter is controlled independently by its own control system.
The boosting stage generally uses many classic tracking control methods such as perturb and observe (P&O),
incremental conductance (Inc-Cond), hill climbing (HC) and many other advanced algorithms that have been
addressed previously in the specialised literature, whereas the inverting stage converts the DC energy to AC energy
with different control strategies, among them FS-MPC control.

Figure 2 shows the conventional configuration of a boost converter. It elevates the input voltage V,, to a higher
value V},,4 through a specific switching pattern of the insulated-gate bipolar transistor (IGBT).

Boost
L converter' .. 2L-VSI Ry Lg
Fel ][ 3
Ve 4 SB :} S‘:| 7
| inc-Cond MPPT J l Fsﬁg‘i’:ﬂﬂ]
il ¢ s

Fig. 1. General PVGCS scheme using FS-MPC control.
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Fig. 2. Power circuit of a boost converter.

The output voltage of the boost converter is given as follows:

1

Vvload = SV[N (1)
where D is the duty cycle, V,,, is the output voltage and V,, is the input PV voltage.
The boost converter contains only two states: ON and OFF and can be modelled as follows:
When the switch is turned ON (S = 1):
T
1 (k+1)=1,(K)+V,, (k) @
T
V(1) =V, (k) + (1, () = 1, (k) )
1
When the switch is turned OFF (S = 0):
T
IL (k+1) = ]L (k)+(va (k)_VInad (k))f (4)
T
V(4 1) =V, (k) + (1, () = 1, (k) ®)
1
From Egs (2)—(5), the average model of the boost converter is as follows:
T
IL (k+1):]L (k)+(va (k)_(l_S)XVIoad (k))fs (6)
T
V(4 1) =V, (k) + (1, () = 1, (k) ™
1

Through the specialised literature that has appeared over the last three decades (Meddour et al., n.d.; Karami,
2017), the Inc-Cond algorithm was considered the most popular MPPT control method among classical methods.
Unfortunately, it continues to suffer many drawbacks, such as slow dynamic in the transient state, oscillations
around maximum power point (MPP) in the steady state, possible output instability due to the use of the derivative
algorithm dipv/dvpv, poor performance under shaded conditions and difficulties with the differentiation process at
low levels of irradiance. To cope with these limitations, a hybrid predictive Inc-Cond control has appeared recently
(Figure 3) as a powerful tool to track more closely and more efficiently the MPP for both transient and steady states.

The flowchart of the mentioned algorithm applied to a boost converter is depicted in Figure 5, where the classic
Inc-Cond algorithm is used to generate the reference value of the input inductance current (Remache et al., 2019).
Then, a predictive cost function g is used to minimise the current error and choose the optimal switching state of the
boost converter to be applied at the next sampling time.

To well illustrate the performance of the two MPPT control methods for both transient and steady states, Figure 6
depicts the power variations under a sudden change of the illumination according to the profile [1000 — 700 — 1000]
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Fig. 3. Hybrid predictive Inc-Cond MPPT control scheme.

W/m2. It is clear to see that the hybrid MPC-Inc-Cond control procures better performance than the Inc-Cond one
since the MPP is tracked more accurately and more efficiently for both states.

2.2. Grid-connected PV system

2.2.1. Multilevel T-type inverter

The T-type inverter is an advanced multilevel power converter topology having several advantages over the classic
2L-VSI such as operation with voltages over the switching device rating, reduced common-mode voltages and
smaller voltage changes (dv/dt). The five-level T-type inverter is composed of an H-bridge and auxiliary bidirectional
controllable switches, as shown in Figure 4. This latter auxiliary structure permits the provision of more voltage

Ve T::u TS L& JC&T2
i T T T
“ 1T e R, Y
Vv 2
o —— W) —
ST 2
Ves T::" T . ”
—>—R':;U;:'P— &3 A& T4
Ve T:"l: L E} E}

Fig. 4. Power circuit of the five-level T-type inverter.
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Fig. 5. Performance of MPC Inc-Cond against Inc-Cond under sudden change of illumination.
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[ Measurements: JL(k). V. (k). Vg (k) j

Initialization: § = [0.1]. g = (nf

L 4

IL(k + 1) = Equation (6)

Aryy = Ve (k + 1) — 1y (k)
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Fig. 6. Flowchart of the hybrid predictive Inc-Cond control.

levels than the conventional 2L-VSI of Figure 1. Each capacitor in the dc-link is supposed to deliver a voltage of
Vdc/4 (Vc1 =Vc2 =Vce3 =Vced =Vdce/4) (Zhang et al., 2018).

Table 2 presents different output voltage levels with their respective states for the seven switches T1-...-T7. It
can be noticed that there are no redundant vectors, except for the zero-voltage vector.

The different switching states of the five-level T-type inverter are summarised in the different subsections of
Figure 7 for a healthy operation without faults.
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Output voltage VI T T2 T3 T4 T5 T6 T7

+v 1 0 0 1 0 0 0

+2 0 0 0 1 1 0 0
4

+2 0 0 0 1 0 1 0
4
v

+1 0 0 0 1 0 0 1

0 1 1 0 0 0 0 0

0 0 0 1 1 0 0 0
A4

7 0 1 0 0 1 0 0

2 0 1 0 0 0 1 0
4

il 0 1 0 0 0 0 1
4

—v 0 1 1 0 0 0 0

Table 2. Possible voltage levels of the studied T-type inverter with their corresponding switching state.

2.2.2. Proposed integrated control system for grid-connected system application

The mathematical modelling of the T-type inverter is studied in this section.
The output voltage of the T-type inverter is given by the following:

di
v(t)=R,.i, (t)+Lgd—tg+ v, (1) ®)

where g is the grid current, Vg is the grid voltage, v is the load voltage, Rg is the filter resistor, Lg is the filter

inductance and Ts is the sampling time.

T
L

g

i (k+1)=i,(k)+

[ v(k)=v, (k)= R,.i, (K)] ©)

where iq is the grid current, Vg is the grid voltage, v is the load voltage, Rg is the filter resistor, Lg is the filter

inductance and Ts is the sampling time.
The output voltage of the inverter and the DC-link voltage are expressed as follows:

v=g(%ﬂ(&—a) (10)

Vi =Vy+V,+Vs+V, (11)

S, is considered the switching state of the auxiliary branch, whereas S, and S,. are the switching states of the
H-bridge legs. The variables S, S; and S, are expressed as follows:

lif T,=land T,=T, =0
s - Zz.'fTG:landT5=T7:0 (12)
3if I,=land T,=T,=0
4if T,=T,=T,=0

_{lifT,zland]}zO (13)

" 0if T,=0and T,=1
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ide i4 a4
Vi Ve
v= —3v,./4, T, and T, = on v= —Vg, Tzand T, =on

Fig. 7. Different switching combinations of a five level T-type converter.
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States S, S, S,
ne 4 1 0
Ve 3 1 0
4
e ) 1 .
4
Vdc
+ I 1 1 0
0 4 0 0
Ve
. 1 0 1
Ve p) 0 1
4
4
Ve 4 0 1
Table 3. Voltage levels as a function of variables S,, S, and S..
1if T,=1and T, =0
5=V : (14)
0if T,=0and T, =1
These states are summarised in Table 3.
The capacitor voltages are expressed as follows:
V. Loy Iy b
i ch =i icZ zi icS _ iz (15)
dt|\V,| Clis| Clli, i
Ve Ly Iy, I
After discretisation, we get
V. (k + 1) V. (k) Iy L
V., (k+1 V., (k T || i
() ||z s »
Vs (k + 1) Vs (k) Cl |l I
Valk+1)] | V.i(k) le ] Lia

Classic structures of PV grid-connected systems are generally composed of two independent control systems,
as shown in Figure 1. The first one deals with the MPPT control assured by a boost chopper, whereas the second
one guarantees the desired performances on the grid side. Under the FS-MPC technique, control algorithm 1 uses
a simple cost function g1 of the PV current, so it is minimised for the two switching states of the considered chopper.
Control algorithm 2 may include many terms such as grid current error and balance of voltage capacitors in the DC-
link. The cost function g2 is then minimised for the 10 switching states of the T-type inverter. One main contribution
of this study is to present an integrated topology by using only one control algorithm and an integrated cost function
g that gathers all the different objectives cited earlier. Hence, the two power converters are considered an indirect
matrix converter having 20 switching states, as given in Figure 8.

The two topologies of Figures 1 and 8 are then compared by the simulation to illustrate the performance of each
structure. The cost function of the MPPT control is given as follows:

g =|iL (k+1)—iL(k+1)| (17)
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Boost Mgltilevel
converter ;. =~ T-nverter Rg Lg
> _L4 AL
‘{[: } T ‘{d } o Vg
N 3
Ve S Sp1.7
integrated FS-MPC

R

R 0 Vi Vo
Fig. 8. Proposed integrated FS-MPC for PV-GCS.

The cost function on the grid side is given as follows:
g, =Blig" (k+1)—ig(k +1)| +yi |V, 1 4)=Ve, (k+1)
e
The integrated cost function g is then given as follows:
g=alil’ (k+1)—iL(k+1)|+ Blig" (k+1)—ig(k+1)|+ yi |V, 1 4)=Ve, (k+1)
e
Other objectives can be added such as switching numbers:
g =alil’ (k+1)=iL(k+1)|+ Big" (k+1)—ig(k +1)|+ yi|(Vdc /&)~ Ve, (k+1) +uN,
e

where «o, B, yand p are weighting factors (Cortes et al., 2009).
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T 0 9 Veir Vi N 73

Fig. 9. Control scheme of the generic PVGCS using FS-MPC.

(18)

(19)

(20)
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Fig. 10. Control scheme of the proposed PVGCS using FS-MPC.

Parameter Value

PV 300 W

Group PV (5x2) 3 kW

Current at MPP 8.1A

Voltage at MPP 36.7V

Capacitor boost input C 3 uF

Capacitor dc link C, , ;, 4.5 mF

Inductor L 25 mH

Filter inductor L, 3.5 mH

Internal inductor resistor ng 0.1Q

Grid RMS voltage Vg 220V

Sampling time T 30 us
Table 4. Parameters of the on-grid PV system.

The switching number is given as follows:
7
N, =[S, (k)=S, (k1) @D
n=1
3
Ny =[S, (k)=S, (k=1) 22)

where Eq. (21) refers to the separated case, whereas Eq. (22) represents the integrated case (Figures 9 and 10)
respectively.

2.3. Results and discussion

To well illustrate the performance of the proposed integrated control system IFS-MPC over the classic control FS-
MPC, a series of simulation results under Matlab-Simulink software have been carried out using the same values
of the power circuit parameters listed in the Table 4 (the same conditions of simulation).



Boudja and Barra

Grid current
T

Grid current
 E—

1000 wim? 700 wim? 1000wm* | ) 1000 wim? 700 wim? 1000 wim* |
-40 g g : : - : -40 1 1 1 n L .
0 0.1 0.2 0.3 04 0.5 0.6 07 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s) Time (s)
500 T T T |O—tp—!_g'" ut voltage T T T T 500

VI(V)

500 L L 1 1 L L 1 L L 500 L n i A 1 1 L
0.3 0.305 031 0.315 0.32 0.325 0.33 0.335 0.34 0.345 0.3¢ 03 0.305 0.31 0315 0.32 0.325 033 0.335 034 0.345 0.35

Grid current THD Grid current THD
T T T T

©

& N ® e
T T T
L)
T T T

N
n
T

-
T
L
-
T

Percentage (%)
Percentage (%)

S = N W
T T T

L
- W

1 1 L Il L L ) | | | | '

03 . 04 05 0.6 0.7 0.1 0.2 0.3 04 0.s 0.6 0.7
Time (s) Time (s)

3
ot
S
=

e

Fig. 11. Simulation results for separated and integrated FS-MPC (DC-link capacitor regulation, grid current and output voltage with grid current THD).
FS-MPC, finite set-model predictive control.

Figure 11 depicts the separated strategy on the right, while the integrated control strategy IFS-MPC is depicted
on the left. The various sizes are simulated for three profiles of irradiation [1,000-700-1,000] W/m?. For dc-link
voltage regulation V. and grid current i,, the results are quite similar for the steady state as for the transient
state. For the output voltage v/ and grid current total harmonic distortion (THD), we notice similar results in both
transient and steady states. This means that integrating the cost functions of the two FS-MPCs to reduce the size
of calculating hardware does not negatively affect the performance of the system.

2.3.1. Faulty operation of the grid-connected PV system

Grid-tied PV systems are sometimes subject to certain faults in converter components such as power switches or
DC bus capacitors (Chai et al., 2020; Lezana et al., 2010; Sebaaly et al., 2021; Wang et al., 2020). To preserve the
correct functioning of the PVGCS respecting the grid connection criteria under faulty conditions and to guarantee an
appreciable quality of energy during this operation, we propose a modified control algorithm design called M-IFS-MPC.

Two scenarios are examined, when one of the DC-link capacitors fails and when one of the auxiliary switches
breaks down. This design permits the inverter to switch at any time between five and four levels mode of operation
without any intervention on the power circuit level.

Scenario 1
Usually, DC-link comprises at least a single capacitor or more. The choice of these capacitors is not limited only to
electric parameter sizing. It also depends on many other factors, such as the environment, exposure to extreme
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Fig. 12. Operating phases when a short-circuited capacitor in the DC-link happens.

conditions (ambient temperature, humidity, etc.) and constraints on power density applications. Thus, depending
on the type of capacitor, we distinguish three modes of failure: open circuit failure, short circuit failure and wear-out
failure. Short circuit failure is the most fault mode for DC link capacitors that can happen, so it is considered in the
present study (Rao Mucherla et al., 2022; Wang and Blaabjerg, 2014).

In the present study, we consider short-circuit failure that is detected by using the voltage sensors dedicated
to the voltage balancing procedure. In an ideal short-circuit case, the voltage drops to zero. This latter is coded as
a condition in the control algorithm, which decides whether to work in a five-level or four-level mode of operation.
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Scenario 1 supposes that a DC link capacitor (C2) is short-circuited at 0.3 s, so vc2 = 0. The functioning
of the T-type inverter is now modified, so the logic variable of the auxiliary branch S, " becomes as
follows:

lif ,=1land T, =0

S,'=<2if Iy;=1and T, =0 (23)
3if 1,=T,=0
Jlif I=land ;=0
*10if T=0and 7, =1 (24)
lif T,=1land 7, =0
I @5)
0if T,=0and 7, =1
The inverter output voltage is as follows:
Vi
vi=S§,' 5 (8,-5.) (26)
Finally, the Dc-link voltage is given as follows:
Vie=Va+Vs+V, (27

The different operating phases of the inverter are now eight (8) in number, instead of 10, and are summarised
in Figure 12.
The output voltage levels are now four (Vdc, 2Vdc/3, Vdc/3, 0), instead of five, and are given in Table 5.

Scenario 2

Regarding power switches, generally, we have two modes of failure: open-circuit fault and short-circuit fault
(Wu et al., 2013). In the present study, the unhealthy studied case is the open-circuit failure. A load voltage sensor
is used to detect the presence/absence of the voltage level; therefore, an open-circuit failure is detected by the
absence of a certain voltage level, in our case vc1. When the algorithm detects the failure, it decides to segregate
the faulty switch and change the functioning from a five-level to a four-level operation. Let us examine a complicated
assumption when two combined faults occur simultaneously. A short circuit of the capacitor C2 occurs at 0.2 s
(Scenario 1), followed by a failure of the switch T6 at 0.6 s.

State S,/ S, S,

+V, 3 1 0
2,

y e 2 1 0
3
Vae

+—= 1 1 0
3

0 3 0 0
Ve

e 1 0 1
3
2,

— e, 2 0 1
3

Ve 3 0 1

Table 5. Different output voltage levels for Scenario 1.
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> > > >
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> >

iac i4

T5

Ve X

vl=0,Tiand T, =on vl= —v4./3, Tsand T, = on

-2vi4

vl = —2v4./3, Tyand T, = on vl= —vy., Tyand T, =on

Fig. 13. Operating phases of the converter under combined faults.

Under these assumptions, the inverter has to switch between five- and four-level modes. The functioning
of the T-type inverter is now modified, so the logic variable of the auxiliary branch, and S,,' becomes as
follows:

1if 7,=1and 7, =0
S, =12ifT,=1and T, =0 (28)
3if ,=T,=0
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Fig. 14. Results for Scenario 1 (DC-link capacitor short-circuited): Output voltage, voltage and grid current, DC-link voltages with their zoom.

[lifT=1and =0
*“10if7 =0and 7, =1 (29)

lif7,=1land 7, =0
cT\nieT - _ (30)
0if7,=0and 7, =1
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Fig. 15. Flowchart of the proposed M-IFS-MPC for the faulty mode of the power converter.



Boudja and Barra

DC-link voltage balancing & regulation
| 1 | |

] ] | I
Zanf N [ Ve ]
W C*
=) Switch T6 Switch T6 fails
= Veii=1,34 i
.__; W0F  veij=1234 e _....CI'I operates Switch T7 operates
[ = — i
e e
U L 1 1 | 1 1 1
1 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Fault 1 instant ' Time (s) f Fault 2 instant
Grid current & OQuiput voltage
s00 T T T T
Z ol
;
=500 I | 1 1 1 1
] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.4
Fault 1 instant f Fault 2 instant f
500 T T T T T T T I
— Iz (A)
= — ¥ (V)
x
- 0
=
_500 | I ] 1 1 1 | |
1] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)
Grid current & Qutput voltage
S0 T

-S01r 1
59 .6 &l .62 a3 .64 .65 .66

Fault 2 instant T
T T

S00

=
x,
- [}
50
-500 1 L | 1 . ; i
0.59 0.6 0.61 0.62 0.63 0.64 0.65 0.66
Fault 2 Inater\tT Time (s)
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The inverter output voltage becomes as follows:

Va (s -
p ](S,, S.) (3D

vl :Saz'(

The output voltage levels are now four (Vdc, 2Vdc/3, Vdc/3, 0), instead of five. The different operating voltages
of the inverter are also eight (8) and are summarised in Figure 13.
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Fig. 17. Key role switches state during failure correction.
Finally, the Dc-link voltage is given as follows:
Vi=Va+Vat+V, (32)

To ensure the proper functioning of the PVGCS under the different types of faults considered in the present
study, a modified algorithm is performed called M-IFS-MPC. The main idea of the proposed algorithm is to keep
the DC-link voltage Vdc constant for both healthy and faulty modes. When a fault is detected in the converter, a
new reference voltage is generated for each capacitor of the DC-link to keep the global DC-link voltage constant.
In our study, for the healthy mode, Vci* = Vdc/4, but when a capacitor is short-circuited in the converter, a new
reference voltage for each healthy capacitor is now generated as Vci* = Vdc/3. This switched mode will procure
the PVGCS, a high-power quality in terms of low THD and unity power factor functioning. The proposed algorithm
is illustrated in Figure 15, where the global cost function is now minimised for 16 switching states, instead of 20 in
the healthy case.

Figure 15 shows the flowchart of M-FS-MPC that takes into account the healthy operation as well as the
fault rejection operation. If a healthy operation is running, the five-level FS-MPC algorithm is used. At each
instant k, the sizes iL(k), va(k), Ve (k), ig(k) are measured. Furthermore, at every instant k, the algorithm
tests if a fault has occurred in both the DC-link capacitors and the auxiliary switches. This test is performed
without adding external hardware components, that is, using the DC-link capacitors’ voltage balancing
sensors, in addition to the inverter output voltage sensor. If a four-level voltage operation is detected due
to a failure in the capacitor of the dc-link (i.e., capacitor 2 in Scenario 1), a new reference voltage for each
capacitor of the DC-link is generated to keep the global DC-link voltage constant. The reference value of
V4. remains the same; however, the reference value of each capacitor is chosen as one-third of the dc-link
voltage. The MPPT algorithm generates the inductor current reference iL, which will be optimized in the
cost function along with the grid current i, as well as the DC-link capacitors’ voltages. Finally, once the
voltage vector is chosen, the algorithm takes less than one period to perform its second test to determine
whether the auxiliary switches are properly operating or not. If one of the auxiliary switches (i.e., switch 6 in
Scenario 2) is broken, the algorithm chooses another combination of switches to generate the same voltage
vector already selected after cost function & optimisation. The overall proposed algorithm is very simple. It
just needs voltage sensors both in the DC link side (for each capacitor) and a voltage sensor on the load
side. The sensors are used to detect and locate the failure then the developed algorithm intervein for the
decision on the system operation.
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Fig. 18. Impact of the M-IFS-MPC on grid current THD: (a) without Scenario 1 correction. (b) without Scenario 2 correction. (c) under M-IFS-MPC
correction.

2.4. Simulation results under faulty conditions

Scenario 1

The first set of simulation results of the PVGCS is displayed in Figure 14 when one of the DC-link capacitors is
short-circuited at 0.3 s. The control system operates in the healthy mode in the range [0-0.3] s with five-level mode
of the converter. In this range, the four voltage capacitors are balanced, and the system works normally at unity
power factor. Att = 0.3 s, we assume that the second capacitor is short-circuited (Vc2 = 0), causing a transient state
for the DC-link voltage. As can be seen, the modified algorithm M-IFS-MPC operates now and will generate a new
reference voltage for each healthy capacitor to keep the global DC-link voltage close to its initial value of 440V, so,
Vci* =440/3 V, instead of 440/4 V. During this transient state, the inverter output voltage switches from the five-level
mode to the four-level mode without affecting the output power quality injected into the grid since the system returns
to its state before the fault by working at unity power factor, as illustrated by the zoomed region.

Scenario 2

This scenario is displayed by the set of simulation results depicted in Figure 16. We assume that a short circuit
of the capacitor C2 occurs at 0.2 s (as in Scenario 1 case), followed by a failure of the auxiliary branch switch T6
at 0.6 s. The operating profile of the considered system can then be subdivided into three zones. In [0-0.2] s, the
system is healthy, and the inverter operates with the five-level mode at unity power factor with 5% THD for the grid
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current in the steady state. In [0.2-0.6] s, Scenario 1 occurs, and the modified M-IFS-MPC becomes operational,
so the inverter switches from the five-level mode to the four-level mode without affecting the output power quality
on the grid side. At t = 0.6 s, a combined fault happens due to a breakdown of switch T6. Then, the inverter tends
to lose its voltage levels, as shown in the red zone [0.6 — 0.62] s of Figure 17 before recovering them att=0.62 s,
thanks to the switch T7, which comes into conduction after a delay of one period, as shown by Figure 16. Beyond
0.62 s, the inverter recovers its four voltage levels without affecting the injected power quality.

To well illustrate the impact of the M-IFS-MPC under faulty functioning of the PVGCS respecting the grid current
THD, Figure 18 illustrates the grid current THD for both scenarios. At first, in the healthy zone, the THD is around 5%
in the steady state; beyond the fault1 instant, the THD becomes around 7.5% in the steady state without correction
but jumps down to 5% when M-IFS-MPC is activated. When the combined fault occurs (at 0.6 s), the THD climbs to
9.5% without correction but falls to 5% when activating the M-IFS-MPC algorithm.

3. Conclusion

The article presents two contributions for PVGCSs. The first contribution is an optimised predictive control called
IFS-MPC, which has the merit of controlling cascaded power converter structures in one stage as an indirect matrix
converter. The boost converter and the T-type inverter are controlled at the same time using only one cost function,
instead of controlling them separately, so the control circuit of the system is greatly reduced. The performance of
the IFS-MPC is revealed via simulation, which showed that high dynamic and static performance can be achieved
as in the case when controlling them separately without affecting the power quality on the grid side.

The second part of the article treats the extension of the proposed design to systems operating under converter
faults. Amodified M-IFS-MPC is developed to cope with the different faults, which can occur in the inverter branches,
such as a short circuit of a DC-link capacitor and a failure of a branch switch.

The three terms of the cost function are chosen meticulously to fulfil the requirements of the PVGCS. The
proposed design for both healthy and faulty systems permits switching at any time from a five-level mode to a
four-level mode of operation by a proper selection of the auxiliary DC-link voltage without degradation of the power
quality on the grid side and intervention on the hardware level. The obtained results of the M-IFS-MPC are excellent
for both static and dynamic behaviour of the controlled system and prove that this latter can be used efficiently
under faulty conditions of power converters. These results are to be further confirmed in future works through a
practical realisation.
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