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The use of multicellular topology in power quality enhancement can reduce the power loss and also dv/dt
of power switches, minimize the electromagnetic interference. However, the failure of flying capacitors can
reduce the active filtering efficiency and affect the power quality by injecting currents with wave-form
distortion (harmonics, notching, noises etc.) in power distribution grid. Therefore, this study presents a fault-
tolerant control strategy (FTC) allowing to keep the normal operation conditions of a multicellular converter
even under failure mode. The obtained results show that the proposed FTC strategy enhances the power quality
of power distribution grid when a fault in flying capacitors occurs.
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1. INTRODUCTION

Recently, the increasing use of nonlinear loads
such as uninterruptible power supplies, adjustable
speed drives, furnaces and so on in domestic and
industrial appliances, leads to propagate current
harmonics in the grid [1-4] and due to the sensitivity
of modern industry to power quality problems, these
current harmonics can increase the thermal stress,
mechanical vibrations, noise in communication
systems and electromagnetic interference [5-8].
Shunt Active Power Filters (SAPF) are proposed in
many research works in order to solve all these
problems, mitigate harmonics and improve power
quality [9-12]. The performance of SAPFs are
depends on the control methods, harmonic detection
algorithms; in [13] a pq theory is used to extract
harmonics of nonlinear loads and regulate the dc
capacitor voltage of, in [14] an active power filter
and multicellular topology are used with sliding
mode control. In order to exploit the advantageous
of neural networks, in [15-19] artificial neural
network is applied to three phase shunt active power
filter in order to reduce calculation time in estimation
of harmonic components. In [20] an artificial neural
network method used to drive shunt active power
filter for minimizing the harmonic currents in
industrial systems, and in [21] the obtained results
show the effectiveness of hysteresis current control
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to compensate reactive power and mitigate
harmonics using shunt active power filter. The
performance of SAPF is depends also to the topology
of power converter used (classical two level
converter or multilevel converter).

The multilevel power converters are used in
shunt active power filters in order to reduce
switching power loss and increase the switching
frequency [22-26]; among the multilevel topologies
of power converter, flying capacitor or multicellular
topology has various advantages in comparison to
other multilevel topologies such as small dv/dt, it
combine between high switching frequency
capability and reduced voltage on the power
switches [27]. In [28] an active power filter with
multicellular topology proves the robustness against
variations of nonlinear load and minimize the
switching losses. However, during a failure in power
capacitor, the multicellular converter injects faulty
current harmonics and affects the power quality of
electric power grid, therefore the use of fault tolerant
control in modern industry is very important [29-31].
In [32-33] a multicellular converter with fault
tolerant control used in wind energy conversion
system and solar photovoltaic system.

In this paper, a shunt active power filter with
three cells multicellular converter used to enhance
power quality of 50 Hz grid, self-adaptive FTC is
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proposed to enhance the power quality of electric
power grid under failure flying capacitor conditions.
The organization of this paper is as follow: in
section-2 material and methods which present the
modeling of shunt active power filter based on three
cells multicellular converter, sliding mode control is
applied in both of healthy and different failure modes
of three cells multicellular converter, and the
applying of self-adaptive fault tolerant control to
proposed topology with one or two flying capacitor
failure, in section 3 results and discussion with the
comparison between THD values of deferent
operating modes of shunt active power filter and
finally the conclusion of this work in section 4.
Fig. 1, shows the proposed topology of shunt active
power filter.

3 phase power grid
50Hz
V(L-N)=220V

Re Le

Vg

Three cells multicellular Inductive
nonlinear

power converter load

i

Fig. 1. Proposed topology of shunt active
power filter

2. MATERIAL AND METHOD

2.1. Modeling of three cells multicellular power
converter
Figure 1 show a three phase shunt active power
filter based on multicellular converter, this later
topology is used in order to compensate current
harmonics generates from inductive nonlinear load
[6].

Flying capacitors currents are given by:

C d %

ler = L — Ve

dt (1)
ez = CEVQ

Flying capacitors voltages are expressed by:

d V. ! [S2 — S4]

Vo = P02 79

7 @

Ve = E[Sa —S2]

From Figure 1 the output voltage Vog of
multicellular converter can be expressed by:

Voc = S1Ver + S2[Vea — Ver] + S3[Viae — Veea] 3)
Output current of multicellular converter ir or filter
current is given by:

di; 1
s E(SIVCI + 5, [Ver = Vel
Rf .
+ 55 [Vdc_VCZ])_Elf 4
_Vae Yy
2L, Ly
=i, — i, (5)

The nonlinear form of proposed shunt active
power filter is:

val fo o o ||
VCZ = _Rf V'CZ
l} 0 0 ? lf
(i —4g) (b —iy) 0
C C S
+ 0 _(lL — lg) (lL — lg) [S;l (6)
C C S,
@ VCZ - VC] VdC - VCZ
Ly Ly Ly
0
0
* _Vclc Vg

2.2. DC Capacitor voltage regulation

In order to mitigate the harmonic currents of
nonlinear load, DC side capacitor must be regulated
at fixed voltage Vg [14]. In this work, the
instantaneous power theory is used to extract the
filter currents references and to regulate the dc side
capacitor as detailed in [18].
The filter currents in aff frame can be expressed as:

[ifaref] 1 ga ] P AP
V

iprer]l  Vyu® + Vyg? g+al O

AP: represent the active power necessary to keep the
voltage of dc capacitor constant.
The output current ifbe can be expressed as:

1 0
l:f * \/E - E lraref
l.fb =13 2 2 [i ] (®)
ire -1 —/3 fBref
2 2
2.3. Multicellular Converter with Sliding Mode
Control (Healthy mode)

Equation 6 represent a nonlinear model of shunt
active power filter based on multicellular converter
expressed in can be written as:

x=f)+g@u+H )
With
X=[V¢; Vo ip]" is the state vector.

Vdch
3

Xref=[— ify ef] reference state vector.
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@ Veo=Ver Vac— Ve
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Where error vector e is expressed by
Vdc
Z_vy,
3 ci
e=Xper—Xx=|2Va (10)
3 " Vea
Tfref = iy

In this work, sliding surface is considered as the error
vector. Therefore, in order to assure the stability
according to LYAPUNOV theory, we define a new
positive function V:

1

V=—¢T 11
See (an
The first derivation of function V is given in

equations (12,13):

V=elé
(12)
V= eT(X — Xref)
V=eT (f(x) + gx) u+H — %ep) (13)
The output of sliding mode control:
U= U, (14)

Where the control u, represent sliding surface sign,
Ugq is the control which forces the state variables to
the origin. ueq led to e=0 and "e" "=0" So,

teg=-(200) " () + H - Zyep) (15)
u=-(g(0)" (FX) + H- ko) + up (16)

According to equations 16 and 13
V=e"g(xu, (17)

. (i,-ig) V¢
=T [l &2 4, %1
V=e K C + L S;

C C
Ve, =V,
SPRRASE S o2 “) S, (18)

(Vdc - VCZ)
Lot >s]

In order to assure the stability according to
Lyapunov theory, derivative of function V must be
negative.

(i) | Ve
S T( L& “t1
S s1gn[e< C +Lf

S,=-sign [eT (GL_ig) — (iL_ig) + Vez — VCI)] (19)

C C L;
ip-1 Vac — Vi
S3: _ Sigl’l [eT (( L g) + ( dc CZ))]
C L

Figure 2 shows sliding mode control of shunt active
power filter based on multicellular converter.

3. RESULTS AND DISCUSSION

System parameters used in simulation are given in
table. 1.

Table 1. Simulation parameters

Parameter Value

fy 50 Hz

Vg 220V

Vcret 1000V

Rrand Lt ImQ and 13mH
Rg and Lg 1mQ and 0.1 10*mH
RwL and LL 40Q and 20mH

Cac 8000puF

C 400uF

Figure 2 shows the total flowchart of proposed

system.
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Fig. 2. Total flowchart of proposed system

3.1. Healthy mode operating

Figure 3 shows the sliding mode control of
multicellular converter use in shunt active power
filter during healthy operation mode.

not sinusoidal, the current generated by multicellular
converter is given in figure 6. The multicellular
converter assure a sinusoidal current in power grid
with THD;=2.69% as presented in Figure 7 and 8.

Healthy mode

T T T T

— Va(v)
— V)
— ViV

I L

046 047 0. X 0.5 051
048 049 Time(s)

Fig. 4. Dc side and flying capacitors voltages
in healthy mode
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Fig. 5. Nonlinear load current in healthy mode

Fig. 3. Multicellular converter with sliding
mode control

In healthy mode operation the dc side voltage is
regulated at V4=1000V  which equal to
Vaeret=1000V and the flying capacitors are regulated

at  their references Vci=Vcie=Va/3  and 0.45
Ver=Vere=2*V4o/3 as represented in Figure 4. In the
Figure 5 the nonlinear load current is deformed and

Fig. 6. Filter current in healthy mode
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Fig. 7. Grid current in healthy mode

Fundamental (50Hz) = 13.01 , THD= 2.69%
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Fig. 8. Grid current in healthy mode

3.2. Failure of one flying capacitor

In this section, we consider the failure of C2 as
shown in Figure 9.

The voltages Vci and V¢, are not regulated to
their desired values (Figure 10), also the
multicellular converter injects faulty currents in the
grid (Figure 11). Therefore, the grid current is not
sinusoidal with THD;z=15.52% (Figures 12 and 13)
this THD value does not satisfies the IEEE limits.

The results confirm that the failure of one
capacitor destabilize the active power filtering
operation and make the multicellular converter affect
the power quality instead of power quality
improvement.

One capacitor
failure

T T
Sy S

Inductive
nonlinear
load

Multicellular power converter

i

Fig. 9. One capacitor failure
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Fig. 10. DC side and flying capacitors voltages in one
capacitor failure mode
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Fig. 11. Filter current under one flying
capacitor failure
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Fig. 12. Grid current in one capacitor failure
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Fig. 13. THD of grid current under one flying
capacitor failure

3.3. Two capacitor faults
In this section, the shunt active power filter based
on multicellular converter has two failure capacitors
as shown in ﬁgure 14
o

e § k]
of

I T
S5 S5 Sy

. Inductive
Multicellular power converter Fhu
load

Fig. 14. Multicellular converter under two
flying capacitors failure

Simulation results of shunt active power filter
based on multicellular converter under two flying
capacitors failure in (Figures 15-18) presents the
divergence of V¢ and V¢, from their desired values
and the multicellular converter injects the unwanted
currents and affect the power quality of power grid
with non-sinusoidal grid currents and high THD
value (THD;z=15.70), the spent coast in order to
enhance the power quality with multicellular
converter can affect the power quality and
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destabilize the power grid in two flying capacitors
failure mode.

Time (s)

Fig. 15. Flying capacitors and dc side
voltages in two capacitor failure mode
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Fig. 16. Filter current in two capacitor failure
mode
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Fig. 17. Grid current in two capacitor failure
mode
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Fig. 18. THD of grid current under two flying
capacitor failure

To enhance the power quality of power grid and
optimize the cost of using shunt active power filter
based on multicellular converter, a self-adaptive
fault tolerant control is necessary without modify the
topology of multicellular converter

3.4. Self-adaptive fault tolerant control
3.4.1. Failure of one flying capacitor

During the failure of C2, the elimination of
second cell of multicellular converter by changing
the control algorithm is necessary. Therefore, S, and
S; have the same switching function. In this case, the
equation 6 can be expressed by:

00
_ | —R|[Ve
-0 — I
Ly
__(iL_iy) (iL—iy) (20)
I C C 51]
Vo Va—Va IS,
L L
0
+ _Vdc_ﬁ
2L¢ Ls

x =[ V¢; ir]" is the state vector.

Xref= [ zﬁef] reference state vector.

0 0
fri=|g
1 0 Lf
_(iL B ig) (iL - ig)
_ c C
8= Vo Va—Va
Ly Ly

u=[s;s,]" input vector,

0
H= [_Vdc _ V_g] constant vector.

2Lf Lf
where vector of error e is expressed by
Vdc
PG
€ = Xpef — X = @2
or = Iy

Equation 22-23 gives LYAPUNOV positive
function and its derivative:

1
V= 3 ele (22)
V=eTe
(23)
V=e' (X — Xref)
Which can be expressed as:
V =eT(f(x) + g(x)u + H — Xef) (24)
U=Uqtu, (25)
Ue ——(g(x)) (f(X)+H Xref) (26)
u=-(g(x)) " (F()+Hkep) + 1y @7

Substitution of equation 26 in equation 23
7 — oT
V=egxu, (28)
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+ ((iL'ig) _ (iL'ig) (29)

C C

Vdc - VCI
———S
+ L 2

In order to assure the stability of shunt active
power filter the derivative of V must be negative.

(-ig) V¢
e T L7'g 1
S1=-sign [e <_C +—Lf

(g (ir-ig)  Vae — Ve
i T L g/ g c 1
S)=-sign [e < C C + >

(30

Figure 19 shows the sliding mode control of
multicellular converter used in shunt active power
filter during one capacitor failure mode.

One capacitor failure
Sliding mode control

[
| _
| LYAPUNOV || Ver

h Q h
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| l Z

o0

| .8 M
1 = !
I a ] o
: dV/di<0 [+ et
I

—i—
£

}—
7

_H_

Multi-Cellular Converter

Fig. 19. Shunt active power filter with self-
adaptive FTC and one capacitor failure mode

3.4.2. Simulation results during failure of one
flying capacitor with FTC

In this section, the failure of C2 is considered,
and the FTC is used. In simulation results, between
0.45s and 0.5s the shunt active power filter without
FTC. After 0.5s, the self-adaptive FTC is applied by
eliminating the cell with failure capacitor. with
switching functions S,=S;.

During the application of self-adaptive FTC
(instance 0.5s), Vdc regulates at its reference
(Vdcref=1000V). VC1 regulates at its new reference
(VClref=Vdc/2=500V) as shown in Figure 20. Also,
after 0.5s shunt active power filter generates the
desired currents (Figure 21) and improve the form of
grid current with THDig=2.70% (Figure 22 and
figure 23).

— Va ()

1000 | ]

800
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L L L L
0.45 0.46 0.47 0.48 049 0.5 0.51 0.52 0.53 0.54 055

Time (s)
Fig. 20. DC side and flying capacitors
voltages with self-adaptive FTC and one
capacitor failure mode
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Fig. 21. Filter current with self-adaptive FTC
and one capacitor failure mode
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Fig. 22. Grid current with self-adaptive FTC
and one capacitor failure mode
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Fig. 23. THD of grid current with self-
adaptive FTC and one capacitor failure mode

3.4.3. Failure of two capacitors

During the failure of two capacitors. Self-
adaptive FTC based on hysteresis control is applied.
In this case, S;=S,=S;, therefore, the multicellular
converter operates as two-level classical converter as
presented in Figure 24.

3.4.4. Simulation results during failure of two

capacitors failure with FTC

In this section, the failure of capacitors C1 and
C2 is considered. Therefore, S;=S, =S; and
multicellular converter operates as classical
topology. at the instance 0.5s the self-adaptive FTC
based on hysteresis control is applied. V. regulated
at its desired value (Vic=Vicrer=1000V) as shown in
Figure 25, and the power quality is enhanced by
injecting the desired current in the grid (Figure 26)
and the grid current has a sinusoidal form (Figure 27)
with acceptable THD (figure 29).
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Fig. 24. Shunt active power filter with self-
adaptive FTC and two capacitors failure
mode
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Fig. 25. DC side and flying capacitors voltages with self-
adaptive FTC and two capacitors failure mode
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Fig.26. Filter current with self-adaptive FTC and two
capacitors failure mode

045 046 047 048 049 05
Time (s)

Fig. 27. Grid current with self-adaptive FTC and two
capacitors failure mode
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Fig. 29. THD of grid current with self-
adaptive FTC and two capacitors failure
mode

3.4.5. Comparison Between THD values for
deferent state of multicellular converter
Table 2 gives the THD values of different state
of multicellular converter compared to threshold of

IEEE-519, this table demonstrate the effectiveness
of proposed self-adaptive FTC in power quality

enhancement.
Table 2. THD values

Converter Threshold  Without ‘:&;l;)tsie‘::
state IEEE FTC FTC
Healthy 5% 2.69% 2.69%
mode
One
capacitor 5% 15.52% 2.70%
failure
Two
capacitors 5% 15.70% 4.58%
failure

3.5. Analysis of simulation results

In this paper, the proposed structure is shunt
active power filter used to improve power quality of
power grid. So, a sophisticated multicellular power
converter and its control algorithm are used to have
a sinusoidal grid current phase with grid voltage.
However, according to the obtained results, during
the failure of one or more flying capacitors, the THD
of grid current exceeds the limits of the standards,
and the multicellular converter becomes a source of
instability instead of being a power enhancement
tool. Therefore, the self-adaptive fault tolerant
control (FTC) without changing the structure is
applied. The obtained simulation results, proves that
the FTC allows the multicellular converter with
defected flying capacitor to enhance the power
quality of power grid, this enhancement is justified
by reducing the THD value of grid current under the
threshold of standard as detailed in simulation
results.

3.6. Benefits of society from this paper

The benefits of society from this paper are:
Reduce the cost of failure in active power filter
especially the proposed FTC does not require to
changing the structure as well as optimize the energy
consumption, extend the life time of electric machine
in both domestic and industrial use.

4. CONCLUSION

This research paper represented a significant
advancement in power quality enhancement and
fault tolerant control in shunt active power filters.
The proposed self-adaptive FTC was found to be
highly robust and responsive to the dynamic
conditions presented by the failure of flying
capacitors, and preventing the injection of
undesirable currents into the power grid.

The obtained simulation results provided solid
evidence of the FTC's efficacy in enhancing power
quality during fault scenarios. This research
contributes to assure that power distribution systems
adhere to the power quality standards and remain it
reliable even in the face of component failures.
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As further direction, we propose to deal with
experimental validation of obtained results and apply
this structure in smart grid system.
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