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Abstract

The main goal of this study is the use of Lyapunov’s stability theory to a three-phase four-wire shunt active power filter
(SAPF), since this method has been applied effectively to other areas of converter. The dynamic model of the SAPF is first
established, after that, a combination of fuzzy tracking control and Lyapunov function is suggested in order to impose a
desired transient waveform on the considered three-phase four-wire distribution grid, providing robustness and insensitivity
to parameter changes. Furthermore, the suggested control technique guarantees appropriate tracking of the reference current
components and simplifies the global control design. The feasibility of the suggested control method is validated using
comprehensive simulation studies on a four-wire SAPF in order to compensate for nonlinear and unbalanced grid-connected

loads in an electrical power distribution network.
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1. Introduction

The extreme application of power-electronic
devices, that represent nonlinear loads, in an
electrical power distribution grid has led to many
disturbances in the power quality such as unbalanced
currents, pollutions of harmonic currents, and
reactive power drawbacks [1]. Consequently, low
power factor, weakening efficiency, overheating of
transformers and motors, breakdown of sensitive
equipments are encountered.

Thus, it is essential to improve the power
quality in the electrical grids. Currently, it is well
known that harmonic cancelation by means of a
shunt active power filter (SAPF) provides superior
and more flexible performance in comparison with a
passive filter. As a result, the SAPF will be
considered in order to enhance the power quality in
the paper.

The most significant step for designing the
control approach of active filters is the current loop.
There are a number of control approaches suggested
in the literature for current control of power-
electronic converters with SAPF capability namely,
proportional-integral (PI) control [2], [3], Lyapunov

function control [4], [5], sliding mode control
(SMC) [6], feedback linearization control [7] and
hysteresis control [8]. Utilizing the repetitive control
technique is an usual scheme for SAPF control, that
is generally according to single repetitive control
(SRC). By means of the internal model principle [9],
SRC has been found to be zero-error controller for
the following or cancelation of harmonic currents for
pulse width modulated (PWM) converters [10]-[12]
and active power filters [13]. Reference [14] has
improved the control of SAPFs by the use of
feedback linearization method through utilizing
power balance in grid side and SAPF sides. In [15],
a nonlinear control method for a three-phase three-
wire SAPF has been proposed and implemented on
an experimental prototype of an SAPF. In [16],
different techniques have been compared in order to
extract the reference current components for SAPF
in four-wire systems. A fuzzy sliding mode control
for robot manipulator has reported in [17].

In the proposed research, a hybrid approach for
stable operation of an SAPF in three-phase four-wire
electrical power distribution networks has been
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introduced, with an emphasis on Lyapunov function
analysis technique. It is more exact and flexible than
normal stability analysis process and is appropriate
for selecting proper parameterised regulation values
in order to promise a fast current compensation of
reference components while keeping the entire
system stable. The approach will be proposed to
ensure a sufficient stability for the operation of
SAPF in distribution networks against disturbances.

2. System Under Study

The SAPF topology for a three-phase four-leg
voltage-source converter (VSC) with output RL
filter is illustrated in Fig. 1. This topology’s
connection layout is like the traditional three-phase
three-leg converter, but an extra leg is integrated to
the neutral point of the network, that allows for
control of the zero sequence current. The extra leg
rises the number of gating signals and hence the
control complexity. However, the considered SAPF
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is able to handle linear/nonlinear, single/three-phase,
balanced/unbalanced loads without affecting the dc-
bus capacitor life.

In order to determine the mathematical model
of the SAPF, it is essential to find the relationship
between the switching functions of the four-leg VSC
and the voltages of the point of common coupling

(PCC).
So:
] difk
Vim Vo =Rely, + 1Ly W*‘Vpcck )
k =a,b,c,n
where V. is attained as [7]:
b,c,n
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Fig. 1. Schematic diagram of the system.

The switching function S, of the three-phase four-
leg VSC is:

1, if T isonandT', is off
Sy = 3
0, if T, is off andT ', is on.

So, by writing V,,, =S,V , we can write:

b.c,n i
15& ] di,

j=a

3. Adaptive Fuzzy Current Tracking Control

An adaptive fuzzy control based on feedback
linearization technique is employed in this section,
in order to achieve the control aim and Lyapunov’s
stability theory is implemented to ensure the safe
and suitable operation of the three-phase four-leg
SAPF in distribution network.
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Consider a single-input single-output system:
X =f (x)+g(x)u
y =h(x)
where X eR", f(x),g(x):R" >R",
h(x):R" ->R", f (0)=h(0)=0.

®)

Hence:

* oh* oh oh
BV ot

y aXx " (x)+6xg(x)u

(6)
def ~ N
——f (x)+§ (x)u
If §(x)=0, we can write the feedback
linearization control law as follows:
R-f
R
g(x)

Replacing (7) into (6) gives a linear system y =R

U]

If position instruction is Y, , we set R as:

R=3;m—a(y—ym),a>0 8
Consequently:

é+ae =0 ©)
where € =y —y .. This impliestlim e(t)=0.

If e (0) e (0)=0, e(t) is always equal to zero.

A)Design of adaptive fuzzy tracking control

We will display how to build adaptive tracking
control according to Lyapunov’s stability theory to
obtain the control objectives. The block diagram of
the adaptive tracking control for the SAPF is
demonstrated in Fig. 2. Moreover, stability analysis
of the considered SAPF is performed for designing
the suggested adaptive tracking control.

The dynamic model of the SAPF can be
transformed as follows:

)2:f (x)+bu
x=[ifa iy, ifn],

R. . \Y
f () =Ty, e p e
f f f

(10)

The control target is to force the output currents
of the SAPF x track their reference currents x,. The

tracking error is obtained as € =X —X_ and the
sliding function can be defined in the following form:
s(t)=Ke (11)
We select the control law as follows:
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R—f (x)

Uu=————— 12
; (12)
R :im—nsgn(s),n>0 (13)
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Fig. 2. Adaptive fuzzy tracking control for the SAPF.
Let us define the Lyapunov function as follows:

1.,
V ==5s 14
> (14)

\;:sK(i—imjst (f (x)+bu—>2m) (15)
By substituting (12) into (15), we can achieve:

V =-sK sgn (s)=—Knls| (16)
Subsequently, we deduce \V <0 .But, since f (x) is
unknown, the control rule, i.e. (12), cannot be used
directly. Therefore, the fuzzy logic system f (x) is

implemented in order to estimate f (x) into the
following form:

f(x]6)=d &(x)
g (X):M (17
Z(Hﬂj (Xi)j

j=L\i=1
§(x) Is fuzzy basis function and 6] is updated using
the following adaptive law:

G =-1Ks&(x),r>0 (18)

In order to enhance the robustness of the
proposed control technique, the compensation
control us is added to the control law. Thus, the
control law can be attained as:

R—f (x)-u, (19)
b

u=

Xm



30 International Journal of Smart Electrical Engineering, Vol.6, No.1,Winter 2017

Then we will prove the adaptive law in (18).
Proof : By considering optimal parameter vector:

fA[x o J—f (x)

xeR"
where €2 is assemble for &; . By considering fuzzy
approximation error as follows:

6" =arg min |su 20
t gaferzf p (20)

E=f (x)-f (x.6") 1)
where E <E_, .

Consequently, the derivative of sliding surface is
expressed in the following form:

(22)
=K |f (x,af*)—f (x)-u, —nsgn(s)+E}

= [gofT £(x)—ug —nsgn (s)+E]
where ¢ =6, —6," . Let us consider the Lyapunov
function as follows:

V ==s"+— 23
2[ r?fﬁ”fj (23)

So, the derivative of the Lyapunov function can
be achieved as:

Vi :ss.+%(p2¢;;

l .
=sK [ £(x)-u, —'759”(5)+E]+;¢?¢f (24)
=%gofT (rng(x)Hp; )+ KSE —Ksu, —Kszsgn (s)

where <pf :0; .

Replacing (18) into (24) yields:

vV =—Knls|+Ks (E -u, ) <-Knls|

(25)
+K |s|(supIZO |E|—us)

Let u, >sup,., [E|, S0V S—K77|s|§0,\/ is
negative definite implies that V, s and E converge to

zero. v is negative semi-definite that guarantees V,

s and E are all bounded. Also, s is bounded. v <0
implies that S is integrable as

I;llSIIdtS%[V (0)-V (t)]. Since V (0) s

bounded and V (t) is nonincreasing and bounded,
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- t - - - t
so lim IO s|dt is bounded. Since tILn; IO [s|dt and

t—owo

s are bounded, with regard to Barbalat lemma,
s(t) asymptotically converges to zero, lim
t

—>0

s(t)=0. As a consequence, e (t)will converge to

zero asymptotically by considering the definition of
sliding surface, i.e. (11).

4. Results and Discussions

This section represents the results of the
simulation carried out in order to validate the
performance of the suggested control method for the
SAPF for load current balancing, neutral current
elimination, harmonic current filtering and reactive
power compensation. The simulation parameters are
given in appendix’s table. The load parameters can
be found in [7]. Also, the considered membership
function is indicated in Fig. 3.

The grid currents related to three phases and
their harmonic spectrum before and after
compensation are shown in Figs. 4 and 5. It can be
observed that the active filter reduces the total
harmonic distortion (THD) of the grid currents from
14.58%, 18.43% and 21.57% to 0.71%, 0.72% and
0.72%, which demonstrates the effectiveness of the
suggested nonlinear control technique.

Fig. 6 illustrates the dynamic behavior of the
SAPF for the suggested nonlinear controller, where
the four-leg active filter has been switched on 0.1
sec later. After 0.1 sec, an extra load has been added
in the form of a three-phase diode bridge rectifier.

It can be seen that the grid currents have been
balanced and sinusoidal after connection of the
SAPF to the system (Fig. 6(a)). As indicated in Fig.
6(d), the neutral current has been almost removed
with a low ripple in case where the suggested control
method has been applied.

In Fig. 6(e and f), one can see that the reactive
power becomes zero and the active power tracks its
reference value when the SAPF is connected at t=0.1
sec. For clarity, the grid currents and their
corresponding voltages are illustrated in Fig.7. As
shown, the unity power factors have been attained
successfully.
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Fig. 3. Membership functions of x.
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Fig. 6. Simulation results of the proposed SAPF.
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Fig. 7. The Grid currents and voltages

However, the absence of overshoots in the
current waveforms under load variation, and low
power ripples and neutral current, confirm the
appropriate performance of the suggested controller.

V. Conclusion

This paper has represented a theoretical study
with simulation of adaptive robust fuzzy control
combined with Lyapunov’s stability theory for a
four-leg SAPF. The performance of the active power
filtering system based on the suggested nonlinear
control method has been analyzed. The major
outcome of the suggested control method is
maintenance of the system as stable against the
disturbance. Furthermore, the proposed scheme
gives good performance during both transient and
steady-state operations in terms of the reactive
power compensation, grid neutral  current
cancelation, harmonic currents filtering, and grid
current balancing.



33 International Journal of Smart Electrical Engineering, Vol.6, No.1,Winter 2017 ISSN: 2251-9246
EISSN: 2345-6221

Appendix harmonics compensation in synchronous reference frame,”
IET Power Electron., vol. 4, no. 7, 2011.
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