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The problem of controlling single-phase shunt active power filters is addressed in presence of nonlinear
loads. The control objective is twofold: (i) compensation of harmonic and reactive currents absorbed by
the nonlinear load, this objective is referred to as power factor correction (PFC); (ii) regulation of the
inverter output capacitor voltage. A two-loop cascade control strategy is developed that includes an
inner-loop designed, using the Lyapunov design approach, to cope with the compensation issue and an
outer-loop designed to regulate the capacitor voltage. The controller performances are formally analysed
using system averaging theory. The theoretical results are illustrated by simulation.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

When a nonlinear electric load is supplied by a sinusoidal power
supply net, current harmonics are generated causing the distortion of
the voltage waveform at the point of common coupling (PCC). These
harmonics not only disturb the supply net but also all loads and
electronic equipments connected to the net. For a long time, the
compensation of these harmonics has been coped with using passive
LC filters and capacitor banks. The latter were resorted to improve AC
loads power factor. This conventional solution is not only costly but
also presents several shortcomings e.g. harmonic compensation is
only partial, the LC filter may enter into resonance with the power
net inductances. Therefore, efforts have been made by engineers and
researchers, especially in power energy and power electronics areas,
towards the development of alternative solutions to the power
quality issues. In this respect, the concept of active power filter
(APF) has emerged in the mid-1970s (Gyugyi & Strycula, 1976). Since
then, many research programs have been conducted on active power
filters and their practical applications (Akagi, 2005; Karagiannis,
Mendes, Astolfi, & Ortega, 2003; Ramon, Robert, & Enric, 2004).
With the emergence of semiconductor devices IGBTs and MOSFETs
offering fast switching capability and digital signal processors (DSPs),
field programmable gate arrays (FPGAs) and Hall Effect voltage/
current sensors (of relatively low prices) the usage of active power
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filters has become widespread. Nowadays, active power filters are
undeniably preferred to conventional passive filters, due to their
higher filtering capability, smaller physical size and higher flexibility.
Among APFs configurations, shunt APF is mostly used in industrial
scale products. In addition to their high cancellation capability (of
load current harmonics), shunt APFs feature good reactive power
compensation and current balancing (EI-Habrouk, Darwish, & Mehta,
2000). The available APFs exist in two variants: single phase and
triphase. Of course, the latter are higher power but the former enjoy
lower cost and simpler control design (Aredes, 1996; Pottker de
Souza, 2000). Consequently, there are practical situations where it
proves to be much better to implement a low-power single phase
APF at each single-phase of the nonlinear load, than installing a high
power three-phase APF at the PCC.

The problem of controlling single-phase shunt APFs has been
given a great deal of interest and several control strategies have been
proposed over the last decade. In Dogan and Akkaya (2009), a fuzzy
control design is considered and the control performances are
illustrated by simulation. Unfortunately, the fuzzy approach does
not make use of the available APF model making not possible a
formal analysis of the closed-loop control performances. In Costa-
Castell6, Grifid, Cardoner, and Fossas (2007), a simple linear PID
controller has been proposed whose performances have been illu-
strated by experimental result. The nonlinearity of the controlled APF
entails that optimal performances are not guaranteed on a wide range
variation of the operation point. Nonlinear controllers, designed on
the basis of accurate nonlinear models of the controlled APF, have
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been proposed in Matas, de Vicuna, Miret, Guerrero, and Castilla
(2008), Komurcugil (2006) and Hernandez (1998). The control design
techniques used there include feedback linearization (Matas et al.,
2008), sliding mode (Hernandez, 1998), and Lyapunov design
(Komurcugil, 2006). These control solutions present at least two
major drawbacks. First, all proposed controllers are mono-loop and
designed to meet harmonic rejection. The output voltage regulation
purpose is indirectly achieved by just letting the closed-loop system
static gain equal unity. Accordingly, perfect asymptotic tracking is only
guaranteed in presence of constant voltage reference and fixed loads.
Second, no theoretical analysis is made to formally prove that the
closed-loop control performances are actually achieved.

In this paper, the focus is made on single-phase shunt APFs in
presence of nonlinear loads. A new control strategy is developed
that overcome the above described shortcomings. Specifically, a
nonlinear cascade controller is designed in order to simulta-
neously meet both control objectives: (i) satisfactory compensa-
tion of harmonic and reactive currents absorbed by the nonlinear
load and (ii) tight regulation of the inverter output capacitor
voltage. The controller inner-loop is designed using the Lyapunov
design technique to cope with the compensation issue. The outer-
loop involves a nonlinear PI regulator that regulates the output
capacitor voltage despite load changes. It is formally shown using
tools from the Lyapunov stability and averaging theory that, all
control objectives are actually achieved in the mean. This theore-
tical result is confirmed by several numerical simulations.

The paper is organized as follows: the control problem formula-
tion, including the APF modeling, is described in Section 2; the
cascade nonlinear controller design is dealt with in Section 3 and its
performances are formally analyzed in Section 4; the theoretical
analysis results are confirmed by simulation in Section 4.

2. Control problem statement
2.1. APF topology and modelling

The single phase shunt APF under study has the structure of
Fig. 1. It consists of a single-phase IGBT-based full-bridge inverter
and an energy storage capacitor Cy, placed at the DC side. From the
AC side, the APF is connected, in parallel with a nonlinear load, to
the main AC voltage source through a filtering inductor L. The role
of the APF is to produce reactive and harmonic components to
compensate undesirable current harmonics produced by the non-
linear load. Doing so, the “filter-load” association behaves as a pure
resistive load which amounts to make the fundamental compo-
nent of load current in phase with the main AC voltage. The IGBT-
based inverter operates in accordance to the well known Pulse
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Fig. 1. Shunt filter connected to a “power net-load system” association.

Width Modulation principle (PWM) (Andrieu, Ferrieux, & Rocher,
1996; Erickson, Madigan, & Singer, 1990; Krein, Bentsman, Bass, &
Lesieutre, 1990; Tse & Chow, 2000). Finally, the supply net voltage
vgo (not accessible to measurement) is given by

Vso(t) =E sin (wst) 1
where E and ws denote, respectively, the amplitude and the
angular frequency of vso(t). The steady-state resulting load current

is a periodic signal (with frequency ws) and so assumes a Fourier
series expansion of the form:

i) = ¥ Ln Sin(n at+gy) @)
n=1

Applying the usual Kirchhoff's laws to the single-phase shunt
APF one easily gets:

di .

Ls?; = V50 — Vs —Tsls (33-)
di

Lfd—t’_r =Vs—V 3b)
dvy .

Cfd—; =1 (3(:)

The inverter undergoes the equations:
V=uv, (43)
io =Uu lf (4b)

where the switching function x of the inverter is defined by
1if (s1,54) is ON, (S2,53) is OFF
K=Y —1if (s1,54) is OFF, (sp,s3)is ON

Combining (3) and (4), one obtains the instantaneous model of
whole system:

di .

L g7 = Vso — Vs —Tsls (52)
di

Lf?{ =Vs—uVo (5b)
dv .

CfT: = piy (50)

The model (5) is useful for building up an accurate simulator of
the inverter. However, it cannot be based upon in the control
design as it involves a binary control input, namely x. This kind of
difficulty is generally coped with by resorting to average models.
In this modelling context, signal averaging is performed over
cutting intervals (e.g. Abouloifa et al., 2004) and the resulting
average model is the following:

dxi;  Ts 1 Vg

ar = —L—S?ﬁ,r"‘L—sxz,r—L—S (6a)
dx2,r _

e O (©b
dxs ,

di’ = —wfxz,r (60)
oy _ug vs 6d)

e — Ly L

dx, s _ UXqy
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where X1, X1 7, X, and u denote the average values, over cutting
periods, of the signals is, ir,vo and p. X, = Vs and X3, =Vy are a
internal states of the, supposedly sinusoidal, voltage network.
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