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ABSTRACT. A backstepping controller (BC) is developed to eliminate harmonic contam-
ination and improve the quality of power supply for three-phase active power filter (APF)
in this paper. To deal with the nonlinearity of APF, the backstepping method is applied in
the design of current tracking control system. The proposed backstepping controllers can
ensure proper tracking of the reference current, and impose a desired dynamic behavior,
giving robustness and insensitivity to parameter variations. Simulation studies using the
MATLAB/SimPowerSystems Toolbox demonstrate the high performance of the proposed
control strategy.
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1. Introduction. Power electronic technology brings great convenience to our daily life,
however nonlinear loads often bring harmonic-related problems to the industrial power
systems including low power factor, phase distortion, waveform surges and so on. Shunt
active power filters are the most widely used solution because they can efficiently eliminate
current distortion and the reactive power. The APF operates by injecting compensation
current which is of the same magnitudes and opposite phases with the harmonic currents
into the power system to eliminate harmonic contamination and improve the power factor.
Compared with conventional current control methods including hysteresis control, single
cycle control, and space vector control, many new control strategies have been designed
to improve the dynamic response, such as sliding control, and adaptive control.

In recent years, scholars have in-depth studied the application of different methods
in APF control system, including topology, harmonic detection, AC side current control
and DC side voltage control. Braiek et al. [1] utilized feedback linearization technique
to improve power balance in source side and APF sides. Komucugil and Kukrer [2]
presented a new control strategy for single-phase shunt active power filters (SAPF) based
on Lyapunov stability theory. Rahmani et al. [3] proposed a nonlinear control technique
for a three-phase SAPF and tested it on a laboratory prototype of an SAPF. Shyu et
al. [4] introduced a model reference adaptive control for a single-phase SAPF. Matas et
al. [5] developed the feedback linearization technique for a single-phase SAPF. Montero
et al. [6] compared different methods for extracting the reference currents for SAPF in
three-phase four-wire systems. Valdez et al. [7] showed an adaptive controller for a single-
phase APF to compensate the current harmonic distortion. Marconi et al. [8] designed
a robust nonlinear controller for SAPF to absorb harmonics. Hu et al. [9] introduced a
multiresolution control method for an APF which is controlled by digital signal processor

497



498 Y. FANG, S. HOU AND J. FEI

to meet the requirements for reducing the real-time computation. Advanced controllers
have been investigated in APF to improve the power quality [10-13].

Backstepping [14-16] is similarly a recursive Lyapunov-based design procedure which
breaks a design problem for the full system into a sequence of design problems for lower
order systems. Nevertheless, backstepping design has two advantages over sliding mode
control: One is that the matching condition appeared in the design of sliding mode control
can be relaxed for a class of systems satisfying the so called strict feedback form; The other
is that backstepping design can avoid cancellation of useful nonlinearities. The strategy
of backstepping is to develop a controller recursively by considering some of the state
variables as “virtual controls” and designing intermediate control laws. Adaptive neural
network was also incorporated into backstepping design for nonlinear control system [17].
Backstepping technique was applied to the tracking control of industrial system in [18].
Backstepping can achieve the goals of stabilization and tracking. However, so far, adaptive
backstepping method has not been employed to eliminate harmonics of active power filter.
Our work will explore an adaptive backstepping control for active power filter. The
contributions of the paper can be emphasized as follows:

(1) There are no relevant research works combining adaptive backstepping control to
APF before. Backstepping control is applied to a three-phase active power filter in this
paper. For the APF, the design of backstepping controller contains two steps. First, a
virtual control function is proposed by a Lyapunov function and then real controller is
designed.

(2) The adaptive control, and backstepping control are combined to improve the robust
design of control law. The adaptive backstepping control improves the power dynamic per-
formance such as current tracking and THD performance. Combination of these methods
has a general sense and can be extended to other power electronic converter topology.

(3) Backstepping approach makes the control law design simpler and easier to be imple-
mented. Therefore, the proposed control system has important theoretical and practical
significance for promoting the application of APF, improving total harmonic distortion
(THD) and strengthening the quality of power supply.

This paper is organized as follows. In Section 2, dynamic model of APF is established.
In Section 3, backstepping controller is designed. Simulation results are shown in Section
4 to demonstrate the performance of the proposed method. In the last section conclusions
are given.

2. Principles of Active Power Filter. Shunt active power filters are usually applied
to three-phase system where a large capacity is required. The most widely used parallel
voltage type of APF is mainly discussed. In consideration of the practical application,
the SAPF is most applied in the three-phase systems because of its excellent performance
and easy implementation. A dynamic analytical model of the APF is developed.

APF is equivalent to a flow control current source. The APF contains three sections,
harmonic current detection module, control system and main circuit. The rapid detection
of harmonic current based on instantaneous reactive power theory is most widely used
in harmonic current detection module. The main circuit consisting of power switching
devices produces compensation currents according to the control signal from the control
system. For the sake of absorbing the harmonics created by the nonlinear loads, the
compensation currents should be the same magnitudes and opposite phases with the
harmonic currents. Figure 1 shows the structure of three-phase three-wire APF.
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FiGURE 1. Block diagram for APF in practical operation

The dynamic analytical model of APF is proposed in the following step. According to
Kirchhoft’s voltage and current laws we can get following circuit equations:

v = LC% + Rety +vipr +oun
Vs = Lo%2 + Reiy + vons + vuw (1)
vy = L% + Reiz + vznr + vuw

The parameter of L. and R, are the inductance and resistance of the APF respectively,
vy is the voltage between point M and N.

By summing the three equations in (1), taking into account the absence of the zero-
sequence in the three wire system currents, and assuming that the AC supply voltages
are balanced, we can obtain:

3
1
UMN = 3 mzl UM (2)
The switching function ¢; denotes the ON/OFF status of the devices in the two legs of
the IGBT bridge. We can define ¢; as

| 1 if Sk is on and Si,3 is off (3)
%= 0 if Sy, is off and Sy, 3 is on

where £ =1, 2, 3.
Hence, by writing vk = ¢xvge, then (1) becomes

. 3
diy _ _ Rej VL _ Ude _1
a — Lt (Cl DD Cm)
m=1
di R |
dis _ _Re; | v2 _ Vdc 1
' e R v vl > Cm (4)
m=1
di R >
dis _ _Re; | vz _ Vac 1
S ot —Ii(—3 > Cm

3
5
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Then we define the switching state function d,; which is given as
13
dnk: = <Ck: - g mz::ICm> (5)

So d,; depends on the switching function ¢, and based on the eight permissible switching
states of the IGBT, we can obtain that

dn1 2 -1 -1 c1
doo | == | -1 2 -1 Ca (6)
d,s 31 1 -1 2 Co
Equation (4) becomes
( le . RC . () Vde
P AL P
diy R. . U2 Vdc
Mo ey Y2 Ve, 7
\ % [ P (7)
dig . RC . (% Udcd
\at T LT, T

Furthermore, we can define
«/Lll _= ik ) (8)
To = 1.‘1 = Zk

The derivative of x; and x5 with respect to time yields:

. J Rc. Vg 'Udcd
T =l = ——1l + — — —
1 k Lc k Lc Lc k
A )
To =T1 =l = dt
R,. 1d 1d
= — S+ =0k vdcdk (9)

L. L.dt L, dt
RC Rc. v Vde 1 dv 1d'UC

L, L. Ledt L, dt "
Rz . Rc 1 d’Uk RC 1 d’UdC
Tt L T\ T a )™
Then the dynamic model of APF can be written as
.',i,’l = T2
{ iy = f(x) + bu 10)
where f(x) = f—gik — %vk + LLC‘ZJ—;“, b= %vdc — Licd%c, u = dj.

3. Design of Backstepping Controller. The backstepping method is an efficient con-
trol approach for nonlinear systems, which uses the virtual control to simplify the design
of control laws. In general, we transform the complex nonlinear systems into several
subsystems through backstepping design, then design virtual control for each subsystem
based on Lyapunov functions. So in each step, what we need is just to cope with an easier
control law.

In this section, a backstepping controller is designed for APF to ensure the proper
tracking of reference current and the stability of the closed-loop system is guaranteed
based on Lyapunov analysis.
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For the APF, the design of backstepping controller contains two steps. At first step, a
virtual control function is proposed by a Lyapunov function V;. The real control law is
designed at the second step. In the following, the design procedure of the backstepping

controller is given.

Step 1: Define the reference current is g4, and y4 has continuous second order deriva-

tives. And the tracking error can be defined as
€1 =21 —Yd
Then
€1 =T1 =Yg = T2 — Yd
We select the virtual control as
a; = —cie; + Yq

where ¢; is a non-zero positive constant.
Define the error as

€y = Ty —
We consider the first Lyapunov function as
Vi= %62{
and the derivative of V; becomes
V1 =eje; = 61(I2 - ?)d)
=ei(ex + a1 — Ya)
=e(ex — crey + Ya — Ya)
= — cle? +eres
If e5 = 0, then V; = —ci1e? < 0. So we must construct the next step.
Step 2: Based on (16), we obtain
€y =Ty — (g
= f(z) +bu — &y
=f(z) +bu — §jg + 164

Define the second Lyapunov function as

1

and the derivative of V5 is
Vy = Vi + exés
= —cie] + ereg + e[ f (@) + bu — §g + c1é4]

In order to obtain Vs < 0, the desired backstepping control law is designed as

u = g[_f(m) + g — 161 — C2e9 — €]

where ¢, is a positive scalar.
Then
Vo= —cle? - 0263 <0
Define ¢ = min{¢y, ¢}, one obtains from (22)

Vy < —ce? — ces = —2cV;

(11)
(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)
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Since V2 <0, V2 is negative semidefinite which ensures that e; and e, are bounded. Define
the following term:

W(t) = cre? + ce2 < —Vj (23)
Then
t
/W(T)dT < V3(0) =V, (24)
0

Since V3(0) is bounded and V53 is nonincreasing and bounded, it can be concluded that
t :

tlim [ W(r)dr < co. Moreover, W (t) is also bounded. Then W (¢) is uniformly continuous.

—00 0

According to Barbalat’s lemma, one can be obtained: tlim W (t) = 0. It can imply that
—00

e; and ep will asymptotically converge to zero as t — o0.

4. Simulation Study. In order to validate the effectiveness and advantage of the pro-
posed control strategies, the designed APF control system is implemented using Mat-
lab/Simulink with SimPower Toolbox. In the simulation, the behavior of each method
and its performances during steady and transient state are analyzed to verify the effec-
tiveness of the proposed backstepping control. In the backstepping control, ¢; = 120000,
co = 100000. Other parameters are: Vi3 = Vo = Vi3 = 220V, f = 50Hz. The resistance in
the nonlinear load is 10€2 and the inductance is 2mH. The inductance in the compensation
circuit is 10mH and the capacitance is 100uF. When ¢ = 0.04s, the switch of compensation
circuit is closed and APF begins to work. In practice, nonlinear loads are usually time
varying, so it is necessary to study the dynamic performance of the APF when variations
in the nonlinear loads are considered. When ¢ = 0.12s, the same nonlinear load is added
into the circuit.

Figure 2, Figure 4 and Figure 5 show the load current (only one phase current is
represented for the clearness) and its harmonics spectrum. It is clearly shown that there
is serious distortion of load current and the Total Harmonic Distortion (THD) is relatively
high (24.71% and 22.24%). Figure 3, Figure 6 and Figure 7 plot the source current and its
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FIGURE 2. A phase load current
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FIGURE 3. A phase source current suing backstepping control
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FIGURE 4. Load current harmonic analysis when ¢ = 0s

harmonics spectrum using backstepping approach. It is observed that the source currents
are close to sinusoidal wave and become balanced after compensation even with loads
changing. The THD is reduced to 1.47%, 1.66%, 1.69% and 1.55% all within the limit of
the harmonic standard of IEEE of 5%. The results confirm the capability of the control
strategy to cancel the harmonics.

Figure 8 shows the instruction current and compensation current, and compensation
current tracking error is drawn in Figure 9. It is shown that compensation current can
properly track the instruction current using the proposed backstepping controllers. It
indicates that the proposed backstepping control can ensure the proper tracking of the
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FIGURE 5. Source current harmonic analysis when ¢ = 0s
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FIGURE 6. Source current harmonic analysis when ¢ = 0.06s using back-
stepping control

reference current. Figure 9 demonstrates that the DC capacitor voltage can track the
reference voltage, and it tends to be steady state quickly when loads change.

5. Conclusions. In this paper, an adaptive backstepping control strategy for the APF
is presented. The stability of the closed-loop system can be guaranteed with the proposed
control strategy. The proposed controllers are able to keep the THD of the supply current
below the limits specified by the IEEE-519 standard, and impose a desired dynamic
behavior. The obtained results have demonstrated the high performance of the APF under
both dynamic and steady state operations. The emergence of digital signal processor
makes the application of the proposed adaptive robust tracking control possible and it
also is the goal that we will achieve the next stage.
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FIGURE 7. Instruction current and compensation current using backstep-
ping control
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Ficure 8. Compensation current tracking error using backstepping control
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