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ABSTRACT

This paper presents a control strategy to enhance the operation of an active filter (AF). First,
the high-order harmonic components of the current are accurately extracted using a composite
observer. Then, a proportional-integral multi-resonant-type repetitive control (PIMR-RC) is
applied to control the current harmonics generated by the active filter to follow the current
harmonics caused by the nonlinear loads. Simulation using PSIM software for the active filter was
performed to verify the feasibility of the proposed control strategy.

Keywords: Active power filter, repetitive controller, proportional resonant controller, current
harmonics, nonlinear load.

1. INTRODUCTION

Recently, power converters such as thyristor or insulated gate bipolar transistor (IGBT)
based-rectifiers, motor speed control drives, and so on have been widely used in industry. This can
be one of the main reasons which cause power quality problems in the electric grid.

Power quality problems related to voltage, current and frequency can cause electric
equipments to operate abnormally or even lead to fail. Among them, problems such as frequency
deviation, voltage swell, voltage sag, voltage fluctuation, unbalanced three-phase voltage, phase
failure, and harmonics are the causes of power quality degradation.

Waveforms with frequencies that are multiples of the fundamental frequency (usually 50Hz
or 60Hz) are called harmonics. The harmonic generation is caused by the use of nonlinear loads
such as welding machines, furnaces, asynchronous motor controllers or DC motors, opening and
closing of large power sources, etc. Standards such as IEEE-519 and IEC 61000-3-2 related to
harmonics have been published so that electric networks must meet the requirements of harmonic
currents within allowable limits [1, 2]. In addition, to satisfy these standards, active filters (AF) are
considered as a good solution to improve the quality of power in distribution networks [3].

Several different control methods have been proposed for the active filter. According to [4],
a proportional-integral (PI) controller with sinusoidal pulse-width modulation technique has been
used to handle high-order harmonic currents with high-frequency signals. However, the PI
controller is not a suitable solution for the AF because the bandwidth limit of the PI regulator
remains unchanged and there is still a significant error in extracting the high-order harmonic
components of the reference current. In addition, the deadbeat control method has been applied
and has significantly improved the performance of the AF by eliminating the high-frequency
harmonic components. With the reference current prediction technique, the current error can be
almost eliminated in the steady state. However, the current error and its overshoot level may
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increase when there is a sudden change in the load. Another control method using hysteresis control
has been applied for the AF [5]. The use of the AF based on this control method has shown that
the implementation of the hysteresis controller is simple, robust, and significantly improves the
performance of the hysteresis current. However, the disadvantage of this controller is that the
resonant problem still exists in the distribution network. In addition, the hysteresis band must be
carefully selected so that its value is as small as possible for better performance of the current. For
this, the switching frequency increases considerably and causes switching losses for high power
electronic components [6, 7].

In this paper, a current compensation control strategy using a proportional-integral multi-
resonant-type repetitive control (PIMR-RC) combined with a composite observer for the AF is
proposed to significantly reduce the current harmonics flowing into the grid. With this method, the
composite observer is firstly used to accurately extract the harmonic components of the current.
Then, the proportional-integral multi-resonant-type repetitive control is applied so that the AF
control generates current harmonics that are approximately equal to the current harmonics
generated by the nonlinear load. The simulation using PSIM for the AF system has been performed
to verify the effectiveness of the proposed control strategy.

2. CONTROL OF COMPENSATING SOURCE CURRENT HARMONICS USING
ACTIVEFILTER

2.1. System model of active filter

Nonlinear loads
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Figure 1. Circuit diagram of active filter

Figure 1 shows the circuit diagram of the AF connected to a three-phase three-wire grid
(source) system. As shown, the AF consists of a three-phase voltage inverter using six IGBTs
connected in parallel with a nonlinear load at the point of common coupling. The input of the AF
is a DC voltage source connected in parallel with a capacitor and the output of the AF is connected
in series with an inductance (Lr) and a resistor (Rg). The nonlinear loads consist of a three-phase
voltage rectifier using a diode full-bridge connected to an RLC load at the output.

2.2. Existing current control strategies of active filter

The AF is a flexible solution for compensation since it is capable of compensating current
harmonics generated by various types of nonlinear loads as well as fast compensation of current
harmonics in the case of load changes (Figure 1). The target of the AF is to generate current
harmonics (irac) that have the similar magnitude and phasor inversion to the current harmonics
caused by the nonlinear loads. Thus, the source currents (isanc) become purely sinusoidal. On the
other hand, they only contain the fundamental component.

2.2.1. Pl based-current control strategy of active filter

As shown in Figure 2, the reference current in d -axis in the rotating reference frame (ige)

is the current containing the harmonic components of the compensated currents, after
removing the fundamental component using a low-pass filter (LPF). Meanwhile, the reference

current in g-axis in the rotating reference frame (i;e) is also the current (iqe) that also contains
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the harmonic components of the compensated currents. These reference current components
are compared with the measured current components and their errors are fed into the PI

controller, to generate values of the reference voltages (Ve , Vi ) and are used to convert to

the abc reference frame for space vector pulse-width modulation (SVPWM) to control the
switching of the IGBTSs.

Nonlinear loads
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Figure 2. Block diagram of Pl based-current control strategy for active filter

The PI controller has been used for current control in the AF. However, this control method
does not eliminate source current harmonics perfectly because the extraction of reference
harmonics from the low-pass filter is not accurate.

2.2.2. PR based-current control strategy of active filter
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Figure 3. Block diagram of PR based-current control strategy for active filter

As shown in Figure 3, the reference current in d-axis in the stationary reference frame (i) is the

current containing the harmonic components of compensated currents, after removing the
fundamental component by using a band-pass filter (BPF). Meanwhile, the reference current in g-
axis (i;s) in the stationary reference frame also contains the harmonic components of compensated

currents. These reference current components are compared with the measured current components
and their errors are put into the proportional resonant (PR) controller to produce reference voltages,
which is used to generate the pulses using the SVPWM method.
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The transfer function of the proportional resonant controller is expressed as:

2K hS 1
Ger(s)= 2 Kpt+tH—"— @
h=35,7... s +(hey )
Where Kpn and Ky are proportional and resonant controller parameters, respectively.

The PR control method is used for controlling the current of the active circuit. However, this
control method does not solve the problem completely due to the inaccurate extraction of the
reference current harmonics for compensation from the band-pass filter.

2.3. Current control strategy using proportional-integral multi-resonant-type repetitive
controller (PIMR-RC) combined with composite observer (CO)

2.3.1. Extraction of currents using a composite observer

The composite observer (CO) is used to extract the current components. The principle of the
CO is summarized as follows [8]:

Assume that the periodic signal of y(t) consists of components such as DC signal (yo(t)),
fundamental component (y1(t)) and harmonic components (ys(t), yz(t)),... which are expressed as follows:

yt) = Y, Yult) @)
m=0.15,7
The input signal is written in the discrete domain as follows:
y@)= > y,(@); i=012.. ., (3)
m=0,1,5,7
2,01+ 1) = £,(1) + Dye(i)

— .
Vold) = x,(i)

% +1) = A (i) + Dye(i)

»(1)=x,@)

X (k4 1) = A%, (k) + Dye(k)
v (k) = x,(k)

b, (i +1) = A x, () + Dyeli
yy(i)=x,(i)

Figure 4. Closed loop diagram using CO
The structure of CO is shown in Figure 4 as follows:

{)”((i +1) = AX(i) + De(i) @)
§(i) =Cx(i)

Where the index “~” indicates the estimated value, x(i) is the state vector, y(i) is the output
vector, A and C are the observer matrices and D is the gain vector, which is as follows:

D =[d,, (diy,di), (dsg,dsp), (A71,07,), (Augg, i), (Aiay, Aiso)] (5)
and e(i) is the observer error calculated by the following formula: e(i) = y(i) — y(i)

In this study, the DC, fundamental and harmonic components of the 5th, 7th, 11th, 13th order
of the source (grid) current are used as state variables in the CO. To select the gain vector of the
CO, the pole-placement technique is often used [8].

2.3.2. Current control strategy using proportional-integral multi-resonant-type repetitive
controller (PIMR-RC)
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The transfer function of the repetitive controller is expressed as:
—sT

e
G =K — 5
re (S) re 1_e_sT ( )
Where K is the coefficient of the repetitive controller and T =27z / e, is the delay time.

Implementing the Taylor series, (5) is rewritten as:

K, K, 2K, s ©

2 Ts T 4 sz+(ha)s)2

By adding (6) the proportional constant of K,>Ke/2, the proportional-integral multi-resonant-
type repetitive controller (PIMR-RC) is rewritten as follows:

Gre (S) ==

6.9=(K, - |+ Ko 2o - "
2 Ts T 457.¢° +(ha,)
K. S
Or GC(S):K c+_lc+Krec 2 (o2 (8)
g h:;m 52 + (ha)S )2

Where Ky = (Kp - Kref2), Kic = Kre/ T va Krec = 2K/ T are the proportional, integral and resonant
constants of the proportional-integral multi-resonant-type repetitive controller, respectively.

The higher order harmonic components of the load current are accurately extracted from the
load current (iLanc) using the CO. Then, the reference currents in the dg-axis (igqs) are compared

with the measured currents from the AF. The errors of their currents are put into the proportional-
integral multi-resonant-type repetitive controller (PIMR-RC) to obtain the reference voltages in the

dg-axis ( v;dqs) and these voltage components are transferred to the abc reference frame which are
used for pulse modulation using the SVPWM method (Figure 5).
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Figure 5. Block diagram of PIMR-RC based-current harmonic compensation control strategy for active filter

3. SIMULATION RESULTS AND DISCUSSION

Simulation using PSIM software has been used to verify the effectiveness of the proposed
control strategy (PIMR-RC combined with CO) for the AF. The system parameters for the simulation
are listed in Table 1.

Table 1. System parameters for the simulation

Parameters Values Parameters Values
Grid voltage (Vigms)) 135V Filter resistor (Rg) 0.05Q
Grid frequency (fo) 50 Hz Load resistor (RL) 15-25Q
Rated power (P) 1.5 kVA Load inductor (L.) 1 mH
DC voltage (V) 340V Load DC capacitor (C.) 220 pF
DC capacitor (Cyc) 1000 pF PI controller ki=4,kp=25
Switching frequency (fs) 10 kHz PIMR-RC controller Kpe = 26, Kic = 1200, Krec = 0.5
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a) Measured load current and calculated load current for phase A d) Seventh-order harmonic component of load current for phase A
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Figure 6. Simulation results for the decomposition of the desired load current harmonic components using
CO. (a) Measured and calculated load currents for phase A using CO. (b) Fundamental component of the
load current for phase A. (c) 5th order component of the load current for phase A. (d) 7th order component
of the load current for phase A. (e) 11th order component of the load current for phase A. (f) 13th order
component of the load current for phase A.

The gain vectors of (5) are designed as
D =[d01 (dllvdlz)v (d511d52)1 (d717d72)1 (dlllvdllz)v (d1311d132)]T
=[0.158413; (0.235203, -0.236894), (0.096, -0.9254); (0.081146, -0.0581);
(0.04125, -0.0264); (0.0167, -0.00577)] "
Figure 6 shows the decomposition results for the harmonic components of the load current for

phase A. As shown in Figure 6 (a), the measured load current and the estimated load current from the
CO are almost similar. This proves that the CO extracts the desired harmonic components very

accurately. By using the CO, the reference currents in dg-axis (i;qs) are obtained by summing the

harmonic components of the current. The 5th, 7th, 11th, and 13th order harmonic components of
the current are shown in Figures 6(c) to 6(f), respectively.
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Figure 7. Simulation results of active filter using
current control strategy based on PI controller
(a) Source current for phase A, (b) Load current
for phase A, (c) Filter output current for phase A.

Figure 8. Simulation results of active filter using
current control strategy based on proposed controller
(a) Source current for phase A, (b) Load current
for phase A, (c) Filter output current for phase A.
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The simulation results for the AF using the PI controller current control strategy and the
proposed controller (PIMR-RC) are shown in Figure (7) and Figure (8), respectively. Each result
in Figure 7 and 8 shows the source, load and output currents for phase A of the filter. The FFT (fast
Fourier transform) analysis of the source current for phase A using current control strategy based
on the Pl controller and the proposed controller is shown in Figure 9 and 10, respectively. As shown
in Figure 10, the source current for phase A has almost no high-order harmonic components. This
proves that the use of the current control strategy based on the proposed controller for the AF gives
better performance results than current control strategy based on the PI controller.
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Figure 9. FFT analysis of source current in phase
A using current control strategy based on the Pl
controller.

Figure 10. FFT analysis of source current in phase
A using current control strategy based on the
proposed controller.

Table 2. Total harmonic distortion (THD) of source current

Without AF Current control strategy Current control strategy based
based on PI controller on proposed controller
Total harmonic 0 . .
distortion (THD) 39.27% 5.1% 1.32%

According to the FFT analysis results of the A-phase source current in Figure 10, the THD
index of the source current using the current control strategy based on the proposed controller has
been reduced by less than 2%, satisfying the IEEE-519 and IEC-61000-3-2 standards. Therefore, the
AF gives good results in the case of using the proposed control strategy.
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Figure 11. Simulation results of active filter using
current control strategy based on PI controller: (a)
Source current for phase A, (b) Load current for
phase A, (c) Filter output current for phase A

Figure 12. Simulation results of active filter using
current control strategy based on proposed controller:
(a) Source current for phase A, (b) Load current
for phase A, (c) Filter output current for phase A

The performance of the AF using the current control strategy based on the PI controller and the
proposed controller are shown in Figures 11 and 12, respectively. During the duration of 1.1 - 1.2 s,
the system operates without using the AF. This causes the source current to be distorted, as shown in
Figures 11 and 12 (a). Attime 1.2 s, the AF is connected to the system, the compensation current is
injected into the grid (Figures 11 and 12 (c)), and the source current has a sinusoidal waveform.
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4. CONCLUSION

The paper presents a control strategy to improve the performance of the AF. Firstly, a composite
observer is used to accurately estimate/extract the high-order harmonic components of the current.
Then, a proportional-integral-resonant repetitive controller (PIMR-RC) has been applied to control
the compensation of the high-order harmonic components of the current. The simulation of the AF
system using PSIM software has been carried out to verify the feasibility of the proposed controller.
The simulation results show that both the PI and PIMR-RC controllers for AFs have the ability to
compensate the current harmonics, but the proposed controller compensates the current harmonics
better than the Pl one (THD,_PI = 5.1%, THD,_PIMR-RC = 1.32%). In the future, the topic can be
extended to apply multi-level inverters to minimize the THD at the source voltage.
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TOM TAT

DIEU KHIEN BO LOC TiCH CUC DUNG B0 BIEU KHIEN LAP DA CONG HUONG
TiCH PHAN TY LE KET HOP VOI BO QUAN SAT TONG HOP

Nguyén Thi My Na!, Van Tén Lugng?”
Trwong Cao dang Ky thugt Cong nghé Nha Trang
2Tyiong Pai hoe Cong Thiong Thanh phé Ho Chi Minh
*Email: luongvt@huit.edu.vn

Bai béo trinh bay chién lugc diéu khién dé nang cao van hanh cua bo loc tich cuc (AF). Trudc
tién, cac thanh phan hoa tan bac cao dugc trich ra chinh xac tir dong dién tai phi tuyén dung b quan sat
tong hop (composite observer). Sau d6, bo diéu khién lap da cong huong tich phan ty I¢ (proportional-
integral multi-resonant-type repetitive control-PIMR-RC) dwoc ap dung dé diéu khién b loc tich cuc
phét ra hoa tan bac cao cua dong dién gan bang dung hoa tin dong dién duoc sinh ra bai tai phi tuyén.
Viéc md phong bo loc tich cuc dung phan mém PSIM da duoc thuc hién dé kiém ching tinh kha thi caa
chién luoc didu khién dé xuét.

Tir khéa: Bo loc tich cuc, bo didu khién Iap, bo diéu khién cong huong ty 16, hoa tan dong dién, tai phi tuyén.
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