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Abstract

This paper presents the compensation tasks performed by a shunt active power filter, including compensation of
harmonic currents, reactive power, and an unbalanced load current. The paper demonstrates novel control of the
shunt active power filter in a closed-loop system. The control algorithm was verified by performing simulations
and compared the simulated results with those obtained in an open-loop control system. All simulations were
conducted in the PLECS program using a control algorithm written in C programming language.

Introduction

Shunt active power filters (SAPFs) are powerful
and high-quality tools to solve power quality prob-
lems. They operate as controlled current sources that
inject the harmonic components generated by a non-
linear load. As a result, the components of the harmon-
ic currents contained in the load current are cancelled
by the effect of an active power filter, and the source
current (and consequently the source voltage) remains
sinusoidal. Moreover, with an appropriate control
algorithm, SAPFs can compensate for the load power
factor and unbalanced load currents. Due to this, they
have become increasingly popular, and many differ-
ent solutions and control strategies can be found in
the literature (Mattavelli, 2001; Mariethoz & Rufer,
2002; Mattavelli & Marafao, 2004; Asiminoaeiand
et al., 2006; Wojciechowski, 2012; Mannen & Fujita,
2014; Patil & Metri, 2017; Srivastava & Kulkarni,
2017; Guzman Iturra et al., 2018; Chen et al., 2019;
Ouchen et al., 2019; Ullah et al., 2019).
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There are two main types of SAPF control strat-
egies depending on the current detection point. The
first is a load current detection type which is consid-
ered an open-loop system in control theory (feedfor-
ward control). The second is a closed-loop (feedback
control) system in which either the source current
or the voltage is measured at the point of common
coupling (PCC). Open-loop control systems are
very popular and are commonly used in industrial
applications because they provide structural stabil-
ity and do not have the same high computational
requirements as feedback control. On the other hand,
closed-loop systems provide much higher compen-
sation effectiveness and are characterized by great
system robustness against mismatches between con-
trol object parameters, as well as insensitivity to
nonlinearities caused by dead times and IGBT and
diode voltage drops. Schematic diagrams of both
types of SAPF controls are shown in Figure 1.

The tasks performed by SAPFs include:

* Source current harmonics compensation;
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Figure 1. SAPF control in open-loop and closed-loop systems

» Reactive power compensation (compensation of
a reactive component of the current fundamental
harmonic);

» Unbalanced load current compensation (compen-
sation of current fundamental harmonic negative
sequence component).

In this paper, simulations were performed in
order to assess the quality of the abovementioned
tasks performed in a closed-loop control system and
to compare it with an open-loop system.

Control system

The proposed control system is a predictive
SAPF control method that allows harmonic cur-
rents, reactive power, and unbalanced load current
compensation in both a novel closed-loop system
and an open-loop system (Wojciechowski, 2012).
The block diagram of the control system is shown
in Figure 2.

Non-linear
Load

< SAij

CLOSED-LOOP CONTROL SYSTEM

The control algorithm was developed in an
orthogonal, stationary reference frame projected on
the complex plane a—jf using the Clarke transfor-
mation with power invariance. The zero component
was neglected because the SAPF operates in a 3-wire
supply system:
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A prediction was applied in the control system
because it significantly improved the compensa-
tion quality of the SAPF. This required the use of
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Figure 2. Block diagram of the proposed control system
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a predictive current controller to correct for delays
between feedbacks and the control. The authorial
predictive current controller (Wojciechowski, 2012)
implemented in the control system is described by
the discrete transfer functions matrix as follows:

G

cij—u(z)
GC (Z) = Gc,i2 —u(z)
G

c,uL,—m(z)

[—3120,07 +(2C+4L,L,C) T2 — (L, + L,) T
2L,L,C*T, — L,CT} + C*LL,T, - z

212L,C% —(I2C + AL, L,C)T? + (L, + L,) T*
2L,L,C°T, — L,CT} + C*LL,T, -

2L,C? -(c2c+30,L,C)r2 + (1, + L,) T
(Lt 2, 1,?)z - L LT -2

)
where L, L,, and C are consistent with symbols used
in Figure 1, and T; is the sampling period.

The use of predictive current regulation in
the control system requires predicting the supply
voltage and the designated reference current. The
final reference current consists of, depending on
the selected SAPF operating variant, the current

vector determined in the open-loop or closed-loop
systems.

Feedforward control

Predictive harmonics detection is broadband in
the presented feedforward method. The set current
components used to compensate for the harmonics,
reactive power, and unbalanced load current were
determined in the time-domain based on Akagi’s
instantaneous power theory.

The prediction of the set current was based on
a cyclic buffer. Assuming that the frequency of the
supply voltage remains unchanged, it is possible
to presume a constant length of the cyclic buffer /
resulting from the quotient of the supply voltage
period 7; and the sampling period 7; (Wojciechow-
ski, 2012).

Feedback control
Extraction and prediction of selected harmonic
currents in the feedback method is performed in the

frequency domain using discrete Fourier transfor-
mation (DFT) in accordance with:
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_j2mnk
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where 7 is the harmonic order, £ is the sample num-
ber, and K is the number of samples.

The amplitudes of the individual harmonics of
the set current were determined using proportion-
al-integral control. Then, an inverse discrete Fourier
transformation (IDFT) was conducted according to
the equation:

N-1 j2mnk

i [k1=> 1 [nle ¥ )
k=0

The prediction involves changing the phases
of individual harmonics by a value resulting from
the harmonic order » and the prediction horizon 7,
according to:

A@n,e,pred = n'r'A(DI,e (5)

where Ag, . is the increase in the angle of the funda-
mental harmonic during one sample period T.

The set current vector was obtained by the super-
position of acquired individual harmonics:

i+ 1)=3d, (k+1) (©)

The block diagram for determining one selected
harmonic is shown in Figure 3.
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Figure 3. The block diagram of extracting and predicting
one current harmonic

The control algorithm ensures the compensation
of sixteen current harmonics (both positive and neg-
ative) up to the 50" harmonic. Thus, there are 32
algorithms and 64 PI controllers.

Reactive power compensation

The current fundamental harmonic (as well as har-
monics that are to be compensated) were designated
by utilizing the information about the actual angle of
grid voltage, which was determined using a phase-
locked loop (PLL). Therefore, the active component
of the fundamental harmonic current coincides with
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the vector of the fundamental grid voltage harmon-
ics, whereas the reactive component was shifted by
90 degrees. This means that the reactive component
of the fundamental current harmonic was the imag-
inary part of this harmonic on the complex plane.
Due to this, the reactive power compensation was
based on the compensation of the imaginary part of
the current fundamental harmonic positive sequence
component that is shown in Figure 4.

/i

Im

Im/

Figure 4. Ideological performance of grid voltage and cur-
rent fundamental harmonic orthogonal components on the
complex plane

The value of reactive power is expressed by:

Q] :El'll'Sil’l(plji:ErIm[] (7)

Unbalanced load current compensation

The unbalance of a load current is defined,
according to the symmetrical components method,
as the ratio between the negative sequence compo-
nent and positive sequence component of a current
fundamental harmonic. It is expressed by the follow-
ing equation:

Ky =2 100% (8)

1

The value at which K equals zero is equivalent
to a lack of asymmetry. The magnitude of the cur-
rent fundamental harmonic negative sequence com-
ponent is closely related to the value of the Ky coef-
ficient. Therefore, the negative sequence component
of a current fundamental harmonic must be compen-
sated for in order to obtain a balanced load current.

Simulation results

Simulations were performed in PLECS by
implementing a control algorithm written in C++

12

programming language. The selected parameters of
the tested system are listed in Table 1. Simulations
were conducted for both open-loop and closed-loop
control systems. The compensation quality of har-
monics contained in the source current and voltage
were assessed based on the value of total harmonic
distortion (THD) coefficient, according to:

50 50
(22U y2
THD, =~—>—, THD, ="

U, I

©

Table 1. Parameters of electrical circuits and control system
used in the simulation

Quantity Value
Line-to-line grid voltage 3x400 V
Line voltage frequency 50 Hz
LCL circuit — L, 150 uH
LCL circuit — L, 75 uH
LCL circuit— C 100 uF
Active filter rated power 120 kVA
PWM carrier frequency 8 kHz
Sampling frequency 16 kHz

Nonlinear receiver 6-pulse diode bridge with

RL load (0,7 Q, 1 mH)

Deadtime (uncompensated) 3us

IGBT voltage drop (uncompensated) 1.5V
Diode voltage drop (uncompensated) 1.0V
Grid inductance — Ls 20 pH
Network inductance — Li. 40 uH

Figure 5 presents the grid voltage (Ea., Ebv, Ec)
and current (lya, lw, lic) Waveforms when the com-
pensation is off. Figures 6 and 7 show the current
harmonics compensation in open-loop and closed-
loop control systems, respectively. In addition to the
waveforms of voltages and currents in PCC, the fig-
ure also depicts waveforms of the phase currents of
inductors L1 ([la, ]1]3, [10) and L2 ([Za, ]2b, [20).

The THD, coefficient decreased by more than 6.5
times after compensation in the open-loop system
and by almost 16.5 times after compensation in the
closed-loop control system, which is a difference of
almost 2.5. Moreover, the THD; value was 4 times
smaller in the feedback control method than in the
feedforward method, which confirms the superi-
or current harmonics compensation quality in the
closed-loop control system.

Figures 8 to 11 concern the reactive power
compensation. Figure 8 presents the waveform of
reactive power in the PCC of the open-loop sys-
tem, while Figure 9 shows the waveform of the
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Figure 6. Open-loop broadband current harmonics compensation; THD, = 0.42%, THD; = 3.17%

value of the current fundamental harmonic reac-
tive component in the open-loop control system.
Figures 10 and 11 depict the respective waveforms
in the closed-loop control system. The turning time
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on the reactive power compensation was 0.5 s in

all cases.
The absolute value of reactive power decreased
about seven times after compensation in the

13


http://mostwiedzy.pl

Agata Bielecka, Daniel Wojciechowski

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

t[s]

Figure 7. Closed-loop selective current harmonics compensation; THD, = 0.17%, THD; = 0.72%
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Figure 8. Open-loop system; @; = —72,012 var before com-
pensation; Q; =-10,219 var after compensation
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Figure 9. Open-loop system; Im/; =—181.2 A before compen-
sation; Im/; = -25.7 A after compensation
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Figure 10. Closed-loop system; Q; =-72,012 var before com-
pensation; Q; =—0.008 var after compensation
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Figure 11. Closed-loop system; Im/; = —181.2 A before com-
pensation; Im/; =-0.00002 A after compensation
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open-loop system, and the current fundamental har-
monic reactive component increased by —25.7 A.
However, this component was near zero in the
closed-loop control system which is reflected in the
total compensation of the reactive power.

To simulate an unbalanced load current, the
inductance of one network inductor was changed
from 40 pH to 140 pH. Figure 12 presents the
results of an unbalanced load current compensation
in an open-loop system, while the results obtained
for a closed-loop system are depicted in Figure 13.
Both figures consist of two waveforms and show the
state before and after compensation with a turning
time during compensation of 0.5 s. The first depicts
the waveform magnitude of the current fundamen-
tal harmonic negative sequence component, and the
second depicts the waveform of the K coefficient.

Magnitude of 1
30
< 204
10+
ol
KZI

T T T

06 08 10 12 14
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Figure 12. Open-loop system; |Ij| = 34.2 A, Ky = 3.49%
before compensation; |I_{| = 13.25 A, Ky = 1.35% after
compensation
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Figure 13. Closed-loop system; |I_i| = 34.2 A, K = 3.49%
before compensation; |I;| = 0.092 A, K3 = 0.009% after
compensation

The magnitude of the current fundamental har-
monic negative sequence component and the value
of the Ky coefficient decreased by more than 2.5
times after compensation in the open-loop control
system. In the closed-loop control system, the unbal-
anced load current was almost completely compen-
sated for, and the value of the K3 coefficient reached
0.009%.
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Conclusions

The presented control system enables the predic-
tive control of SAPFs in both open-loop and closed-
loop systems. The simulation results showed that the
compensation quality in a closed-loop control system
was greater than in an open-loop system. This was
observed in all three tasks performed by the SAPF
in this paper, including harmonic currents, reactive
power, and unbalanced load current compensation.
The supply current THD; coefficient obtained using
the feedback method was less than 1%, while it was
above 3% using the feedforward method. The abso-
lute value of the reactive power was compensated to
10,219 var from 72,012 var in the open-loop system,
while in the closed-loop control system, it was ful-
ly compensated. The unbalance in the load current,
expressed by the Ky coefficient, was compensated
from 3.49% to 1.35% in the feedforward method.
However, in the feedback control method, it gained
almost 0%. Further research is planned to conduct
experimental tests in order to assess the feasibility
of using this control algorithm in active power filters
for industrial solutions.
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