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In this paper, three-phase, four-wire shunt active power filter (SAPF) is
utilized to mitigate system harmonics of distorted voltage source for
unbalanced and nonlinear loads. Basically, the source voltage should be pure
sinusoidal waveform to get a good mitigation of source current harmonics.
In this under study system, the source voltage is assumed to be harmonic
distortion non-sinusoidal voltage source. The phase locked loop (PLL)
control circuit is wielded for extracting the fundamental component of
the distorted source voltage to use it as an input signal to the SAPF control.
Another input signal to the SAPF is the distorted load current. The SAPF
control system uses (p-q) theory to calculate the optimum instantaneous
current to be injected by the SAPF to mitigate the source current harmonics
even the source voltage is harmonic distorted. MATLAB/SIMULINK
software package is utilized to simulate the system under study. The effect of
SAPF is tested when it’s used with and without the PLL control circuit.
The simulation results show that, the THD of source current when using
the PLL control circuit is improved to comply with the harmonic limits given
in the IEEE 519-1992 and IEC 61000-4-7 standards.
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1. INTRODUCTION

The Power quality is a trend and has a great concern because of using non-linear loads in wide range
which is connected to electrical systems. Power electronics controlled component and non-linear load
electronic devices in power system create significant deterioration in distribution networks, which lead to rise
of voltage and current waveform distortion named harmonics. The non-linear loads draw distorted
non-sinusoidal currents from the grid and allotting them throughout the system. This lead to a lot of power
quality problems existing in the electrical system grid. Hence, it is necessary to find out solutions to mitigate
power system harmonics [1-7]. Some of these solutions are using passive, active and hybrid filters [8-12].
SAPF provides a good solution that reduces the harmonic components and compensates the needed reactive
power in three phase three wire and three phase four wire systems. SAPF is designed to be controlled by
many control features to be able to compensate harmonic currents, load reactive power and unbalancing
neutral currents in power supply. SAPF delivers equal but opposite harmonics current to each phase of
the supply system at so called point of common coupling (PCC). A pure sinusoidal source voltage input
signal is must and essentially required for SAPF to give high performance of harmonic elimination. In case of
distorted voltage source, the SAPF cannot be used alone, but also should be used with series active power
filter to eliminate the source voltage harmonic first. After filtering the source voltage harmonics by the series
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active power filter, the voltage at PCC becomes pure sinusoidal and then use this pure sinusoidal as an input
source voltage signal to SAPF. This study uses the PLL technique instead of using series active power filter
in case of distorted voltage source. The PLL technique is used to extract only the source voltage fundamental
component from the distorted source voltage waveform and then deliver this pure source voltage signal as an
input signal to the SAPF control scheme, so no need to use additional series active power filter [13-18].

2. SYSTEM ARCHITECTURE

The system layout scheme for the system under study consists of electrical power supply,
unbalanced nonlinear load, and three phase four wire SAPF based on two dc capacitors is shown in Figure 1.
The SAPF is basically a three phase voltage source inverter (VSI) with two capacitors on the dc link.
The return neutral path is derived from the center point of two similar capacitors. The zero-sequence
component is founded because of the unbalanced load and passing through the neutral. The SAPF inverter is
connected to the PCC through an interface coupling inductor. The SAPF acts as a controlled current source
delivering the load harmonic currents to the PCC. Consequently, the current absorbed from the grid at
the PCC will be pure sinusoidal waveform. Using an (IGBT) transistor, that work as voltage source inverter
as a power quality compensation device to generate the switching pulse signal.

This paper uses p-q theory as a control method for SAPF [19, 20]. It is basically based on
instantaneous values of three phase source voltage and three phase load current to get active and reactive
power required to be compensated even with or without neutral wire. P-Q theory is applicable and has a wide
range of use. Three instantaneous powers needed to be defined, first is zero-sequence power p0, second is
active power p and third is reactive power g.
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Figurel. Configuration of the 3phase 4wire-SAPF

The calculations of these instantaneous power components are as follow:
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The VSI is utilized to inject the compensating current into the grid. The gate pulses of the VSI are
controlled due to the compensating currents from the SAPF. Hysteresis current controller technique is used to
control the (VSI) through the pulse width modulation to make the output current of the inverter track
the reference current, the hysteresis current controller depend on two signals, reference current signal and
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output inverter current signal. The control circuit of SAPF is producing the reference current which is
compared with the output inverter current. When the output inverter current increases out of the designed
limits of hysteresis band controller, the hysteresis band controller switches is turned off and on [21].

3. MATLAB-SIMULINK MODEL

Figure 2 displays the MATLAB-SIMULINK model for the system under study [22, 23] which
consists of, 3-phase distorted voltage source (5th and 7th harmonic orders are included), PLL control circuit,
3-phase transmission line, 3-phase unbalanced nonlinear load, coupling inductor, 3-phase-4Wire SAPF
connected to the system at PCC through a 3-phase circuit breaker which is used to connect or disconnect
the SAPF from the system, and measuring devices as shown in Figure 2. The system components are
listed in Table 1.

Figure 3 shows the components of the SAPF, which consists of, three phase inverter, compensating current
calculations, hysteresis band controller, P-Q calculation control, P1 controller and coupling inductor. The SAPF is
connected at 0.5 sec by using a circuit breaker, to show the effect of SAPF before and after compensation. The overall
simulation time is 1 sec. The VSI, inductance and the control scheme, as shown in Figure 3.

L
T e ]
& | f shenimossrenucenninesrioacipl b -
B
Ed e vapl —
-

s FLL w

B

Gt Senpa Cola Scopald
[} Ah—dn T “:: oA w _

N ‘B AN I]In " Igais - -
b, N . T ..H‘ﬁ r|’:;||l.
—as [ ST $ ) rl y
Grid — ]

I —
T
a 1,
I I
.| Distiala
" —
pawergy

UrBancsd and Mon insar Losd

I 57

B_‘m: | |“—I:b—i-’ -
np H;-'" 1
[ &

—H C
® [re—— RAFF T ]
-] o s
T
»
sty Wy G wamings 1288 acindsz it

Figure 2. System simulink model

Table.1. System parameters

Component Parameter Value
Source Voltage (line to line) 400 V
Frequency 50 Hz
Connection Y balanced
configuration with
neutral
Order (n), Amplitude
Harmonics (pu) Phase (degrees), 50202
Seq (0, 1 or 2) 7 0050 1
Transmission line Rtr 0.00001 Q
Ltr 100 e-6 H
Load Ra 10Q
Rb 15Q
Rc 5Q
La=Lb=Lc 100 mH
SAPF Inverter DC reference voltage VDC*=1200 V
CDC capacitors Cf1=Cf2=4700 pF
Coupling inductor Lf=2 mH
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Figure 3. Simulink model of the SAPF

4. SIMULATION RESULT

The SAPF control depends on two input signals, (1) source voltage signal (the reference signal),
and (2) load current signal. The distortion degree of the source voltage input signal affects badly
the elimination of source current harmonics, consequently the compensation current of SAPF, and the THD
percentage of source current. Figure 4 shows the PLL control circuit. The input of PLL control cicuit is a
3-phase source voltage signal, and the outputs are three components, (1) the fundamental frequency,
(2) the magnitude of phase voltage, and (3) the phase shift. PLL control circuit extracts only the source
voltage fundamental frequency component, and use it as an input signal of the SAPF. When using only a
fundamental frequency component of distorted source voltage as a reference input signal, the SAPF will has
a great effect on source current harmonic elimination. There are two study cases.

4.1. Source voltage input signal (without using PLL)

First case study, using the signal of distorted source voltage (original signal) as an input reference
signal to SAPF. Figures 5-11 show source voltage input signal, three phase source current, three phase
currents of source, load, and compensation, source neutral current, and FFT analysis of source voltage and
source current after and before connecting the SAPF. Figures 5 and 9, show that, the SAPF doesn’t have any
effect on source voltage distortion. The THD% of the source voltage input signal is high and equal 20.62%.
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Figure 4. Simulink model of the PLL
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Figure 5. Source voltage input signal of SAPF without using PLL (case A)
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Figure 6. Three phase source current (case A)
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Figure 7. Three phase source current, load current, and compensation current (case A)

As illustrated in Figures 6, 7, 10 and 11, the SAPF has a low effect on source current harmonic
elimination. The THD% of the source current reduced after connecting SAPF but still beyond and out of
the standard limits [24-25]. As shown in Figure 8, the neutral source current is eliminated. Table 2 shows

the THD% of source current.
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Figure 11. FFT analysis for source current after connecting SAPF (case A)

Table.2 THD% of source current (case A)
Source current  Source current before connecting SAPF  Source current after connecting SAPF
THD% 45.45 21.03

4.2. Source voltage input signal (with using PLL)

Figures 12-16, show that, source voltage input signal, three phase source current, three phase
currents of source, load, and compensation waveforms, and FFT analysis of source voltage input signal and
source current after connecting SAPF. When using the output of PLL control circuit as reference input signal
of SAPF (reference input signal), it is noticed that, (1) the SAPF has a good effect on source current
harmonic elimination; (2) the THD% of source current is within the standard limits because the source
voltage input signal become a pure sine wave. Table 3 shows the THD% of source current. As shown in
Tables 4 and 5, the THD% of source current under distorted voltage source and nonlinear unbalanced load
matches the standard limits.
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Figure 12. Source voltage input signal of SAPF by using PLL (case B)
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Figurel6. FFT analysis for source current after connecting SAPF (case B)
Table 3. THD of source current (case B)

Source current  Source current before connecting SAPF  Source current after connecting SAPF
THD% 45.45 3.13

Table 4. THD% of source voltage input signal
Source voltage input signal ~ Without using PLL  With using PLL
THD % 20.62 0.00

Table 5. THD% of source current

Source current Source current before Source current after connecting Source current after connecting
connecting SAPF SAPF without using PLL SAPF with using PLL
THD% 45.45 21.03 3.13

5. CONCLUSION

By using the PLL control circuit with distorted source voltage as the reference input signal to
the SAPF, it is noticed that, (1) the SAPF has a great effect on the source current harmonic elimination,
(2) the 3-phase, 4Wire SAPF compensate the neutral current effectively, (3) the THD% of the source current
is within the standard limits.
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