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ABSTRACT

This paper offers an assessment of the
performance of an active filter (AF) with
three phases and four wires. The suggested
three-phase four-wire AF utilizes a split-
capacitor  configuration. It employs
instantaneous active and reactive power
theory to create the reference current as well
as an adaptive hysteresis current controller to
produce the switching signal. The
assessment centers on the AF's capability to
rectify existing current harmonic distortion
and current imbalance in a three-phase four-
wire configuration. All assessments were
performed in line with IEEE 519-2022 and
IEEE 1159-2019, which deal with current
harmonic distortion and current imbalance in
electrical systems. According to IEEE 519-
2022, current harmonic distortion is analyzed
using total demand distortion, with
thresholds set by the calculated /sc/I; ratio, a
method not often addressed in other studies.
Another important contribution of this paper
is the application of IEEE 1159 as the
standard for current imbalance, as limited
research has assessed compensation
performance for current imbalance with this
standard. The assessment outcomes indicate
that the AF introduced in this paper performs
exceptionally in concurrently addressing
current imbalance and current harmonics
within a three-phase system with four wires.

Keywords: Active filter, Three-phase four-
wire systems, Current harmonic distortion,
Current imbalance, IEEE 519, IEEE 1159

INTRODUCTION

The ongoing rise in electricity usage over
time has resulted in a higher number of loads,
encompassing non-linear loads. As the term
suggests, non-linear loads consume current
with a waveform that strays from an ideal
waveform, often called a distorted
waveform. Contemporary power electronic
devices, powered by switch-mode power
supplies (SMPS), represent a major class of
non-linear loads in electrical systems [1].
Along with generating current distortion,
many of these devices operate as single-
phase loads. In a three-phase system with
four wires, the unequal allocation of single-
phase loads across the three phases results in
negative-sequence  and  zero-sequence
components, leading to current imbalance
[2]. The occurrence of current distortion and
current imbalance in power systems elevates
neutral current, potentially resulting in
equipment damage, shorter lifespan, and
diminished efficiency [3].

Mitigation measures are necessary to
minimize the negative impacts of current
harmonic distortion and current imbalance. A
commonly utilized method is the active filter
(AF). AF are recognized for their capability
to compensate several harmonic orders and
dynamically balance load currents across
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different system characteristics [4]. AF are
typically advised for implementation in a
three-phase system with four wires due to
their ability to act as both compensators for
current harmonic distortion and current
imbalance at the same time [5].

The effectiveness of an AF with three phases
and four wires is usually evaluated based on
its ability to reduce current harmonic
distortion and current imbalance to meet
standard limit values. The most commonly
used international standard regarding current
harmonic distortion is IEEE 519. IEEE 519
defines  current  harmonic  distortion
thresholds in terms of total demand distortion
(TDD) percentages with mappings based on
ratio of short-circuit current to load current
(Isc/I) [6]. Meanwhile, IEEE 1159 is one of
the standards frequently used as a reference
for monitoring current imbalance in
electrical systems. IEEE 1159 explicitly
classifies current imbalance as a long-
duration power quality disturbance under
steady-state conditions that must be
monitored to ensure it remains within the
specified typical range [7].

Although IEEE 519 is widely used in
previous  research, current harmonic
distortion values are primarily evaluated
based on the total current harmonic distortion
(THDy) percentage. Many papers mention
that the THD; limit based on IEEE 519 is 5%,
but there is no explanation regarding the
Isc/I; ratio used to determine this thresholds
[8]-[16]. Some papers also indicate that AF

is capable of reducing current imbalance in
three-phase four-wire systems, however they
do not specify the current imbalance standard
used as a reference [11], [16], [17].

This paper examines current harmonic
distortion values based on TDD percentages
by refereeing to standard of IEEE 519-2022
and IEEE 1159-2019. This paper determines
the TDD threshold value based on the
calculated Isc/I;. ratio. Additionally, another
contribution of this paper is the evaluation of
current imbalance compensation
performance in accordance with the IEEE
1159 standard. The application of this
standard presents a novel approach to
evaluating the performance of an AF with
three phases and four wires, a topic that has
received limited attention in previous papers.

MATERIALS & METHODS

System and Filter Configuration

In this paper, the test system used is a three-
phase electrical system with four wires. The
system is supplied by an ideal three-phase
source with the distribution network modeled
as source-side network impedance (Zs) and
load-side network impedance (Z;). The non-
linear loads connected to the system are
represented using single-phase  bridge
rectifiers configured with each phase. Each
rectifier supplies a resistive and an inductive
load on the DC side with varying values.
Figure 1 shows the test system and filter
configuration used in this paper.
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Figure 1. Test System and Filter Configuration
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The suggested AF in this paper adopts a
three-leg voltage-source inverter (VSI) with
a split capacitor to compensate for current
harmonic distortion and current imbalance.
The AF is configured with a three-phase
coupling inductor (Lc) that serves to filter
ripple resulting from the VSI switching
process.
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Control Scheme of the AF
The suggested AF has three control units,
namely DC-link  voltage regulation,

reference current generation, and switching
signal generation. The instantaneous active
and reactive power theory (IRPT) is used in
this paper to generate the reference current.
IRPT is known for its quick dynamic
response in compensating for harmonics and
balancing unbalanced load currents [18]. The
IRPT scheme for generating the reference
current is shown in Figure 2.
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Figure 2. IRPT Scheme for Generating the Reference Current

In IRPT scheme, the calculations for active
power (P) and reactive power (g) are based
on the source voltage (V,5,.) and load current
({ra,p,c). Using the Clarke transformation, the
source voltage and source current signals in
the abc coordinate system are converted to
voltage in the af coordinate system (vgqg)
and load current in af0 coordinate system
(iq,p,0) as in reference [19]. i will be used as
the zero-coordinate reference current (ic,),
while i, and ig with v, and vg are used to
calculate P and q using Equation (1).

P Ve Vg O07[ig

=1 o lls] o
P consists of DC component (P) and AC
component (P). Using a high-pass filter
(HPF), P is filtered to obtain P. The loss
power (P,s) 1s generated by the
proportional-integral (PI) controller to

regulate the voltage value of the DC-link
capacitor at its reference value. The

difference between P, dan P yields the
compensation power (Pomp). From the
obtained F.,mp and q, the agf-coordinated
reference current (iza’ ﬁ,) can be calculated

using qu*ation (2).
lCa _ PeomptQcomp Va )
P x - 2 2 v ( )
lc 5 Va“+vpg B

To be injected into the system, the reference
current in B0 coordinates (ic, BO) is

converted back to abc coordinates (i¢,, )

using the inverse Clarke transformation as in
reference [19]. Next, the reference current is
used to generate the switching signals using
adaptive hysteresis current control method.
The bandwidth in adaptive hysteresis current
control is determined based on the variation
of instantaneous compensation current
(diz/dt) and DC-link voltage (V,.), while the
switching frequency (f,) and coupling
inductor (L.) are set to constant values [20],
[21]. The hysteresis bandwidth (HB) for the
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adaptive hysteresis current control scheme
can be calculated using Equation (3).

a-fEl -G} o

The calculated HB value is then compared
with the reference compensation current (i)
and the actual compensation (i.) current to
generate switching signals for VSI.

Simulation Circuit Parameters

The proposed testing system in this paper
was simulated using MATLAB Simulink
R2020a. The simulation for this paper used a
sampling time of 5%10° seconds with a stop
time of 2 seconds. The AF was activated at
0.5 seconds, so that all power flow and
harmonic waveform analysis, as well as FFT
analysis, sampled data from 1.9 seconds to 2
seconds. The parameters of the simulation
circuit used in this paper are presented in
Table 1.

Table 1. Parameter Values of the Simulation Circuit

Parameter Value
Source voltage 400 V
System frequency 50 Hz

Source side network impedance

R=10%°Ohm; L=10°H

Load side network impedance

R=10°Ohm; L=10*H

Rectifier load resistance

Ra =10 Ohm; Rg = 15 Ohm; Rc =5 Ohm

Rectifier load inductance

La=Lg=Lc=0.1H

DC-link voltage

Vie1 = Vaea = 600 V

DC-link capacitor capacitance

Cac1 = Cde1 = 14576 pF

Inverter switching frequency

20 kHz

Coupling inductor inductance

1.45mH

PI controller constant

Kp=100; K;= 800

Regulations for Performance Evaluation
The performance evaluation of the suggested
AF in this paper is based on IEEE 519 and
IEEE 1159. IEEE 519-2022 is an IEEE
standard issued in 2022 for monitoring
harmonic distortion in electrical systems.
Similar to previous versions, IEEE 519-2022
establishes thresholds for current harmonic
distortion in the form TDD percentage based
on the Isc/I; ratio [22]. The TDD percentage
can be calculated using the THD: value and
the RMS value of the fundamental current
({1rms), which can be identified using the FFT
analysis feature in Simulink, as shown in
Equation (4).

%TDD = (THD x 1) x 100%  (4)
L

The Isc value in this paper is 7.277 kA, which
is obtained by dividing the phase-to-neutral
voltage by the system impedance consisting
of Zsand Z;. Meanwhile, the I; value is taken
from the highest current value among the
three phases before compensation, namely
40.7 A. Thus, the Isc/I; ratio in this paper is
178.8. The current harmonic distortion
thresholds for the obtained Isc/I; ratio are
summarized in Table 2.

Table 2. Current Harmonic Distortion Thresholds for Isc/IL. = 178.8

Maximum Current Harmonic Distortion in Percent (%)

Odd Harmonics Order
Isc/l; | 3<h<11 | 11<h<17 |17<h<11 |23<h<35|35<h<50 | TDD
178.8 | 12.0 5.5 5.0 2.0 1.0 15.0

IEEE 1159-2019 is an IEEE standard issued
in 2019 for monitoring power quality in
electrical  systems. IEEE 1159-2019
classifies power quality disturbances into

seven categories, one of which is imbalance.
The typical value for current imbalance
specified in IEEE 1159-2019 is 3% [7]. In
addition to defining typical values, the
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standard specifies a formula for calculating
current imbalance in a three-phase system
with four wires using Equation (5).
x 100%

Ineg

)

%lynp =

pos

RESULT

Source Current, Load Current,
Neutral Current Profiles

Table 3 presents the simulation results,
including the source current, load current,
and neutral current values before and after
compensation using the suggested AF.

and

Table 3. Source Current, Load Current, and Neutral Current Values
Current Phase | Before Compensation | After Compensation
Source current | A 20.51 A 23.83 A

B 13.76 A 23.35A

C 40.7 A 23.44 A
Load current A 20.51 A 20.51 A

B 13.76 A 13.76 A

C 40.7 A 40.7 A
Neutral current | N 3292 A 432 A

In addition to the values shown in Table 3,
the source current waveforms before and

after compensation were also obtained, as
represented in Figure 3 and Figure 4.
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Figure 4. Compensated Source Current

Current Unbalance Profiles

Table 4 presents the current imbalance
profile from the simulation results, which
includes the positive-sequence current (Zpos),
negative-sequence current (lueg), Zzero-

sequence current (Ler), the calculated
current imbalance (l..») percentage on the
source side, as well as its comparison with
the typical value specified in IEEE 1159-
2019.

Table 4. Symmetrical Components Current and Current Unbalance Value

Condition Ipos Ineg

Lero ) Luns Typical Value

Before Compensation | 32.35 A

1042 A

10.42 A | 32.21% | 3%

After Compensation | 33.06 A | 0.18 A

0.18A | 0.54%

Current Harmonic Distortion Profiles
In addition to the current and current
imbalance profile, the Simulink simulation

also yielded the THD; and /;ms values for
each phase, as summarized in Table 5.
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Table 5. THD: and Iirms Before and After Compensation

Phase | Before Compensation | After Compensation
THD: Tirms THD: Tirms

A 43.92% 18.78 A 11.24% | 23.62 A

B 42.46% 12.66 A 11.27% | 2321 A

C 44.51% 37.19 A 10.92% | 23.29 A

Based on the THD; and /;,s values presented
in Table 5, the TDD percentage was
calculated using Equation (4) and compared
with the thresholds listed in Table 1. The

calculated TDD percentage of each phase
and its comparison with the thresholds
specified in IEEE 519-2022 are presented in
Figure 5.
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Figure 5. TDD Percentages Before and After Compensation

DISCUSSION

The evaluation of the suggested AF’s ability
to compensate for current imbalance in this
paper was conducted by examining the
source current (/s), load current (/;), and
neutral current (Zneurat) profiles presented in
Table 3, Figure 3, and Figure 4, as well as by
comparing the calculated /..,» before and after
compensation with the typical value shown
in Table 4. Based on the Is, 1, and Lieural
current profiles shown in Table 3, Figure 3,
and Figure 4, it can be seen that the current
unbalance on the source side has been
effectively compensated using the suggested
AF. The Is values of each phase were
successfully balanced from 20.51 A to 23.83
A for phase A, from 13.76 to 23.35 A for
phase B, and from 40.7 A to 23.44 A for
phase C. This is further supported by the
decrease in l.,» following compensation, as
shown in Table 4.

The L. percentage of 32.21% indicates that
before compensation, the system
experienced a rather extreme current
imbalance. The /e, and L., values were also
quite high, at 10.42 A. After compensation
using the suggested AF, the .., percentage
was successfully reduced to 0.54%. The
reduction in the /l.» percentage was
accompanied by a decrease in the negative
sequence current and zero-sequence current
values to 0.18 A. Consistent with the
decrease in Ieo, the Iheurat value also
decreased from an initial 32.92 A to 4.32 A.
This is because in a three-phase system with
four wires, e add up in the neutral wire.

In this paper, the evaluation examines not
only the ability to compensate for current
imbalance, but also the AF’s ability to
compensate for current harmonic distortion.
The evaluation of the proposed AF’s ability
to compensate for current harmonic
distortion in this paper was conducted by
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comparing the TDD percentages before and
after compensation. It can be seen from
Figure 5 that the suggested AF successfully
reduced the TDD in phase A from 20.21% to
6.53%, in phase B from 13.21% to 6.43%,
and in phase C from 40.67% to 6.25%. The
TDD percentage after compensation across
all phases successfully met the limit value of
15% specified in Table 2. Based on the
overall results obtained, it indicates that the
suggested AF in this paper demonstrates
capable performance in compensating for
both current unbalance and current harmonic
distortion occurring at the same time in a
three-phase system with four wires.

CONCLUSION

In this paper, the compensation performance
for current harmonic distortion and current
unbalance of an AF with three phases and
four wires was evaluated in accordance with
IEEE 519-2022 and IEEE 1159-2019.
Through a series of testing processes using
MATLAB Simulink, results were obtained
showing that the suggested AF is capable of
compensating for current unbalance and
current harmonic distortion at the same time.
This achievement is evident in the reduction
of the current unbalance percentage and TDD
to meet the threshold value of 3% set in IEEE
1159-2019 and 15% set in IEEE 519-2022.
The determination of the IEEE 519-2022
standard used in this paper is based on the
calculated Isc/IL ratio. The reduction in the
zero-sequence value, resulting from the
reduction in, also leads to a decrease in the
neutral current value, thereby minimizing the
potential negative impact of high neutral
current.
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