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Abstract. The article considers a hybrid power quality conditioner (HQPC) for 3-phase 4-wire systems
with a distributed modular structure. Some conditioner modules provide compensation for the component
currents and voltages that form the negative and zero sequence systems. The open structure of the HQPC,
consisting of independent modules, allows compensating for distortions of currents and voltages of the 3-
phase network caused by the nonlinear nature and asymmetry of single-phase loads. The compensation
characteristics of the proposed conditioner were researched using a model developed in the MatLab
environment. The simulation showed that the proposed conditioner can ensure normalization of power
quality in 3-phase 4-wire system at various modes of network operation.

1 Introduction

The issue of ensuring the power quality (PQ) in 3-phase
4-wire systems has become particularly important in
recent years. The reason is the continuous increase of
non-linear loads, such as energy-saving lighting systems,
office and computer equipment.

Loads in low-voltage systems have a number of
features that differ them from non-linear loads of
industrial consumers. In contrast to industrial networks,
where high-power loads are concentrated, office and
commercial consumers are characterized by low-power
single-phase non-linear loads, which current spectrum
contains low-frequency 3, 5, and 7th harmonics
predominate. Harmonics that are multiples of three in 3-
phase networks form a zero-sequence system and are
summed in neutral conductors.

Another feature of low-voltage four-wire network is
the unequal distribution of single-phase loads. This
causes phase current asymmetry, including higher
harmonics asymmetry [1].

The widespread use of nonlinear single-phase loads
has led to the fact that the asymmetry and non-sinusoidal
nature of currents and voltages in 3-phase 4-wire
systems have become permanent factors that reduce the
efficiency of power supply systems [1, 2]. It should also
be taken into account that many consumers in such
systems have increased requirements for power quality
[3, 4]. Asymmetry and non-sinusoidal nature of currents
and voltages can lead to failures of control systems,
failures in information transmission and processing
systems. Therefore, the problem of creating filter-
compensating devices for 3-phase 4-wire systems
reducing the influence of the nonlinear nature and
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asymmetry of single-phase loads requires the new
approaches.

Compensating devices for 3-phase 4-wire power
systems are considered in [1-9]. In many cases, passive
and hybrid compensating devices for 3-phase 4-wire
systems are implemented on the basis of transformers
with windings connected according to the "zigzag"
scheme [1, 5-7]. However, the zigzag transformer also
has a low impedance for zero-sequence components
created by the external network. This can cause a
significant increase the current in the neutral conductor if
the network voltage is not symmetrical [5, 6].

The general task of PQ normalizing in 3-phase 4-
wire systems can be solved with the help of unified
power quality conditioner (UPQC), proposed for the first
time in [8]. The UPQC considered in [8, 9] contains both
series and parallel active filters. The disadvantage of
UPQC is the high cost of the device. In many cases, a
structure that includes both a serial and parallel active
filter may be redundant

A more economical version of UPQC for 3-phase 4-
wire systems is proposed in the article [7]. It consists of
two parallel hybrid filters that provide separate
compensation for the symmetric components of the
negative and zero sequence. The circuit solutions
proposed in [7] allow reducing the power of active filters
and thereby reducing the cost of the device.

Power quality conditioners, considered in [7 — 9],
allow to solve the problems caused by harmonic
distortion and unbalanced (asymmetric) load. However,
these devices are designed to regulate PQ in network
nodes that are connected to a concentrated non-linear
load. For 3-phase 4-wire systems, in which the main
share of the distorting load is made up of 1-phase low
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Fig. 1. Structure of the HPQC.

power receivers, it is necessary to use distributed power
quality conditioners.

The article considers a hybrid power quality
conditioner (HPQC) for 3-phase 4-wire systems with a
distributed modular structure. The conditioner modules
are installed in the network nodes to which a significant
part of the nonlinear load is connected, and provide
compensation for the currents and voltages components
that form symmetrical systems of negative or zero
sequence. A digital system for generating control signals
for active filters that are part of the conditioner is
considered. A model in the MatLab (Simulink)
environment was developed to study the characteristics
of HPQC.

2 Configuration of a HPQC

The structure of the proposed HPQC is shown in Fig. 1.
The conditioner contains modules of filter compensating
devices of two levels. First-level modules (M1), as
shown in Fig.1, carry out the attenuation of the
component currents and voltages that form a
symmetrical system of zero sequence.

Since the majority of single-phase non-linear loads
that generate zero-sequence currents are connected to
network nodes inside the building, it is advisable to place
M1 modules in such nodes.

Second-level modules (M2), as shown in Fig. 2,
designed to compensate for components that form a
symmetrical negative sequence system. They are
installed in nodes that are connected to a load sensitive
to reduced PQ, or they are connected to the secondary
winding of a step-down transformer. This will reduce the
impact of nonsymmetric and non-linear loads on the
operating modes of consumers with high requirements
for the PQ.

Let’s consider the configuration of compensating
devices that are part of the conditioner. The M1 module
is a hybrid filter formed by a serial connection of a
passive filter and a single-phase voltage inverter as
shown in Fig. 2. The passive filter can be realized either
in the form of resonant circuit tuned to the frequency of

the dominant third harmonic, or in the form of a
broadband passive filter that has low resistance at higher
harmonic frequencies (k=3,5,...).
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Fig. 2. Hybrid filter structure to reduce neutral wire current.

Single-phase inverter in the diagram in Fig. 2 act as
an active filter. The inverter voltage is proportional to
the harmonic components of the neutral conductor
current:

UAF = RAFlllfll) + RAFZIISh) (1)

R R

filter; I is a component of the neutral conductor current

are the control parameters of the active

AF1°2 AF2

with the fundamental frequency; 1!" are high-frequency

components of the neutral current.

It was shown in [10] that at the frequency of the &-th
harmonic, the current of the neutral conductor in the
circuit as in Fig. 2.
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forms a symmetric zero-sequence system; J, is zero

. 1s a component of the power system voltage that
sequence component of load current; Z_ is the power
system impedance; Z
z

o 1s the passive filter impedance;

, 18 the impedance of the neutral wire.

From the formulas (1, 2), it follows that the action of
the active filter is equivalent to turning on the resistance
in series with the impedance of the neutral wire. This
reduces the current in the neutral conductor and reduces
the voltage between the neutral points. The hybrid filter
also reduces the components of the neutral conductor
current caused by the asymmetry and non-sinusoidal
form of the external network voltage.

The M2 module is designed to compensate for the
components that make up the negative sequence system.
A parallel or serial hybrid filter can implement it. The
M2 module in the form of a parallel hybrid filter is
shown in Fig. 3.
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Fig. 3. Structure of a 3-phase hybrid filter.

The passive filter is tuned to the fifth harmonic. The
active filter is implemented by a 3-phase 3-wire current
inverter controlled by the voltage at the module
connection point.

Active filter current J,. in the diagram in Fig. 3 is

proportional to the voltage component at the point of
common coupling, which forms the negative sequence
system: J,. =G,. U2 . Voltage at the connection point

of the nonlinear load and the hybrid filter can be
expressed as

VEP 3¢
ZC +YPF +GAF

u® =

4
e Zo+Y, +G @

ady

E? and J? are the components of voltage and

current of the load forming system of negative
sequence; Y, is the conductivity of passive filter;G,. is

the parameter of active filter, which has the conductivity
dimension.

In accordance with (3), the active filter reduces the
components of the negative sequence voltage at the point
of common coupling (PCC) created by both the load and
the external network. The reduction degree can be
adjusted by changing the parameter of the active filter
G

AF *

The proposed distributed structure of the HPQC is
open and easy to modify, including new modules.
Failure of one of the modules will not affect the
efficiency of the conditioner in other nodes of the
network. The distributed nature of the compensating
system allows reducing the power of active filters. This
reduces the cost of the system and increases its
reliability.

3 Digital system for generating control
signals for active filters

The proposed HPQC can be used as a multifunctional
device that provides suppression of neutral conductor
currents, compensation of voltage asymmetry in network
nodes, and so on. Its characteristics depend on the
methods used to generate control signals for active
filters. In this case, it is advisable to use a strategy for
generating control signals based on the use of
instantaneous values of symmetrical components of
voltages and currents of a 3-phase network [11-16].

The digital system for generating control signals for
active filters consists of two parts. The first part (shown
in Fig. 4) provides control of a 1-phase inverter that
suppresses the current of the neutral conductor. It
includes a frequency separation digital filter (FSDF),
which generates signals proportional to the spectral
components of the neutral current having the frequency
of the main harmonic i(Nl) and high-frequency harmonics
iLh) , as well as a block for generating control signals for

a 1-phase inverter.
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Fig. 4. Digital control signal generation system for 1-phase
active filter.

The second-order phase filter in Fig. 4 has a transfer
function whose module is equal to 1 in the entire
frequency range. FSDF implements simultaneously the
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transfer functions of the band pass filter (BPF) and the After selecting the components with the frequency of
band separating filter (BSF): the main harmonic, the signals are fed to the input of the
module for forming symmetrical components. The
output signals of the module are the main frequency

Hiose (Z) G §[1+ A(Z)} voltages that form a symmetrical system of direct
i(Nl) 1 (5) sequence.
Hyoe (2)= 2 =_[1_ A( Z)j 3-phase active filter control signals are defined by
i, 2 expressions:
A(z) is a transfer function of the phase filter. §_ P (O _
. . . L= )y2 1y2 (1)\2 (ua (ual uo)) (6)
The purpose of a 3-phase hybrid filter is to obtain (uz)" + (uy)” + (u;
fundamental phase voltages of the 3-phase system at the
PCC, forming a positive sequence system. The o P U -uP-u) (7
remaining components of the phase stresses at the PCC b UD)? +(UD) +u2)? b bt 0
caused by the asymmetry and non-linear nature of the
loads must be reduced. To do this, in accordance with ) P o
(3), the inverter voltages must be proportional to the I, = W)+ @) + (@O (U, -y -u)) (®

components of the phase voltages to be compensated.
The block diagram of the 3-phase active filter control

signal generation system is shown in Fig.5. Signals where U, ==(u, +U, +U.), P=ui, +u,i +ui ; u?,
proportional to the line voltage of the network at the 3
filter connection point are fed to the inputs of bandpass u, u® are the components of phase voltages of the

filters. main frequency that form a positive sequence system.
uab Ui) g US) I uac
(B E, D 4 HPQC modelling
e
u u® %3 2 uf - Uy -
| BPF 2w £ € S > > To study the characteristics of the proposed HPQC, a
S E g +i model was developed in the MatLab (Simulink)
Uz BPF ug, é ug 8| u _ Ts Ugc environment (Fig. 6). The M1 module is implemented
| @ N with a passive broadband filter and a 1-phase inverter. A
3-phase active filter is used as the M2 module.

The model parameters are the following: the
i resistance of the network R_ = 0.4 Ohms, inductance
: L.=0.318 mH.

Three 1-phase bridge rectifiers represent symmetric
nonlinear load in the diagram in Fig. 6. Its parameters

Fig. 5. Block diagram of the control signal generation system
for a 3-phase active filter.
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Fig. 6. MatLab Simulink model of HPQC.
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Table 1. Simulation results.

Mode L, A I, A I, A I, A Kou, % | Kua, % | Kus, % | Kuc, %
Without filter-compensating devices 29,71 16,5 16,9 17,9 5,3 9,5 8,4 8,4
With a zero sequence filter 30,7 17,2 17,4 8,2 5,3 4,23 4,39 4,51
Zero sequence filter + 32,66 | 17,65 | 17.83 | 9.1 1,1 1,91 | 1,87 | 1,85
negative sequence filter
are the following: resistance R = 40 Ohms, smoothing in LV distribution networks: results by field
filter capacity C =937.5 pF. demonstration, IEEE Transactions on Smart Grid,
Parameters of an asymmetric linear load in phase A, 8,1,418(2017) )
the load resistance R = 5 Ohms, inductance (5] HL. Jou, JC. Wu, KD. Wu, W.J. Chiang,
L, = 15.9 mH, in phases B and C, the load resistance Y.H. .Che(" Analysis  of z19-2ag trgns.former
applying in the three-phase four-wire distribution
R_= 15 Ohms, inductance L _=47.8 mH. power system, IEEE Transactions on Power
The results of the simulation are presented in Delivery 20, 2, 1168 (2005)
Table 1. [6] B. Singh, P. Jayaprakash, T. Somayajulu,
The simulation results show that after switching on D. Kothari, Reduced rating VSC with zig-zag
the conditioner, the current of the neutral wire has transformer for current Compensation in a three-
reduced almost twice. The voltage —asymmetry phase four-wire distribution system, IEEE
coefficient for the negative sequence Ky has reduced by Transactions on Power Delivery 24, 1, 249 (2009)
more than three times and is within .the norm defined by [7]  J.C.Wu, H.L. Jou, H.H. Hsiao, S.T. Xiao, A new
GOST standard 32144-2013. Distortion of phase . o .
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) four-wire distribution power systems, IEEE
Transactions on Power Delivery 29, 4, 1525
5 Conclusion (2014)
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systems t.hat pr0V1des compensation for current and active filters, IEEE Transactions on Power
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