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Summary: Three-leg activepower filter topology isthe cost effective solution implementinga
four-wireactivepower filter but it hassomedisadvantagescompared tofour-legtopology. The
lack of aneutral wirefilter inductor resultsin larger filter lossesand ther eforethe efficiency
of thetopology isimpaired. Theneutral wirefilter inductor istypically used with thefour-leg
four-wireactive power filter topology and significantly reduces switching frequency current
ripple. Inthispaper thesuitability of aneutral wirefilter inductor for thethree-legtopology is
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studied. The performance of three-legtopology with aneutral wirefilter inductor isstudied
through computer simulationsand laboratory tests. Theresultsindicatethat theuseof the
neutral wirefilter inductor clearly improvesthe performance of three-legtopology.

1.INTRODUCTION

Three-phase four-wire power distribution systems are
commonly used for powering residential, office and civic
buildings. Most of the applications connected to four-wire
systems are single-phase electrical devices that draw current
containing a great deal of low-frequency harmonics. In
addition, the use of single-phase loads causes many other
undesirable effects, such as unbalanced supply phase
currents and a neutral current in the neutral wire of the system.
The harmonic currents may distort the supply voltages while
a large neutral current may overload the neutral wire and the
distribution transformer. [5]

Four-wire active power filters (APF) provide an efficient
solution to improve the quality of supply in three-phase four-
wire systems. The properties of a four-wire APF include
suppression of harmonic current components, compensation
of neutral current, balancing of supply phase currents and
power factor correction.
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Fig. 1. Main circuits: (a) Three-leg topology. (b) Four-leg topology

Basically, there are two common four-wire APF topologies
[1]. Both topologies are voltage source shunt four-wire APFs
and their main circuits differ from each other mainly in the
number of semiconductor devices. A three-leg topology is
based on a conventional three-leg converter with six
controllable switches. In this case, the neutral wire is
connected directly to the midpoint of the dc-link. The main
circuit of the three-leg topology is shown in Figure la.
Subscripts 1, s, fand n refer respectively to load, supply, APF
and neutral wire.

The other topology is a four-leg topology, whose main
circuit is shown in Figure 1b. The four-leg topology uses a
four-leg converter with eight controllable switches, the
neutral wire being connected to the fourth leg of the converter
through a neutral wire filter inductor.

The obvious advantage of the three-leg topology over
the four-leg topology is the smaller number of semiconductor
devices. As a drawback, the three-leg topology requires
higher voltage level in the dc-link than the four-leg topology.
Normally, the maximum modulation index of a three-phase
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Fig. 2. Main circuit of a three-leg four-wire APF with a neutral wire
filter inductor

voltage source PWM converter can be increased about 15 %
by adding triplen harmonics to the voltage reference [2]. But
the split-capacitor dc-link structure of the three-leg topology
prevents the use of this method because the triplen harmonics
would show in the neutral current. Thus, in theory, the three-
leg topology requires 15% higher voltage in the dc-link than
the four-leg topology in order to reach the same performance.
Nevertheless, the simulation and experimental results show
that the filtering performance of the low-frequency harmonics
is approximately the same for both topologies when the level
of dc-link voltage is adequate [4].

Even though the construction costs can be reduced by
using fewer passive components in the main circuit, the lack
of a neutral wire filter inductor can be considered the most
significant disadvantage of the three-leg topology compared
to the four-leg topology. Without the neutral wire filter inductor
the suppression of the switching frequency current ripple in
the neutral wire is insufficient, depending only on the phase
line filter inductors. And since the resistance of an inductor
typically increases as the frequency increases, larger
switching frequency current ripple causes larger filter losses
and the power dissipation of the APF increases. [4]

This paper presents a study of the suitability of the neutral
wire filter inductor for the three-leg topology. The main circuit
of the proposed topology is presented in Figure 2. The study
is based on computer simulation and experimental results.
The experiments were conducted in a laboratory with a
microcontroller controlled four-wire APF prototype designed
to be able to compensate the harmonics caused by a nonlinear
and unbalanced load of 5 kVA nominal power. The
experimental tests included filtering performance studies and
power measurements.

2. NEUTRAL WIRE FILTER INDUCTOR

The effect of the neutral wire filter inductor on the neutral
current can be studied by forming an equivalent circuit for
the zero sequence current ig, as shown in Figure 3 where Ry
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Fig. 3. Equivalent circuit for the zero sequence current

and L¢ are the resistance and inductance of the phase line
filter inductors respectively, R, and L, the resistance and
inductance of the neutral wire filter inductor respectively, u,,
and ug, the zero sequence voltage of the supply and APF
respectively and ig, the neutral current. In this case, the load
is disconnected and therefore only the APF is connected to
the supply.

A zero sequence component of three-phase quantities can
be calculated as an average of the phase quantities [8]:

X =2(% %+ %) (M)

where x is an arbitrary three-phase quantity. Since the neutral
current is the sum of the phase currents, the relation between a
zero sequence current component and a neutral current is [1]:

ih=ly+ip+i. =3I, 2)

The idea of using the neutral wire filter inductor is to
efficiently suppress the switching frequency current ripple on
the neutral current generated by the APF. However, the
inductance value of the neutral wire filter inductor should be
selected so that the filter does not impair the controllability of
the compensation neutral current flowing through the filter.

Now, on the basis of Figure 3, we can write the following
equation:

usz_ufz:(Rfs+Rn)ifn+(z+l-n]gtifn 3)

As can be seen in (3), the inductance of the neutral wire
filter inductor has a much more significant effect on the neutral
current compared to the inductance of the phase line filter
inductors. Therefore, the suppression of the switching
frequency current ripple in the neutral wire can be considerably
improved even with a neutral wire filter inductor of low
inductance.

Next, the effect of the inductance value of the neutral wire
filter inductor L, on the system’s performance at the filtering
frequencies is considered. The neutral current of the APF ig,
depends on the zero sequence voltage uy, generated by the
APF, as can be seen in (3). Now, if the inductance L, increases
and the voltage uy, is kept constant, the neutral current’s
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Fig. 4. Block diagram of the control system

rate of change decreases, which reduces the harmonic
compensation performance of the system. Thus, the maximum
generable zero sequence voltage ug, defines the size of the
inductor L, that can be used.

Because of the smaller number of controllable switches in
the main circuit of the three-leg topology the generable zero
sequence voltage uy, is significantly lower compared to the
four-leg topology. This means that the size of the neutral
wire filter inductor is much more limited in the case of the
three-leg topology if the level of dc-link voltage is kept
unchanged.

3. CONTROL SYSTEM

The control system of the APF is implemented in the
synchronous reference frame where the real axis is tied to the
supply voltage vector and therefore the fundamental currents
appear as dc-components [3]. The block diagram of the
control system is presented in Figure 4. Subscripts d and q
denote real and imaginary axis components of a space vector
in the synchronous reference frame. In addition, subscript h
refers to harmonics, o to fundamental frequency quantities
in the synchronous reference frame and z to a zero sequence
component. An asterisk (*) refers to a reference value.

The control method is based on the load current
feedforward connection. The task of the control system is to
produce filter currents opposite to the harmonics sensed in
the load currents. The neutral current is similarly compensated
by producing a neutral current opposite to the neutral current
caused by the load. The measured quantities required by the
control system are the phase currents of the load (i}, i, and
ij.) and APF (iy,, iy, and ig.). Moreover, in order to maintain
the desired dc-link voltage and voltage balance between the
dc-link capacitors, the capacitor voltages u.; and u., are
also measured.

Before the control can be carried out, the measured load
currents as well as the measured filter currents must be
transformed into space vector form in the synchronous
reference frame [4]. Because of this, the angle of the reference
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frame ¢ is needed. This can be determined with a phase locked
loop by observing the zero-crossing of phase-a supply
voltage. The extraction of the harmonics is done with a high-
pass filter. The high-pass filter is outlined with a broken line
in Fig. 4. Only the d-component of the load current is high-
pass filtered in order that the APF would compensate the
fundamental reactive power drawn by the load.

The control system uses a computational control delay
compensation (CDC) to reduce the effects of the control delay
on the APF’s performance [6—7]. The compensation method
is based on the knowledge of the system dynamics of the
APF: since the behavior of the filter current in case of step
change in the current reference is known, the reference can
be corrected so that the filter current behaves as desired.
The algorithm can be written in discrete form as [6]:

iout(k):%[iin (k)_iin (k_l)]+iin(k) 4
where i;,, is the current component entering the CDC block,
ioyt the current component exiting the CDC block, 7., the
compensation time constant and 7 the sample time of the
control system. The compensation is applied to every current
component (ijqp, iq and 7j,).

In this paper the three-phase power supply is assumed to
be ideal and balanced. Therefore, in the synchronous
reference frame where the real axis is tied to the supply voltage
vector, the zero sequence component ug, and g-component
ugq of the supply voltage are zero. Thus, the instantaneous
active power of the APF can be written as [§]:

w

p:E(usdifd +Usqifq)+3uszifz :%usdifd )
Equation (5) shows that the active power of the APF can
be controlled by simply acting on the d-component of the
APF current igy. And the dc-link voltage of the APF can be
controlled through the active power.
The dc-link voltage uy. is controlled by using a P-
controller. The voltage control loop gives a current reference
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i"t40» Which is added to the d-component of the harmonics
i*tgn- This sum forms the d-component of the APF’s current
reference i* .

PD-controllers are used as the current controllers of the
system. The outputs of the controllers are the voltage
references of the filter inductor voltages "} 4, u"| g and u",.
The APF’s voltage references u* g and u*fq in the synchronous
reference frame can be calculated as follows [3]:

Ufg =Ug —U g+ oL (6)

*

Ugq=-U q— 0Ly @)

where uyy is the d-component of the supply voltage and w
the fundamental angular frequency. Equations (6) and (7)
include the cross coupling compensation terms that are used
for compensating the cross coupling between d- and g-
components of the voltage reference vector u*p in the
synchronous reference frame. These calculations are performed
in the cross coupling compensation block in Figure 4.

Since the neutral wire is connected to the midpoint of the
dc-link, the currents flowing through the dc-link capacitors
are unequal and therefore the capacitor voltages are
independent of each other. The dc-link voltage balance is
maintained with a voltage balance controller. The voltage
balance controller is outlined with a dotted line in Figure 4.
The PI-controller gives the voltage reference u*y,; that
modifies the zero sequence component of the APF’s voltage
reference u*g, as follows:

*

* *
Up =—U,+U g (®)

This forces the dc-link capacitor voltage balance to shift
in the desired direction.

The modulation signals are generated using a space vector
modulator. The theory of the modulation method is presented
in[4].

4. SIMULATION AND EXPERIMENTAL RESULTS

The performance of the three-leg topology with and
without the neutral wire filter inductor was studied through
computer simulations and laboratory tests with a
microcontroller controlled four-wire APF prototype. The
simulations were done using Simulink® linked to
SIMPLORER®. The control system was modeled with
Simulink® and the main circuit with SIMPLORER®. The
laboratory tests included power factor and power dissipation
measurements in addition to filtering performance studies.
The power factor measurements take into account the effects
of distortion.

The prototype used in the laboratory tests was designed
to compensate the harmonic currents produced by a nonlinear
and unbalanced load of 5 kVA nominal power. The inductance
of the neutral wire filter inductor was selected so that the
APF’s capability to suppress low-frequency harmonics did
not significantly decrease with the fixed 750 V dc-link voltage.

Table 1. Parameters of the prototype

Supply phase-to-neutral voltage Us 230V
Supply frequency fs 50 Hz
Phase linefilter inductor L¢ 5mH
Neutral wirefilter inductor L, 1mH
Dc-link capacitors C; & C; 22mF
Total dc-link capacitance C 1.1mF
M odulation frequency fsy 8kHz
Dc-link voltage ugc 750 V
Table 2. Load parameters
Total active power 4.2 kW
Power factor 0.92 cap
Smoothing inductor Lenooth 2.3 mH
Load inductor Ligx 10 mH
Load capacitor Ciea 40 pF
Load resistor Ry 355Q
Load resistor R, 64.2Q
Lsmomh
T Clﬂad R 1

usn o9 Lload

Uy, —— P — R,

U, —— N P—

Fig. 5. Load

The parameters of the prototype are shown in Table 1.

The nonlinear and unbalanced load used in the simulations
and in the experiments was created with two diode rectifier
bridges as shown in Figure 5. The load parameters are shown
in Table 2 and load current waveforms in Figure 6.

The simulated and measured supply current waveforms in
the case of the three-leg APF without and with the neutral
wire filter inductor are presented in Figure 7 and Figure 8§
respectively. Fundamental components (/;) and total
harmonic distortion (THD) of the simulated and measured
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Fig. 6. Simulated and measured load current waveforms: (a) Simulated load phase currents. (b) Simulated load neutral current. (c) Measured load

phase currents. (d) Measured load neutral current
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Fig. 7. Simulated and measured supply current waveforms in the case of the three-leg four-wire APF without the neutral wire filter inductor:

(a) Simulated supply phase currents. (b) Simulated supply neutral current. (c) Measured supply phase currents. (d) Measured supply neutral current

waveforms are presented in Tables 3 and 4 respectively. In
addition, Table 4 shows the results of power factor
measurements.

The simulation and experimental results clearly indicate
that the neutral wire filter inductor significantly reduces the
amplitude of the switching frequency current ripple. In the
simulations, the THD calculated up to 20 kHz was smaller
than in the laboratory tests. The reason for this was that the
inductors were modeled as a series connection of a resistor
and an inductor. This kind of model does not take into

account the frequency dependence of the inductance and
resistance that exists in reality. Therefore, the switching
frequency current suppression was better in the simulations.

Table 4 shows that, in the laboratory tests, the THD
calculated up to 20 kHz decreased approximately 27 % with the
neutral wire filter inductor, which is a significant improvement.
The effect of the reduced switching frequency current ripple
can also be seen in power measurements as lower power
dissipation: the original three-leg APF dissipated 7.3 % of the
total power drawn from the mains and the three-leg APF with
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Table 3. Fundamental components and THD of simulated waveforms

Three-leg APF with neutral

Load Three-leg APF wire filter inductor
ila ilc i i [ is
11 (A 6.86 6.03 6.01 585 6.02 5.88
THD, iz (%) 2398 12.95 256 358 2,60 361
THD ez (%) 13.89 15,65 10,52 1211

Table 4. Fundamental components, power factors and THD of measured waveforms

Three-leg APF with

Load Three-leg APF neutral wire filter inductor
iIa iIc isa |sc isa |sc
11 (Arms) 6.62 6.19 6.23 6.29 6.17 6.32
Power factor 0.93 cap 0.88ind 0.98 cap 0.98 cap 0.99 cap 0.99 cap
THD2 ki, (%) 23.24 12.84 2.75 3.83 3.10 3.97
THD 2ok (%) 17.78 18.22 12.99 13.22
a) b)
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Fig. 8. Simulated and measured supply current waveforms in the case of the three-leg four-wire APF with the neutral wire filter inductor:
(a) Simulated supply phase currents. (b) Simulated supply neutral current. (¢) Measured supply phase currents. (d) Measured supply neutral current

the neutral wire filter inductor 6.3 %. This means a 15 % drop in
power dissipation. Also, the power factor was slightly improved
due to the reduced THD, as Table 4 indicates.

5. CONCLUSIONS

Insufficient suppression of switching frequency current
ripple and resulting high power dissipation in the filter
inductors are the most significant disadvantages of three-

leg four-wire APF topology compared to four-leg four-wire
APF topology. The main reasons for this are the lack of a
neutral wire filter inductor in the main circuit of the three-leg
topology and higher dc-link voltage level.

In this paper the suitability of the neutral wire filter inductor
for the three-leg four-wire APF topology was studied. The
study was based on computer simulations and laboratory
tests with a microcontroller controlled four-wire APF
prototype. The inductance of the neutral wire filter inductor
was selected so that the APF’s capability to suppress low-
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frequency harmonics did not significantly decrease.

The simulation and experimental results indicated that the
use of the neutral wire filter inductor clearly improved the
performance of the three-leg topology. Due to the reduced
switching frequency current ripple, the power dissipation of
the three-leg topology decreased by 15%.

However, the use of the neutral wire filter inductor is
ultimately only a step in the right direction. The complete
suppression of the switching frequency current ripple on the
supply currents requires the use of more efficient passive
filter structures.
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