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Abstract- Along the last years, the practical use of active
filters to mitigate harmonics has been extended in electric power
systems. Different configurations of series active filters versus
shunt active filters have been proposed, among them, hybrid
topologies which combine active and passive filters.
Nevertheless, there is not any clear accordance about the most
suitable configuration for each type of harmonic sources. In this
paper, four different topologies of active power filters to
eliminate harmonics have been analyzed. An experimental
prototype has been implemented to each configuration and have
been submitted to different performance tests. With this
objective, a test bank has been developed, which includes
nonlinear loads kind harmonic current source, ahrmonic voltage
source, and other whose behavior is between they both. The
analysis of experimental results obtained allows the most
suitable active filter power topology to be determined for each
type of load.
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1. Introduction

Harmonics exist in electrical networks since the beginning
of the electrical engineering. Along the years, different
techniques have been applied and different devices have
been used to mitigate harmonics, mainly based on passive
filters configurations. Nevertheless, at the end of the
seventies, equipments constituted by power electronic
converters were presented to eliminate harmonics. It was
the beginning of a new period corresponding to the called
active power filters, APFs. Different topologies and
control strategies have been proposed to make practical
use of these equipments, [1-3].

An active power filter is a static compensation system
based on a power electronic converter using a PWM
(Pulse Width Modulation) control technique. The
converter allows the suitable voltage or current waveform
to be generated according to the proposed compensation
target.
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The most extended APF in the technical literature and the
most used in low voltage system is the shunt active power
filter. It supplies to the electrical networks a harmonic
current whose amplitude is the same as the load current
harmonics and whose phase is in opposite way. The
performance of this configuration kind has been analyzed
for loads as phase-controlled thyristor rectifier with SCRs
(Silicon Controlled Rectifier) and a large inductance in
DC side, cycle-converters or regulators constituted by
branches composed of two antiparalell SCRs. These non-
linear loads can be considered harmonics current sources
(HCS). However, other types of non-linear loads like
diode rectifiers with direct smoothing DC capacitors are
considered harmonics voltage sources (HVS). Using
filters to compensate HVS nonlinear loads does not
completely eliminate the load current harmonics,
therefore, its use is ineffective in this situation, [1].
With HVS loads, the use of series active filters has been
proposed. They constitute a suitable harmonic
compensation equipment for this type of load, although it
is not commonly used in low voltage networks.
Besides shunt and series active filters, other topologies
constituted by a combination of active and passive filters
have been proposed. Passive filters are LC branches tuned
to main load harmonics frequencies. These configurations
are generally known as hybrid filters, [3].
On spite of the high number of papers published about the
different compensation systems with APFs, there are not
many practical studies that analyze the performances of
the most usual configurations to compensate harmonics in
low voltage networks.
In this paper, four different filter topologies to eliminate
harmonic have been used and compared. They are:
- Shunt active power filter, PAF (Parallel Active
Filter), Fig. 1, [4].
- Series active power filter, SAF (Series Active Filter),
Fig. 3, [6].
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- Active filter connected in series with a parallel
passive filter, PPAF (Parallel Passive-Active Filter),
Fig. 5, [7-9].

- Series active filter and shunt passive filter, SAPPF
(Series Active and Parallel Passive Filter), Fig. 7, [10-
12].

Each topology has been used to compensate harmonics
generated by a HVS load, a HCS load and a load that
presents an intermediate behavior between both. The
compensation target was the elimination of load
harmonics for all configurations. Thus, the determination
of current harmonics in the source side has been needed in
the active filter control design. For this reason, the
reference signal calculation has been carried out according
to the same control method in all the configurations.

An experimental prototype corresponding to each

topology has been designed. They have been used to carry

out the comparative analysis. The most significant results
obtained from the tests carried out for compensation
equipments and each type of load has been presented.

2. Active Harmonic Filters: Compensation
Strategies

From now on, harmonics filtering characteristics
corresponding to the four topologies of APFs used in this
paper are introduced. By means of the equivalent single-
phase circuits and applying the superposition principle,
source current harmonics and PCC voltage harmonics are
obtained.

A.  Parallel active filter, PAF

Fig. 1 shows the PAF connection to a power system. The
parallel active filter is modeled like a controlled current
source connected in shunt to the load to supply the
compensation current, Fig. 2.
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Fig. 1. Parallel Active Filter, PAF.

To eliminate the load harmonics, the PAF control loop
determines the converter reference current. Thus, for each
harmonic of h order different from fundamental, it is:

Vh (1)

where [;, is the load current harmonic to mitigate.
According to (1), after shunt compensation, the source
current is:

Loy =1y —1g=1y

2

Is =1
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That is, the source current is identified with the load
current fundamental component, and therefore its
waveform is sinusoidal.
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Fig. 2. Equivalent single phase circuit of a PAF

For loads of type HCS, the PAF filtering characteristics
are not influenced by the source impedance Zs.
Nevertheless, for loads of type HVS, the load current
depends on Zs, PAF has difficulties to generate the
compensation harmonics. In this case, harmonic current
injected by the PAF will flow into the load and PAF is not
be able to mitigate the harmonics on supply side, [1-3].

B.  Series active filter, SAF

Fig. 3 shows the SAF connection to a power system. In
this case, the compensation strategy consists of the
generation of a voltage proportional to the source current
harmonics. Thus, V¢,=klg,, where h is the order of each
harmonic, [6].
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Fig. 3. Series Active Filter, SAF

In Fig. 4, the equivalent single-phase circuit is shown,
corresponding to h harmonic order, for h>1. Zg, represents
the source impedance at h harmonic frequency.
Considering h>1, the source current is calculated by the
next expression:

Ig, = LI A3)
(ZSh +k) (ZSh+k)
1 Sh V4 Sh VPCCh VCh :kISh VL],

Nonlinear
Load

Ra

Fig. 4. Equivalent single phase circuit of a series active filter, SAF
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With respect to parameter k, a value k>>Z; allows the
source current harmonics to be mitigated.

On the other hand, the harmonic voltage at PCC includes
two terms, the first one 1is related to harmonics
background of supply voltage and the second one is
related to load voltage harmonics.

k Zg,

(ZSh +k)VSh - (ZSh +k)VLh ®

Vecen =

With respect to parameter k, a value k>>Z; reduces
voltage harmonics at PCC produced by load voltage
harmonics.

However, the analysis of equations (3)-(5) is worth for
loads of type HVS. For loads HCS, SAF cannot achieve
the harmonic compensation, [1].

C. Parallel passive-active filter, PPAF

Fig. 5 shows the PPAF connection to a power system. In
this configuration, the active filter generates a voltage
proportional to the source current harmonics in the same
way as in SAF topology.
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Fig. 5. Parallel Passive-Active Filter, PPAF

In Fig. 6, the -equivalent single-phase circuit
corresponding to a harmonic h is shown. According to this
circuit, source current can be calculated as follows:
Z 1
Fh I, +
(ZSh +Zpy, +k) (ZSh +Zp, +k)

Iy = Ve (6)

With respect to the parameter k, a value k>>Zg and k>>Z¢
allows the source current harmonics to be mitigated,
improving LC passive filter characteristics. Thus,
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Fig. 6. Equivalent single phase circuit of a PPAF
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D.  Series active and parallel passive filter, SAPPF

Fig. 7 shows the SAPPF connection to a power system. In
this configuration, the active filter generates a voltage
proportional to the source current harmonics, in the same
way as in two previous configurations.

In Fig. 8, the -equivalent single-phase circuit
corresponding to a harmonic h is shown. The source
harmonic current can be calculated by mean of the
expression:

ZFh 1

Ig, = I+ Ve 3
(ZSh+ZFh+k) (ZSh+ZFh+k)
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Fig. 7. Series Active and Parallel Passive Filter, SAPPF

Equation (8), is the same as equation (6), corresponding to
PPAF configuration. Nevertheless, SAPPF configuration
includes a series active filter that achieves a voltage in
PCC which can be calculated, according to Fig. 8, as
follows:
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Fig. 8. Equivalent single phase circuit of a SAPPF

Therefore, if parameter k has a value k>>Zg, SAPPF
topology insulates PCC load voltage harmonics, [10-12].

3. Experimental Power System

An experimental prototype to test each APF topology has
been developed. With respect to the active filter control
and according to previous section, all the strategies need
the current harmonics as reference. To calculate it, the
scheme shown in Fig. 9 has been used, [13,14]. The
measured source current is multiplied by sinaot and cos ot
where o is the fundamental frequency in rad/s. The
average values of the results are obtained using two low
pass filters. They are multiplied by sinat and cosat again
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and then by 2. This allows the current fundamental
component to be obtained.

Each compensation strategies corresponding to the four
analyzed topologies were implemented in data acquisition
and control card. It is compatible with MATLAB-
Simulink® and it has been developed by dSPACE. The
control board has a PowerPC 750GX processor running at
1 GHz. this board. The sampling rate was limited to 50 us
in order to avoid overrun errors.
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Fig. 9. Block diagram to determinate current harmonics

A hysteresis band control was developed. The converter
IGBT (Insulated Gate Bipolar Transistor) gating signals
are generated comparing the reference signal with the
inverter output voltage considering a hysteresis band. In
this control type, switching frequency is variable, although
in our design this frequency is limited to 20 kHz to not
reach the IGBTs maximum switching frequency.

Active filter is a three-leg, VSI converter. Here, a
Semikron SKMS50GBI123-type IGBT bridge has been
used. It has two 2200 pF capacitors in series on DC bus,
with the midpoint accessible to connect the neutral wire.
Active filter output includes a small passive filter to
eliminate the ripple of the output waveform due to high
frequencies switching. PAF configuration, with a control
by current, has a 13.5 mH inductance, (Fig. 1). The
remaining topologies, series and hybrid, include a set of
LC values L=13.5 mH and C=50 pF, respectively, Fig. 3,
5and7.

Harmonic compensation tests were carried out in the
power system shown in Fig. 10. The system allows two
different nonlinear loads to be combined. The first one is
an uncontrolled three-phase rectifier with a 2200 uF
capacitor in parallel to a 50 Q resistor on DC side. The
second one is a three-phase ac regulator. Each branch is
constituted by two antiparalell SCRs in series to a 16 Q
resistor and a 27.5 mH inductance. Each set of SCRs
presents the same firing angle. By means of two switches
K1 and K2, the connection of only one three-phase load or
both together is possible, according to interests.

The set of loads is conected to a 4500 iL. programmable
source from California Instruments, which generates a
balanced sinusoidal three phase voltage at 50 Hz.
Additional source impedance, constituted by a 1.8 Q
resistor in series to a 2.8 mH inductance, has been
included.

Finally, among the four compensation devices analyzed in
this work, two of them include LC passive filters. In these
configurations two sets of LC branches tuned to 5™ and 7"
harmonics have been disposed. Table I shows L an C
values.
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Fig. 10. Experimental power system

Table I. Passive filter values

Ls=13.5 mH
L,=6.75 mH

5" harmonic
7™ harmonic

Cs=30 uF
Cy=30 uF

4. Practical Results

In this section, voltage and current waveforms and THD
values in PCC are presented. The four configurations of
harmonic compensation are considered. Three cases have
been analyzed according to the switch states of the Fig.
10.

A. Casel:Klon, K2 off

As first case, results corresponding to the power system
shown in Fig. 10 before and after compensation are
presented, when the load connected is the three-phase
rectifier with a capacitive load on DC side. Fig. 11 a)
presents the voltage waveform in PCC and the supply
current corresponding to the phase “a” obtained from a
LECROY Wavesurfer 424 oscilloscope. Figures 11 b), c),
d) and e) present the voltage and current waveforms, when
each harmonic compensation equipment is connected.

A preliminary analysis of the waveforms shows that those
configurations which include a series active filter achieve
the improvement of voltage and current distortion. SAPPF
topology aims waveforms practically sinusoidal. SAF
topology aims the mitigation of the distortion in a
considerable level, while the rest of configurations do not
achieve to significantly reduce distortion.

A rectifier with smoothing DC capacitor is a HVS non-
linear load. Thus, line current harmonics amplitude
strongly depends on the source impedance, while voltage
in its terminals practically does not depend on the ac
impedance. With respect to this type of load, shunt
connection configurations, PAF and PPAF are not
effective from the point of view of harmonic
compensation.

Table II includes voltage and current THD and RMS
values measured with the EPQ Fluke 434 analyzer.

Table II.- Measurement values with a rectifier

BC SAF PAF PPAF SAPPF

\% ryvijryvi|r|vjI V|1

THD (%) 9.4 |35.111.9|7.5/10.0{30.5| 7.6 |26.1| 0.9 |2.3
RMS (V,A)|103.7] 4.1 {99.4{3.3]98.4| 4.3 1100.6] 4.2 [100.5|3.9
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a) Before
Compensation

¢) Using PAF b) Using SAF
topology topology topology

d) Using PPAF

e) Using SAPPF
topology

Fig. 11. Phase-a PCC voltage (50 V/div) and source current
(3.9 A/div) waveforms with a rectifier

B, Case 2: KI off, K2 on.

In this case the power system is only constituted by the
load composed of a three-phase regulator. This is a HCS
type load because of source impedance has little effect on
the current harmonics.

Fig. 12 a) shows voltage and current waveforms before
compensation. Fig. 12 b), ¢), d) and e) present voltage and
current waveforms after compensation using each
topology. In this case three of four configurations aim an
important reduction in voltage and current distortion. The
three topologies that include components in parallel to the
load achieve to mitigate the current harmonics produced
by a CHS type load. Only SAF configuration does not
allow current harmonics cancelation, because of series
compensator topology and load harmonic character.

Table III presents the results of THD and RMS values
measured before and after compensation. Numerical
results confirm the preliminary analysis obtained looking
at system waveforms, Fig. 12.

Table III.- Measurement values with a regulator

C. Case3: Kl on, K2 on.

Case 1 and 2 present the experimental results
corresponding to two types of non-linear loads whose
harmonic characteristics are dual. The first one is voltage
harmonic source and the second one current harmonic
source. In this case both loads have been simultaneously
connected, and the load presents an intermediate behavior.
Thus, with K1 on and K2 on, the load is composed of a
1.18 kVA three-phase rectifier and a 0.98 kVA three-
phase regulator.

a) Before
Compensation

¢) Using PAF b) Using SAF
topology topology topology

d) Using PPAF

e) Using SAPPF
topology

Fig. 12. Phase-a voltage (50 V/div) and current (3,9 A/div)
waveforms with a regulator

Fig. 13 shows voltage and current waveforms before and
after compensation for each APF topology. In this case,
only the configurations with series APF aim the reduction
of distortion in a meaningful way. Table IV presents the
measures THD and RMS values. It can be noticed as SAF
configuration achieves the decreasing of current THD
from 19.2% to 5.8%. The SAPPF decreases the same
parameter to a value of 2%. The rest of configurations
hardly aim to decrease THD values.

Table IV.- Measurement values with a rectifier + regulator

BC SAF PAF PPAF | SAPPF BC SAF PAF PPAF | SAPPF

vitT|{vi]1|v|T1|Vv]|]T]|[V]TI VIiIT|V|T|V]|T|[V]T]|V]I

THD (%) 4.2(27.913.0]19.0/1.5]51[08[3.9/0.8]49]| [THD (%) 8019212058194 |17 |7.6]166]|1.1 2.0

RMS (V,A) [96.3]3.3197.9] 2.6 [97.0] 3.4 [99.3] 2.4 [99.1] 24| |[RMS(V,A) |93.6] 6.8 [96.7| 5.5 [95.1]| 7.2 |97.5] 6.3 |98.0|5.7
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a) Before
Compensation

b) Using SAF
topology

topology

d) Using PPAF ¢) Using PAF
topology
\
i
\
)
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e) Using SAPPF
topology

Fig. 13. Phase a voltage (50 V/div) and current (3,9 A/div)
waveforms with a rectifier + regulator load

5. Conclusion
Four different active filter topologies to eliminate
harmonics have been analyzed. They are series active
filter SAF, parallel active filter PAF, parallel passive-
active filter PPAF and series active and parallel passive
filter SAPPF.
A test bank has been designed composed of a harmonic
voltage source (HVS) load and another harmonic current
source (HCS) load, with the possibility of individual or
joint connection. It allows the availability of non-linear
loads with different harmonic production. Thus, an
experimental analysis has been carried out about three
different cases corresponding to the connection of a three-
phase rectifier with smoothing DC capacitor, a three-
phase regulator or a set constituted by both loads.

In each case, voltage and current waveforms were

recorded and measures were made before and after

harmonic compensation using each configuration. In all
compensation equipments, the active filter control was
designed to mitigate load harmonics.

The analysis of experimental results has allowed next

conclusions to be obtained:

- VHS loads require active compensator which includes
a series active power filter (SAF, SAPPF). In this
case, the hybrid configuration presents better results
than only series active filter.

- CHS loads require configurations which include
elements parallel to load (PAF, PPAF, SAPPF). In
this situation, hybrid configurations present better
results than shunt active filter.
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- Loads with an intermediate behavior where the
percentage of HVS load is the greatest require
configurations with series active filter (SAF, SAPPF)

Finally, the global analysis of results has reveled that

SAPPF configuration is compensation equipment versatile

which allows harmonics to be mitigated with any type of

load. This configuration obtains better results than the rest
of topologies in all situations.
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