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A COMPARISON BETWEEN THE COMMAND STRATEGIES
OF THE PARALLEL THREE PHASED ACTIVE POWER
FILTERS

D. Al. CROITORU', FI. IONESCU?

Articolul descrie principalele probleme generate de armonicile de curent in
retea si principiul de functionare al filtrului activ paralel. Se face o comparatie intre
diverse modalitati de comanda ale filtrelor active prin analiza spectrald in domeniul
frecventa a curentului absorbit de la refea dupa filtrare. Sunt descrise topologiile §i
caracteristicile fiecarei structuri de comanda si sunt simulate in Matlab-Simulink
modelele matematice ale acestora.

The article describes the main issues generated by the network power
harmonics and the working principle of the parallel active filter. A comparison is
drawn between several active filters command possibilities by spectral analysis in
the power frequency domain absorbed by the network after filtering. We describe
each command structure’s typology and characteristics and their mathematical
models simulated in Matlab-Simulink.

Keywords: non-linear electrical loads, power harmonics, AC/DC and DC/AC
static power converters, active filters command strategies and command
methods.

1. Introduction.

In the last 20 years, the development of the power electronics and the ever
more extended use of the industrial equipments which include power electronics
(DC rectifier, Voltage regulator, six-pulse converters) triggered the growth of
harmonic distortions generated by these equipments in the power supply system.
The most frequent situations are those where the AC/DC converters are used.
These are non-linear reactive loads for the power supply system because they
absorb reactive power and generate power harmonics, which propagate on the
supply lines and generate voltage distortions.

The consequences that may appear, due to power harmonics are unpleasant:
premature aging of the equipments and installations, higher power consumption,
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defective working or breakdown of the command and control circuits. They can
become dangerous in certain situations.

In order to eliminate power harmonics generated in the power supply system
by non-linear loads and to provide a unitary power factor in the system, a parallel
active filter can be used. The high filtering performances combined with the
simple connection and maintenance make a parallel active power filter a very
good choice to eliminate undesired harmonics from the system.

The operating principle of the parallel active power filter is to insert in the
power supply network the same power harmonics as those of the non-linear load
but of opposite sign (Fig. 1). Also, in order to ensure a unitary power factor, three
currents in phase with the line tensions are generated in the power supply system,
their amplitude being proportional with the reactive load current.
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. Nonlinear } i i
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o . Q D
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Active power
filter

Fig. 1: The power absorbed by the power supply iy is sum of i, power (the compensation
power generated by the active filter and the power inserted by the non-linear load).

All receivers absorbing non-sinusoidal power are considered non-linear loads.
Also, the transitory events, which may appear in the electrical system may be seen
as non-periodical signals from the compensation point of view.

The parallel active power filter (Fig. 2) is made up of a tension converter
connected, in parallel, to the system made up of the power supply and the non-
linear load, through inductances L¢ for each phase. The storage of the necessary
energy for the harmonic compensation is made using a capacitor Cr.
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Fig. 2: The electrical scheme of a three-phased parallel active filter.

Beside the technical characteristics of the power structure, the performances of
the active filter are given by the command strategy, used to generate opposite sign
harmonic currents to those produced by the non-linear load and by the way this
strategy is implemented in the active filter command.

Nowadays, with the extended use of digital signal processors (DSP), most of
the command and control devices command strategies are made using them. This
is why this paper will only tackle issues linked to the parallel active filters
command strategies algorithms.

In order to evaluate the proposed command strategy performances for an
active filter, we may use the total harmonic distortions factor (THD) or the
spectral analysis in the frequency domain of the power absorbed from the network
after filtration. Thus, we obtain direct information about the active filter’s capacity
to eliminate polluting harmonics from the network.

2. Command strategies for the three phased parallel active filters.

The command of the three phased active filters is a complex process which
supposes observing certain prerequisites. It may be looked upon as a three
separate steps process: signal conditioning, compensation and, then, command
impulses generation. For a parallel active filter, four command schemes in time
domain are suggested implemented through different compensation methods:
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- Instant power method
- Instant active and reactive power method: p-q method;
- Instant current active and reactive components method: i4-iq method;
- Current minimization method: equivalent conductance G. method.
The wave form of the power absorbed from the network in all four cases in
the absence of the active filter will be the same (Fig. 3), because the same
polluting non-linear load will be considered for all four command methods.
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Fig. 3: (a) The currents absorbed from the network in absence of an active filter and
(b) The harmonic component of the power on one of the phases in this case.
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2.1. Instantaneous current method.

The compensation harmonic current is obtained directly from the power
debited by the non-linear load, to calculate the compensation power a relatively
high number of calculations is necessary as well as a close monitoring of the
power debited/released in the system.

The block diagram of the Matlab-Simulink mathematical model is
presented in Fig. 4. The command part of the active filter is presented in Fig. 5
and the active power filter command in Fig. 6. Fig. 7 presents the wave forms for
the filter debited current Ig4 [A], the current absorbed from the network Is [A]
together with the network voltage U, [V] and the harmonic content of the current
absorbed by the network before and after filtering.
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Fig. 7: Electrical measure on phase: (a) the current debited by the active filter Iz.5 [A]; (b) the
absorbed current from the network by the non-linear load I,y [A] together with network voltage
Ua[V], (c) harmonic content of the current absorbed from the network by the non-linear load
without a parallel active filter, (d) harmonic composition of the current absorbed from the network
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2.2. Instant active and reactive powers method: p-q method

This is one of the first compensation methods ever used, based on the
theory of the H. Akagi [6] presented in several articles and studies. Briefly, this
theory introduces a new electrical characteristic for the three phases systems
called instant imaginary power.

We know the fact that the voltages on the three phases and the
corresponding currents can be represented by spatial vectors in abc coordinates.
These vectors can be transformed in aff stationary coordinates using the Park
transformation:

1 -1 -1
— — |le
ea| \F 2 2 || ® O
Y e
ep| V3|, NERRENCY |
— —|le
2 2 J-°°

The aff coordinated are orthogonal and the instant active power may be
written as such:

P=eq iaTep ip 2

Akagi proposed a new perpendicular measure on plan aff, mathematically
described by the following equation:

q:ea'iB'CB‘ia (3)
called instant reactive power.

Thus we may write the equation:

These quantities are illustrated in Fig. 8 for an electrical system
represented in a-b-c coordinates.
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Fig. 8: Power components of the p-q theory in a-b-c coordinates.
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The power components have the following physical meaning:

e p,= mean value of the instantaneous zero-sequence power — corresponds

to the energy per time unity, which is transferred from the power supply to
the load through the zero-sequence components of voltage and current.
e p,= alternated value of the instantaneous zero-sequence power — it means

the energy per time unity that is exchanged between the power supply and
the load through the zero-sequence components. The zero-sequence power
only exists in three-phase systems with neutral wire. Furthermore, the
systems must have unbalanced voltages and currents and/or 3rd harmonics
in both voltage and current of at least one phase.

e p= mean value of the instantaneous real power — corresponds to the

energy per time unity which is transferred from the power supply to the
load, through the a-b-c coordinates, in a balanced way (it is the desired
power component).

e p= alternated value of the instantaneous real power — It is the energy per

time unity that is exchanged between the power supply and the load,
through the a-b-c coordinates.

e ( = instantaneous imaginary power — corresponds to the power that is
exchanged between the phases of the load. This component does not imply
any transference or exchange of energy between the power supply and the
load, but is responsible for the existence of undesirable currents, which
circulate between the system phases.

The real power () is usually the only desirable p-q theory power component.
The other quantities can be compensated using a shunt active filter (Fig. 8). The
power component p, can be compensated without the need of any power supply

in the shunt active filter. This quantity is delivered from the power supply to the
load, through the active filter.
The active filter capacitor is necessary only to compensate p and p,, since

these quantities must be stored in this component at one moment to be later
delivered to the load. The instantaneous imaginary power (q), which includes the
conventional reactive power, is compensated without the contribution of the
capacitor.

The Matlab-Simulink mathematical model of the analysed structure (source —
non-linear load — active filter) which presents this command strategy is shown in
Fig. 9, the command part of the active filter, in this case, is presented in Fig. 10
and the waveforms obtained after the simulations are shown in Fig. 11.



102

D. Al. Croitoru, Fl. Ionescu

AN ! ‘
»{ua Ui———————p|
[ \/ 0.07s+5
Source Volatege RL Rectifier Load
Ura
[@J »(ub IrA
Source Volatege
Ut »luc 8
Source Volategel P{isn Ic2
Um L
P_fundament. calculat
Three phase Bridge Rectifier ~undament. caloula
la_ref
Lplia
»ib
To Workspace1 >l Ib_ref
»|va
»{Ub
c_ref
»luc

Curentul

prin sarcina s

PQ Command strategy for
Active power Filter

IrefA n filtru IfA Q
U_borne fitruAN i Source current It _A[A]
B! with APF
4
»ireis Q »
- To
Source current If_B
U_borne_fitruBN ;B—P | @
et 0.0015+0.5 th APF
> )4 w ource current Irf_C [A]
LiRB N with APF
»)
P |1_filtruA - 1 i BN
o] M—< ] < Py < B
- - 1 source Garent
N LHRI-C ource Currents
»|1_fitrus with APF
"y » Pf
»|1_fiitruC PID > I
750 =
Three phase Invertor with U PID Controller Saturationt
PWM command strategy condensator Congant

Fig. 9: The Matlab - Simulink model of the source — non-linear load - parallel active filter network
with command based on p-q command method.

T

F_fundament.

caleulat

:

—

Curenti prin
retea nefithiati

lalpha

§

s? 3@

]

=

!

=
=

b4

S

1Beta
) »
Ualpha
fu) >
Ubeta

butter

I

Low Pass Filter
Buttenworth Ord.II

Calcul p

Curentul prin
retea filtrat A1

|_alfa_ref L

Calcul g

¥

LO)

I_beta_ref

simout

To Wiotspase

Curentul I_a_ret

Curentul |_b_ref

Curentul |_c_ref

Fig. 10: Three-phased active filter command through instantaneous power p-q method




A comparison between the command strategies of the parallel active power filters 103

300

260

200

Filter current If [A] - phase A

-100

Magnitude Source Current Irnf [A] - phase A

1~
=

0

=
=

=
=

@
=

o
=

=
=

400 T T

0 -

Source Valtage Ua[%] and Source Current with APF Irf [A] - phase A

0

-100 -
200+ J -
-+ 300 -+ ¥ -
i i i i i i 0 i i i i i i
0 2 4 i 8 10 12 14 0 2 4 B i 10 12 14
kiTs [ms] il kiTs[ms] q 104
a) b)
r ‘_ — T T T T T 1B0F T T T T T T T
Harmanic composition of the current absorbed from the network
by the non-linear load without the parallel active fiter Harmanic composition of the current absorbed from the network
< M} by the norelinear load with the parallel active filter
™
i)
i
S 120t
<
£ 100
c
2
g 801
o
2
2 B0
0
o
-]
ERNIIY
=
5
=
[ 0+
MMW ) AR S S N PR S -
200 400 BOO BO0 1000 1200 1400 1600 0 200 400 BOO 8O0 1000 1200 1400 1600
Freguency (Hz) Freguency (Hz)
<) d)

Fig.

11: Electrical measure on phase: (a) the current debited by the active filter Iz, [A]; (b) the

absorbed current from the network by the non-linear load I,y [A] together with network voltage
Ua[V], (c) harmonic content of the current absorbed from the network by the non-linear load
without a parallel active filter, (d) harmonic content of the current absorbed from the network by

the non-linear load with the parallel active filter

2.3. Instant power active and reactive components method: ig-ig

method.

In this method the measured currents and the network voltages are

transformed in the dq synchronic reference system, rotating with the network
frequency, by using the relations (5) and (6).
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Thus the basic component of the measured power becomes a continuous
component, while the harmonic components are shifted with ®,in the (dq)

synchronic reference system. A low-pass filter can be used in order to eliminate

the continuous component.

I
io| 2] 2 2 |2
N Y e i

ig| V3| 3 B
LP 0 — —ic

2 2

[ d_: cos((ost) -sin(oost) i
iq sin((ost) cos(oast) B

)

(6)

The Matlab-Simulink mathematical model of the parallel active filter with
this command strategy implemented is shown in Fig. 12, the three-phased active
filter command in Fig. 13 and the waveforms obtained from the simulations are

shown in Fig. 14.
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The reference currents are obtained from instantaneous and reactive currents
components of the non-linear load. The main voltage and load currents are
transformed into dq equation frame using relations (5) and (6).
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Instantaneous active and reactive load currents can be decomposed into
oscillatory and average terms. Under balanced and sinusoidal network voltage,
eliminating the average current components is not a problem using a simple low
pass filter. After this operation the compensating currents can be calculated with
the following equation:

(8)

r 1 1

i re - - .
ifA_ f _ \/g 2 2 1g, (9)
o 3 0 ﬁ ﬁ ip

2 2
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2.4. Current minimization method: G, equivalent conductance
method.

This algorithm is based on the iga, isp, isc load current measurement, a PLL
synchronization circuit and a voltage regulator on the active filter’s capacitor to
generate the active filter command [7] (Fig. 15).
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The continuous voltage regulator can be represented by a PI controller
used to generate the command signal. It forces the active filter to extract from the
network the necessary active current to compensate the losses from the filter’s
power circuit.

The PLL synchronization circuit permanently monitors the basic load
current frequency. The design of the PLL should allow it to function in conditions
of distortion and unbalance of the phase currents. The exit signals of the PLL
circuit will be the unitary system voltage phasors (Vpa, Vip, Vnc) corresponding to
the load currents and the G. dynamic conductance, which corresponds to the
positive amplitude of the I.; fundamental load current on a phase.

The instantaneous values of the positive load current component for the
three phases can be written depending on the equivalent conductance as it follows:
ipa:Ge Voo =Ge -sin(ot- %)

ipb=G, v =G, sin(ot- % -2m) (10)

1 = . = .1 _TE 27‘[
ipc % Vae % sin(ot A+ A )

For each phase the load current can be compensated by determining its
active components:

ima=Ge U,
imb:Ge'unb (11)
imc=Ge YU, .

where (U, Unpb, Unc) are phase voltages and Ge is a real variable, representing a real
conductance defined as it follows:
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- - .
_ P3f :unaxlsa Uab “Tsb e *sc (12)
e 2 2 2 2
o= na "o ™
nx na nb nc

Considering that the energy (active power) transferred to the load currents (isa, isb,
isc) 1s the same as the energy transferred by the active compensation currents
(minimization) ima, imb, ime, that is:

_ oL R C - - .
P3f unaxlsa uanISb ul’lCXISC una><1ma unb><1mb VncXImC (13)
2 3
R R
and HVNZH =v_ v v 2 (14)

Replacing in expression (12) phase voltage (Una, Unb, Unc) With generated voltage
phasor (Vpa, Vmb, Vne) by the PLL circuit, we obtain the expression of the
instantaneous equivalent conductance:
G =—X(v Xisa+vnbxisb+vncxisc) (15)
Since (Vna, Vib, Vne) are in phase with the currents (is, isb, isc) the reactive
power is null: g=0.

We conclude that G'e corresponds to the amplitude of the fundamental

load current (I4). So the average value of the conductance G'e is actually G

e

The reference currents are calculated with formula (16):
ifa_cTlpa isa
ifb cTipb~isb (16)
ifc cTlpcTisc
The Matlab-Simulink model is shown in Fig. 16. The active filter
command part is shown in Fig. 17 and the characteristic waveforms in Fig. 18.
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3. Conclusions

In the case of three-phased active filters one of the common characteristics
of the algorithm based on the d-q synchronic transformation method or of p-q
instant powers is that the calculation of the compensation powers is made directly
from the measures inside the network (voltage, currents) allowing the methods to
be more independent of frequency. Avoiding the usage of a PLL circuit the
frequency limitation is only imposed by the commutation frequency of the power
control system.

The calculation methods based on p-q and dq algorithms need band-pass
filters to separate the active and reactive power in the continuous and oscillatory
components. These filters cause delays, which influence to some extent the
performance of the active filter. Another disadvantage of these methods is they
require a high number of calculations (example: the direct and reverse Park
transformation).

In the highly unbalanced three phased systems the used parallel active
filters do not compensate the harmonic powers, introduced by the non-linear load
and they also inject harmonic powers in the network. In such cases, it is preferable
to use an active filter with command based on the power minimization principle,
because the generation of the command power is made through a PLL circuit,
which permanently monitors the parameters of the load power (phase, amplitude).
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