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Abstract. In this paper, a modification of a parallel actp@wer filter (APF) control is presented. Its puspads to
decrease the cost of the hardware by minimizingnimaber of current sensors, normally present irventional
topologies. The approach employs the direct curtentrol (DCC), a method for predictive control airients in
polyphase systems, developed by the authors. $intaditional filter topologies, currents for coesation of
distorted load currents are produced by an inwikercircuit, DCC, as in similar approaches, isdider filter
current generation. In this particular case, aardrof DCC with a modulated voltage during a sangpiiterval is
used. However, following a relatively simple algbm, only a grid current can be used in DCC, withemy need
for filter and load current measurement, thus elating the necessity of installing correspondingent sensors.
In addition, robustness of the approach was prdwedexamining the effect of alteration of the filterodel
parameters. Simulation results show validity of pheposed method.
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Aktivni mo ¢nostni filter z zmanjSanim Stevilom tokovnih merilnikov

Povzetek. V ¢lanku je predstavljena modifikacija vodenjaadditional problem is caused by unbalanced loadisen

paralelnega aktivnega mmwostnega filtra (APF), ki zniza _ ;
stroSke aparaturne opreme zaradi manjSega Stevitabmih three-phase systems. A very effective way of

tokovnih sond. Pristop temelji na uporabi metode z&Ompensating for these distortions is by using shun
neposredno regulacijo toka (angl. direct currenhted —  (parallel) active power filters (APF). They are ically

DCC), namenjene za prediktivno regulacijo tokov ¥faenih — nower electronics, inverter-like devices that achigh-

sistemih. Tokove za kompenzacijo popaih bremenskih : )
tokov generira aktivni filter, ki ima razsmerniSkopologijo, dynamic current sources. These filter currentsgedd

zato je za regulacijo filtrskega toka mozno updiabietodo the load currents, cause the line supply curremtbet
DCC, ki se je Ze izkazala pri drugih aplikacijah @dpbno  sinusoidal and in phase with the supply voltage8][1t

topologijo. V predstavljenem primeru je uporabljenalicica ; i .
metode’ DCC. kjer se napetost modulita znotraj iraarv is needless to say that control of APFs requiresda

vzorenja. V predlaganem pristopu lahko za DCC zaradin€ tracking of actual currents and fast adaptatio
njenega prediktivnega ztma in poznavanja parametrov according to the implemented algorithm.

filtrske veje uporabimo samo omrezne tokove. Zatsjemje In this paper, a method for controlling the three-

filtrskih tokov Iin pripadajoe tokovne sonde niso &@otrebni. ) :
V nadaljevanju prispevka je opravljena Se analddaustnosti phase filter currents, based on the previous wyrkb

metode glede na vpliv spremembe parametrov filgake @uthors [7-11], is presented. Its main advantage is
modela. ~ Simulacijski  rezultati  potrjujejo  veljaviios reduction of the number of current sensors present

predlaganega pristopa. traditional APF topologies, thus decreasing thaltoost
Klju ¢ne  besede: aktivni mainostni filter, neposredna Of the hardware. Therefore, instead of mounting six
regulacija toka, tokovni merilniki, modulacija current sensors, only three are necessary. Stid, t

current generation algorithm remains fast, thus
providing excellent filter current dynamics.

1 Introduction 2 Active power filter

Strict norms imposed on quality of the electricaiver Figure 1 shows a typical topology of a parallel ABFE
supplied by the grid are challenged by an increpsinindependently generated currents in an APF arecadde
usage of switching power devices in industriato each of the three line phases. Their purpos® is
applications and home appliances. As a consequencempensate for load harmonics, fundamental reactive
different harmonics are present in the current drawpower and possible phase unbalances (e.g. losgef o
from the grid both due to the converter switchingphase, etc.). Unlike the classical scalar apprcadhe
actions and/or the non-linear character of the .Ided vector approach deals with vector sums of curriendl
phases — space vectors. Therefore, the currenbrvect
equation for the filter space vector is

:is_i| (1)
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i Sinusoidal line current reference is now obtained
Process easily:
Control Unit L x L x
(DSP) Isa23 ®= Vsi23) O G() or Is=Vg G. (4)
i, Ve . -
In [7], filter current referenceir was further
6 calculated, because the actual filter curréntwas
o Power Stage measured and controlled directly. Moreover, assit i
T2 To evident from (3), the load currerif)(measurement was
Figure 1. Topology of a three-phase, three-wiralpelr required. The advanced method, proposed in thismpap
active power filter. should rely only upon the measurement of supplg lin

currentis. Assuming fast operating current control, one
Filter currents must instantly adapt themselvethéo can expect the actual line currents to be sinukoida
anomalies on the load side so as to produce the giiherefore, the substitutive conductance becomes
phase currents; to be sinusoidal and in phase with the .
grid voltage, containing only the fundamental hanioo (Verpism +Vemison + Vermisg ) A7
Consequently, from the grid side, the load behases I SWSW T Ts@s@ T TSESE

®)

— T
being a pure resistive one. G = L , ,
In the classical approach, in order to fully pemio .[(Vs(l) +Vgy *Vg) dT
the task of compensating harmonics and phase =T

unbalances, line voltages as well as filter andd loa However, the supply line current amplitude must be

ng?.ms lhave to be mtea?utrhed f'll? each phtase with &fditionally controlled to provide filter capacitor
additional measurement of the filter capacitor agé voltageVc to be constant. Thus, the superior control of

Filter currents measurement is also necessaryhfar t the active power flow from the supply grid is obted.

effective control through the filter three-phasedge It b od out simply by the filt it
voltage source inverter (VSI). The capacitor aiits & can be carried out simply by ihe Ter capacito
—Vc) slightly increasing the

pseudo-constant voltage DC source that is chopged ¥°lt@ge error Yc , :
the transistors, thus impressing the desired curren ~ Substitutive conductance. Certainly, the negative

Of course, the amount of the filter compensatioMalué of the error (when the capacitor voltageis too
current is dictated by the desired line currenligh) decreases the value®iand consequently reduces
determination of which forms a very important paft the active power flow from the supply grid. Somieefi
the APF algorithm. According to the above mentione0ntrol methods rely solely on this approach [B}st
demands, the load-filter circuitry should behaves la further reducing the number of sensors needed and

resistive load with conductance providing a modgrate dynamic response.
. After comparing (5) and (3), we can now conclude
Gy (1) = Isaag () () that the load current measurement becomes obsolete
@23\~ Vsiazg () (dashed lines in Figure 1). Instead, line curréwige to

be measured (dashed-dotted lines), without any igain
To provide a sinusoidal waveform of supply linecost reduction. In order to achieve this goal, tdsk of
current i, it is reasonable to take into account théhe presented approach will be to eliminate theerfil
supply line voltage fundamentalg, since the line currents measurement needed for current contrditi(so
voltage is usually heavily distorted. It has beboven, lines in Figure 1).

that the line voltage fundamental can be calculated As already explained, the main control variablea o
line without any special synchronization to thedgid, Parallel APF are the filter currents or their reisig
8. space vector. In the presented approach, thesentsirr

Since there should be no active power in the filte?® controlled using direct current control (DCC).

branch (except for covering losses) and the sufipdy
currents should be balanced, symmetrical substiuti
conductance is calculated [7] as:
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supply. In modern three-phase systems, a trandigor
b e (4] — 7 bridge is usually used, which gives a possibility o
gy (n+1) generating six distinct active voltage space veci8t.
If the load has a passive character, this is thly on
voltage applied. However, in a variety of applioas,
additional voltage pseudo sources can be preseant, e
vy(n)ten back EMF in electrical drives. The goal of DCC ds t
minimize the error between the reference currest (i
supply line current reference in (4)) and the dctua
current (6) at the end of the sampling interval.

g(n+)=i"(n+)—i (n+1) 7

i(n+1)

i"(n+1)

lo(n+1) Figure 2 shows relations between space vectors.
v, Since the current vector at instant{) hardly matches
the desired (reference) current in direction anzk si
when one of the six active voltage vectors is aopli
DCC |l offers a possibility of minimizing the indi
current erroi,. From (6), this task is performed by first
selecting the voltage vector pointing into direntiof

the current errong in Figure 2) and then calculating the

. optimal timet,, in which the active vector should be
3 Direct current control applied, yielding the final current errey. The approach

Direct current control is a predictive method depeid Was explained in detail in [8-11].
for the fastest possible current control. The méthvas
also altered for stator flux control that is motetable 4 APF with a reduced number of current
for application in electrical drives, where back EM  gensors
occurs [10].

DCC is ideal for passiveR-L three-phase loads According to Figure 1, equation (6) applied to dutive
where only the inverter voltage is impressed. Hawev power filter can be re-formulated as
it works equally well if additional voltages (e.gack ‘ )
EMF, additional sources) are present, providing’rtheiF(n+1):iF(n)[l—RFAtj+vs(n)BAf+vF(n)E@
easy detection/measurement. Besides the high Le Le Le
dynamics, minimization of the current ripple is af iro(N+1)

great concern. However, this goal is achieved on pere the impressed voltage in (6)) consists of
account of a higher switching frequency of invertefyo parts: the first part is sinusoidal grid vokags
transistors leading to higher switching losses. B8  55hjieq throughout entire sampling intervd) whereas
purpose, two variants have been proposed; oneb®iitayhe second part is filter (inverter) voltage, through
for loads with lower dynamics (higher time conssant yhich the filter current is to be controlled. Thetér is
yielding low switching losses, and the other with & pnjieqd throughout pre-calculated interigl Although
reduced current ripple _but with hlgher SW'tCh'ngchanging, the grid voltage is measurable and
frequency (suitable for high dynamic loads). In theyegictable. Therefore, it will be aggregated te finst
presente_d paper, only the second variant (DCC ill) W part of (8) under the term denotedia@+1).
be examined. _ Now, the first simplification can be made. Thehtig
Due to the discrete nature of the miCroprocess@tym in brackets containing aR-L time constant
used for control, the basic current equation fohr@e- on esents a natural decrease of the filter curBme to
phaseR-L load, when fed by voltage has to be written o short microprocessor sampling intenallow filter

in its discretized form. Thus, the current at timel ®f resistanceR: and relatively high filter inductande:, it

Figure 2. Principle of current generation using DCC |

sampling intervalit can be generally written as [8] can be neglected (in experimental setip= 78.125,s,
) ) R t 6) Re=90nQ andLr = 2.6 mH yield 0.0027¢(n)).
i(n+1) = '(n)(l‘LAtj +v(n) % ® An additional simplification, crucial for the
— elimination of the filter current sensors, is itozed by
|0(n+1) presuming that the change of load currigmuring the

sampling interval is negligible due to the usuatiych

Note that currents and voltages are represented Ryjher load time constant vs. short sampling irgerv
space vectors, which are spatial sums of temp&i@t® Therefore. from (1):

values. Voltage vectov depends on the type of the
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Figure 3. DCC approach with a modulated active gelta
vector minimizes the predicted current eggin+1).

i (n) =ig(n)—i,(n)
o (n+1) =i (n+1) =i, ()

After inserting (9) into (8), an important condlus
can be drawn: the value of(n+1) can be predictably
controlled without measuring the filter current:

o0+ =ig(m) + Vo) v ()

Is(n+1)

Among six possible filter (inverter) active voleag
space vectors to formy, the one pointing nearest to the
direction of the initial pre-calculated errag(n+1)
should be chosen. As described in [7, 11], aftepédg
the nomenclature to its application in APF, voltage
application intervat,, is calculated as

_oL,

C

t

on

fc>a(f1+1)EIVi‘+£0b(n+1)E|VF—b (13)
V, Vv

C

Vectors ve and g are decomposed into their
components in am—b stationary reference framér
and V. are the filter inductance and voltage across the
capacitor, respectively (Figure 1).

5 Results

The proposed filter control with the advanced DCC
method was simulated with the filter parameters
Cr=1000 pF, L,=2.6 mH and R==90 0. The
supply grid line-to-neutral voltage/s was 230V
(RMS). Filter capacitor voltag®/c was controlled at
720 V. As a nonlinear load a single-phase thyristor
rectifier was used connected between two phase
terminals, thus simulating an extremely unbalanced
load. Figure 4 shows the supply line voltages aradl |
currents, where unbalance is obvious since ther®is
current in phase 3 of the nonlinear load. Harmonic
distortion of load currents is significant (THD %.2%).

In Figure 5, the filter branch currents and
compensated supply line currents are presentedeSin
there is no current in phase 3 of the load, theeotirin
phase 3 of the filter branch takes a sinusoidahfand

The first part of (10) 4, like in (8), is a term that actyally represents the supply line current in piisAs
can be established at the beginning of the sampliRge compensated supply line currents are sinusoidal
interval through the measurement of grid curremd a (harmonic distortion is reduced to THD = 2.6%) and

voltages. If there is no filter voltage impressgd= 0),
this will be the final supply line current at thedeof the

interval, producing an error

g(n+1) = i;(n+1)_iso(n+1)

with respect to the reference current calculatethf(4),

as shown in Figure 3.

It is now obvious that the supply line currents ba
controlled directly by the filter voltage vectors
necessitating no filter current measurement. Tloeeef
if an active filter voltage vector is impressedidgrpre-
calculated intervalk,, the final predicted supply line

current error becomes

8v(n"']-) = i*s(n"'l)_iso(n"'l)_VF (n)[":_ﬂ
g(n+1) "

synchronized with the corresponding supply line
voltages, the fundamental reactive power is sutudgs
compensated as well.

Figure 6 presents the trajectory of compensated
supply line currents for steady-state conditions within
one grid cycle (20 ms). It is clearly shown how
individual active/zero filter voltage vectors: are
activated. The circular shape of the trajectory ts\¢ee
‘requirements.
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Currents (A), Voltages (V)
Currents (A), Voltages (V)

L

! Time (s)

1 Figure 5. Filter currentsig(y), ir@), irg), compensated
0 001 002 003 004 005 006 007 008 00D supply line currentsigyy, ig), igs) and filter capacitor

Time (s) voltage ¥c) during the load transientk(= 400 V/div,

Figure 4. Supply line voltagesd), Vg2, Vg3) and load k= 59 quv). . )
currents Ku), i, i) during the load transient determination, can also be provided through the lin

(k, = 40C V/div, k = 50 A/div). current measurement. Moreover, instead of directly
6 S . o controlling the filter currents, line currents cdre
ensitivity to parameter variations indirectly controlled, providing a fast and accerat

Although the initial values of the parameters aréurrent control algorithm. For this purpose, theeatly
known, the main prob|em arises from their possib|éeriﬁed methOd, called the direct current Contmas
alteration during the filter operation. The filterapplied. The issue of parameter variation duririgrfi
inductance and resistance are the only paramédtats toperation was also addressed, showing no signffican
can be altered while not being directly measured.

Inductance can change due to saturation an
resistance due to temperature. Although thesetsféee
not as drastic as those in electrical drives, itstd
interesting to observe their possible impact on the
presented method. Figure 7 shows the performance 1 10
the filter with its model parameters exceedingahgial
ones by 20% (e.g. in saturation). As it can be se®n
compared to Figure 6, the method still proves todry
robust, showing practically no difference.

7 Conclusion

30

20

iso (A)

-10

In this paper, an approach to predictive curremttrod
in APF is presented. Unlike the standard topologiitls
load and filter currents measurement, the propasex
requires only measurement of line currents througt  -30
corresponding sensors, thus reducing the hardveste ¢ _
A fairly precise calculation of conductance, neeétsd isa(A)
line reference current Figure 6. Orthogonal components of compensated lgupp
line currents ig, isy in steady-state during one grid cycle
(20 ms).
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