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Abstract. The paper presents application of a direct curcentrol (DCC) method in a three-phase parallel activ
power filter. The shunt active power filter is elmyptd to compensate the fundamental reactive poméeharmonic
distortion of non-linear loads. Due to its inverlike topology with known parameters in the filteranch, the
predictive DCC method was implemented to reduce ilter tommutation frequency. Consequently, the filte
branch losses are decreased. Experimental setegl lomsa TMS320F2407A DSP showed that the DCC variant
without modulation within the sampling interval e even better results than the DCC variant, whiodutates

the active and zero voltage vectors within the demgpinterval. A comparison between the DCC and the
synchronized on-off control method indicates that DCC improves the filter performance.
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Uporaba neposredne regulacije toka pri trifaznem paalelnem aktivnem
moénostnem filtru

Povzetek. V élankl_J_ je predstavlje_na uporaba metodeharmonic distortion in the supply grid. The appiilea
neposredne regulacije toka (angl. Direct Current @bnt  standards lay down rigorous limits for harmonic
DCC) pri trifaznem paralelnem aktivnem énostnem filtru.  gistortion, thus trying to provide quality of eldcal
Paralelni aktivni monostni filter je namenjen kompenzaciji power to consumers

osnovne jalove mi in harmonskega popanja, ki nastaja kot . . . .
posledica nelinearnih bremen. Po topologiji jeefilpodoben A soluthn to meet the quality r_equwements,_ 'd.
proper design of power electronics devices, isvacti

razsmerniku in ker so parametri vezja v filtrskijivenani, . - -
lahko filter vodimo s prediktivno metodo neposrednd?OWer filter. When connected in parallel with adpan

regulacije toka (DCC), &imer se zniza preklopna frekvenca,active power filter can compensate — not only the
posledéno pa se zmanj$ajo tudi izgube v filtrski veji. Rese  fundamental reactive power due to the lag betwhen t
smo opravili na laboratorijskem modelu filtra, ki yoden z phase voltage and phase current — but the loaérdurr
DSP krmilnikom TMS320F2407A. Glede dosezene S'[Hxah’]harmonic distortion as well [1_3] It can also pdﬁ/a
frekvence in harmonskega pdpaja so rezultati meritev, pglanced load in three-phase systems [4, 5].

pridobljeni z uporabo raziice DCC brez dodatne modulacije, A topology similar to the one in the voltage-saurc

celo boljSi kot pri raztiici DCC, pri kateri se izbrani aktivni in . . .
ni¢elni napetostni vektor modulirata znotraj wategacasa. V |nver_te_r can be used for an active power ﬂlten"SFh
providing proper compensating currents in the ffilte

primerjavi s klaginim ¢asovno-diskretnim ri@nom regulacije -
toka pa pri delovanju aktivnega tmostnega filtra obe bPranch. The filter current reference can be esthed

razlicici DCC izkazujeta bolj$e rezultate. according to the compensation requirements in many
different ways [6-10]. Their advantages are in dead

like data acquisition and processing simplicitynamic
response to load current variation, sensitivitylite
voltage disturbances, etc. Consequently, varionsent

) control approaches are possible, like synchronzed

1 Introduction off principle [2] and space vector modulation — SYM
[11].

Current control should provide good tracing of the
er current to its reference value, with minimgple

and the lowest possible commutation frequency to
minimize the switching losses. The requirements are
Received 1 December 2008 contradictory. Since the filter current waveforrmsists
Accepted 9 January 2009 of high-order harmonics, an attempt was made to

Klju éne besedeparalelni aktivni mdnostni filter, regulacija
toka, harmonsko popanje, modulacija, jalova nio

The wide use of power electronics, e.g. rectifigrs
home and office appliances as well as in industrij{
devices, gives rise to the reduced power factor a JII
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implement a direct current control (DCC) methodthis effect by varying the capacitor voltage in
Previously, the DCC method was successfully tested accordance with the line voltage [15].

a classical VSIl-based AC current source [12] aterla

with some upgrade, in induction motor control [13]o 2 Filter Current Reference

where the method faces the back-EMF phenomenon.

Preliminary results of the DCC method applicatiorf here have been several methods of current referenc
in active power filters were reported [14], therefan determination developed for the parallel active pow
this paper, after a brief explanation of the acposver filters. Some of these methods can be appliednglesi
filter 3-phase 3-wire topology and the applied roetof phase filters. Others are suitable only for threage
filter current reference determination, a summarthe Systems, and some can be used both for single-phase
DCC principle will be presented. After a descriptiof ~and three-phase topologies. An advantage of thaadet

the experimental setup, the obtained compensati6@n be its ability to perform various compensation
results will be shown and discussed. strategies, i.e. separate compensation of the foedtal

reactive power and/or the harmonic distortion. The
methods can be further estimated through a number o
guantities required to be sensed and processed (loa
currents, line voltages, line currents, phase shéftc.).
Another important issue is the dynamics of the meth
A configuration of a parallel active power filteorf It is the response of the filter current referertoe

2 Parallel Active Power Filter

2.1 Topology and Principle

three-phase three-wire loads is shown in Figure 1. variations in the load parameters. The methodsbean
is 1 also valued by their sensitivity to various disambes,
Lo o especially those of the line voltage. They are dizee
L o o Load for the filter synchronization to the line voltage.
Ls o . In this paper, a three-phase three-wire topoldgno
. active power filter is considered. The aim is to
Vs compensate both the fundamental reactive power and
_ ) the harmonic distortion. Furthermore, line curreate
Ie required to be sinusoidal, so the filter-load syste
Process | 3 Power Stage should behave like a resistive load with resistance
Control Unit v (t)
(DSP) T T - R () = S1(123) , (2)
. o* * 1,2,3) -
IF . Va1 PG N J Isw23 ®
Cele with vg(1,2,3) being the line voltage fundamental for
LS. d er each phase, which provides the sinusoidal wavefuofrm
0 J{ag KE the line current. This line voltage fundamental d¢an
T1.Te T2 Ts Te
calculated as
Figure 1. Three-phase three-wire parallel activegrdilter. Va () = A (O)sin@t) + B, (t)cos@t)., ®)

where the fundamental Fourier coefficients are

According to the selected compensation stratégy, t . =~ 2 ¢ . @)
filter can compensate the fundamental reactive poweY (t) T Iys(r)5|n(w r)dr,
and/or load current harmonic distortion by enfogcan =T
appropriate current into the filter branch: and .
It wo) Tlsaon “hazy - @ B -2 jvs(r) cos@ r)dr. ®)
The inverter-like topology in the filter power seagan T &

provide the required filter current only when thikef The assumed line cycle given above is denoted With
capacitor voltagd/c exceeds the instantaneous value dft has been proved, that sine and cosine in (3)d¢5)ot
supply line voltagevs Consequently, the capacitorneed any special synchronization to the line veltag
voltage has to be controlled, as well. Also, ifrthis no  when the assumed supply grid frequengdiffers from
capacitor voltage control, the capacitor voltageghhi the actual supply grid frequenay for less than 0.5 %
decrease or increase due to an inevitable unbal@ance[2]. In this case, synchronization is provided by
the active power flow from the supply grid to ted. calculated line voltage fundamentg]'.

On the other hand, the capacitor voltage affecditter If the power losses are neglected, there shouldobe
current ripple; for a constant capacitor voltag® thactive power in the filter branch:

highest ripple is expected when the line voltagesses 1t

zero. Therefore, the capacitor voltage is an inguart P ;5 (t) =? JVsa,z,s) (7) U 05 (1) W7 =0 (6)
issue in filter design and some approaches trywiida =T
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With an additional requirement for balanced lingpower filters, since the relevant parameters infifer
currents, symmetrical substitutive resistance ca&n MWranch [, Rr) are known.
calculated: In the first DCC variant, for each sampling intarv
R (t) =R:1) (t)= R{a (t)= Rfs) (t), (7) either an active voltage vectp_r or a zero voltagetar
can be impressed. The decision is based on ther lowe
predicted filter current error. The predicted filtairrent

t t t
J‘ vé(l)dr+ J‘Vg(z)dﬁ J‘vé(g)dr vector E at the end of the sampling intervall can be
Roo_ T (o (o (8) written as
t t t ) . ) t
. . . — 11
[ Vsiiwdr + [Vspiid+ [Vsgiipdr e (n+D) |F°(n+1)+VF(n)B% -
=T =T =T
The sinusoidal line current reference can now tsilyea Where
obtained from (2), (3) and (8): i (+1)=i_(n) 1_&& +v.(n) QA;[ (12)
l FO F S
(9) Le Le

e (t) = ————V. (t).
s029 R(t) = represents the predicted filter current at the ehthe

This finally leads to the filter current referertmgusing Sampling interval, without applying any filter aci

(1): voltage vector ¥, but taking into account the line
- —i* ; voltage vector y at the beginning of the samplin
IF(1,2,3)(t)_IS(1,2,3)(t)_II(1,2,3) (t) (10) inter\?al y 9 9 piing

Therefore, the presented method of filter current pfier impressing the filter active voltage vectgr
reference determination requires on-line measurtsneQVF is one of the six possible active vectors-ws)

of the line voltages, load currents and filter eats. As » 1

mentioned above, the filter current reference loabet — KVa(n) — 3 3 3 (M , (13)
: . : VF(n)_VC =Ve £ 1 |Hs(m

also controlled to provide the constant filter czifma Ky, (n) o =

. . V3 3] [ s(m)
voltage. Consequently, the filter capacitor volthgs to . .
wheres,;, s; ands; are the corresponding transistor states
be measured, too.

(0 or 1), the predicted filter current error at #wd of
the sampling interval is

sv(n+1)=i;(n+1)—iF0(n+1)—vF(n)afi. (14)

3 Direct Current Control (DCC)

In voltage-source inverters with the topologiesikim
to the presented active power filter, various aurre On the other hand, the predicted filter currenbefor a
control principles can be applied. The aim of cotre zero voltage vector is

control is to generate appropriate triggering paild® ¢ (n+1) =i. (n+1) —i_,(n+1) (15)
the power stage transistors{Tg). Consequently, the g predicted errors (14) and (15) have to be
actual filter gurrentsiap(lyzyg)should follow their reference calculated and their magnitudes compared. A practic
valuesig 2,3 Wwith the smallest possible error. BeSide%riterion for applying an active voltage vector is:

the small current ripple, a low commutation frequen VAt
of the power stage transistors is required to miem 9 C— < g, (N+1) K, (N) + &, (N+D K, (n), (16)

the switching losses. F

In the previous work, the synchronized on-offvhere &e(n+1) and &p(n+1) are the components of
current control principle was used in the activavpo predicted current errorgg(n+l) in the stationary
fiters, since its implementation on slowerreference frame.
microcontrollers was easier than the space vector The example shown in Figure 2 indicates both
modulation and its commutation frequency is a bicurrent errors with superscriptin this particular case,
lower. On the other hand, a drawback of théhe magnitude of the predicted filter current eri@ra
synchronized on-off approach in the three-phasgero voltage vectokf) is smaller than the magnitude of
topology hides in its incapability to impress a aerthe predicted error for an active voltage vecty for
voltage vector, yielding to higher current ripple. V), therefore a zero voltage vector should be sedect

A solution to this issue is the proposed predi&tiv.  The second DCC approach requires impressing an
approach to current control [12]. It enables impieg a active voltage vector for a subintervg), within the
zero voltage vector for the entire sampling interxé  sampling intervalAt; a zero voltage vector is impressed
or, in its more sophisticated variant, for a pregkited for the remaining time of the sampling interval.ugh
subinterval t,, < At. This method, called the Directthe predicted filter current error at the end o€ th
Current Control (DCC) method, gives somesampling interval can be written as (11):

encouraging results in AC sources and in induction . ) E@ (17)
motor control. It might also be advantageous invact & (N*D=iz(N+1)-ig(n+D-v.(n) L
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The expression for the duration of the "active'tonsequently generates the triggering pulses fer th
subinterval,, is obtained by minimizing this error (17): power stage transistors(Ty).

_9L During the tests, a single-phase thyristor remtifi
ton = 4\/2 (£ (+1) Ky (n)+ 20+ ) Ky (n))  8) - ised as a nonlinear load. It was connecteddeetw
If the calculatedt,, exceeds the sampling intervAt tv_vo phase termina_lls S0 as 1o simulgte unbalanced

. on o . circumstances. In Figure 3, the relevant line \ggtand

then to s . set to At thus providing a simple load current signals for load transient (after ) rmare
overmodqlatlon. S ) shown. Compensation results for the filter, cotdby

For this DCC approach, the minimized filter Cu”ensynchronized on-off method, are presented in Figure

errt_or n Fﬁure 21s sthown _W'th supgrs?rlpttwnh tlhe A fast response of the line current to the loaddient is
?:C Ive V?j ag'ti t\r/]ecfprtg\llglcng:presse i orl on ON yt. obvious as well as its sinusoidal form, but the
ompared wi e frs variant, a fower cu rencomparison with similar results for the other cohtr

ripple and increased average commutation frequarey methods (DCC I: Figure 5, DCC II: Figure 6) can be

expected. . On the : other hand, _the de‘fj‘d't'mﬁetter seen from the frequency spectra in FigurEhe.
compensation can be implemented easily.

first diagram (Figure 7 a) shows the load current
spectrum. In the second diagram (Figure 7 b), the
4 Experimental Setup and Results spectrum for the line current, obtained with the®IC

method (grey), is superimposed to the spectrunihier

ynchronized on-off method (black). In general, the
_ DCC | method yields lower harmonic contents. From
SKM75GB123D IGBT modules and_e = 1000 uF, Figure 7 c it can be seen that the DCC Il method

Lr=26 mH{RF =90 nQ2. During the experiments, the contains even less harmonics. The line current THB
supply grid line-to-neutral voltagés was 230 V (RMS) calculated, also for all the tested methods indstestate

and the filter capacitor voltag€c was controlled to (Table ), by taking into account 25 harmonics

720 V. The Process Control Unit (Fig_ure 1.) Is ba}e_ad Surprisingly, the first DCC method shows better
a TMS320F2407A DSP controller with six add't'onalperformance than the second one. Namely, the latter

fast tv_vo-c_hannel AD  converters  (MAX 1314, causes a sort of an asymmetric filter current gdaP)]
conversion time 1.2 ps/2 ch). that decreases compensation capabilities for tftl fi
and the seventh line current harmonic.
b &, (n+1) vs(n)DA—t Considering the switching losses, an additional
Le objective was minimization of the actual switching

frequency. Classical SVM control in the same tHese-

_ VSI topology would have two commutations (state

iF(n+D) v3(n)5@ changes) per sampling interval for each transistor,
Le regardless of the load conditions. With the applied

it(n+1) sampling frequency of 25.6 kHZAf(= 39.06us), this

y would result in the transistor commutation frequeont

51.2 kHz.

In the synchronized on-off method and in both DCC
methods, the actual switching frequency dependhen
load conditions. Therefore, the number of all tistos
commutations during the 100 ms load transient,
Vs | Ve presented in Figures 3-6, was evaluated. Results
obtained with the various investigated current pant
a methods are shown in Table II.

Vs Ve As expected, the transistor commutation frequency
Figure 2. Comparison between predicted filter aurrerrors  12kes the highest value with SVM. That is why SVM
for both DCC approaches (denoted with superscriatell) usually operates at a lower sampling frequency. For

both DCC methods, further efforts were made in the

The DSP performs all the calculations for filterdlgorithm to reduce the number of commutations by
current reference determination (10) and filterazagpr ~ Optimal zero voltage vector selection (eithgrov v;).
voltage control for 256 samples per grid cycle 2); Consequently, the advantage in the reduced
therefore the sampling interval for these tasks igommutation frequency of the first DCC variant over
78.125us. In a halved sampling interval the synchronized on-off method is evident. A higher
(At = 39.06us), it samples all the signals, executes theommutation frequency for the second DCC variarg wa

routines for the DCC algorithm ((16), (18)) andforeseen, but it does not help reducing the lineecu
THD.

The active power filter with DCC was tested on
laboratory model. It was built with Semikron

iL(n+1) g (n+1)

£(n+1)

iro(n+1)
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Figure 3. Line voltages/{,y, Vg2), V1)) and load currents g,
ii2p liz) during the load transient k(= 400V/div,
ki =50 A/div).

Figure 4. Synchronized ON-OFF method: filter cutsefy),
ir2) ir@), compensated line currenigg, ig2), igs) and filte
capacitor voltage Mg) during the load transie
(ky = 400 V/div,k = 50 A/div).

TABLE I. TOTAL HARMONIC DISTORTION OFSTEADY STATE LINE

CURRENT
Current control method THD
No compensation (i.e. load current 21.3%
Synchronized on-off 5.0%
DCC I 3.9%
DCCII 53%

Figure 5. First DCC method: filter currentgd), irp), irg),
compensated line currentig{), ig2), ig3) and filter capacitc
voltage ¥c) during the load transientk,/(= 400V/div,
ki =50 A/div).

Figure 6. Second DCC method: filter currengg( ir@), ir@),
compensated line currentig{), ig»), ig3) and filter capacitc

voltage V) during the
ki = 50 A/div).

load transientk/(= 400V/div,

TABLE Il. TRANSISTORCOMMUTATION FREQUENCY

Commutation
frequency for

Number of all

Current control - .
commutations during

method 100 ms transient each transistor
Synchronized on-off 7386 12310 Hz
DCC | 6224 10373 Hz
DCC Il 9592 15987 Hz
SVM 30720 51200 Hz
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Figure 7. Compared frequency spectra for normalioedi
current {;y) and for normalized line currenigf)) obtained
with the synchronized on-off method and with botiC®
methods (I and ).

5 Conclusion

power filters remains its immanent asymmetric aurre
ripple. The main focus of our further research Wél on
this issue. Also to be considered is the DCC aptibo

in the methods of filter current reference deteation
with a reduced number of current sensors. Also,
solutions with a variable filter capacitor voltagél be
investigated, to reduce the current ripple whenlithe
voltage crosses zero.
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