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Abstract

Purpose — the change in the way of active power filter$fA location can lead to overall cost reduction
due to less number or less power of APFs requirbd. paper goal was to minimize the APF currentstwha
is equivalent to solution with less apparent powfanstalled devices. The next step consists ireigament

of new methods of APF optimal location.

Design/methodology/approach — some scripts integrating optimization and hanma@malysis methods in
Matlab and PCFLO software environments have beeeldged in order to achieve the goal.

Findings — solution to the minimization problem determities current spectrum of an APF connected to a
selected system bus in accordance with some optiiloiz strategies which among others enable
minimization of THDV coefficients.

Resear ch limitations/implications — the APF control algorithm defined in the freqoyedomain and based
on given current spectrum could lead to some problavith synchronization between APF instantaneous
current and compensated current waveforms.

Originality/value — there are many papers on APFs but usually sgstervhich an APF is connected near
a nonlinear load are analyzed. Some attempts tee sthle more complex problems of synchronized
multipoint compensation have been already madéhleue is still no generally accepted and commossdu
solution.

Keywords — active power filters, nonlinear loads, harmoniddD, nonsinusoidal waveforms, optimization
Paper type — Research paper

1. Introduction

Technical problems as well as negative economieceffcaused by low power quality make
analysis of power quality problems more and morpartant. Dynamic development of modern
technologies results in increased number of noatileads which are the main source of higher
harmonics in voltage and current waveforms. Negatiensequences of higher harmonics include
among others (Dugaat al., 2003; Macizek and Pasko, 2007):

1. System overloads and higher losses in resistivaaxiés due to increased current RMS values.
These effects are especially visible in the caséngiulsive current waveforms which are
characteristic for switched-mode power supply (PGbile phone chargers, etc.) and compact
fluorescent lights. In spite of low average valbhese waveforms are characterized by high
RMS value. The energy losses in supply systemsddoelleven few times greater comparing
to sinusoidal case.

2.Overloads of neutral conductor in three phase systeaused by the sum of the third order
harmonics Zero sequence componentds a result the neutral current RMS value cambay
times greater than for the phase currents. Mamyarés which are currently in use are not
ready to supply such loads.

3.Overloads, too early ageing or failures of manyneets of power systems, e.g. generators,
transformers, motors, capacitor banks and espgc@imponents of information and
communication networks.

4. Failures being a consequence of resonance phenaraasad by higher harmonics.
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The reduction of waveform distortions in powerteyss requires application of additional
passive or active compensators, e.g. APFs (A&agi., 2007). In the past compensators have been
usually selected individually. Now the more and endistributed character of distortion sources
makes the problem of spread out compensator lotain sizing, which ensures achievement of
desired effects (IEEE Std 519-1992; PN-EN 5016(22801:2005) with the less possible technical
and financial cost, more important. This problemn dae regarded as an optimization task
(Grabowski and Walczak, 2012; Keypaairal., 2004; Pasko 1995; Rametsal., 2006; Wang Yan-
songet al., 2010).

2. Optimization strategies
General optimization task with constraints:

min f (x) (1)

such that:
c(x)<0 (2)

can be used for APF location and parameter detatram The first case considered in the paper
consists in APF current RMS Va|L~IE,|f,‘ minimization inW selected buses by means of the APF

while harmonic voltage standard levels (IEEE St®-2292; PN-EN 50160:2002/Ap1:2005) and
APF current constraints defined BDViymax and‘l Vkv‘max, respectively, are simultaneously observed

assuming that the maximum harmonic number undesideration is equal tH:

. . W K . W H K 2
min f,(x) = min Z‘IW‘ = min > Z"m‘ (3)
X Re(15), |m(|§m)} w=1 {Re(lvkm), |m(|¢‘m)} w=1 \ h=2
such thaty(x) < 0:
=1y <0, w=12.w (4)
THDV,, -THDV,, <0, w=12. W' (5)

Minimization of the APF current and so the requineaninal apparent power of devices to be
installed (IEEE Working Group on Nonsinusoidal 8tians, 1996) leads to cost reduction — Fig. 1
shows an exemplary relation between the APF siddtarprice. It can be included in the definition
of the optimization problem (Grabowski and Walczz]2).

The second approach consists in minimization ofaga distortions in all buss&g’ of the
analyzed power system while APF current constrairesobserved:

W
min f,(X) = min > THDV,, (6)

Re(l &), |m(|5h)} w=1
such that constraip(x) < 0 defined only by (4) is fulfilled.
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Fig. 1. Exemplary relation between APF price anre si
2.1. Test system
A supply system used to test the optimization sgias presented in the beginning of chapter
2 has been shown in Fig. 2. It contains 20 busdis &iDC distributed motors driven by 6-pulse

line-commutated adjustable speed drives (ASD) whighthe main harmonic sources in the system
(Grady, 2006; Magreket al., 2010). THDI for each bus is given in section 2.8ee Tab. I.

Substation 138kV
@ V=1.02 pu
THDV=3%

#1
10/12,5/14 MVA Trans., Z=6,54% | Sub 12 4 kV
10 MVA Base X/R=10 Sk
Load side tap=1,025, TROV=102%
Delta (138)-GWye(12,47)

Near Sub N
THDV=10.4%

BigBoss 120HP
THDV=12.1%

PBS 0.5 MVA
THDV=10.6%

PBN 0.5 MVA
THDV=10.6%

Base 3 MVA

Wilderness 250 HP Fhby=l0:8%

THDV=11.5%

Dorsey 250 HP
THDV=11 4%

Jupiter
1200HP+0.5 MVA
THDV=11.8%
Taylor

400 HP+1 MVA
THDV=114%

Longs
200 HP+0.5 MVA

Apollo 1200 HP
W=12.1%
REHE=y THDV=11.5%

Fig. 2. Test system diagramHDV values before optimization
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2.2. Software implementation

The complexity of power systems forces some sinaglifon in the field of analysis as well as
parameter identification. One of the most commons@is in linearization of the system assuming
periodic waveforms and quasi-steady state. For eaatmonic equivalent impedances are
determined and next amplitude and phase chardatsrése calculated.

The test system (Fig. 2) has been modelled in PCBbfbware which enables harmonic
analysis (Grady, 2006) and uses mentioned aboveagp. Analysis of harmonics propagation in
power systems requires information about modelsomilinear loads which are the main source of
harmonics (Walczak anfwiszcz, 2005). In order to solve problems considein this paper
PCFLO must be controlled by external program whglable to perform optimization and result
analysis. Matlab has been chosen as master lepktaton. Integration of Matlab and PCFLO was
the first step which resulted in development of BafloPackage library (Lewandowsket al.,
2011). The next step consists in optimal paranmsstging as well as optimal location of APF taking
advantage of cooperation between both software@mwvients with the help of the library.

MATLAB g

1. Start PCFLO
(calculate waveforms for system without APF)

<

<2. Choose a node where to connect APF)

<>

3. Calculate APF current spectra using
simulation results from PCFLO

4. Generate input files for PCFLO taking into
account APF current spectra

C 5. Run PCFLO (system with APF) >

<

6. Simulation results analysis - >

- run next iteration or finish calculations

.

Fig. 3. Block diagram illustrating Matlab and PCFc@operation

The following example shows first results of optzation using goal functions (3) and (6) and
assuming that a single APF is placed in the buswifl2the highest value of total harmonic voltage
distortion THDV W=1, W’ =20). The sequential quadratic programming (SCRjorithm
implemented in Matlab has been applied. The salutias been compared to simple compensation
approach which consists in injection of a sum ghler harmonics of a nonlinear load connected to
the bus under consideration (Lewandowskial., 2011) and makes the line current shape almost
sinusoidal.
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2.3. Example

Application of optimization approaches presentethenbeginning of chapter 2 results in APF
parameters which ensure minimization of the goatfion while satisfying given constraints. Fig. 4
shows the convergence of the algorithm for bothnogation approaches defined by objective
functionsf; andf, with constraints expressed byandc,, which should take negative values if the
constraints are fulfilled.

Bfl(x) Ocl(x) Af2(x) ¢c2(X)

1.0E+07 3.0
1.0E+06 2.5
1.0E+05+4 2.0
A
1.0E+04 1.5
AN
* 1.0E+03 A 1.0
g Po 4 R
o 1.OE+02 04 0.5
A A
LOE+011 ¢ 0065, AAAAAAAAAAAAAAAL 0.0
(@)
1.0E+00" 5 L 500 -0.5
1.0E-01 :90009000 QQQ 000000 O 1.0
. - +...+...Tlll EEpoEE ] 50 L.
1.0E-02 . ! : . . : . . 1.5
0 200 40 60 80 100 120 140 160 180
Iteration

Fig. 4. Goal function and constraint values dugpgimization process

The original, i.e. before compensation, voltage andent waveforms for the bus #12 have

been shown in Fig. 5.
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Fig. 5. Voltage and current waveforms (bus #12ptetompensation
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Application of the optimization strategy (3), whicdims at compensator RMS current
minimization while achieving the limit values ®HDV coefficients in all buses, leads to voltage
and current waveforms shown in Fig. 6. The optiniira strategy (6), which aims atHDV
coefficients minimization while achieving the limialues of compensator RMS current, leads to
voltage and current waveforms shown in Fig. 7.
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Fig. 6. Voltage and current waveforms (bus #1Zrafompensation
based on the objective functibn
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Fig. 7. Voltage and current waveforms (bus #1Zrafbmpensation
based on the objective functifn

In order to enable comparison to the simplest aedhtost popular control algorithm used for
compensators (Lewandowskiet al., 2011; Pasko and Magiek, 2006) the corresponding
waveforms have been shown in Fig. 8. The currestbdions are noticeably less for this approach
but theTHDV coefficients are above the limits.

It must be stressed that optimization strategi@sa(®l (6) lead to the determination of the
APF current higher harmonickX1). Of course, the problem formulation can be edésl including
also the determination of the first harmonic. lattbase the phase shift between voltage and current
which is still visible after compensation (Figs.76and 8), could be decreased — the APF could also
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compensate the reactive power at the fundamemgliéncy (Szromba, 2004). Such approach will

be investigated in future works.
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Fig. 8. Voltage and current waveforms (bus #1Zrafompensation (Lewandowskial., 2011)

The APF current waveforms obtained using diffegstimization strategies have been shown
in Fig. 9. The goal functiof leads to the APF with lower nominal power compgnvith the goal
functionf, but the finalTHDV values are lower for the functidn- see Tab. I.

0.3

0.2

Amplitude (p.u.)
o
o

———f2 eceeee (Lewandowski et al., 2011)

D.020

Time (s)

Fig. 9. APF current waveforms obtained for diffdreptimization strategies

The goal functiorf, enables concurrent voltage distortion minimizategriocal and remote
busses due to multi-point voltage monitoring bude to more expensive solutions (higher APF
ratings — Fig. 9) and what is more important itdedo increase of current distortiofHDI). The
problem with high values ofHDI coefficient consists in thatHDI limits the true power factor of
nonlinear loads (Grady, 2006). On the other haedstimplest approach (Lewandowsdtial., 2011)
for a single APF does not allow to readHDV values satisfying the standards (IEEE Std 519-1992
PN-EN 50160:2002/Ap1:2005), although it leads te smallest APF size and reduces the current

distortion in the bus to which APF is connecteddrahan the other methods.
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TABLE |

VOLTAGE AND CURRENT DISTORTIONS
FOR SOME SELECTED BUSES OF THE TEST SYSTEM WITH AND WITHOBPF

THDV THDI THDV THDI THDV  THDI THDV THDI
# busname (%) (%) (%) (%) (%) (%) (%) (%)

No APF No APF 1APF* 1 APF* 1 APFfi 1APFfi 1APF-{ 1APF-%
1 Sub 12.5kV 10.4 11.0 7.9 8.4 4.2 6.5 0.4 0.3
8 Wilderness 115 29.7 8.8 29.7 4.7 29.7 0.4 29.7
10 Taylor 11.4 29.7 8.7 29.7 4.6 29.7 0.4 29.7
11 Longs 115 29.7 8.8 29.7 4.7 29.7 0.5 29.7
12 Apollo 12.1 29.7 9.0 1.6 4.7 39.0 1.8 95.7
13 Jupiter 11.8 29.7 9.0 29.7 4.7 29.7 0.6 29.7
15 BigBoss 12.1 29.7 9.4 29.7 5.2 29.7 1.2 29.7
20 Sub 138 kV 3.0 11.0 2.3 8.4 1.2 6.5 0.1 0.3

* (Lewandowskiet al., 2011)

In order to compare shapes of current and voltageeforms before and after compensation
using different strategies the waveforms have lwedected in Figs. 10 and 11.
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Fig. 10. Phase voltage waveforms (bus #12) befodeafier compensation using different strategies
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Fig. 11. Phase current waveforms (bus #12) befodeadter compensation using different strategies

© Emerald 2013 URL: http://www.emeraldinsight.cooi/tull/10.1108/03321641311317130

Grabowski D., Macizek M., Pasko M.Szing of active power filters using some optimization strategies, COMPEL -
The International Journal for Computation and Mathgcs in Electrical and Electronic Engineering|.\&2, no. 4,

2013, pp. 1326-1336.



-9-

Line-to-line voltages can be calculated on the hafsphase voltages obtained in PCFLO
assuming symmetrical loads. Exemplary time wavefomnd magnitude spectra of line-to-line
voltages have been presented in Figs. 12 and 13.

no APF APF (f1) ——— APF(f2) =ee==* APF (Lewandowski et al., 2011)
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Fig. 12. Line-to-line voltage waveforms (bus #12jdye and after compensation using different
strategies

B noAPF EAPF(fl) BAPF(f2) BAPF (Lewandowski etal., 2011)
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Fig. 13. Line-to-line voltage magnitude spectrumg#12) before and after compensation using
different strategies

The THDV coefficients for the line-to-line and tphase voltages are the same (see Tab. 1)
because phase voltages do not contain harmonittseathird order and the magnitude spectra of
both voltages can be obtained one from anothebjustultiplication or division by/3.

3. Conclusions

Application and first results of some optimizatistnategies for determination of location and
sizes of active power filters carried out in Matkid PCFLO software linked by the PcfloPackage
library have been presented in the paper. Numevidfication of the proposed approach has been
started with relatively simple case of single AREng. Simulations show a very strong link
between the chosen goal function and the results.
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Application of a single APF in a supply system wgbaveral nonlinear loads can enable
fulfilment of total harmonic voltage distortion lite imposed by standards in all buses of the
system. However, the current distortions could benegreater than in the system without APF.
More compensators are needed to decrease botmicamd voltage distortions. In such case the
problem of optimal APF allocation as well as castuction rises. Optimization of APF location for
fixed and variable load structures and parametéroacovered by future works.
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