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Abstract. In modern industrial processes, the number ofineat loads - known to be a major source of current
harmonics - is constantly growing. At the same tithe number of reactive-power compensators opeyati
these networks is growing too. Though the compensatre not the source of harmonic distortionsy tinay
cause high amplifications of harmonics by creatiegpnance conditions. This can cause malfunctioreven
loss of equipment. Due to the increasing numbethef reactive-power compensators operating in typica
industrial networks, control of these networks lsoabecoming extremely demanding. An industrialwoek
operator has a difficult task of finding an optin@nfiguration of compensators, meeting the reagower
demands and at the same time not causing resoramgifications of harmonics. The paper thus propase
concept of a virtual compensator. It combinestadl teactive-power devices of a certain network iwithsingle
control scheme. This enables the operator to cbeatth compensator independently in real time arethieve
their optimal configuration at any operation paifithe network. The effectiveness of the propodgdrahm is
demonstrated on a realistic industrial-network nidgemeans of simulations.

Keywords: Reactive-power compensation, optimisation, harngm&sonance.

account [7-10]. Here, too, a wide variety of methade
being used for solving the nonlinear optimisation
Reactive-power compensation is an important issue problem, such as genetic algorithms, fuzzy logeotly,
industrial power systems. Industrial loads imposetc. Many of these techniques are very fast initfigc
varying active- and reactive-power demands, whieee tsolution, but may require a significant processing
reactive-power has to be compensated in order pwwer. Efforts taken by the authors are therefameed
improve the power factor (PF) and efficiently deliv towards finding the most suitable methods for swvi
the active power to the loads. Usually, both thlities  the nonlinear optimisation problem, giving a saluati
and the customers are interested in improving RReat (global optimum) quickly and with as few
customer-utility point of common coupling (PCC).i¥h computational steps as possible.
permits the customers to benefit from reduced syste |n general, one can say that there is a considerabl
losses, released transmission capacity and improvgferest by researchers in the field of optimal
voltage profile, moreover, the electric-bill is deased, compensator sizing and placement which, however,
since utilities penalise customers for their pobr Phe  does not apply to control of these devices. Namadyy
extent of these benefits depends mainly on thetimta Jittle attention is paid to the problem of optimal
size, type, and number of shunt compensators @l ateactive-power control, accounting for the harmenic
on their control settings [1,2]. present in the network. This issue is particularly
Optimal capacitor bank placement and sizing undeproblematic due to the fact that in the last decade
sinusoidal conditions is a well-researched problém. great increase in the number of adjustable-spegdrmo
the extensive literature covering this topic, défet drives and a vast variety of other nonlinear loaskd in
methods of finding an optimal solution are presénteindustrial networks have been witnessed. At theesam
most of them giving very good results. The methodtime, the number of reactive-power compensation
could be classified as follows: analytical, numakic devices operating in these networks is growing too,
programming, heuristic and those based on artificiwhere most of them still being conventional passive
intelligence [3-6]. In more recent papers, the enee of compensators. Thus, more and more cases are being
the voltage and current harmonics is also takeo inreported from industry on the problem of resonance
amplification of harmonics. As the conventional gias
Received 14 January 2011 compensator cannot be dynamically adjusted to the
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variations in the network states, changed assumptio n

(network topology and electric-parameter valuekgta Us=Ugq+ hzzu Sh M)
into account when building the compensator, cagg B

quickly lead to incorrect operation. When the resun

frequency of the compensator aligns with the haimon n

present in the network, the result can be overhgatnd =L+, (2
shorter operational life of certain equipment h=2 ]

(transformers, cables, compensators), occurrence Yferen denotes the harmonic order.

noise and vibrations (motors, generators), incorrec FOf the utility equivalent (series) impedance, the
operation of certain devices (computers, printargj in °lloWing expression can be written (see Fig. 1 b):
ex;r‘eme cases, e_qument fa!lure or even destructio Zeon= Re+ JThOX g + Re JIHOX g Xca 3)

s there are in a typical industrial network seVera h
compensation devices connected to different voltaggeglecting the compensator resistance and reacttnce
levels, the number of different combinations of theheh™ harmonic, we get:
settings is considerable, but not all of them are

. .\C,
appropriate in terms of the harmonic conditiongha Zsern = Rgt JThIX g - JTl: (4)
network. It is therefore rather difficult for theerator ;

to decide how to operate and predict all of the Z[°=Rs. (5)

potentially dangerous situations. The task is VelEquivalent system and compensator impedances

demanding already in steady state conditions, Whilé‘oupled in series becomes very small near series

during the system transient states it can beconi® qUresonance poinf..s and limited downward only by

unmanageable. system resistivityRs. Thus, even a very low harmonic
The paper presents a concept of a virtual compensakomponent in the supply voltage aligned with theese

to be used in solving the above issues of reagtoxger yesonant frequency will cause a very large harmonic

compensation in industrial networks. The paper igyrrent. Consequently, the harmonic voltage at the
organised as follows. In chapter 2, the phenomesfon ¢ompensator PCC greatly increases, too.

resonance between the compensator and the neta/ork ian analogue derivation can also be applied for the

the proposed virtual compensator. Chapter 4 present of the network for the case of harmonic currentsels
model of a real industrial network. Results areegivn  can be written as (see Fig. 2 b):

chapter 5. In chapter 6, conclusions are drawn.

L ojo=m [ S O

——AMA—TMN > |

2 RESONANCE BETWEEN THE COMPENSATOR : Rs Xs | : Ic : : I

AND THE NETWORK | | ‘ I SRI 1Sp |

L

N _ s@ | ol Sl 1% !

Al electric circuits containing elements of an itive : 0 30 1 3k,

and capacitive character have one or more resonal I : ll Xc: [ |

frequencies. The resonance between the compens:i ! A :

and the network occurs at a frequency at which ti Lo—m el L] L

. . . Thevenin ~ Compensator Load
capacitive and inductive reactances of a systercetan impedance

each other out thus leaving resistivity in the eystas a)

the only form of impedance. At this frequency, higl
amplifications of the current and voltage harmoriaa
occur threatening to damage the installed comperssat
and other equipment in the network. U @ th D Zyari CDQ;,
Figure 1 a) shows an equivalent circuit of ai
industrial feeder. The symbols used ddeis the supply
voltage (Thevenin voltage)(/s=RstjXs is the supply
impedance (Thevenin impedanc&) =R +jX,, is the
load impedance,Zc=R+jX -jXc is the compensator Figure 1. Equivalent circuit of the industrial netk; a)
impedancelJc is the voltage at compensator PCC, an single-line qliagram, b) series equivalent impedaaod
Ic is the compensator current. parallel equivalent impedance of the network.
The Thevenin voltage source representing thetyutili
supply and the harmonic-current source represettiag
nonlinear load are:

b)
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. - Xeq _ configuration for every operation point of the neti
[J [ﬂ\D(,_’l—JEIh—’]E@RS+ jIhXs,) As a criterion of optimality, some other parameters
Zparn = , (6) such as power losses, voltage profile, etc., cao be
jIX, -] BXC,l +(Rs + thDXm) used, besides harmonic amplifications.
’ h ’ As seen from Figure 3, the interfaces between the
. X . ,
{—J B%jt@l B Xsy) o] — 20002 [l |-
Zpar,h = X , 7 ) R brez kompenzatorjg IR o
D :
XC ljz %p"’ -
— 2 °
Lh ) (hD<S,1) S
Zoarn = = , (8)
Rs
2 2
Zfr—p :(XC) :(XS) (9)
= R R
30 _20|Og(zpalzpar5(? :77‘77””:”’:**’
Since Xs >> R, impedanceZ™,., becomes very high ol brez kompenzatorg Lt

near parallel resonance frequenty. Consequently,
even a very low harmonic current can cause a \agel
voltage drop on equivalent impedandé“’par. The
harmonic voltage componeit the compensator PCC
will, in turn, greatly increase.

Figure 2 shows a typical frequency response of
network with one compensator. The characteristies a
given as an amplification of impedance value reéatod log(f) [Hz]
the impedance value at 50 Hz. The upper twc b)
characteristics are series-frequency charactesistiod
the lower two are parallel-frequency charactersstids
it can be seen, both the series- and parallel-sesmn
points are very close to thé"5harmonic component
with the impedance reaching very low (-26 dB) and

20 109(Z,0/Zparso) [dB]

Figure 2. Impedance-frequency characteristics @& th
network with and without a compensator; a) series
impedance, b) parallel impedance.

very high values (30 dB). In a real industrial netkv Transmission
this would most certainly cause high values of the network
voltage and current total harmonic distortion (THD)
Thus, in order to prevent resonance amplificatiohs .
. . Substation
the harmonics present in a network, the centre HV/MV

algorithm is needed to ensure that the resonanicgspo

(series and parallel) do not align with the harreni

present in the network, for which the resonancetgoi

have to be calculated for every harmonics-producin
load.

3 VIRTUAL COMPENSATOR

Figure 3 shows the basic concept of the propose
virtual compensator. The proposed algorithm is of :
central type. The main idea is to combine all theicks

I~
IHFw
I

|
o : ' Central !
contributing to  the reactive-power  control : bommm e :
|

(compensators, distributed generation units), single
control scheme implemented on a central computer i
the industrial-network control centre. This allofe Figure 3. Basic concept of the proposed virtual
independent controlling of each compensator in ree compensator.

time and to achieving of an optimal compensato
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central algorithm and individual devices are locaflow through the transformer. It must be lower thin
control units (LCU) used in recording measuremefts rated powefs ;.

relevant quantities (voltages, currents), monigrinThe control algorithm operates according to the
positions of switches, sending data to the corgenitre following steps:

and receiving commands for switches settings. Basid 1. initialisation and data transfer from LCU,

these control functions, they also perform protectind 2. setting a new configuration of compensation
other functions. devices,

In the following section, the problem is written @n 3. calculation of the reactive-power requirements,
mathematical form, the objective function is defirsd calculation of network losses and calculation of
the control algorithm is presented in some detail. variables, used in the objective function,

4. objective function calculation,
4 PROBLEM FORMULATION 5. verification of objectivg—_functipn limitations,
when any of the conditions is not met, the

The following equations can be written from Fig. 2 algorithm returns to the second step,
for every voltage-harmonic componentand current 6. all the configurations having been considered,
component present in the network: the algorithm is finished. In the opposite case it

is returned to the second step.

fn+SHz The algorithm operates in cycles. Each cycle mast b
A ser = KsernD | |Z( ) opt ser” A1) Si,[ldf, (10)  short compared to the time interval defined as the
fn=5Hz averageing time of the PF value. When determinireg t
fm*SH2 duration of a cycle, a compromise has to be acHieve
An, par_kpaﬂme —Ist|Z( ) opt par™ Z 1) palDdf'(ll) between the number of switching operations and
m achievement of the desired PF. The processing power

. .. and the speed at which measurements are performed
whereksern andkyarm are proportional factors Olescrlblngalso strongly affect this value. In solving the losar

the harmonic spectrum of the _correspondmg nor'hne%iscrete optimization problem, the Monte Carlo roeth
load. For example, for a six-pulse converter, the

proportional factors arg= 1h andh =6 + 1, where i = Was employed.

1, 2, 3 ...Z(0opt,ser aNAd Z(flopt,paro @re series and parallel

equivalent impedances for no compensator present in 5 THE SYSTEM UNDER STUDY
the network and for all the loads in the networkihg

B ) w ~ In Figure 4, a simplified scheme of a real indastri
PF = 0.95. These two impedance characteristics dre <,anvork is shown. The network is powered through a

to be the optimal frequency response of the networy 9 v transmission system with the short-circuit

Z(Nser andZ(f)oqr are actual series and parallel equivalerpower of 1200 MVA at PCC. Loads are connected to a

impedances. As it can be seen from (10) and (b#), ty,5) hushar system on the 20 kV voltage level and t
absolute value of the difference is then integrat@tin 4 -1 busbar system on the 5 kV voltage level. Under
the limits of £5 Hz from the corresponding harmonicnormal operating conditions, an arc furnace anddéel
TermsAn ser and An, por describe the surface between the.nace are connected to the 20 kv busbar systerti no
optimal and the actual frequency characteristiesi€s 4t is powered by two 110/20 KV, 20 MVA
and parallel) in the vicinity of +5 Hz from the y,nstormers (TR v and TR VI). Other loads in the
corresponding harmonic [1, 11]. system are connected to the busbar system notheon
20 kV and at 5 kV voltage level. This part of the
network is powered through a 40 MVA triple-winding
transformer TR VII as shown in Fig. 4. On the 5 kV

The objective function becomes:

- ' ‘ J _ voltage level, there operate three cogeneratiots wofi
f ESOSS'+h=3,5,7,,,Alser+ Emz 3,5,7,”A'm par (12) the rated power of 2.7 MVA.
There are more than 20 passive compensators
s.t.: operating in the network, i.e. C1 and C2 on 20 &3,
0.95< PF 4 < 1 on 5 kV and several smaller compensators on 0.4 kV.

(13) The compensators on the 0.4 kV voltage level were
divided into three groups: G1 ranging from 0.4 t480
MVAr (the total of 2.147 MVAr), G2 from 0.52 to (b6
Here,| means the total number of branches artte (the total of 6.7 MVAr), MVAr and G3 from 0.8 to2l.
number of the harmonic producing loads in the sgste MVAr (the total of 2.887 MVAr). Some data for
PF is measured at the PCC a8 is the actual power individual compensators are provided in Table 1.

Sri< S,
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110 kV

TR VI TRV TRVII =

20 kV

5kV

20kV

TR AF JRLF

Ley

T _TCo T _TCe

\—/
Arc
furnace

\—v
Ladle
furnace

Cl C2

Le:

4x3 MVAr 2,1 MVAr

Compensation
at 0,4 KV

Figure 4. Simplified single-line diagram of reatlirstrial network.

6 RESULTS AND DISCUSSION

Results are shown for a typical operating pointhef
power network. As seen from Fig. 5, 49 combinatiofhs
compensators fulfil the set limitations. Their P& i
within the limits of 0.95 and 1 (Fig. 7) and no
transformer is overloaded. Fig. 6 shows networlsdss
for each of the 49 configurations. As one can $ee,
lowest losses are by some 15 % lower than the kighe
losses.

Table 1: Rated data of passive compensators.

Compensator

Rated
voltage
(kv)

Rated
power
(MVAY)

Reactance
(mH)

C1

20

4x3

3.63

C2

20

2.1

24.98

C3

5

2

0.100

G1-G3

0.4

04-1.2

/

140

Cogeneration
3x 2,7 MVA 2.0 MVAr

Leq

T TC
C3

Objective function values

130+
120~
110+
100

Df o,

80+

701

60

0 10

20 30 40 50

Figure 5. Objective-function values for 49 combioas.

System power losses

2.8}

The objective function reaches its lowest value whe
compensators operate as follows (combination ne. 4
circled with a dashed line): compensator C1 with
MVAr, C2 with 2.1 MVAr and C3 not in operation. All —,
the compensators in G2 (6.7 MVAr) and G3 (2.887%; 24f
MVAr) are connected, while the compensators in G1
(2.147 MVAr) are disconnected. The worst case accur
when the compensators are arranged as follows
(combination no. 47 — circled with full line): C1
operates with 12 MVAr, C2 with 2.1 MVAr, C3 with 2 2 10 20 ‘ ‘
MVAr and other compensators are disconnected.

2.6

s ¥R

2.2t

50

Figure 6. System power losses.
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Power factor at PCC
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Figure 8. Impedance-frequency characteristics fooptimal
0.92 combination — series impedance.
Parallel impedance 20 kV
0.9 : ‘ ‘ ‘ 80
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Figure 7. Power-factor values at PCC.

Figs. 8-10 and Figs. 11-13 show the impedance
frequency characteristics (series and parallel) dar
optimal combination of compensators and for thesivor
case, respectively. In both cases, the equivalent

impedance values are shown relative to the valubef Figure 9. Impedance-frequency characteristics fooptimal
impedance at 50 Hz. The characteristics for the ca§oMPination —paraliel impedance on the 20 kV \gaitievel.
with no compensator connected are shown with dashed
lines.

Note that the y-axis is in the logarithmic scala an
that the series equivalent impedance was calculated &
from the supply voltage point on the 110 kV voltage
level and the parallel impedances from the loadssiat
20 kV and 5 kV. The harmonic components present in
the studied network are of th&, 3", 7", 11" and 1%
order.

Figs. 8-10 show that there is no significan
amplification of harmonics. The case in Figs. 11—15
showing the worst case characteristics is the dfgos
As seen from Fig. 13, there is a resonance poisiecto
the 7" harmonic. The equivalent impedance reaches 42 100
times the value of the impedance at 50 Hz (75 dBX
while in the optimal case, it reaches only 4 tin(28
dB) this value (see Table 2).
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igure 10. Impedance-frequency characteristicafooptimal
ombination — parallel impedance on the 5 kV vadthyel.

Series impedance

50

serlzser,SOHz
o

-50
Table 2: Equivalent impedance values at certaimbaic
orders for the optimal and worst case.

20*log(Z,

-100
50

[MB] | g’ | ™ | 7™ | 11™ | 13™ Frequency [Hz]
Optimal Zse, 98 | -26.7| -155] -23| 18| Figure 11. Impedance-frequency characteristicstferworst
Optimal Zpary 17.6 13.1| -18.8| 15.9| 22.2 case - seriesimpedance.
Optimal Zpar, 199 | 19.9| 28.8| 399 43
Worst cas&ser | -20.4 | -19.8| -14.3 1.8 5.8
Worst cas&pa; | 8.3 -46 | 19.1| 241 2849
Worst casepar | 20.8 | 351 | 75.1| 232 12
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Parallel impedance 20 kv [5] Abdel-Salam, T.S.; Chikhani, A.Y.; and Hackam, F; new
technique for loss reduction using compen- satiagacitors
applied to distribution systems with varying loadndition,"
IEEE Transactions on Power Deliveryol. 9, No. 2, pp. 819-
827, Apr. 1994,

[6] Chin, H.C.; "Optimal shunt capacitor allocation byzzy
dynamic programming,Electric Power Systems Researtfol.

— 35, pp. 133-139, 1995.

1 1 [7] Baghzouz, Y.; "Effects of nonlinear loads on opfircapacitor

50 150 250 350 450 550 650750 placement in radial feeders/JEEE Transactions on Power

Frequency [Hz] Delivery, Vol. PD-6, No. 1, pp. 245-251, January 1991.
[8] Masoum, M.A.S.; Ladjevardi, M.; Jafarian, M.; andchs, E.F.;

Figure 12. Impedance-frequency characteristicsttierworst "Optimal placement, replacement and sizing of ciapabanks

case — parallel impedance on the 20 kV voltagd.leve in distorted distribution networks by genetic algons," IEEE
Transactions on Power Deliveryol. 19, No. 4, October 2004.

[9]1 [9] Chin, H.C.; "Optimal shunt capacitor allocatidy fuzzy
dynamic programming,Electric Power Systems Researtfol.
35, pp. 133-139, 1995.

[10] Wu, Z.Q.; and Lo, K.L.; "Optimal choice of fixed @rswitched
capacitors in radial distributions with distortedibstation
voltage," IEE Proceedings on Generation, Transmission and
Distribution, Vol. 142, No. 1, pp. 24-28, January 1995.

[11] J. Arrillaga, D. A. Bradley, P. S. BodgeRower System
Harmonics John Wiley & Sons, 1985.
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e T Leopold Herman (S'08) received his B.Sc. Degree in

Figure 13. Impedance-frequency characteristicsttierworst ~Electrical Engineering from the Faculty of Elecalic

case — parallel impedance on the 5 kV voltage level Engineering of the University of Ljubljana, Slovanin 2008.
Currently, he is a Researcher at the same facultyrédiearch
7 CONCLUSION interests include power quality and power systemukations.

By introducing the presented virtual-compensatogor Papi¢ (S'97-A'99-M'00-SM'06) received his B.Sc., M.Sc.
concept, the reactive-power compensators in ingdistr and Ph.D. degrees in Electrical Engineering from Faculty

e . of Electrical Engineering of the University of Ljijgna,
network_s are controlled and resonance gmpllflcatmfn_ Slovenia, in 1992, 1995 and 1998, respectivelynFi®94 to
harmonics are prevented. At the same time, we @ehie19gs, he was with Siemens Power Transmission and

minimal system power losses and transmission cgpacbistribution Group in Erlangen, Germany. Currentig is a
release. Professor at the same faculty. In 2001, he was sitivj
Effectiveness of the proposed algorithm wad&rofessor at the University of Manitoba, Winnip&ganada.

demonstrated with the simulations made on a raalistiS research interests include power condition€#®CTS

industrial network model. The results show that thgev'ces’ power quality and active distribution ree.

proposed algorithm can be used in finding the oglttim
configuration of compensation devices.
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