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primary duty of the STATCOM is regulating the vgéin

Abstract—Voltage flicker is a disturbance in electrical powe order to improve the voltage profile of the powgstem [11]

systems. The reason for this disturbance is maimtylarge non-
linear loads such as electric arc furnaces. Symcu® static
compensator (STATCOM) is considered as a propemnigoe to
mitigate the voltage flicker. Application of moreitable and precise
power electronic converter leads to a more prquéstormance of the
compensator. In this paper a three-level 12-pulskage source
inverter (VSI) with a 12-terminal transformer cootesl to the ac
system is studied and the obtained results are amdpwith the
performance of a STATCOM using a simple two-levé&I\and an
optimal and more precise performance of the prapasteme is
achieved.

Keywords—rFlicker mitigation, STATCOM, Inverter,12-pulse,3-

level

|. INTRODUCTION

The factor that plays a very important role fhe
improvement of the STATCOM performance is the u$e o
power electronics converter as the core of the STAW. A
more precise performance of the converter leada toore
precise compensator. In this paper, a three-le2epulsed
PWM voltage source inverter (VSI) with a 12-terntina
transformer connected to the ac system is propokei
expected that this structure is more precise tham of the
simple two-level type, because a 12-pulsed threelle
converter offers better sinusoidal waveform comgédre that
of the two-level one. On the other hand, a loweltage
harmonic leads to the use of low-voltage switchéschvare
quicker, smaller and cheaper than that of the kigtage
switches in two-level case. In addition, a lowee thHD,
lower switching losses due to the lower switchiregfiency, a

IN RECENTyears, power quality in power systems becomdgetter overall efficiency of the system at fulltbaand

very important due to the growth of the industnidénts,

increase in the energy consumption and diversitythef
electrical loads [1]. Voltage flicker is one of tl®mmon
problems that have a negative effect on the powmlity.
Electric arc furnace (EAF) is an important loadimdustry
with very large active and reactive time varyingveos in the
melting and refining processes period which causegular
voltage oscillation at the point of common coupl{REC) [2].
This leads to an undesirable effect on the eleligit sources,
power electronics devices (within protective reJagad their
lifetime [3]. IEEE519-1992 indicates that only 0.58anges
in the voltage amplitude leads to light intensibange which
harms the human eyes [4, 5]. So voltage flickeigaiion is
essential for the power systems.

Various techniques for reduction of the busedtage
fluctuations, below the standard limit, have been far
introduced. Considering the nature of the voltaiekdr,
which is rapid and unpredictable, a compensatod usast
quickly response to the voltage fluctuations andiati@ns.
Other important factors including non-bulky compens
(drawback of SVC), suitable harmonic behavior, mitkd
kVar (drawback of active filters), disuse of exgeastools
(drawback of smart trafo) [6], DG algorithm [3, YPFC [8]
and unlimited line commutation (drawback of dynamplase
controlling method) [9], must be taken into account

Among various compensators that have been so
introduced, STATCOM has the above-mentioned featarel
is a desirable technique for voltage flicker mitiga [10]. The
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consequently a smaller heat-sink and higher reiiglzire the
other advantages of the three-level converters eoeabto that
of the two-level converters [12]. As reported ir2]1the total
losses of the two-level converter are 44% highantthat of
the three-level one. However, the two-level corareis 27%
cheaper than that of the three-level configuratiime reasons
are the dc link capacitors, IGBTs and more diodes more
complicated control strategy in the three-levelvaster. It is
noted that the output dv/dt in the three-level eoter is
smaller than that of the two-level converter andsemuently it
has less stress on the cables [13]. Thereford)igier cost of
the three-level converters compared to the twolHeve is
justifiable. It is noted that a secure operationthaf converter
must be provided when one switch in the serieschet fails
to operate; it means that there need a number diiauhal
switches which leads to a more expensive thred-leve
converter. Use of the STATCOM is basically a cogtlgcess.
On the other hand, the used transformer in the quegph
converter has very lower output
(1 kVA versus 1 MVA) compared to the 6-terminal g¢yp
Therefore, the cost of transformer is higher tham firecious
version, considering the output; it is economicaldng-term
run.

The paper has been organized as follows: id®edt
describes the principle of the STATCOM operatioota Il
expresses the performance of a three-level conveme
section IV analyzes the simulation results of thiecedure.
Finally section V concludes the paper.

Il. PRINCIPLE OF STATCOM OPERATION

The STATCOM consists of two basic componedfs:a
three-phase voltage source inverter (VSI) and 2ep-down
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adaptive transformer. The latter component is fater
between the power system and inverter. It is noted this
transformer, which connected in parallel with thes fcreates a
limitation due to the elimination of harmonic by STCOM.
Since the transformer is not able to pass the haimwurrents.
This compensator is connected in parallel withfthreace (or
other non-linear load) to the furnace bus (fordnse the
system proposed in [14]), or PCC bus (the propegstem in
[15]).

A general scheme of a STATCOM connected toA@n
system has been presented in Fig. 1. If the primatage of
the transformer (inverter side) becomes larger thahof the
secondary voltage (system side), the current passesAC
power system through the leakage reactance (X) hef
transformer, and inverter generates reactive pdaerthe
power system (capacitive case). If the secondaltag® of the
transformer (inverter side) becomes larger than phmary
voltage (system side), the reactive current passes AC
system to the inverter and inverter observes neagtower
(inductive case).This current is calculated afed:[16]

I —_ Uacs_l‘!/s

of base phases of a three-level converter. As sagnsemi-
base phase has been divided into two series valvés: 1A-
1'A. The middle of the divided valves has been @mted to
the middle N by diodes D1 and D4. It seems thatviilees
number raises from two into four in any base phdse.
addition, two extra diodes have been provided. H@we
doubling the valves number with the same permissibltage
level, will double the dc voltage, therefore thenecerter
power is doubled. So, only adding D1 and D2 in@eathe
converter cost. Presence of these diodes helpsvitedhe
voltage between the two semi-valves.

Fig. 3 shows the output voltage of one basa@béa three-
level converter. Waveform a is a complete 180 degsgjuare

twave which generates §R2 by switching on 1 and 1A over
180 degrees and 42 by switching 4 and 4A again over 180
degrees. Now consider waveform b, where 1 has been

switched off and 4A has been switched wulegrees sooner
than that of proposed 180 degrees case. In sucse only
1A and 4A are switched on where by combination ioflds
D1 and D4, phase voltage, \Wwith reference to N), free from

(1) the current direction, is kept equal to zero. Tdase continues

X until 20 where 1A switches off and 4 switched on and veltag
where U,s and U,y are the ac power system and VSjumps to —\¢2, while both lower 4 and 4a switched on and
voltages, respectively and X is the leakage reaetaf the and 1A switched off, etc. Of course anglis variable and the

transformer. In the case of equal secondary @imdary
voltage, interchange of the reactive power is etpuakro. The

+drd

ac voltage difference across X generates reactiogep
exchange between the STATCOM and the ac powerrayste
which can be obtained as follows: —
u -~
11—y
Q = Uacs aDSZ (2)
X N
B System

s . e B .

E Adpustment MJ/iw ' 1
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! Le (}ffa’:tme | Fig. 2. A base phase of a three-level convert¢r[16
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Fig. 1. A general scheme of a STATCOM connecteahtd\C system Lla {l 114
. . Wa

Therefore, STATCOM helps to provide or inject the J r/

shortage or excessive reactive power in the system
. . . . 148 448 448,

respectively. This helps to provide the load regmients as a :
compensator. (b)

Ill.  PERFORMANCE OF THREE.EVEL CONVERTER

Fig. 3. Ac output voltage in: (a) a complete 18@rées square and
(b) less than 180 degrees square[16]

A three-level converter enables to vary the ac wuypltage output voltage Va consists of the square wavefosriE80°-
without forcing the change of the dc voltage, Rigshows one 2q°. This variable periods over an half-cycle permits
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practically that voltage Va has been independewdsiable
with quick response. It is clear that 1 and 4 dwit; 180
degrees over any cycle and 1 and 4 awet80°-2°, while
diodes D1 and D4 conduct ovewn®2=180%. For any
instantaneous operation, the switching-off devimed parallel
diodes do alternating and rectifying process rethgsy. The
switch-on diodes D1 and D4 with lower devices 1Al ai
pass the current during the on time, where D1 andatry the
negative current (a current toward ac system), iIA4A carry
the positive current. Finally, if three legs of pha are placed
besides each other, a three-level six-pulsed ctawes
obtained. Now by cascading or paralleling threelesix-
pulsed converters, a 12-pulsed type is obtaineid. dxpected
that the more precise performance in generatingnzsaidal
waveform and advantages of the above-mentionedectav
leads to a precise and better performance of thealter. Fig.
4 shows the connections of a three-level 12-putset/erter
with its transformer.

In this structure two three-level converters eonnected in
series in the dc side in order to provide a 12-gulisonverter.
In this case the output voltage contains harmobitsl. The
role of the transformer in the reduction of harnesniis
considerable. The precise analysis of this topauisof scope.
Fig. 5 shows the phase output voltage in this siracwhich
has been independently simulated. Comparison of Figith
the phase voltage in the three-level six-pulsed/eder in Fig.
3 indicates a better quality of the output wavefofttom
sinusoidal waveform point of view. Switching logio the
proposed method is PWM. Fig. 6 shows the geneledrae of
the logic. In this method, the generated referengeents are
compared with the system currents and the compeshsator
by Pl compensator as reference signal is compaitid the
carrier signal (specified in the figure). Dependiagiumber 1,
0 or -1, the comparison result generates suitatfentands for
the corresponding switches with +Vdc/2, 0 and —¥2dc/

IV. SIMULATION RESULTS((2"° PROCEDURE
In this section the system in [15] is consideaed

To The System
J_ + Three Al
Ve n Level Bl A+ AZ+ J
| _ Converter C1 At §"g Az
@ Bi+ B2+ =—|
B1 §"g B2
[ 24
/47 [w3] 3"% o2
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Fig. 4. Block diagram of proposed scheme for cotever
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Fig. 5. Phase output voltage of a three-level 11Bguliconverter
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Fig. 6. PWM technique for switching

Only the two-level VSI (six-pulsed) is repldcdy the
converter having new structure. Fig. 7 shows thesatic of
this system with a simple two-level VSI. In thisneerter a
GTO is used as power electronics switch.

There are different models for EAF. Here, a timeiarg

non-linear modebf the EAF is used and shown its per phase

model in Fig. 8. In this model, the product of BAF phase
current and simulation time (sinusoidally modulateid
applied to the controlled voltage source and gdesra
sinusoidal variations in the envelop of the bustagg
waveform, this is modeling of the fluctuations.

EAF Bus

FCC

0.005+50.000014

STATCOM

Fig. 7. Schematic of proposed system

. +
2N w .
Clodel " ain 3aind —|Jm$
Phase Cutretit Contact
to the
Swatem

Fig. 8. Model of EAF[15]

This will show the efficient and positive rolef the
compensator with the new structure
compensating the voltage flicker and its betterfggerance
compared with the simple two-level converter.

Fig. 9 shows the envelop of the PCC bus veltagveform
in two cases: with a simple two-level and threesleh2-pulsed
converters. Comparison of Fig. 9a and Fig. 9b migis that in
the three-level 12-pulsed compensator, the envalidipe PCC
envelop bus voltage is very smooth and fluctuatamesalmost
zero. Therefore, a better quality and precisiorthaf power
electronics converter lead to a better performaatehe
compensator. All components of the compensatorseraing
all reference currents algorithm and control loom &o

in mitigatingd an
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provide the necessary reactive current compendatothe
system or absorb the excessive reactive currens iShthe
converter that is responsible to generate or abbarleactive
power according to the control loop. Therefordsitdeduced
that the proposed converter has a better and mezeisp
performance in the exchange of the reactive cusrent

Performance of two STATCOM structures can be

compared from supplied reactive power point of viewthe
compensated cases. Fig. 10 shows these powersedks s

when a simple two-level converter is used 218.5 MVa

reactive power is generated which is unable toyfréispond
the demand of the furnace; this is the reason futage
variations in the buses of the system, while inrtbe structure
of the compensator the network injects 217 MVarthe
system and responds well to the load requiremsntsh that
the voltage variations in PCC tends zero. It mdhastin this
case the compensator is more powerful in providihg
reactive power.
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Fig. 9. PCC voltage in two compensator cases: {apdevel and (b)
a 12 pulse three-level

Active power waveforms also show the positivpeass of
the new scheme. In the two-level converter schéngesupply
is forced to generate 113.5 MW while in the newesoé this
number is 112.7 MW. In the other words, in the retsmcture
of the supply system generates 0.8 MW less powdradsp
response with a better quality.
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Fig. 10. (a) Reactive power supply for two-levelneerter, (b)
reactive power supply for three-level 12-pulsedvester, (c) active
power supply for two-level converter, and (d) aetpower supply for
three-level 12-pulsed converter

Other problem that can be paid attention isabtve and
reactive power that generated by STATCOM and isjézthe
network as shown in Fig. 11. The output of the STO®M in
the first scheme is 1 MVar and 2 MW while these 200 Var
and 700 W respectively in the new scheme. It ieahdbat in
the first scheme a 6-terminal transformer with 1 Mplower
has been used while in the new scheme a 12-terminal
transformer with 1 kVA power has been utilized. The
transformation ratio and other specifications ofe th
transformers are identical. Therefore, a lower powe
transformer with very lower output provides a mdesirable
respond and this is considered as a
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Fig. 11. Active and reactive STATCOM power in twehemes: (a) a
simple two-level converter and (b) a (three-levaierter

TABLE |
COMPARISON OFSIMULATION RESULTS
Converter PCC Power | STATCOM
type voltage | station output
variations: reactive
V) Power
(MVar)
Two- 75 218.5 i 1MW+2MVar
level
12 pulse 0 217.0 700W+200
three- Var
level

very positive. It is noted that the transformer cduss
expensive due to the winding and iron; however amsg
very large difference in VA of the two transformeasd
smaller exchanged reactive and active currentshig; ¢ase
compared with the previous case, it cannot be caolec that
the copper and iron losses are higher. In this,dhsee is no
need to use expensive connection cables with largss
section and there is less stress on the cabledySgpending
more in transformer and converter, many expensdsbei

reduced.

Table | presents the simulation results. It indésathat the
compensator in both structures has desirable pedioce and

variations are

in the permissible

range (IEEE519219

standard). However, in this range the new structinews a

better performance.

In the system under study the EAF has been basicaéid
as a reactive load. In actual system, there aréetyaof
consumers with higher power factors, and overadl ads to
a better power factor. Since in this system onlg &&AF has

been used as the load, the power factor is low. d¥ew this
cannot disturb the analysis and compensation ofehetive
power. In the other words, compensation of thetreapower
component is proposed.

V.CONCLUSION

In this paper it was indicated that the coteretype used in
the STATCOM can be one of the major factors in the
compensator operation quality. The reason is titdrget of
all compensator elements such as reference cuakyusthms
and control loop is to provide the necessary reacturrent
compensator for the system or absorb the extrativeac
current; this is the power electronics convertert tipenerates
or absorbs the reactive power according to therobfdop.
Investigation in this paper shows that applicatainthe 12
pulse three-level converter provides quality conspéion
compared with that of the two-level converter. Tleasons
are:

(&) 12 pulse three-level converter: The converter (or
inverters) generates a waveform, depending on the
number of pulses or level of the inverter, their
precision and approximation level differ with the
smooth sinusoidal. In the present case, a three-
level, 12- pulse VSI and a two-level, 6-pulse VSI
were proposed. Therefore, it was expected that the
new scheme had more precision performance and
compensation than that of the two-level type.
Meanwhile, advantages of the three-level
converter such as less stress on the cables
compared to the two-level converter are clear.

(b) Type of Adaptive Transformer: The used
transformer is a new designed 12-terminal one
with 1 kVA power and very lower output
compared with that of the 6-terminal with 1 MVA
power in the two-level converter. However, the
performance of the compensator in the new case is
better than that of the previous one. It meansahat
smaller power transformer with a very lower
output has been used and more desirable respond
has been achieved. This considers as a very

positive aspect.
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