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ABSTRACT

The paper deals with compensation of freque
timevariable loads by means of STATCC
controllers. An arc furnace is considered as a ihe
distributing load. The STATCOM system was use
ensure good poweguality at the point of commc
coupling. For analysis of the system performanice
MATLAB/Simulink was applied. Simulation mode
of the load and 2fulse STATCOM controller i
discussed in the paper. A MATLAB/Simulink mo
of a measurement block is alproposed for powe
guality assessment. Some results of simulation
presented, which show the compensa
effectiveness.

Keywords: GTO, STATCOM, Voltage regulation,
Control loop

l. INTRODUCTION

In recent years power quality issues have bec
more and more important both in practice anc
research. Power quality can be considered to b
proper characteristics of supply voltage and als
reliable and effective process for delivering diieel
energy to consumers. Binding standards
regulations impose on suppliers and consumers
obligation to keep required power quality paranms
at the point of common coupling (PCC). Interes
power quality issues results not only from the le
reguations but also from growing consumer dema
Owing to increased sensitivity of applied recei\
and process controls, many customers may exper
severe technical and economical consequence
poor power quality. Disturbances such as voli
fluctuaions, flicker, harmonics or imbalance c
prevent appliances from operating properly and n
some industrial processes shut down. On the «
hand, such phenomena now appear more frequer

the power system because of systematic growthe
numbe and power of nonlinear and frequently t-

variable loads. When good power quality is necegs
for technical and economical reasons, some kin
disturbance compensation is needed and that is
applications of power quality equipment have b
incressing. For many years conventional static \
compensators (SVC) have been widely usec
distribution power networks to improve pow
quality. Providing fast reactive power compensat
they prevent fluctuations in supply voltage, whazmn
be detrimentalto consumers. They thus maintair
constant voltage on the load buses and reducege
flicker, keeping the power factor steady and balan
the reactive power consumption. Differe
conventional SVC configurations have been apphe
fixed capacitor with thyristor controlled reactc
(FC/TCR), a thyristor switched capacitor (TSC) ar
combined thyristor switched capacitor with thyris
controlled reactor (TSC/TCR). Such compens
performance has been described and analysed in

publications [1-B The most recent approach -
solidstate power compensators is based on-

commutated converters using components wit
current blocking capability. Such a compensa
system is the static equivalent of the synchrot
compensator, hence the term ATCOM (static
synchronous compensator). A STATCOM «
provide fast capacitive and inductive compense
and is able to control its output current indeperige
of the AC system voltage (in contrast to the S

which can supply only diminishing outpicurrent
with decreasing system voltage). This feature ef
compensator makes it highly effective in improv
the transient stability. Therefo STATCOM systems
with GTO thyristors have been initially used

improving flexibility and reliability of eergy
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transmission in FACTS (flexible AC transmissi
system) applications [#}. As the switching
frequency of GTOs must be kept low, the controhy
fundamental frequency switching has been used
multi-phase configurations have been formed
reduce Armonics production. The newest applicati
of STATCOMSs concern power quality improvem:
at distribution network level. Some examples giire
the literature are the reduction of flicker, vok
control and balancing single phase load [6,8]. €l
are ystems of a smaller power where IGBT or I1G
technology can be applied, allowing fast switctk
with PWM control. Although the possibility of usit
STATCOMs for the reduction of influence

disturbing loads on the supply network has alre
been proved inpractice, there is still a lack
information about the complex assessment
compensation effectiveness and a method of sy
selection and its control for a given network. T}
the purpose of the authors’ work was to develc
model of the system ceisting of supply networlk
disturbing load and STATCOM compensator and
simulation tool enabling selection of the compeois
settings and examination of the compense
effectiveness. An arc furnace was selected :
representative example of a hegwuilisturbing load
which can deteriorate power quality in the ¢
particularly components, incorporating the applie:
criteria that follow because the power of such des
may be significant. It was assumed that

STATCOM task was to maintain gooower quality
at the PCC and provide quality indexes accordin
the binding standards. The MATLAB/Simulink w
selected for simulation, which is particularly udah
the case of networks with power electronics eles
and systems [9, 10]. In this papeMATLAB model
is discussed for the system, including supply netn
arc furnace as a heavily disturbing lc STATCOM
controller, and a special measurement systerr
power quality assessment. As there are n
configurations of the STATCOM systems, re are
also different control strategies. In m-phase
systems the method of switching with line freque
is usually used. The authors applied this type
control to the examined network, adopting first
solution given in [10] which realises reae power
control with a PI controller. A number of simulaig
proved that it can ensure sufficiently gc
STATCOM operation only for symmetrical, and |
for very fast, voltage disturbances. Thereforeea
control circuit has been proposed, which apy to be
more suitable for distribution networks supply

unbalance and frequently time variable loads
combines two control types: the control of AC vg
and of inverter capacitor voltage. Description loé¢
models developed and some results of <ation are
presented in this paper.

. Modelling of STATCOM

The main component of the STATCOM is a \
(voltage source inverter),which is connected to
network through an inductance,usually of
coupling transformer. The most basic is a-pulse
system configuration,giving the rectangular outj
voltage. As such a system produces harmonic
practical application is limited. A mu-pulse scheme
is one of the solutions used for harmonic redugctio!
which several identical <-pulse bridges are
conneted to transformers having outputs that
phase displaced with respect to one another- and
deltaconnected windings give a relative 30 dec
phase shift and,with two spulse converter bridges
connected,allow 1pulse STATCOM operation to t
obtained. The 24ulse configuration is an extensi
of the previous one and consists of four-pulse
GTO bridges,connected in parallel and suppliet
pairs from the two threewindings conver
transformers with primary windings connected in-
zag and semndary windings connected in star ¢
delta. In this way one can obtain the 15 degreee
shift between secondary voltages. For thepulse
unit the component single phase 4 winding UV
transformer was used,which is available in
PSCAD library. Conerter bridges were represen
using switching device components power electr
switch,which enable both diode and the GTO thyri
to be obtainied together with its snubber circiit
diagram of the 1pulse STATCOM and its contr
circuit in a graphial form obtained in the PSCA
environment is presented in Fig. 3. Components@®
CSMF module (control system modelling functit
were applied in the special block designed
generating firing pulses. These components retus
firing pulse and the terpolation time require.

[I1.  Operating principle of STATCOM

Per phase equivalent circuit is shown in Figu
Where VG is ac source voltage, VC is STATC(
output voltage, Ic is the current drawn by STATC(
and LT is transformer leakage inductance and ‘is
the resistance that represents the losses of gtens
[8-11].
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Fig -1: Equivalent circuit diagram of STATCOM |

The STATCOM is basically a DBC voltage sourc:
converter with an energy storage unit, usually a
capacitor. It operates as a contdll Synchronou
Voltage Source (SVS) connected to the line throa
coupling transformer. Fig. 1 shows the Equiva
circuit diagram of STATCOM. The controlled outg
voltage is maintained in phase with the line vadte
and can be controlled to draw @t capacitive o
inductive current from the line in a similar manmé
a synchronous condenser, but much more rag
STATCOM has the ability to maintain full capaciti
output current at low system voltage, which ¢
improving the transient stability.

Basically, a STATCOM output voltage alwas
contains harmonics, due to the switching behavic
the VSI. These voltage harmonics will genel
harmonic currents and further cause power loss
the system network. If the impedance of the lirneg
connet a STATCOM to the power system
neglected, the harmonic losses are primarily apyp.
on the connection transformer. The effect of tf
losses in the transformer can by analyzed
considering an expansion of the transformel
v. 7, F A -

i _mﬁhﬂ—rw\——-—‘—- StarCorn

Fig-2: STATCOM Mocel for Harmonic losst

Fig.2 shows the circuit of a STATCOM connecte(
a power system by a connection transformer, whe
and e represent the system RMS voltage anc
STATCOM’s RMS output potential respectively, €
RT and XT denote the resistanced leakage
reactance of the connection transformer. Assur
that there are not any harmonics in the systenage
V, the STATCOM output voltage e consists

fundamental and higbrder harmonics, and may
represented as:
e = ef+ enl+en2
e=ef+) el
i=nl, n2...

(1)
(@)

Where ef, is the RMS value of the fundame
harmonic, ei, represents the Rlvalues of high-order
harmonics, and nl1, n2 are the harmonic indicess;l
the first diagram of Fig 2 can be represented a:
sum of the other harmonic diagrams

Ploss = Pfundamental + Rimonic (3)

A. CONTROL OF REACTIVE POWER
It is well known that the amount and type (capaci
or inductive) of reactive power exchange betweer
STATCOM and the system can be adjusted
controlling the magnitude of STATCOM outg
voltage with respect to that of system voltage.
reactive power supplieby the STATCOM is give
by Equation below:-

(4)

Q = (VstatcomV¥s)/X

Where VSTATCOM, and Vs, are the magnitude:
STATCOM output voltage and system volte
respectively and X is the equivalent impeda
between STATCOMand the system. When Q
positive, the STATCOM supplies reactive powet
the system. Otherwise, the STATCOM absc
reactive power from the syste

B. CONTROL OF DC CAPACITOR VOLTAGE
If all the components were ideal and the STATC
output voltage werexactly in phase with the syste
voltage, there would have been no real pc
exchange between STATCOM and system there
the voltages across the DC capacitors would |
been able to sustain. However, a slight pt
difference between the system volt and the
STATCOM output voltage is always needed to suj
a small amount of real power to the STATCOM
compensate the component loss so that the
capacitor voltages can be maintained. This s
phase difference is achieved by adjusting the p
ande of the sinusoidal modulating signal. If the r
power delivered to the STATCOM is more than
total component loss, the DC capacitor voltage
rise, and vice versa. The real power exchange lest
STATCOM and the system is described by Eque
(5) below:-

P :VS—VSTATCOMan

X

(5)
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Where & is the phase angle difference betw
STATCOM voltage and the system volte

A controllable thregshase AC output voltac
waveform close to sinusoidal nature is obtainethe
point of comma coupling (PCC). The output A
voltage of the VSC(Voltage source converter) is)(
is governed by a DC capacitor voltage (Vdc), wt
can be controlled by varying phase differencg
between Vc and Vs (supply voltage). An almr
sinusoidal current in qudrature with the line voltac
is injected into the electrical system emulating
inductive or a capacitive reactance at PCC.

magnitude of the quadrature component of the °
current (Ig) regulates the phase differengebetweer
Vc and Vs across thgansformer leakage reactar
(X), which in turn controls reactive power flow, ¢
a is basically is the firing angle. The basic opieig
principle of a GTOVYSC based STATCOM is th
When Vc>Vs, the STATCOM is considered to
operating in a capacitivemode and when Vc < Vs,
is operating in an inductive mode and for Vc = Ng
reactive power exchange takes place and STATC(
is said to be operating in floating mode. Howe\z
small phase differencer) is maintained so that VS
losses are compensatby active power drawn froi
AC system. Applying phase angle contr@) betweer
Vc and Vs, Vdc is controlled with charging

discharging of the capacitor and thus capacitivi
inductive or floating mode of operation is emulate:
control reactive poweffow in the AC systen

3. SMULATION AND OPERATION OF
STATCOM

In this paper the concept of new magnetics is eat
to eliminate 5th, 7th harmonics in first stage ami
the second stage 11th, 13th and higher orde
voltage harmonics and thusninimizes the THL
levels. Interfacing magnetic is configured in tv
stages by employing a combination ~phaseA-Y/Y
converter transformer in first stage and a groupwof
3-phase PSTs for +15° antl5° phase shifts in tf
second stage. The two sets of phsisifted voltage
waveforms and output ac voltage waveform from
converter transformer are added electromagneti
to get final output voltages at the point of comr
coupling (PCC).
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Fig
-4. Outervoltage control loop circL

3.1. CONTROL OF STATCOM
The controller of a STATCOM is used to operate
inverter in such a way that the phase angle ety
the inverter voltage and the line voltage
dynamically  adjusted so that the STATCC
generates or absorbs desired VAR at the poit
connection. Fig. 5 shows a simplified diagramtloé
STATCOM with an inverter voltage source and a
reactance, XT1E, connected to a system wi
voltage source, VTH, and a Thevenin’s react,
XTH , When the inverter voltage is higher than
system voltage, the STATCOM sees” an induc
reactance connected at its terminal. Hence,
system “sees” the STATCOM as a capaci
reactance and the STATCOM is considered tc
operating in acapacitive mode. Similarly, when t
system voltage is higher than the inverter voltahge
system “sees” an inductive reactance connectets
terminal. Hence, the STATCOM sees the system
capacitive reactance and the STATCOM is consid
to beoperating in ani[lductive mol(
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Fig-5: Static Synchronous Compensator Operated in

Capacitive and Inductive Mod:
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Fig -6 Current Control Block Diagram of a Stati
Synchronous Compensai

Fig. 6 shows the reactive current control bl
diagram of the STATCOM. An instantaneou-
phase set of line voltages, vl, at BUS 1 is use
calculate the reference angleé, which is phas-
locked to the phase a of the line voltage, via

instantaneous 3phase set of measured invel
currents, il is decomposed into its real ordl
component, 11d and reactive or quadra
component, I1q respectively. The quadra

component is compared with the desired refer
value, I1g* and th error is passed through an el
amplifier which produces a relative angte,of the
inverter voltage with respect to the line voltagbe
phase anglefl, of the inverter voltage is calculat

by adding the relative angle,of the inverter and fig.
shows the MATLAB/Simulink system of inne
current control loop. The outer voltage controltt
maintains the voltage across the dc capacitor gt
a constant reference voltage. Keeping the dc ve
constant simplifies the voltage control scheme &
in fig.4. This control loop system generates
reference current Ig reference and injected irirther
current control loop which further generates thimdj
angle a for the GTObased converter and al
generates a voltage Vdqg; voltage at the d«
ordinates.

Transformer connection:-

The transformer connection used in -pulse
STATCOM model used to eliminates the 5th,
harmonics in first stage and in the second stage,
13th and higher order of voltage harmonics and, 1
minimizes the THD levelsintel-facing magnetics is
configured in two stages by employing a combina
of 3-phase\A-Y/Y converter transformer in first stac
and a group of two phase PSTs for +15° ar-15°
phase shifts in the second stage shows in

Interfacing magnetics

delta
iamag? A ] : )
— L'. i 4|'>IE‘.| rr
3 T o TPt | m—
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3 e e 3 r (D)
La cz. > L 81 we €2
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Fig-7: Transformer connection for Phi-shifting.
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Fig-8: 24-Pulse STATCOM Model.

4. RESULTS

The reference line voltage V* is set to 1.0pu, pLd:
0.97pu and 1.03pu at the instant of 0s, 0.22s,s0
0.60s respectively. In the voltage control I
presuming that STATCOM would be operated ¢
voltage regulator. With the DC capacitor (C) -
chaged and total simulation time set at 0.60sec,
performance of the compensator corresponding
load of 70MW 0.85pf (lag) at 132KV is studie

The voltage waveform is shown in fig.9. From thee
9 the variations in the voltage can be clearly sén
fig.10 shows the voltage at the point of comr
coupling (PCC). The STATCOM injects the reacl
power when the voltage is less than the refer
value and vicerersa. The voltage and curre
spectrum is shown in fig.11 at the point of comr
Coupling PCC). The harmonic spectrum for volte
regulation corresponding to the capacitive
inductive mode for voltage and current are show
figure 10(b), figure 11(b) (For capacitive modelyTF
analysis on the voltage and current harmi
spectrum have beetarried out for the compensa
and THD levels quantified during its operation
voltage regulation and power factor correction
unity.
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Fig-9: Three phase instantaneous volta
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Fig -10(a): Voltage at PC(
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FFT window: 2 of 30 cycles of selected signal

o L4 s o e
T T T
\
[
\

Mag (% of Fundamental)

=
s =

0

4 [ 8

Time (s)

T T T

III|| hlll‘

2 18 20
Harmonic or der

H 0‘35 0.16 OIJ? 0‘35 0‘39 040 0‘11 %
Fundamental (50Hz) = 1.073e+005 , THD= 1.50%
H |
Fig -10(b): Voltage(Va) Spectrum in Capacitiv
mode

Time{Sec) (.6

Fig-11(a): Valaat PCC

FFT window: 4 of 30 cycles of selected signal
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Fig-11(b): Current (I,) spectrum in capacitive
mode

5. CONCLUSIONS

A new type of multipulse STATCOM having tw
stages of magnetic circuit is evolved. The firstgs
of magnetic circuit is used for settingy VSC outpu
AC voltage to line voltage level, while other maga:
circuit is used for providing phase shift tce output
voltage of stagd- magnetic circuits, which in tui

sets an electromagnetic coupling with AC syster
PCC ( Point of Common Coupling ). These magr
circuits are also work to mitigate the harmonics$hat
order of 5th, 7th, 11th, 13th and hir order. This
model is designed with two elementar-pulse GTO-
VSCs connected in parallel across the DC capa
used as energy storage, and interfacing magr
configured in two stages. It also contained the Ri-

controllers, one of them is named inner current
control loop and another is outer voltage contolpl.

The compensator has been simulated to reg
voltage for an inductive load in electrical netwak
well as power factor correction to unity. Ba
operating characteristics of the del as illustrated
shows it’s satisfactory and improved performat

As we have seen the performance of STATC
working as voltage regulation mode as well as u
power factor correction var control mode. And
seeing the results of THDs of voltage current
spectrum we can say that STATCOM performs
better while working in voltage regulation mode
compare to the unity power factor correction in
control mode. Although unity power factor correat
in var control mode gives satisfactory rd¢s but
voltage regulation mode of operation mode impr
the performance of the STACOM, and is gre
accepted in industrial and power utility applicas:

6. APPENDIX
Parameters of the GTRSC based z-pulse 2-level £
100 MVAr STATCOM mode
1. STATCOM parameter:
Converter type/SC; Thyristo-GTO; no. of
pulses24; normal AC voltac-5.1Kv;normal DC
voltage8.3 kv; GTO fixed resistan-0.01Q GTO
triggering control fundamental frequency (50H
switching DC capacitor2000Quf.
2. Interfacing magnetic (Ba-100MVA):
Stage-1
» Converter transforme
3-phase 3winding PS~
Rating: 1000MVA,50Hz,66Kv/5.1kv,12.8

(X)
Vector group: YA-Y
Stage- Il
» 3-phase  3winding zigzag connec
(+)15degree
Rating: 100MVA,50Hz,66kV/5.1Kv,12.8 ¢
(X).
Stage I
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» 3-phase 3- winding zigg connected(+) 1
degree PST Rating: 25 MVA50 Hz,
kv/5.1kv, 10.8%(X),Vector Group: Zigzag
interconnected-star/open-Y

» 3-Phase,3vinding zigzag connecte-15)
degree PST ,Rating:25 MVA,50 Hz,33
kv/5.1kv,10.8%(X) Group: Zigzag (
interconnected-star/open-Y
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