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Abstract— Transmission networks of modern power systems are
becoming increasingly stressed because of growing demand and
restrictions on building new lines. One of the consequences of
such a stressed system is the threat of losing stability following a
disturbance. Flexible ac transmission system (FACTS) devices
are found to be very effective in a transmission network for
better utilization of its existing facilities without sacrificing the
desired stability margin. Flexible AC Transmission System
(FACTS) such as Static Synchronous Compensator
(STATCOM), employ the latest technology of power electronic
switching device in electric power transmission systems to
control voltage and power flow. A static synchronous
compensator (STATCOM) is a shunt device of the flexible AC
transmission systems (FACTS) family. The STATCOM regulates
voltage at its terminal by controlling the amount of reactive
power injected into or absorbed from power system. When
system voltage is low, STATCOM generates reactive power and
when system voltage is high it absorbs reactive power.

This paper presents a new fuzzy and pi based controller
for enhancement of voltage stability of a four machine 500kv, 13-
bus grid connected power system using a 48-pulse, £100Mvar
GTO-based STATCOM. The controller is carried on a decoupled
current control strategy using direct and quadrature components
of STATCOM current. The combined Fuzzy and Pl controller is
used in voltage regulator block of a decoupled current
STATCOM controller. To study the effectiveness of the
STATCOM in enhancement of voltage stability, the different
load changes are applied at different time intervals during the
simulation and variations in voltage at the load end before and
after the use of STATCOM controller is observed. Operation of
STATCOM is validated on both capacitive and inductive modes.
The complete power system its PSB model and results of
investigations, showing the effectiveness of proposed Fuzzy and
PI controller in voltage stabilization, have been presented. For
the sake of comparison, time-domain simulation of same system
has been carried out without controller. Analysis of the results
and conclusion are presented.

I. INTRODUCTION

Voltage stability is increasingly becoming the limiting
factor in planning and operation of power system, mainly in
longitudinal lines. A suitable reactive power control scheme
can provide a number of important benefits in power system
operation such as reduction of voltage gradients, efficient
utilization of transmission capacities, increase in voltage
stability margin etc. Different control techniques have so far
been applied to avoid the voltage collapse and also to maintain
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the load voltage within specified limits. Commercial
availability of gate turn of thyristor (GTO’s) devices with high
power handling capacities, and the advancement of other type
of power-semi conductor devices such as IGBT’s, have led to
the development of controllable reactive power sources
utilizing electronic switching converter technology[1]. These
technologies additionally offer considerable advantages over
the existing ones in terms of space reductions and
performance. The GTO thyristor enabled the design of solid
state shunt reactive compensation equipment based on the
converter switching technology. This concept was used to
create flexible shunt reactive compensation device named
static synchronous compensator (STATCOM) due to
similarity in operating characteristics but without mechanical
inertia. In this paper, a 48-pulse VSI converter based
STATCOM build using a four 12-pulse VSI converters and is
used as a £100 MVAR STATCOM[3],[4]. For high power
applications it is most suitable as harmonics of the order
48r+1, r=0,1,2,...only would be generated, Although by using
24-pulse converter with filter, tuned to the 23-25" adequate
amount of harmonics could be eliminated. But, the 48-pulse
converter scheme can ensure minimum power quality
problems and reduced harmonics resonance conditions on
interconnected grid network.

A PI controller has better performance under steady state
condition and Fuzzy logic has a better performance under
dynamic conditions. A hybrid Fuzzy-PI controller is used in
the control of STATCOM to utilize the advantages of Fuzzy-
Pl controller. The proposed STATCOM is modelled in
MATLAB/SIMULINK Sim power system tool boxes and
developed model is used to simulate its performance under
various operating conditions.

Il. STATIC SYNCHRONOUS COMPENSATOR

The Static Synchronous Compensator (STATCOM) is
shunt connected reactive compensation equipment which is
capable of delivering or absorbing variable reactive power to
control the required parameters of the electric power system.
The STATCOM provides operating characteristics similar to
those of a rotating synchronous compensator. Due to the use
of solid state power switching devices it does not suffer from
mechanical inertia and hence can provide rapid response.
STATCOM is basically a three phase GTO or IGBT-based
voltage source inverter (VSI) with a DC capacitor at one of its

311



International Journal of Advanced and Innovative Research (2278-7844) / # 312 / Volume 2 Issue 11

ends and a step-up transformer (called coupling transformer
having leakage reactance) at the other-end; the secondary of
the transformer remains connected in shunt with the
line[12],[13]. The basic voltage-source inverter representation
of STATCOM for reactive power generation is shown
schematically in Fig. 1.

STATCOM is used to absorb reactive power from the line
or to deliver the same to the line with the aim of regulating the
bus voltage, dynamically. The basic principle of STATCOM
operation can be illustrated by the phaser diagrams, shown in
Fig. 2. By proper switching operation, the magnitude and
phase of the STATCOM output (ac) voltage, Vs is controlled
with respect to the bus (or line) voltage, V. The difference,
AV =|Vg|-|Vs| between the line voltage and STATCOM
voltage appears across the leakage reactance. Let, Vsp and
Vsq are the in-phase and out of phase components of
STATCOM output voltage, VS with respect to the line voltage,
Vs, such that Vg = [Vg|L 00& Vs = Vgp + jVsg. The potential
difference between the line voltage and the in-phase
component of STATCOM voltage, AVp =|Vg|-|Vsp| appears
across the leakage inductance between line and STATCOM
and causes flow of reactive current, 15=-jAV p/XL from the
line to the STATCOM and hence flow of reactive power,
QBS:VBIQ*: jVB(AVLD/XL): J|VB|[|V|'|VSD|]/X|_ from the line
to the STATCOM.

When |Vgp|<|Vg|, Qps is positive and the STATCOM
absorbs inductive power, Qgs from the bus and acts like an
inductor. On the other hand, when |Vsp|>|Vg|, Qgs IS negative
and the STATCOM delivers inductive power, QBS to the bus
and acts like a capacitor. When |Vsp|=|Vg| reactive power
exchange is zero. Thus, by controlling the magnitude of the
in-phase component, Vsp of STATCOM with respect to the
line voltage, Vg, the STATCOM can be made to absorb
reactive power from the line or deliver the same to the line.
The potential difference between line voltage and out of phase
component of STATCOM voltage, AV q = 0-j|Vgql|. It appears
across the leakage inductance between line and STATCOM
and causes flow of active current, I, =AV, o/X; =-Vgo/X, and
hence flow of active power, Pgs=Vglp*=-VgVso/X, from the
STATCOM to the line. Direction of active power flow can be
reversed by reversing the sign of Vg, i.e., by making it to lag
Vg. For delivering real power to the power system, energy
storage device should be connected to the DC side of the
STATCOM. When a capacitor is connected at the DC-side of
STATCOM, under steady state operation Vsq is kept lagging
Vg by a very small angle to compensate the small active
power losses in the inverter.
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Fig2: STATCOM Operation (a) Inductive Operation
(b) Capacitive Operation.

I11. 48-PULSE VOLTAGE SOURCE GTO CONVERTER

It consists of four three-phase, three-level inverters
and four phase-shifting transformers. In the 48-pulse voltage
source converter, the dc bus V. is connected to the four three-
phase inverters. The four voltages generated by the inverters
are applied to secondary windings of four zig-zag phase-
shifting transformers connected in Y or A. The four
transformer primary windings are connected in series, and the
converter pulse patterns are phase shifted so that the four
voltage fundamental components sum in phase on the primary
side.

Using a symmetrical shift criterion, the 7.5° are
provided in the following way: phase-shift winding with -
3.75° on the two coupling transformers of one 24-pulse
converter and +3.75° on the other two transformers of the
second 24-pulse converter. The firing pulses need a phase-
shift of +3.75°, respectively.

The 48-pulse converter model comprises four identical 12-
pulse GTO converters interlinked by four 12-pulse
transformers with phase-shifted windings [9]. Fig. 3 depicts
the schematic diagram of the 48-pulse VS-GTO converter
model. The transformer connections and the necessary firing-
pulse logics to get this final 48-pulse operation are modeled.
The 48-pulse converter can be used in high-voltage high-
power applications without the need for any ac filters due to
its very low harmonic distortion content on the ac side. The
output voltage have normal harmonics n=48r+1, where
r=0,1,2,... , i.e., 47th, 49th, 95th,... , with typical magnitudes
( 1/47th,1/49th,1/95th... ), respectively, with respect to the
fundamental; on the dc side, the lower circulating dc current
harmonic content is the 48"

1°* 12-pulse converter: The resultant output voltage generated
by the first 12-pulse converter is

Uab12(t) 1= 2[Vab1 sin ((1)t+30 0 ) + V11 sin (11 ot+195 0) +
Vab13sin (13 ot+225 0) + Vab23 sin (23(Dt+600) + Vab25
Sin(25wt+120%)+........... ] - 1)

2" 12-pulse converter:

The resultant output voltage generated by the second 12-pulse
converter is

Vap12(t)2 = 2[Vaps SiN(ot+30°) +Vap1a SiN(11wt+15°) + Vs
Sin(13wt+75°) + Vypo3 SIiN(23wt+60°) +

Vapzs SiN(250t+120 °)+........... 1
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Fig.3 48-ptjlse GTO based converter

3" Pulse Converter:

The resultant output voltage generated by the third 12-pulse
converter is

Vap12(1)3=2[V ap1sin(@t+30°)+V gy 18in(1 1 wt+285°)+
Vamsin(130)t+345°)+Vab23sin(23(Dt+240°)+Vab25
sin(250t+300 °)+........... | (3)

4™ pulse Converter:

The resultant output voltage generated by the fourth 12-pulse
converter is

V ap12()3 = 2[Vap1 sin (@t+30° ) + Vapyg sin (11 ot+105 °) +
Vap138in (13 @t+165 ©) + Vo3 sin (23wt+240°) +

Vapos Sin (250t+300 °)+........... ]
These four identical 12-pulse converter provide shifted ac
output voltages, described by (1)—(4), are added in series on
the secondary windings of the transformers. The net 48-pulse
ac total output voltage is given by

()

U apag(t)= 8[Vap1 sin (ot+30° ) + Vg7 sin (470t+150 °) +
Vanaesin ( 490t+210°) + Ve sin (950t+330°) + Vangr sin
(970t+30°)+........... ] (6)

IV. POWER SYSTEM DISCRIPTION

A 13-bus four machines (G, G2, G3, G4 at 500kv), two
area system with loads at bus 9 and bus bus9 as shown in fig.4
has been considered[2].

V apag(t)= 0 ap12(t) 140 ap12(t)2+ 1 2p12(£)3+ ¥ ap1o(t)

G1 1 5 10 13 12 6 G3
(: ) 3 1 8 (: )
G2 2 7 G4

Ak
STATCOM

FIG.4: TWO-AREA SYSTEM

Two of generators are supplying from a programmable
voltage source (voltage is varying between £5% with time)
and other two are supplied from three phase voltage source.
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The 48-pulse, £100 Mvar STATCOM has been
connected at the mid-point bus 11 for controlling and
maintaining the voltages near 1.0 p.u at bus-4, bus-9. The
details of the system parameters are given below in table-1.
V.CONTROL ALGORITHM OF STATCOM
The various steps of control algorithm of STATCOM shown
in below[14],

Decoupled current control strategy:

The new decoupled control system is based on a full -
decoupled current control strategy using both direct and
quadrature current components of the STATCOM ac current.
The decoupled control system is implemented as shown in Fig.
7. A phase locked loop (PLL) synchronizes on the positive
sequence component of the three-phase terminal voltage at
interface Bus 2. The output of the PLL is the angle (&) that
used to measure the direct axis and quadrature axis component
of the ac three-phase voltage and current. The outer regulation
loop comprising the ac voltage regulator provides the
reference current (Iqref) for the current regulator that is
always in quadrature with the terminal voltage to control the
reactive power. The voltage regulator is a proportional plus
integral Pl controller with Kps=5 and K;=0.09. The current
regulator is also PI controller with K,==12 and K;=0.09. The
PLL system generates the basic synchronizing-signal that is
the phase angle of the transmission system voltage Vs, & and
the selected regulation-slope k determines the compensation
behavior of the STATCOM device. To enhance the dynamic
performance of the full 48-pulse STATCOM device model, a
supplementary regulator loop is added using the dc capacitor
voltage. The dc side capacitor voltage charge is chosen as the
rate of the variation of this dc voltage. Thus, for a fixed
selected short time interval at, the variation in the Vdc
magnitude is measured, and any rapid change in this dc
voltage is measured and if this IVdcl change is greater than a
specified threshold K, the supplementary loop is activated.
The main concept is to detect any rapid variation in the dc

capacitor voltage.
(e 1pA—

C Voltage Rate Detector
Vdc | Measurement BViK
2<Ba<2
Vocrer

Limiter Limiter

Converter
O~ - R

be_‘. Vs
Gatepattern |
Aa Logic
Voltage Regulator Iy | Current Regulator

v e
* STATCOM CURRENT [__""fomatn

L8
Bus voltase [y

Fig.5Decoupled current controller for STATCOM

The strategy of a supplementary damping regulator is to
correct the phase angle of the STATCOM device voltage®,
with respect to the positive or negative sign of this variation.
If V4>, means the dc capacitor is charging very fast. This
happens when the STATCOM converter voltage lag behind
the ac system voltage; in this way, the converter absorbs a
small amount of real power from the ac system to compensate
for any internal losses and keep the capacitor voltage at the
desired level. The same technique can be used to increase or
decrease the capacitor voltage and, thus, the amplitude of the

A
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converter output voltage to control the Var generation or
absorption. This supplementary loop reduces ripple content in
charging or discharging the capacitor and improves fast
controllability of the STATCOM.

Fuzzy Logic Based DC Voltage Controller:

Broadly the FLC (fuzzy logic controller) consists of three
stages: fuzzification, rule execution and defuzzification. In
first stage, fuzzification converts the crisp variables into the
fuzzy variables. Membership functions are considered to be
triangular. The shapes of the membership functions which are
considered for the input variables error ‘e’ (V'gc-Vaes), change
in error ‘ce’ (de/dt) and change in output ‘du’ as shown in
Figs.3 (a), (b) and (c). Seven membership functions namely
NB (negative big), NM (negative medium), NS (negative
small), ZE (zero), PS (positive small), PM (positive medium)
and PB (positive big) are chosen. In the second stage, the
fuzzy variables are processed by an interface which executes
49 control rules as shown in Table I. In third stage as
defuzzification, the fuzzy variables are converted back to crisp

variables. The FLC gives the reference d-axis current ‘" (FLC) -

P1 Controller Based DC Voltage Controller:
The expression for DC voltage controller from the PI
coptroller can Qe written as,
i (PI)(n ) =l (P1) (h-1)+K p (Ver (N) - Ver (N — 1)) +
K Ver (1) (1) .
Whereve (n) =V g (n)—Ve(n)

And ‘K, and ‘K;’ are the proportional and integral galn
constants of the DC link voltage controller respectively. v 4 ’
and ‘vg.~ are the reference and sensed DC link voltages. The
reference d-axis current from the PI controller is ‘id*(p.) ",
Combined Fuzzy and PI controller:

The output of the fuzzy-pi controller is decided by the
error in DC bus voltage that decides the membership function
shown in Fig.5 (d) for the PI controller and FLC controller.
Three membership functions N (negative), Z (zero) and P
(positive) are chosen.

The output of the fuzzy-pi controller is ¢ 1p, * and
“Hrc =1 —Hp .

The net reference d-axis current is as,

1¢*=Wpi ige) + HeLcia®FLo)
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Fig. 3(b) Membership functions for change in error “ce”
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Fig. 3(c) Membership functions for change in output “du”
TAELE-I CONTROL RULE TAELE

gce |NB | NM| NS ZE Ps A | FB
NB |MNB ME | NB |NB NM N8 |ZE
NM | NE NMB | NM |MM | NS ZE 23
NS |NB MM | NS NE ZE s P
IE NE NM| NE 7E i 2 ™I |FB
Ps MM | NE ZE P8 P PM |FB
PAL | NE 7E -3 ™I | FB B
PB | ZE BE En | BB FB FB FB
Where

lg=Q*Iv

The reference voltage commands ‘v*i’ and ‘v*’ can be

expressed as,

V*ea =Vt = Kpa (Ig-1%g)

V*cq :V*tq - kpd (i*q'i*d)

Where Vi’ and ‘Vy’ are decomposed AC terminal voltages
and ‘kyq” and ‘kyy’ are proportional gains.

The reference phase angle for maintaining the DC link voltage
is given as,

5 = tan 1 (vrcq/w)

Where v; fundamental AC converter output voltage.
VI.RESULTS AND DISCUSSIONS:

SYSTEM WITOUHT STATCOM:

The sample radial power system is subjected to load
switching loadl, load2 and load3 at t=0.01 to 0.04 seconds,
t=0.14 to 0.18 seconds, t=0.3 to 0.34 seconds with P= 1p.u
Q=0.8p.u, P=0.7p.u  Q=0.5p.u, P=0.6p.u Q=0.4p.u
respectively connected at load bus B4 and bus B9.Due to
inductive load the voltage at load bus B9 is Vs=0.95p.u.At
0.5sec capacitive load is switched voltage is increased to
Vs=0.98p.u.The digital simulation results are given as shown
in Fig.6 (a) —Fig.6 (d)

1 i i

Y uguv&u J

W U;UJ U‘%UUUJ

Fig.6 (a) Voltage inP.U at voltage source bus B1
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Fig.6(b) Current in P.U at bus B1.
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Fig.7(a) Capacitor DC voltage in p.u
Fig.7(f) Voltage of a Uncompensated System Vs t
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Fig.7(g) Regulated bus voltage at bus Vs t
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Fig.7(h) Voltage at bus B4 Vs t
Phase A Voltage at bus B9 Vs t
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Fig.7(i) Phase A Voltage at bus B9 Vst

When starting source voltage is

such that STATCOM is inactive. It neither absorbs nor sends
the reactive power to network. The network voltage Vg is
1.02p.u and only inductive load bus B9, and the STATCOM
connected bus voltage at bus B11 is 1.03p.u.
Step-1)t=0.01s at this time the static synchronous compensator
STATCOM is switched. The STATCOM is now operating
capacitive mode and injects about 0.25p.u of reactive into the
ac power system, as shown fig.7(C) .The bus voltage is
increased to 1.05p.u as shown in fig.7(g).
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The STATCOM will draw 0.05p.u real-active power of from
the network for the GTO switching losses and transformer
resistive and core losses. The voltage regulation leads to
increase in the transmitted real power to load bus B9 with
PL=0.13 p.u, due to the reactive power compensation, the
transmitted reactive power also decreases as shown in fig.7(e).

Step-2) t=0.15s at this time, the second inductive load
P=0.7p.u and Q=0.5p.u is added to the ac power system bus at
bus B9, therefore more dynamic reactive power compensation
is required. As the STATCOM voltage phase displacement
angle is increases, and therefore, the d.c capacitor voltage is
increased as shown in fig.7(a). The STATCOM injects about
0.5 p.u of reactive power into the ac network at bus B11 and
draws about 0.03p.u of real power to compensate GTO losses
and transformer resistive and core losses. The regulated bus
voltage is about 1.03p.u.

Step-3) t=0.3s the capacitive load with P=0.6p.u and Q=0.4p.u
is now added to the power system at bus B9.The capacitive
load have compensative effect so the STATCOM inject less
reactive power into the ac power system at busB1ll. The
injected reactive power is decreased by reducing dc capacitor
voltage. While the STATCOM injects 0.415p.u of reactive
power into the power system network at bus B11 and draws
only 0.01p.u of real-active power for compensating the added
losses.

Step-4) t=0.325s at this time load1 and load? are rejected from
bus B11, which is a severe load reduction, and only capacitive
load remains connected to bus at B9.Due to thi capacitive
load, the STATCOM operates in inductive mode to regulate
the resultant over voltages. The STATCOM voltage leads the
bus voltage.

As a result capacitor voltage drops as shown in figure7(a)
The regulated bus voltage is 1.05p.u.,The dynamic
performance of the 48-pulse converter voltage and current and
transition sequence from the capacitive mode of operation to
inductive mode of operation are shown in fig.7(b) with no
transient over voltages appeared. This smooth transition is due
to the novel controller , which is based on the decoupled
control strategy and Fuzzy-Pl controller employed in the
voltage controller of decoupled current STATCOM controller
strategy.

CONCLUSION

In this Thesis, dynamic behavior of four machine
system 13-bus system grid connected system installed with
STATCOM is investigated under different load changes. This
project presents 48-pulse GTO voltage source converter of
+100 Mvar STATCOM model of FACTS devices. The full
descriptive digital model connected to 500kv electric grid
network is validated for digital stabilization, reactive power
compensation using decoupled current control strategy. The
control strategies implemented decoupled current control
technique to ensure fast controllability, minimum oscillatory
behavior, and minimum inherent phase locked loop time delay
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as well as system instability reduced impact due to a weak
interconnected ac system.

Fuzzy-Pl based STATCOM controller in the
voltage regulator of STATCOM controller designed to
improve the voltage profile of the given system. Controllers
inputs are chosen carefully to provide better damping to the
system and its range are determined by the simulation results
of fuzzification process. For Fuzzy-Pl based STATCOM
controller, error i.e. difference of Vs and Vs and its
derivative are taken as input parameters for voltage and its
derivative are taken as input while K, and K; are taken as
output parameters. Proposed controllers are implemented
using MATLAB/SIMULINK. Fuzzy-Pl based STATCOM
controller compared with conventional uncompensated power
system. Simulation results indicate that the Fuzzy-Pl based
STATCOM controller installed with four machine system
provides better damping characteristics as compared to
conventional Pl based STATCOM controller and provides
improved voltage profile as compared to conventional Fuzzy-
Pl based STATCOM controller.

TABLE |: SELECTED POWER SYSTEM PARAMETERS
Three Phase AC Voltage Source

(i) Three Phase Constant VVoltage Source 1
Rated Voltage 500 (KV)
Frequency 50 (HZ)
10000
S.C. Level (MVA)
Base Voltage 500 (KV)
XIR 8
(ii) Three Phase Constant Voltage Source 2
Rated Voltage 500 (KV)
Frequency 50 (HZ)
10000
S.C. Level (MVA)
Base Voltage 500 (KV)
X/R 8
(iii) Three Phase Constant \Voltage Source 3
Rated Voltage 500 (KV)
9000
S.C. Level (MVA)
XIR 10
(1V) Three Phase Constant Voltage Source4
Rated Voltage 500 (KV)
9000
S.C. Level (MVA)
XIR 10
Transmission line
Resistance 0.05(0hm)
Reactance 0.2 (Ohm)
Line Lenght 200 (Km)
Three Phase Load P(p.u) Q(p.u)
Load-1 1 0.8
Load-2 0.7 0.5
Load-3 0.6 0.4
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STATCOM
Primary Voltage 500 (KV)
Secondary Voltage 15 (KV)
Nominal Power 100
(MVAR)
Frequency 50Hz
Capacitance 3000uF
GTO Switches
Snubber Resistance le-5 (ohm)
Snubber Capacitance inf
Internal Resistance le-4 (ohm)
No. of Bridge arm 3
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