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Abstract

This paper deals with the role of the Static Synchronous Compensator
(STATCOM) in enhancing stability of the power system combined with
Doubly Fed Induction Generator (DFIG) based off-shore wind farm. The
STATCOM is employed to maintain stable voltage and also to improve the
power quality. The use of STATCOM is recommended in systems with large
loads, where the reactive power consumption from the grid could cause
serious effects on the connected loads. In this work, design of suitable
controllers is proposed to improve the stability of the overall system. A
Proportional Integral Derivative (PID) Controller and the Fuzzy Logic
Controller (FLC) are designed for the purpose of controlling the operation of
the STATCOM and vary the reactive power supply according to the voltage
level at the PCC. Simulation work of the proposed scheme is carried out using
MATLAB/Simulink. It is observed from the obtained results that the
STATCOM with FLC has the improved characteristics to enhance the
operation of a multi machine system fed by a DFIG based Offshore Wind
farm.

Keywords: Doubly Fed Induction Generator, Fuzzy Logic Controller, PID
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Introduction

Modern power system experiences severe power quality issues that are caused
because of the increased usage of non linear loads and increase in demand. These
challenges are caused due to the increasing complexity in the operation of the power
grid and their structure. One of the major problems faced by power system is the
stability issue. This is caused due to the lack of various facilities in the generation and
the transmission systems and also due to the increasing demand. Hence the non
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conventional energy sources such as wind power plants are taken into consideration.
Significantly, the wind power penetration into the grid has increased drastically in the
recent years and it is also satisfying in meeting the load demand in the power system.
The major problems that are faced in the wind farm connected to the grid are flicker,
voltage stability and harmonics and they affect the stable operation of the power
system. Generally, the voltage profile should lie in the limit of 0.95 to 1.05 p.u. The
major reasons for the voltage instability are heavily loaded system, faulted or with
insufficient reactive power supply. The voltage stability can be improved by using the
Static VAR Compensator (SVC), switched capacitors, synchronous condensers and
STATCOM [1]-[3].

This paper deals with the design of PID and Fuzzy Logic controllers for the
STATCOM at the PCC where a DFIG based wind farm is coupled to the grid. The
stability of the grid is affected by the operation of the wind farm. The controller is
designed to enhance the voltage stability by properly supplying the required reactive
power at the PCC. The effectiveness of the proposed controller is studied using
MATLAB/Simulink.

Static Synchronous Compensator

A STATCOM is a shunt compensated equipment which can be seen as a voltage
source behind the reactance. It is able to produce or consume the reactive power. It is
also purely based on the current and the voltage waveforms of the Voltage Source
Converter (VSC). The STATCOM is capable of producing controllable absorbing or
generating reactive power with the help of the power electronic converters. They need
low pass filters such as LC filters to suppress the switching frequency harmonics of
the converter [4].

A STATCOM is able to switch the reactive power along the line because of the
presence of the small energy storage device namely dc capacitor. If the capacitor is
replaced by a dc storage battery, the controller can exchange real and reactive power
within the system. The relationship between converter ac voltage and the dc capacitor
voltage is given by equation (2).

Vout = kVyc (@)

Where, ‘k’> is the coefficient which depends on the converter configuration,
number of switching pulses and converter controls. The converter output voltage Vou
can be controlled by varying the dc voltage across the capacitor. The ac current flow
between the ac source and the voltage source converter is given by equation (3).

Vout—Vac
lape = tT (3)

Where V. and V4 are the converter voltage and the ac system voltage, while ‘x’
represents the coupling transformer leakage reactance. The corresponding reactive
power can be expressed as in equation (4).

0= V¢)2ut_V01;i'.‘Vac coso (4)
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The real power transfer between the voltage sourced converter and the ac lines can
be calculated using equation (5).

p= VaCVo;t sinx (5)

The V-I characteristics of the STATCOM is given in figure 1 [4],
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Figure 1: V-1 Characteristics of STATCOM

Mathematical Modeling of The Proposed System

A. Mathematical Modeling of Wind turbine

A relationship between the output power and the various variables of the wind turbine
system constitute the mathematical modeling. The work done ‘W’ in displacing the
object from rest to a distance ‘s’ under the action of a force ‘F’, under constant
acceleration is [5]

E=W=F.s

Where ‘E’ is the kinetic energy. According to Newton’s Law, F = m.a

Hence, E = m.a.s (6)
Using the third equation of motion,

v2=u’+2.as (7

R R v2_u2
The acceleration is a = (8)
Since the initial velocity of the object is zero, u=0,
_v

a=_ 9
From (9) & (6) the kinetic energy is

E = 0.5mv? (10)

The power in the wind is given by the rate of change of energy,
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p=2% _g5p2im (11)
dt dt

As mass flow rate is given by, ‘;—T = pA Z—f

The rate of change of distance is given by,

dx
dt

and therefore rate of change of mass flow is ‘;—T = pAv
From equation (11) the expression for power is,

P = 0.5pAv3 (12)

The power coefficient C, of the wind turbine is 0.59.
The available power from the wind turbine is represented by,

Pavair = 0.5403C, (13)

It is not possible to excerpt the entire kinetic energy and hence it excerpts a portion
of the power in the wind, called the coefficient of power for the turbine.

Prech = Cppwind (14)
The power that is produced mechanically from the wind turbine is given by [5],
Pmech = O-SPTIRZVMS/inde (15)

B. Mathematical Modeling of STATCOM
The mathematical modeling of STATCOM is performed with the following
presumptions [6],

1. The switches are assumed to be all ideal.

2. The voltage at the source side is balanced.

3. Rsrepresent the coupling transformer losses.

4. The harmonic contents are negligible.

The Park’s abc to dq transformation matrix is utilized. The original circuit is more
complex and so it is divided into sub circuits. The three phase voltages vsanc lagging
with the phase angle a to the STATCOM output voltage v, anc and differential form of
the STATCOM currents are defined in equations (16) and (17).

sin(wt — @)

Usa . 2T
— vsb] — \/évs sin ((A)t - — ?) (16)

sin (wt —-—a+ %n)

d r. .
LSE (lc,abc) = _Rslc,abc + Vs,abe — Vo,abe (17)

The above given voltages and currents are then transferred into dq axis as given in
equations (18) and (19).

d /. , )
LSE(L“I) = —Rsicqg — WLsicq + Vsq — Vogq (18)
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da ,. . .
LSE("Cd) = WLchq — Rgicq + Vsqg — Voq (19)
The transformation function S of the STATCOM is given by,
sin(wt)

g= FZ] — \/é m sin (0)'[— Z?TC) (20)
Sc (

sin| ot + %n)

The index of modulation (M), being constant is given by,

_ Vo,peak — E m (21)
Vac 3

The output voltages of STATCOM in dq frame is given by,

Vo,qdo =M [0 1 O]T Vac (22)
The capacitor current in dc side in terms of dq axis is given by,

ige=m[0 1 0][leq lea ico]” (23)
Thus the current and voltage in the dc side are related by,

d .

at (Vae) = % lea (24)

The entire model of the STATCOM in dq axis is given by [6],

-R
. — —w 0 . .
4 leg s . leg , [~sina
. - -m .
— g =W S — leg| +— | cosa (25)
dt Ls L Ls 0
Vdc m Vdc
0 - 0

System Description and Simulation Results

In this work, the Western System Coordinated Council (WSCC) — Three machine
Nine bus practical power system is considered for study [7]. The base MVA of the
system is 100 and the system frequency is taken to be 60 Hz. The system consists of
three generators, nine buses, and three loads. The three machines are taken to be the
synchronous generators. The loads are connected to the buses 4, 9 and 8. Here the
loads are taken to be the constant impedance loads. A DFIG based offshore wind farm
is coupled at bus 9 of the test network. The offshore wind farm is illustrated by a
corresponding DFIG driven by a gearbox [8]. The one line diagram of the test system
is given in figure 2.
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Figure 2: One Line Diagram of Three machine Nine bus System

The Three machine Nine bus system is taken for study for this work is simulated
using the software MATLAB/SIMULINK. The simulation is carried out under four
different cases.

1) Case 1 — The test system with DFIG

In this first case, the basic configuration of the proposed system is described. The
DFIG offshore wind farm is coupled to the Three machine Nine bus system at bus 9.
Hence here, bus 9 is the PCC. The simulation diagram with the test system and the
DFIG connected to its PCC is given in figure 3.
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Figure 3: Simulink Diagram of The Test System With DFIG

The voltage and the current waveforms at various buses are obtained as given in
figure 4, 5 and 6. Since the voltages and the currents are calculated in terms of per
units, the source voltage and the source current from the three generators remains the
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Figure 4: Voltage and Current waveform of three generators



21108 G. Kiruba Vaishnavi

Voltage (p.u.)

i 1 i 1
0.0z 0.04 0.06 0.08 o1 RE] 014 016 ERE] o0z

Current (p.u.)

Time (sec)

Figure 5: Voltage and Current waveform of DFIG output
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Figure 6: Voltage Waveform At The PCC

2) Case 2 — System with Three phase fault

In this case, a three phase fault is abruptly enforced at bus 9 at t = 0.02 sec and it is
cleared at t = 0.05 sec. Similar type of fault is the most crucial and serious fault to be
checked whether the test system can tolerate such severe consequences or not. For
analyzing the voltage stability of the test system, a three phase fault is enforced at the
PCC i.e. bus 9. The voltage measured is in terms of rms value. The voltage waveform
obtained is given in figure 7.
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Figure 7: Voltage measured at point of common coupling after the application of
three phase fault

From the above simulation result, it is seen that the voltage at the PCC is stable
before the occurrence of the fault. Once the fault is applied at bus 9 i.e. the point of
common coupling, the voltage gets disturbed and becomes unstable. Hence, due to
this, the voltage stability of the overall system is collapsed. This may cause the entire
system to get collapsed. Hence, to enhance the system stability the STATCOM is
preferred.

3) Case 3 — STATCOM with PID controller

In the previous section it has been observed that the voltage stability of the system is
collapsed due to the occurrence of three phase fault at the PCC. Hence to enhance the
network stability the STATCOM is coupled at the PCC. STATCOM produces
controllable supplying or consuming reactive power by using switching converters.
The STATCOM is used to inject the reactive power into the network when the system
bus voltage level is lesser than the required voltage level. It is also used to absorb the
reactive power from the network when the voltage level is greater that the inverter
output voltage. The output of the STATCOM contains some harmonics components
in it. Hence, to overcome these harmonics in the output of the STATCOM, the LC
(Inductor — Capacitor) filter is used. This filter is very effective in removing the
harmonics in the waveform and it gives us the pure sine wave as the output. Hence
LC filter is preferred over the other filters. The simulation result after connecting the
STATCOM with PID controller at the PCC is given in figure 8. The reactive power
injected by the STATCOM is also shown and the waveform of both the voltage and
the reactive power supplied are given in figure 8.
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Time (sec)
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Figure 8: Voltage At PCC and Reactive Power Injected By STATCOM (PID)

It is seen from the above simulation result that the voltage has attained stability at
the time t= 0.035 sec. This is due to the reason that the STATCOM produces required
reactive power and it is supplied to the PCC. The reactive power supplied is more at
the starting stage i.e. during the time t = 0.005 sec to t = 0.05 sec. This is shown in the
figure 8.

4) Case 4 — STATCOM with FLC

The Fuzzy Logic controller is used because of its accuracy. It can give more accurate
results than any other conventional controller. In FLC it is possible to specify the
required output for the inputs at very small interval [10]. In this work, PID controller
is replaced by Fuzzy Logic Controller. The voltage at the PCC is measured and it is
fed as the input to the controller part of the STATCOM. The simulation result after
connecting the STATCOM with Fuzzy Logic Controller at the PCC is given. The
reactive power injected by the STATCOM is also monitored and the waveform of
both the voltage and the reactive power supplied are given in figure 9.
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Figure 9: Voltage at PCC and reactive power supplied by STATCOM (FLC)
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From the simulation results obtained it is seen that the voltage loses its stability
when the three phase fault is enforced at time t = 0.2 sec. It is seen that the voltage
waveform regains its stability at the time t = 0.026 sec. This implies that the voltage
waveform regains its stability at a faster rate. The response is faster when compared to
the PID controller. This faster response is attained due to the action of the STATCOM
which is controlled by the Fuzzy Logic Controller.

Table 1 gives the comparison of the performance of the controllers of both PID
and FLC. The settling time is used as an important parameter to compare their
performance.

Table 1. Comparison of Various Controllers

S.No | Case Settling Time (sec)
1 Without STATCOM 0.05

2 STATCOM with PID controller | 0.035

3 STATCOM with FLC controller | 0.026

Thus, from the comparison table given in table 1 it is inferred that the settling time
is very less when the Fuzzy Logic Controller (Ts= 0.026sec) is used. The settling time
is decreased with the PID controller (Ts = 0.035sec). But the settling time is further
decreased with the use of the FLC controller. Hence, the system will attain its stability
at a faster rate. Thus the use of the FLC controller helps the system to attain the
stability at a faster rate.

Conclusion

In this work, the stability improvement of a DFIG based Offshore wind farm fed to a
multi machine system is carried out. The voltage stability is achieved by the use of the
STATCOM and its controllers. Two types of controllers such as PID controller and
FLC have been analyzed to maintain the working of STATCOM and to inject the
necessary reactive power to the network. The damping of voltage fluctuations using
PID controller is analyzed by injecting a fault in the system. For the same system the
role of FLC in controlling the STATCOM s also analyzed. It is analyzed from the
simulation results that the stability of the system is regained at a faster rate when FLC
is used along with STATCOM. Thus, it can be concluded that the STATCOM along
with the FLC has the improved characteristics to enhance the operation of the DFIG
based offshore wind farm fed to a multi machine system.

Acknowledgement

The authors of this work greatly indebted to Prof. R.Sethuraman, Vice-Chancellor,
SASTRA University for the unwavering support and motivation extended during the
course of the project work. The authors are also grateful for the motivation and
support extended by Dr. B. Viswanathan, Dean/SEEE, SASTRA University.



21112

G. Kiruba Vaishnavi

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]
[8]

[9]

[10]

P. Cartwright, L. Holdsworth, J.B. Ekanayake, and N. Jenkins,
“Coordinated voltage control strategy for a doubly fed induction generator
(DFIG) — Based wind farm,” Proc. Inst. Elect. Eng., Gener.. Transm.,
Distrib., vol. 151, no. 4, pp. 495-502, Aug. 2004.

O. Anaya-Lara, A. Arulampalam, G. Bathurst, F. M. Highes and N.
Jenkins, “Transient analysis of DFIG wind turbines in multi machine
networks,” in Proc. 18" Int. Conf, Exhib, Electricity Distribution CIRED,
pp. 1-5, June 2005.

E. Muljadi, T. B. Nguyen, and M. A. Pai, “Impact of wind power plants on
voltage and transient stability of power systems,” in Proc. IEEE Energy
2030 Conf., , pp. 1-7,Nov. 2008.

N. G. Hingorani and L. Gyugyi, “Understanding FACTS; Concepts and
Technology of Flexible AC Transmission Systems”. New York, NY, USA:
IEEE Press, 2000.

A.W.Manyonge, R.M.Ochieng, F.N.Onyango and J.M.Shichika,
“Mathematical Modelling of Wind Turbine in a Wind Energy Conversion
System: Power Coefficent Analysis”, Applied Mathematical Sciences,
Vol. 6, no . 91,527-4536. 2012.

S. K. Sethy, J. K. Moharana, “Design, Analysis and Simulation of Linear
Model of a STATCOM for Reactive Power Compensation with Variation
of DC — link Voltage,” Int. Journal of Engineering and Innovative
Technology (IJEIT), vol. 2, Issue 5,Nov. 2012,

P. M. Anderson and A. A. Fouad, “Power System Control and Stability”.
Ames, 1A, USA: lowa State Univ. Press, 1977.

Li Wang, Dinh-Nhon Truong, “Stability Enhancement of DFIG-Based
Offshore Wind Farm Fed to a Multi Machine System Using a
STATCOM ", IEEE Trans.on Power Systems, vol. 28, no. 3, August 2013.

Ajay Chaudhary and Ram Avtar Jaswal, “Transient Stability Improvement
of Multi Machine Power System Using Static VAR compensator”,
International Journal of Electronic and Electrical Engineering, Vol 7,
Number 2, pp. 109-114, 2014.

L.O. Mak, Y. X. Ni, and C. M. Shen, “STATCOM with fuzzy controllers
for interconnected power systems,” Elect. Power Syst. Res., vol. 55, no. 2,
pp. 87-95, Aug. 2000.



