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PSO Based Tuningof FACTS Controllers for Maximizing theWind
Energy Penetration in Power Systems

SasidharanSreedharan,Member, |IEEE,WeerakornOngsakul Member, IEEE, J G Singh, KittavitBuayai
and I Made Wartana

availability, closeness to the load centre, strength of the grid
Abstract—In this paper, a new methodology has ereenlhe strategic grid control mchanisms are suitable
proposed for attaining the maximum instantaneous amiigzation algorithm driven control measures to accept
penetration by the optimal placement and settifgfiousflevels of wind penetration [4][5].
Flexible AC Transmission System (FACTS) controllers.Wind energy "penetration” refers to the fraction of energy
ultiple of single type of FACTS controller namely Sv@duced by wind compared with the total available
have been used for achieving the maximum gehggation capacity. Phe wind power penetration, into a grid,
penetration. Rarticle Swarm Optimization (PSO) baséy ratio of total wind power output to the total load at any
algorithm has been developed to obtain the maximiurn of time and has been termed as instantancous
instantaneous penetration yo adjusting the lgprigration[6].
parameters and FACTS controller settings. The developéd the above problem of maximzing the wind energy
algorithm has been tested on modified IEEE 14-busptegtation, a number of methodologis and techniques are
system. He results have 9wn the maxinvamble depending on the wind resource availability, grid
instantaneous wind energy penetration limit in percehna'tgépn[sgltf and varies from country to country and region to
optimal setting of FACTS controllers and also maxinagmn[3]. n general, some of the methods for maximizing the
safe bus loading point explicitly beyond which systemenetration are to use suitable type of wind turbines in

drives into instability.

the wind farms, which are connected at suitable buses and to
use a suitable grid control mechanisms to enable maximum

Keywords — Wind power generation, Wind Penetragiontration. One of the alternate methods to increase the wind
Particle Swarm Optimization, Power system modetiagiration is to use suitable FACTS controllers' at best

FACTS controllers.

I. INTRODUCTION

Micro grids consisting of renewable energy sources are one
of the new and typical characteristics of modern power
system[.zsxmong the various renewable energy sources, wind
power generation is said to be the most promising source for
the future. [1][.28N0wadays, the increased penetration of wind
power introduces unwanted conditions such  aslos of
synchronism, voltage collapse, load shedding, large deviations
in voltage and/or frequency, introducing flicker and
harmonics, high transmission and distibution losses over
loading and increased power oscillation [Z]Ezg]fhe problem is,
therefore, how to increase the wind penetration into the grid,
and what could be the maximum wind penetration possible at
any time.

here are various types of wind turbines available in the
market and each type of wind turbine has got its own
advantages and disadvantages. Studies hae proved that
Double Fed Induction Generator (DFIG) based wind turbines
are having better performance characteristics. It does not
create any oscillatory instability problems and can also
provide reactive power compensation [2][,2] The wind farm
should be attached to the best suitable bus for maximizing the
wind penetration by taking into account the wind resource

All authors are associatel with the Sdool of Envirmment Resouces &
Development, Energy Field of Study, Asian Institute of Technology, Bangkok
Thailand12120.(sasisreedhar@ieee.org,ongsakul @ait.asia,jgsingh@ait.asia,st
107752@ait.asia kittavit. Buayai@ait.asia)

978-1-4673-0315-6/11/$26.00©2011 IEEE

suitable location with suitable settings [5].

Most of the works done in tle area of maximum wind
penetration is based on stochastic analysis which depends on
the annualized energy yield calculated through the capacity
credit and capacity factor [7] [8][,24] A novel camputational
algorithm for maximum wind penetration calculation in he
autonomous island of Greece was proposed by Kaldelliser
al,where the entire algorithm is based on a factor termed as the
instantaneous upper wind energy penetration limit, fixed by
the network  manager of &k Pub  Power
Corporation[9][IO]EIO]The algorithm seems to be not available
and so states that there is lot of wind energy rejection taking
place due to under limiting of the factor for maximum grid
stability[.m]}Moreover, the algorithm is based on stochastic
analysis accunulated for yearly average[.sozl—{nother method of
obtaining maximum wind penetration was explained by
Papathanassiou [11], where the maximum wind turbine output
is limited by a constant Cp, dynamic penetration limit factor; &
grid constant and the value is assumed between 15 to 45% but
stating normally 30%"Phe selection algorithm for G, also
seems to be notavailable in the literaturelKaldellisalso
proposed a methodology for optimzing the wind energy in
Power System, where the optimization isthrough a loal
energy storage power electronics buffer via Uninterrupted
Power Supply (UPS) in WTG side and not by optimizing the
grid parameters and none of the articles explains the
methodology for maximizing the imsfitaneous wind
penetration and is treated as a constant throughout the analysis
[12].

From the above literatures, it is well evident that the
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researchers have made immense contributions for enhancing
the wind penetration. However, no significant research focuses
on the development of a good transparert methodology for
increasing the instantaneous wind penetration in the grid by
optimizing the grid control parameters especially, based on
advanced techniques such as Particle Swarm Optimization
(PISO(B) by incorporating FACTS Controllers.

ror increasing the penetration, in wind penetration study,
the load has to be adjusted in a tricky fishion to reach the
maximum penetration strategy without affecting the grid
stability as mentioned by Kazantzakis [13][.10]>Accordingly,
suitable optimization algorithm has to be used. Moreover, the
problem requires detailed dynamic modeling of the wind and
wind turbine generators.mklmng the variais meta heurstic
optimization methods, PSO method seems to be simple in
approach, fast in convergence and robust in action and found
to be healthy and promising for maximum wind penetration
problems as mentioned by Harley [l14]and hence has been
incorporated in this paper .

In this paper, a new algorithm has been proposed 6r
achieving maximum safe wind mergy penetration using
FACTS controllers.  Dymaic nature of the gdi by
incorporating devices such as Automatic Voltage Regulator
(AVR), turbine governor (TG)etc has been incorporated. In
addition, eigenvalue based small signal stability constraint;
Fast Voltage Stability Index (FVSI) and Line Stability Factor
(LQP) have also been incorporated to assure grid
stability[.2|5FlG based wind turbine and one type of FACTS
controller namely SVC have been used fa maximizing the
wind penetration by connecting the wind farm.

The paper has been organized as bllows. In section 2,
proposed methodology has been explained with the help of the
block diagram. The maximum instantaneous wind penetration
problem formulation has been explained in section 3. Section
4 presented some interesting numerical results abng with
some discussion based on he test systems used. Fnally,
conclusions and major contributions of the paper have been
summarized in section 5.

II. PROPOSED METHODOLOGY & MODELING

The proposed methodology consisted of connectirg the
DFIG based wind farm at the best suitable bus [15] and
utilizing a suitable algorithm to enable maximum grid
penetration as given in figure 1®¥he development of algorithm
required detailed problem formulation with dynamic modeling
of wind farm and powver system and tle model details are
given in appendix (table 3).

Methodology
Formulate Connect Using PSO, Obtain
bDF [(; Wind Farm calculate maximum
asc . _' .
> wina T at the best | the pptlmal Wmd‘
Farm suitable grid and penetration
model. bus. FACTS limit
controller

Figurel. Proposed methodology

2011 IEEE PES Innovative Smart Grid Technologies — India

.2.1 Modeling of power system components

Wind has been modeled as a composite distribution by
taking into account its composite nature by including average,
ramp, gust and turbulence components[.z]bDFIG bagd wind
turbine and SVC have been used in this paper for analysis,2 n
course of increasing the penetration, the power system
conditions such as voltage, line flows and generatims are
maintained within the safe limits""Also the system is stable in
small signal sense. The problem formulation requires detailed
dynamic modeling of wind, TGs, AVRs and FACTS
controllers. Standard models have been used for all the power
system components as given below and tle FACTS model
have been explained in detail in the next section.

Table 1.Component model description for maximum wind

penetration
Component Model Description
Synchronous generator IEEE Type 5.2
Turbine Governor IEEE Type 1
Automatic voltage IEEE Type 2
regulator
Wind Turbine Generator Double Fed Induction
Wind Model Composite distribution

2.2 Modeling of SVC

The SVC is defined as a shunt compensatorand its output is
adjusted to exchangecapacitive or inductive reactance in order
to maintain or control specific parameters of an electrical
power system, typically a bus voltage[.”fn this paper, the SVC
is modeled by the algebraic equation expressing the reactive
power injected at the SVC node [16]:

Q= bV’ } ()

BsveS bsve < bsue
1Il. PROBLEM FORMULATION

The quality of the interconnected operation of DFIG to the
grid has been assessed in terms of operational constraints and
the normal operation presupposed that a number of constraint
parameters are maintained within predetermined limits of
which the most significant ones are voltage and frequency.
[ZJnly fundamental  figuency based — arlysis has been
considered and the analysis assumed suitable buffer energy
storage to handle the unpredicted power level fluctuations in
additional to the adequate spinning reserve. Among the
various factors for increasing  wind penetration, those
considered were, voltage seting of PV buses, synchronous
compensators, parameter settings of FACTS controllers and
the load sharing between the system generators and the wind
generator.

3.1. Objective Function and constraints:
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The objective of the penetration problem is to maximize the
wind share into the grid. Accordingly, the objective function
has been formulated for any time (t) as
Maximize,

ZP "‘WawS™ W @

wfl

Equality Constraints:

These constraints represent the typical load flow equations
as follows:

FI23N

F12.3 .

R, =R V3 Y Geosd, ginl):
=

Q= VXV Ginf - Bl

where,Npis the number of buses in the system.

Inequality Constraints:

The inequality constraints are limits of control variables
and state variables. Generator active power Pg, reactive power
Qq,voltage Vi,andphase anglebjare restricted by their limits as
follows:

ws P< 'F* F1,...... Y
‘ths Qs O FlLo.. 4 @D
N< ¢ W 51,....... N
-09< £09 F1,....... ,

The parameter settings of svc are restricted by their limits
as follows:

min Sb

VC SvC =

bnax

svC

(5)
The constraint of transmission loading Pjjis represented as:

(6)

‘P‘S Pmax .

ij ij s
The load factor Ads constrained by its limits as:

ISA <A™ ™

Power system stability constraints:

[ln}very generator  has anrangement of nonlinear
differential equations relating to the synchronous machine,
exciter, and any other control mecharisms very generator
also has a series of algebraic equations, which link the
generator state variables and the generators steady state
operating point power injection into the system. tast are the
power system network equations;namely, Kirchhoff's law
circuit equations, that the steady-state operating point must
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satisfy[.”kl"he small signal stability model of the system with

DFIG can be expressed as

Ix L/—\S]Lmtvhere A is the System
State Matrix [1757}

A=F-FGy Gy (8

where, Fy, Fy, G v Gyxare power flow Jacobian Matrices

If the complex eigenvaluesof the linearized system have
negative real paits, then the power system would be able to
withstand small disturbances and is thus, considered stable in
the small-signal sense. The eigenwalue stability analysis is
incorporated in the constraint by the equation

Real E(A)] 0 (9

The eigenvalue based stability assures grid stability under

various levels of system loadability.

a) Fast Voltage Stability Index

Fast Voltage Stability Index (FVSI) proposed by
Musirin[lSﬂ 1s utilized in this paper to assure the safe bus
loading.

FVSI,,

(11w (10)

Z Q.
2 X
The line that exhibits FVSI close to 1100 implies that it is

approaching its instability pomt[ If FVSI goes beyond 1. 0,
one of the buses connected to the line will cxpcrlcncc a suddcn

voltage drop leading to the collapse of the system. 'BVSI index
incorporation in the controller assures that no bus will collapse

due to overloading.
NN
> FVSI 1

s=l r=l

an

b) Line Stability Index

Line Stability Index (Lmn) proposed by M Moghavvemi[lSﬂz]>
has been utilized in this paper to identify the maximum bus

loading point.
LQP= 4{"}{ P, +(p AIE
Vv V

>>op

s=1 r=l

13)

The value of Lmnshould be less han 1 to maintain a stable
system

3.1.4 Optimization Algorithm

Fitness function for the above problem have been formulated
as

ip "V 6S™ W) Z(Pf* U), (14

wfl
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As mentioned before the algorithm consisted of two stages;
plﬂ'entify the bus to which the wind farm to be placed by using
WEPI calculation and second the formulation of maximum
[gcnctration model by using the particle swarm optimization.
?he wind farms have been connected to the best suitable bus
which is identifed through the calculation of Winl Farm
Placement Index or by simulating the wind farm placement

[19].
3.2 Particle Swarm Optimization

The particle swarm optimization (PSO) is a population
based optimization method inspired by the social behavior of
bird flocking or fish schooling[.ﬁ]ﬁ"he PSO as an optimization
tool provides a population based search procedure in which
individuals called particles change their position (state) with
time®In a PSO system, particles fly around in multi-
dimensional search space.6 uring flight, each particle adjusts
its position according to its own experience (The value is
called Ppey) and according to the experience of neighboring
particle (This value is called Gey), makes use of the best
position encountered by itself and its neighbour[.(’]’The
modification can be represented by the concept of velocity.

elocity of each agent can be modified by the following
equation. The velocity (position change) of the i™ particle is
denoted as

V=0 +arandd( .- X)+ arand( G K
15)

X[i,\+. — )é.\ + \/| .\#..
(16)
In the updating, a new velocity for each particle based on its
previous velocity V, “is determined!'The particle's location at

which the best fitness ( F%est) and the best particle among the

neighbours (th;est) have been achieved™The inertia weight

@" controls the exploration properties of the algorithml.léfhe
learning factors, a; and a,, are the acceleration constants
which change the velocity of a particle towards Ppest and Gpest.

The random numbers, rand, ﬂxg}d rand,, are uniformly
distributed numbers in range [0, 1] Finally, each particle's

position Xik is updated by (16).

For the Inertia Weigh Approach (IWA) PSO, particles are
updated according to (15) and (16}?0%6 linearly decreasing
inertia weight from the maximum value @y« to the minimum
value @, 1s used to update the inertia weight as

w
max

- a{nin ® k
Knax

where, Kmx is number of maximum iteration.

k —
W= ax)nux -

17

In this paper, neutral network trained inertia weight approach
based particle swarm optimization algorithm has been
employed to focus to global optima under dynamic variations
of load
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3.3 Methodology

Step 1: Input line data, bus data, wind data, voltage, line limits and

PSO settings.

Step 2: Connect the wind farm to the best suitable bus.

Step 3: Calculat the base case power flow with the wind farm
connected.

Step 4: Randomly generate an initial population (array) of particles

with random positions and velocities on dimensions in the solution

space. Set the iteration counter k = 0

Step S: For each particle, calculate and compare its objective function
value with the individual best. If the objective value is higher than

Phest, set this value as the currert Ppegand record the corresponding

particle position.

Step 6: Choose the particle associated with the minimum individual
best Pyes of all particles, and set the value of Ry as the current
overall Gyeg.

Step 7: Update the velocity and position of particle using the velocity

and position update equations.

Step 8: If the iteration number reaches the maximum limit, go to step

9. Else set iteration index k = k+1 and go back to step 5.

Step 9: Print out the optimal solution to the target problem. The best

position includes the maximum load in each load bus, power angle
settings of slack generators and the initial voltage settings of all the

PV buses .The fitness value gives the maximum instantaneous wind

penetration

Input system data

y

Connect wind farm to the best
suitable bus

v

Calculate base case power flow

v

Generate initial population

v

Calculate objective function value
for each particle

v
Record Phest ;Grest

Update particle position and
velocity

Check stopping
criterion

Output
maximumnenetration&setting

v

Figure 2. Flow chart of proposed methodology
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IV. RESULTS AND DISCUSSIONS.

The results consist of two steps[.l 'Phe first ste s to conduct the
voltage stability analysis of the grid to access the best location
for SVC and the second is the calculaton of maximum
penetration. Mhe best location for the place ment of SVC is the
weakest bus of the system[.ﬁlﬁie bus that is n ear to collapse and
is having shortage of reactive power is gener ally termed as the
weakest bus. In this work, the weakest bu s is identified by
tangent vector analysis.

(TG- Turbine Governor; AMRamatic Voltage
regulator; C-Synchronousyemsator)
Figure 3.IEEE 14bus modified test system with SVC
The tangent vectors of IEEE 14-bus system «are given in Table
2. Bus-14 is the weakest bus with the tange it vector value of

0.015802°Phe wind farms have been connec ted to the bus-3.

Table 2.Tangent vector of first foumeak buses

Normalized tangent
Bus number vector ne:ar collapse
point
14 0.015802
10 0.01404
13 0.013938
9 0.013764

A. Maximum penetration calculation

Two SVC controllers have been connected at first two weakest
buses say bus-14 and bus-10 as shown in Figure 3. In this
work, voltage and angle settings of the sladk bus and voltage
settings of the PV buses and SVC have been considered for
maximizing the penetration.

Active power loading levels of various b uses are given in
Figure 4. The thick black bar indicates the loading level
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corresponding to the maximum pe netration and the white bar
denotes the base case without wind generation. It is to be
noted that controller could able to neet the additional demand
requirement of almost all the buses by holding the grid
stability within limits.

250 OBase case (with out wind)
. DOBase case (with wind)

E 2.00 B Maximum penetration (with controller)
= 150

S

5 1.00

2

2. 0.50

5 0.00

123456 %u%ng 101112131415

Figure 4.Typical real power load with and without SVC

Similarly, the bus voltage level at maximum penetration has
been compared against the base case voltage level in Figure 5.
The figure shows that the controller adjusted the voltages of
the PV buses, SVC buses ad slack bus slightly for
maximizing the penetration. The thick black line indicates the
voltage corresponding to the maxi mum penetration by using
the controller with SVC. Without c ontroller, it is so assumed
that the slack buses shares loa dl equally. The base case
voltages with and without wind is a pproximately the same and
the curves overlapped each other. From the Figure 7, it is also
well clear that all the bus wltages within the set limts at
maximum penetration.

— ® — Base casx:(with out wind)

1.10 T4 — #— Base casc:(with wind)
_ \ a
=
2105 {4 R e
D R s »
ks %
S 1.00 A A
> —ii
2]
=
m 0,95 T T T T T T T T T T T T T T 1

123456 T80 101112131415

Figure 5.Typical voltage levelswith and without SVC

Figure 6 shows the bus generation s at maximum penetration
using the SVC robust controller. The thick dark black bar
represents the real power generation at maximum penetration,
and the white bar, the base case without wind. Slack bus
generation has been reduced by the controller and the supply
demand was balanced by increasing the wind penetration.
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g 3% dihse case (with out wind) 1
.‘é 2.50 D Base case (with wind) 1
%D 2.00 B Maximum penetration (with controller)
5 21.50
g
g 1.00
§ 0.50

0.00

1 23456 Bu$nd 101112131415

Figure 6.Typical generation levels with ad without SVC

The active power flow in various lines are given in Figure 7.
The thick black bar corresponds to the max-imum penetration
by using the controller and the white bar indicates the base
case without wind.

4 DOBase case (With Out Wind)
2 DOBase Case (With Wind)
é 3 BMaximum Penetration(With controller)
2
2% 2
571
- A
.% 0 LB L LI
—
1 3 5 7 9 11 13 15 17 19 21
Line no.

Figure 7[.201]'ypical line flows with andwithout SVC

part)

. # cigen value 10 7

. 51
Eigen value >
(Real part E ]
/—’—v—g—"’—‘—’ﬂ-“m—ﬂ s I=
60 40 20 E &
- - - 13
S5 4 @mE

*
-10 -

Figure 9. Higher order eiggvalues at maximum
penetration with SVC

For maximizing the penetration, different control strategies for
voltages of PV buses, SVC controllers and angks of slack
buses can be formulated and the best control strategy based on
the grid conditions can be chosen and adapted depending on
the flexibility of the grid in terms of AVR/AIFC settings,
response characteristics, losses, load level etc.

V. CONCLUSION .

In this paper, a new methodology for maximizing the wind
penetration by using the FACTS controllers has been
presented. A particle swarm optimization based algorithm has
been used to obtain the maximum instantaneous wind
penetration by optimal setting of FACTS controllers. The
result seemed to be quite promising when tested on IEEE 14-
bus system.

Nomenclature

k, Nk Violated constraint I

ndex, number of violated constraints

) ) ) ) MVA ..  MVA rating of the line
The eigenvalues at maximum penetration with controller were . .
. R . 20p . . . N¢s N Total number of wind turbines, farms
given in Figures 8, and 9, respectively. It is quite evident that P Active & . S £ busi
controller assures grid stability with all the cigenvalues in the Qi ctive & reactive power mjection o bust
left hand side of the S-plane during maximum penetration with Pf Uy Penalty factor & violation of constraint k.
SVC'® The graphs were plotted such tlat far end stable P’ Real power delivered by wind turbine wt of wind Farm
eigenvalues (real eigenvalue less than -100) are not included. Poi > Qui Active and reactive power demand & load of bus i
Psi > Qai Active & reactive power produced by generator i.
®cicenvalue 15 7 P, ,P. Total demand and load
.10 - P,, Total power output of all the wind Farms at time t
* ¢ ‘ E S Wind farm placement distance from the wind bus
5 " E : \V,, Wind speed of the w ind farm
. Eigen yalue 0—0—0—‘—.’-&: £ . Vi Voltage of the wind bus
i5I
% (Real part) 2 5 0 V.0, Voltage &voltage angle of bus i
* . ‘ N Number of buses in the system
10 - Y, 65 Admittance & angle of line .
-15 - wt ,wf Index of wind turbin, wind farm
Figure 8. Lower order eigenvalues at maxium penetration ~ Appendix

with SVC Wind was modeled as a Weibull distribution by taking into

account the composite nature of wind which included average,
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ramp, gust, turbulence and low pass filters were used to
smooth the wind speed variations.

Table 3 Wind model parameters.
Nominal wind speed/ air density 15m/s / ll.SASQ'SI(g/m3
Filter time constant/sample time 4s,0.1s
Ramp constants [ £ . A, ] 5s,15s,1m/s
Gust constants [ LE A ] 5s,15s,0m/s
Turbulence constants [ hZ gfn | 50m,0_01,0[,82‘1512750

DFIG Model

Assuming lossless converter and the active power of the
. . . . 10 .
converter coincides with the rotor active power[, the active and

reactive power injected to the

grid by the DFIG tuibine was

expressed as a function of stator and rotor currents [16]

Table 4 DFIG parameters.

[MVA,KV,Hz], kWs/kVA

[600 69 601, 3pu

[Rs,Xs] [Rr,Xr] Xm

[0.01 0.10][0.01 0.08]3.00

pu
K, Ty, Ky, Te [10pu 3$], 10pu, 0.01s
Pole, Gear Ratio, [4 1/89]
Blade length and number [75.00m 3]

Pmax; 1:’min; Qmax, Qmin [10D 000]]911, [07 ‘075

11
pu

No of generators

300Nos
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