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Nowadays, the use of the wind energy has known an important increase
because it is clean and cheap. However, many technical issues could occur
due to the integration of wind power plants into power grids. As a result,
many countries have published grid code requirements that new installed
wind turbines (WT) have to satisfy in order to facilitate its intergration to
electrical networks. Among those requirements, the wind farms must be able
to participate to ancillary services for instance voltage regulation and reactive
power control. Nevertheless, in case of small wind farms having not the
necessary reactive power capability to contribute to reactive power support,
Flexible AC Transmission Systems (FACTS) devices could also be used to
participate to reactive power support. In this paper, an optimization method
based on particle swarm optimization (PSO) technique is presented.
This method allows getting the optimal location and reactive power injection
of both wind power plants (WPP) and synchronous var compensators (SVC)

with the objective to improve the voltage profile and to minimize the active
power losses. The IEEE 14 bus system and a 20 MW wind farm based
doubly fed induction generator (DFIG) are used to validate the proposed
algorithm. The simulation results are analysed and compared.
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1. INTRODUCTION

Recently, the penetration of the wind farms into electrical grids have known a significant growth.
According to [1], the global installed wind power in the world reached 539,581 GW in 2017. Nevertheless,
the important increase of the wind power plants (WPP) integration into power systems could cause many
technical issues, for instance: voltage fluctuations, voltage variations and harmonics [2]. Therefore, in order
to ensure a reliable grid operation with the important growth of electricity production from renewable
sources, transmission system operators (TSO) should use appropriate operating strategies. Reactive power
management is an important part of power systems plans because the stability and the reliability of electrical
networks depend on it. If an optimum location of VAR sources are chosen during the planning stage,
an effective reactive power planning could be obtained; also, when an optimum regulation of the VAR
setting is scheduled during the reactive power dispatch, an effective reactive power dispatch could be
obtained [3]. Besides, FACTS devices can be used to improve the voltage stability. An optimal allocation of
FACTS devices taking into account location and size is the key of reactive power planning [4].

In literature, many works have been done in order to find the optimal location and size of FACTS
devices by using several optimisation techniques with the aim to improve voltage profile. In fact, in [5],
the authors present a new method to find the optimal number, location and size of SVC using voltage indices
and PSO algorithm to improve voltage stability. In addition, authors in [6] use the harmony search algorithm
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(HAS) to determine the optimal location and setting of SVC and TCSC (thyristor controlled series capacitor)
respectively with the aim to minimize the bus voltage deviation and real power losses. In other works,
diverse methods have been proposed in order to find the optimal location and reactive power injection of
wind farms or wind turbines with the purpose to guarantee certain objectives. For instance, in [7], the authors
present a method that allows obtaining the optimal placement and sizing of wind power generators in power
grids with the purpose to reduce reactive power losses and coping maximum loadability margin. Also, Singh
et al. [8] presents an approach that permits getting the optimum value of reactive power output by a wind
farm with the objective to minimize power losses and to improve voltage profile by using genetic algorithm.
Besides, the authors in [9] discuss an optimization problem in which the goal is to find the optimal placement
and sizing of wind turbines in the electrical network in order to minimize the active power losses, and to
maximize the system loadbility within security margin.

However, in case of installing small wind farms into power grids having not sufficient reactive
power capability in order to contribute to reactive power support, it will be benefit to use an optimization
method in order to find the optimal placement and reactive power injection of both wind farms and FACTS
devices. In this work, we propose an objective function that allows getting the optimal number of SVC to
install in the grid. The objective function presented in this paper aims also to find the optimal location and
reactive power injection of both the SVC’s units and the wind farm with the target to reduce power losses
and to enhance voltage stability.

This work is organized as follows: first, the method used in order to get the reactive power
capability of the wind farm made up with DFIG wind turbine is presented. Second, the voltage stability
indices and the PSO algorithm used in this work are presented followed by the formulation of the objective
function for optimal placement and reactive power injection of the WF and the SVC’s units. Finally, the case
study and the simulation results are reported.

2. REACTIVE POWER CAPABILTY OF THE WIND FARM BASED DFIG WIND TURBINE

In this paper, we use the DFIG wind turbine because it is the technology the most installed in wind
farms for its several advantages. For instance, with the DFIG technology, it is possible to get the required
reactive power at the stator side by controlling the rotor currents by the rotor side converter [10].

The method proposed in [11] is used to get the reactive power capability of the DFIG based wind
turbine Q3X and QME. In this method, it is suggested that the reactive power capability is bounded by three
parameters: rotor voltage V., rotor 1. and stator currents I,. The parameters cited in [12] are used to get the
PQ diagram of 2 MW DFIG wind turbine used in this work. For more details, refer to [13]. In this work, the
reactive power losses are neglected within the wind farm, so the reactive power capability of the WPP (Q@F
and Q@MY is calculated as below:

wr = X Qwr @

WE =X QW )

3. LINEVOLTAGE STABILITY INDICES [14, 15]

In this work, the voltage stability indices Ly,,, Lop and FVSI are used. These indices are formulated
based on power transmission in a single line as illustrated in Figure 1. A transmission line is stable as long as
the values of these indices remain below 1. If the value of one of them exceeds 1, the system loses its
stability and the voltage collapses [15]. These indices are obtained as follows:

_ 4XQr
Lonn = (Vs sin(8-8))2 ©)
X PZX
Lgp = 4(@) Qs+ Vs_g (4)
_ 4722Qr
FVSI = 7 ®)
where
X - line reactance.
Qr : reactive power at the receiving bus.
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Vs : voltage magnitude at the sending bus.
0 : line impedance angle.
) : the angle difference between the voltage angle at the sending and receiving bus.
Qs : reactive power at the sending bus.
Ps : active power at the sending bus.
4 : the line impedance amplitude.
V.28, V.28,
}— Z20 =R+X —‘
S, =P +jQ, S, =P.+jQ,

Figure 1. One line diagram of transmission line

4. PARTICLE SWARM OPTIMISATION TECHNOQUE (PSO)

The particle swarm optimisation (PSO) technique is a metaheuristic algorithm invented by Kennedy
and Eberhart in 1995 [16]. This optimisation method aims to find the parameters that give the minimum
(or maximum) of an objective function [17]. We opt to use the PSO algorithm in this work due to the fact that
it converges more to the optimal solution with less overhead of parameter setting and less computation time
in comparaison with other metaheuristic methods [18].

In the PSO method, a group of particles are initialized in a random manner in the d-dimensional
search space, where d is the number of the decision variables in the optimisation problem. A position vector
x;, a velocity vector v; and a position Pbest; are associated to each i-th particle. In order to find the optimal
solution, the particles exchange effectively information during an iterative process. In each iteration, the best
global position gbest found by any particle in the swarm is shared with all the rest of the particles. In each
k-th iteration, the velocity and the position are updated using the equations below [19]:

Vit = wkvE + ¢;ry (Pbest! — xK) + c,r, (gbestk — xX) (6)
XK1 = gk 4 vkt (7
where
ry and rz : uniformly distributed random numbers in the range [0 1].
w - inertia weight.

¢y and cz: acceleration coefficients.
There are several inertia weighting factors, in this paper, we use the following one [19]:

Wk = W — Ymax~Wmin ®)
Kmax
where
Kmax : the maximum number of iterations.
k : the current number of iterations.

Wmin and Wwax : are the lower and the upper bounds of the inertia weighting factors, respectively.

5. PROBLEM FORMULATION

The purpose of the objective function proposed in this work is to find the optimal number ng,. of
SVC to install in the network. In addition to that, the objective function aims to find the optimal location and
the reactive power injection of both a wind farm based DFIG WT and the number ng,. of SVC. The found
parameters reduce the power losses and enhance the voltage stability in the grid. The objective function to
minimize in this work is represented as:

Ny o< Lop ()+Lmn () +EVSI()
F(X) = 7\1- l:)losses + }\Z-Zi:hlnes 8 3

©)
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where
Plosses . power losses in the electrical grid. In this work, we neglect the power losses in the
wind farm.
Niines : the number of lines in the grid.
Lop, Lmn and FVSI . voltage stability indices.
X=(X1,X2,X3,X4,X5,X6,X7) . the position of each particle.
A1, A2 . weight coefficients
with
Lwr = X1, Qwr = X2, Ngyc = X3, Lsvc1 = X4, Lsvez = X5, Qsver = Xe, Qsvez = X7
Lwr : optimal location of the wind farm
Qwr : reactive power to produce or to absorb by the wind farm

Lsvci  : optimal location of the SVC ( load buses in the grid)
Qsvci  : reactive power to inject by the SVC. In this work, the SVC is considered as a variable load.
Nsvc : optimal number of the SVC to be installed in the network, with 0<nsvc<2

If ngyc = 0then Lgyc; =0, Lgycz = 0,Qsyc1 = 0and Qgycz =0
If nSVC = 1 then LSVCZ = 0 and QSVCZ = 0

The objective function proposed in this work is subject to the following constraints:
1) Wind farm reactive power limits

QU™ < Qur < QR (10)
2) Number of SVC ngyc

0<nsvc<?2 (11)
3) SVC reactive power capacity

Qe < Quve < QR (12)

In this work, the operating range of the SVC is considered to be +50 MVAR

First, the position of the PSO algorithm is initialized randomly with possible values in the space
[NI,N2,...NPQ] (load buses placed in the electrical grid), [QWF Q®R3x], [0,1,2], [NI,N2,....NPQ],
[QMin Qmax] Then, at each iteration, as illustrated in Figure 2, the proposed algorithm looks for the optimal
solution by updating the position and the velocity of each i-th particle taking into account its previous best
position Pbesti and the best position of the group gbest.

6. SIMULATION RESULTS
In order to validate the proposed optimisation algorithm, three different cases are simulated using a
wind farm constituted of ten 2 MW DFIG based wind turbine and the IEEE 14 bus system. We consider that
the wind turbines within the WPP operate at full active power and we neglect the power losses within the
wind farm. The active loads in buses 9 and 13 are increased to 245 MW and 67,5 MW, respectively.
Consequently, the voltage amplitudes in buses 4, 5, 9, 10 and 14 decrease significantly.
- Case 1: without the wind farm or the SVC.
- Case 2: only with the wind farm.
where
X=(X1,X2), Lwe=x1 and Qwr=X2
AM=2=05
- Case 3: with both the wind farm and the SVC’s units.
where
;\(:(XKXZvXSng:XSVXanﬁn Lwr = X1, Qwr = X2, syc = X3, Lsvc1 = X4, Lsvca = X5, Qsver = X6, Qsvez = X7
1 =2 =0,
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Figure 2. Flow chart of the proposed algorithm

The results obtained in the three cases are presented in Table 1. In case 3, as shown in Table 1,
the optimal location of the wind farm is bus number 9, and the optimal location of the two SVC are buses
number 9 and 5.
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Table 1. Simulation results

Case 1 Case 2 Case 3
Lwr - 9 9
Qwr (MVAR) - 6,2779 6,2779
Ngyc - - 2
Lsyca 9
Lsycz - - 5
Qsvc1 (MVAR) - - 50
Qsvcz (MVAR) - - 50
Objective function - 38,2254 36,0300

As illustrated in Figure 3, the voltage amplitudes at buses 4, 5, 9, 10 and 14 increase respectively
from 0,925 p.u, 0,935 p.u, 0,936 p.u, 0,948 p.u and 0,944 p.u. in the first case to 0,938 p.u, 0,947 p.u, 0,963
p.u, 0,971 p.u. and 0,962 p.u. in the second case. However, the significant improvement of the voltage is
obtained in the third case. In fact, the voltage magnitudes in case 3 at buses 4, 5, 9, 10 and 14 are 0,964 p.u,
0.978 p.u, 1,031 p.u, 1,027 p.u. and 1,005 p.u., respectively. This is due to the fact that the reactive power
injected in the grid in case 3 is bigger than that injected in case 2, as illustrated in Table 1. As shown in
Figure 4, the power losses are important in the first case and decrease significantly in the third case
by 16,41% in comparison with the first case.
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Figure 3.Voltage profile Figure 4. Power losses

According to the results obtained in case 2, looking only for the optimal placement and reactive
power injection of a small wind farm in order to improve the voltage profile is not enough because it doesn’t
have sufficient reactive power capability to participate to reactive power support. Hence, in case of installing
small wind farms into power grids, it will be beneficial to add SVC’s units to the network. The optimization
method proposed in this study aims to determine the optimal number of SVC’s units to install in the grid in
addition to small wind farms; also, it aims to find the optimal location and reactive power injection of the
wind farm and ths SVC’s units with the goal to minimize the power losses and to improve the voltage profile.
In fact, using the proposed optimization method in case 3 allows getting the best results.

7. CONCLUSION

In this work, an optimisation algorithm based on particle swarm optimisation method (PSO) is
presented. The proposed algorithm permits getting the optimal location and reactive power injection of both a
wind farm and synchronous var compensators (SVC). The aim of the proposed algorithm is to enhance the
voltage profile and to reduce the active power losses. The simulation results illustrate the effectiveness of the
proposed method.
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