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INTRODUCTION

The dynamic development of wind energy, 
expressed both in the growing number of wind 
farm connections (WF) to the power system as 
well as in the growing generation capacity of the 
connected farms, makes the issues related to volt-
age and reactive power regulation more and more 
important. The extensive structure of the wind 
farm network including wind turbines, medium 
voltage cable network, HV/MV transformers and 
static reactive power sources requires taking into 
account both specific voltage parameters at the 
point of connection of the farm to the power grid 
and the internal parameters of the farm network 
resulting from the technical requirements of the 
installed devices. It is difficult to realistically as-
sess the capacity of wind power units that may 
operate in the Polish power system in the years 
2020–2030. Currently this power has reached 
6000 MW. The future interest of investors in wind 

energy may be regulated by legal solutions con-
cerning support systems as well as administrative 
and statutory restrictions [11, 12].

Generation and reactive power off-take by a 
wind farm

The documents specifying the requirements 
for generating units operating in the power sys-
tem [2, 3], as well as works [9] specify the re-
quirements for wind farms regarding participa-
tion in voltage regulation through the generation 
or off-take of reactive power [1, 10]. The partici-
pation is based on the fact that for voltages (in 
the farm connection node defined as PCC – Point 
of Common Coupling) in the range from 105 to 
120 kV, the farm may show zero reactive power 
flow [8, 9]. For low voltages (below 100 kV) the 
farm should generate maximum reactive power, 
and for voltages above 125 kV the farm should 
draw maximum reactive power. Considering the 
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simplified scheme of the internal wind farm net-
work (Fig. 1), it is possible to distinguish between 
sources and off-take of reactive power, which in 
turn determines the balance of reactive power at 
the connection point (PCC) and whether the re-
quirements of EU 2016/631 can be met. European 
Union Regulation No. 631 of 2016 [4], introduced 
several requirements for generating sources con-
nected to the grid. Wind farms with a capacity of 
more than 50 MW are classified as type C and D 
sources, and besides, the legislator classifies them 
as Energy Park Modules (PPM) with specific re-
quirements for the connection point to the SEE 
(for the capacity of more than 50 MW it is usually 
a 110 kV network). Part of these requirements 
concerning the capacity to generate and absorb 
reactive power by PPM (understood as a whole, 
i. e. 110 kV internal line, 110/MV transformer, 
MV cable network, wind turbine generators with 
MV/LV converter systems).

Among many problems of wind farm con-
struction and their integration with the power sys-
tem, the aspect of the share of wind farms in the 
global power system reactive power management 
and its importance for maintaining appropriate 
voltage levels and achieving sustainable voltage 
stability should be noted. When considering the 
production and consumption of reactive power 
by a wind farm, it should be borne in mind that 
the following equipment and installations are in-
volved in this process:
 • Wind power generators with Q(P) characteris-

tics shaped by the manufacturer, most often in 
response to the expectations and requirements 
of network operators;

 • medium voltage (MV) cables which are both a 
source of reactive power (capacity) and its re-
ceiver (longitudinal losses on reactance under 
load conditions);

 • MV-side capacitor banks with step-adjustable 
capacitance installed when it is necessary to 
increase the reactive power generation capac-
ity of the farm;

 • HV / MV transformer being a reactive power 
receiver;

 • HV cable connecting the farm switchgear to 
the point of connection of the farm to the net-
work (PCC) showing significantly high capac-
ity as well as longitudinal losses on reactance;

 • shunt reactor connected to the HV network 
providing compensation of the HV cable ca-
pacity depending on the network conditions 
and the operating status of the farm; various 
solutions are possible within the scope of reg-
ulating this shunt reactor- from a device with 
constant susceptance to a system with smooth 
regulation (SVC, STATCOM);

 • supplementary regulation shunt reactor con-
nected on the MV side of the farm.

The efficiency and possibilities of reactive 
power generation (or consumption) by a wind 
farm are not based only on the policy of their 
owners. They are imposed on network operators, 
which in turn are forced to apply specific poli-
cy towards investors and farm owners by defin-
ing specific technical standards of the European 
Union, responsibility for the security of the power 
system and a commercial view on the costs of dis-
tribution of energy produced by WF.

Application of the Cuckoo Search 
Algorithm, with regard to the selection 
of compensation system parameters

Currently, heuristic algorithms are used to 
solve optimization issues, which easily adapt 
to the constraints, regardless of the number of 

Fig. 1. Scheme of the 110/30 kV internal grid of a wind farm (reactive power require-
ments apply to the point of connection to the 110 kV grid – PCC) [5]
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variables and size of solution space. In recent 
years, swarm algorithms based on swarm intel-
ligence have been used to solve the above-men-
tioned issues, the principles of which have been 
taken from observation of nature. The inspira-
tion of these algorithms comes from observ-
ing biological systems such as bee swarms, ant 
colonies, schools of fish and flocks of birds. The 
most commonly used swarm algorithms are the 
Cuckoo Search Algorithm (CS), the Firefly Algo-
rithm (FA), and the Particle Swarm Optimization 
algorithm (PSO). To solve the optimization task, 
the “Cuckoo Search CS” algorithm, whose au-
thors are Xin-she Yang and Suash Deb, was used. 
The CS algorithm is one of the newer heuristic 
algorithms. 

Below is a diagram of the CS algorithm:
Begin
Objective function f(x), 
x =(x1, ..., xd)T.
Generate initial population of n 
host nests x i (i=1,2, ..., n).
while (t<Max number of iterations) 
or (stop criterion)
Get a cuckoo randomly by Levy 
flights and then evaluate its f i
Choose a nest among n 
(say, j) randomly
if Fi>Fj then replace j by 
the new solution; end
end if
A fraction (pa) of worse nests are 
abandoned and new ones are built.
Keep the best solutions/nests 
with quality solutions;
Rank the solutions/nests and 
find the current best.
Pass the current best solutions 
to the next generation;
end
end
where: f(x) – objective function,
 x = (x1,…,xd) – solution sought
 xi – i- th nest(one cuckoo egg in a nest)
 f(xi) – adaptation (quality) of the i-th 

cuckoo.

The authors use the Levy flight algorithm to 
select the next nest by cuckoo:

1m m Levy
i i csx x    (2.1)

where: m – step number, i.e. the next iteration,
 m

ix  – the solution obtained in the m-th step 
for the i-th cuckoo,

 αcs – scale factor, the value of which de-
pends on the size of the problem,

 Levy – the length of the step, determined 
by Levy’s probability distribution.

The Levy distribution is a continuous prob-
ability distribution for non-negative random 
variables. It is one of the few distributions that is 
stable and has a probability density function ex-
pressed analytically12.

Formulation of assumptions for calculations

Implementation of the CS algorithm seems 
quite simple, as long as determining the objective 
function in the i-th step of calculations is consid-
ered a trivial task. In order to determine the three 
basic values associated with reactive power trans-
mission – min_ ( )PCC pQ , max_ PCC( )pQ , 0 _ PCC( )lQ . It is 
necessary to perform a flow calculation for each 
hour for the model shown in Figure 2. The origi-
nal result of the flow analysis, which is de facto a 
solution of the nonlinear equation system, is not 
the distribution of power, but a nodal voltage vec-
tor for all network nodes. For networks with N 
nodes it is a vector with a form:

1
ˆ ˆ ˆ ˆ[ .... .... ]i NU U U U  (2.2)

Based on the knowledge of the voltage vector 
in complex form (phasors), it is possible to deter-
mine all the quantities characterizing the flow in 
the network – currents, active power and reactive 
power. Below are formulas on the basis of which 
it is possible to determine the power flowing into 
the system from this line. The sign ^ on the size 
symbol means that it is a complex size:
 • longitudinal admittance of the line

( )
( ) ( )

1ˆ
jb k l

b k l b k l

Y
R X

 




 (2.3)

 • current flowing along the longitudinal part of 
the line model

( )
ˆ ˆ ˆ ˆ( )k l k l b k lI U U Y     (2.4)

 • total line current flowing from the node l

( )
( )

ˆ ˆ ˆ ˆ ˆ( ) j
2

b k l
b k l b k l l
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      (2.5)

 • apparent power flowing from nodel (the sign * 
means conjugate)

*ˆ ˆ ˆ
b l bS U I   (2.6)
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 • active power flowing from node l (real part of 
apparent power)

*ˆ ˆRe( )b k bP U I   (2.7)

 • reactive power flowing from node l (imagi-
nary part of apparent power)

*ˆ ˆIm ( )b k bQ U I   (2.8)

Decision variable vector 

 , ,D C DSNr l Lx  (2.9)

consists of three elements: HV shunt reac-
tor compensation degree (calculations start from 
rD = 0%), number of capacitor banks on the MV 
side (calculations start from the value of lC = 0), 
the inductance of the shunt reactor on the MV 
side (calculations start from LDSN = 1000 mH, 
zero value would interfere with the calculation 
process). Calculations are carried out for annual 
periods in order to achieve the minimum value of 
the objective function. In the next step, the values 
of the decision variable vector elements change 
according to the principles of the heuristic algo-
rithm under consideration, in this case, CS. The 
objective function of the WQ wind farm reactive 
power compensation system should include three 
elements: farm readiness to meet the requirements 
in terms of capacity to generate and consume this 
power, farm capabilities in the scope of limiting 

reactive power flow to the network in conditions 
of zero active power generation and limiting the 
cost of the compensation system.

Organization of the calculation process

The organization of the calculation process is 
carried out in two loops; the internal (counter l) 
includes the subsequent hours of the year (total 
8760), the external (counter i) counter of the op-
timization process (up to the set value imax). Cal-
culation control is carried out at the Matlab 
level. Heuristic optimization according to the 
CS algorithm is also implemented according to 
the application included in this program. These 
calculations are essentially autonomous (they 
relate to the three components of the vector x. 
The flow calculations must be carried out by an 
external calculation module. Unfortunately, full 
flow calculations carried out for the network are 
essentially iterative calculations, triggered for 
each hour of the year cause that a single iteration 
to determine the value of the objective function 
WQ is implemented for nearly 30 min. Therefore, 
using the fact of the radial structure of the net-
work, simplified flow calculations were used, 
achieving a single iteration time of 1 min. Thus, 
the course of calculations according to the opti-
mization algorithm according to the CS method 
lasts about 2 hours.

Fig. 2. Wind farm network model considered in heuristic optimization calculations
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RESULTS OF OPTIMIZATION 
CALCULATIONS

Testing the heuristic method proposed for the 
problem being solved is checking the number of 
iterations after which the solution stabilizes and 
can be considered optimal. It is advisable to re-
peat the calculation multiple times to check the 
repeatability of the results. The calculation of the 
optimal selection of reactive power compensa-
tion system parameters using the CS algorithm 
was repeated several times. Based on the results 
obtained, it can be concluded that it is character-
ized by a small dispersion, in the case of capacitor 
banks, 16 members were obtained.

It can also be seen that the use of a shunt reac-
tor on the MV side (average inductance 445 mH, 
power 6.28 Mvar) improves the value of the qual-
ity index W Q = 0.56777, compared to the value 
obtained without its use (WQ = 0.625). How-
ever, the parameters considered optimal do not 

completely eliminate the generated or consumed 
power deficits and the zero reactive power flow in 
standstill conditions. Their “optimality” is deter-
mined by costs, because striving for ideal com-
pensation would increase them and worsen the 
value of the multi-criteria WQ indicator.

The following figures (Fig. 3a, 3b) show the 
course of the calculation process implemented ac-
cording to the CS algorithm. The stabilization of 
the objective function and the values   of decision 
variables after approx. 70 iterations are visible. 
The set values   come in a variety of ways, which is  
a natural consequence of the elements of probabil-
ity that occur in all heuristic algorithms, including 
CS. Despite this, the computational efficiency of 
the algorithm, even with a small number of itera-
tions, does not raise doubts as to the possibility 
of formulating a method for optimizing the gen-
eration system and reactive power consumption 
of a wind farm.

Fig. 3. The course of the calculation process, test No. 1 a) objective func-
tion WQ b) decision variables decyzyjne rD, LC, LDSN
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CONCLUSIONS

Based on the research, it has been shown 
that the best values   are achieved by the Q qual-
ity compensation index for a properly selected 
reactor with a constant inductance (FSR) on the 
110 kV side with a capacitor bank on the farm 
30 kV and optionally an additional reactor on the 
MV side of the farm. The results obtained for a 
50 km long cable line using the heuristic optimi-
zation method and an accurate flow model con-
firmed the correctness of the analyzes carried out 
using the CS method, demonstrating that the use 
of an additional cable gland on the MV side of 
the farm (FSRMV) further improves the quality of 
compensation, while maintaining an acceptable 
level of investment costs.
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