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Abstract: As wind power penetration increases, large wind farms (WFs) need to provide reactive 16 
power according to modern grid codes. Permanent magnet synchronous generator-based wind 17 
turbines (WTs) can generate reactive power, by assigning the appropriate reactive power to each 18 
WT to meet the reactive power requirements of the grid. This is a more economical method than 19 
setting up additional reactive power compensation equipment. This study proposes an optimal 20 
reactive power dispatch strategy for minimising a levelised production cost, and is implemented in 21 
two ways: minimising the power loss of a WF, and maximising the lifetime of WTs. The reactive 22 
power references of each WT are chosen as the optimisation variables, and a particle swarm 23 
optimisation algorithm is adopted to solve the optimisation problem. The proposed and traditional 24 
reactive power dispatch strategies are demonstrated and compared on a WF with 25 WTs to 25 
validate the effectiveness of the proposed approach. 26 
 27 
Index Terms—Reactive power dispatch, permanent magnet synchronous generator, power loss, 28 
lifetime, levelised production cost. 29 
 30 
 31 
Nomenclature 32 

sdu  d-axis voltage of stator IGBTR  the resistance of the insulated-gate 
bipolar transistor (IGBT) 

squ  q-axis voltage of stator filterR  resistance of the filter 

sR  resistance of generator gdI  d-axis current of the grid side converter 

sdi  d-axis current of stator gqI  q-axis current of the grid side converter 

sqi  q-axis current of stator 0P  no-load loss of transformer 

sL  inductance of generator kP  load loss of transformer 

ψ  flux of permanent magnet β  the load ratio 

eω  electrical rotating speed of generator 0C  present value of the capital cost 

gω  mechanical rotating speed of generator tCAP capital cost in year t. 

pn  number of pole pairs r  the discount ratio 
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sI  root mean square value of stator phase 
current yN  lifetime 

1k  a constant describes iron losses at rated 
speed tolE  energy yield in one year 

rmsI  root mean square value of the current at 
converter AC terminal 

k
iv  velocity of particle i at k-th iteration 

IGBTV  voltage across the collector and emitter of 
the IGBT 

k
ix  position of particle i at k-th iteration 

swf  switching frequency 1 2,c c  acceleration coefficients 

,C nomI  nominal collector current of IGBT 1 2,r r  random numbers between 0 and 1 

onE  the turn-on energies of IGBT k
ipbest  personal best position of particle i at k-

th iteration 

offE  the turn-off energies of IGBT kgbest  global best position at k-th iteration 

rrE  turn-off energy of the diode   

 33 
 34 

1. Introduction 35 

Wind power technology has developed rapidly in recent years. The installed capacity of wind power 36 

increased by 51.3 GW in 2018, bringing the global total installed capacity to 591 GW. The Global Wind 37 

Energy Council forecasts that the sector will return to rapid growth in 2019, and move upwards to reach a 38 

total installed capacity of 840 GW by 2022 [1]. This development in wind energy brings increasing wind 39 

penetration levels into the grid. In Denmark, 44% of the electricity in 2017 was obtained from wind power 40 

[2]. However, the fluctuation of wind speed and the errors in wind resource prediction bring additional 41 

uncertainty regarding wind energy [3]. Moreover, the uncertainty of wind power brings variability into 42 

operational planning [4]. In addition, the high percentage of wind penetration may affect the stability of 43 

the power grid [5]. Thus, grid codes require that wind farms (WFs) should be able to provide reactive 44 

power to support a grid voltage [6]. 45 

To provide the reactive power needed by the grid, most WFs are equipped with some fast volt-46 

ampere reactive (var) regulation devices, such as capacitor banks, static synchronous compensators 47 

(STATCOMs), and static var compensators (SVCs) [7]–[8]. In fact, a grid-side converter (GSC) inside a 48 

doubly-fed induction generator (DFIG) wind turbine (WT) or a permanent magnet synchronous generator 49 

(PMSG) WT has the ability to control the reactive power and voltage [9]. As a result, in large-scale WFs 50 

constructed with DFIGs or PMSGs, each WT can be seen as a reactive power source. By assigning an 51 

appropriate reactive reference to each WT, the reactive power at the point of common coupling (PCC) can 52 

meet the requirements of the power grid. 53 
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A reactive power dispatch strategy aims to allocate the total reactive power needed at the PCC to 54 

each WT inside the WF. The traditional strategy is a proportional dispatch strategy, in which each WT's 55 

reactive power reference is allocated according to its available reactive power capacity [10]. This method 56 

is easy to implement with a small number of calculations. However, considering the stochastic nature of 57 

wind and the increasing penetration of wind power generation, this reactive power dispatch is no longer 58 

suitable for large-scale WFs. Much research has been devoted to various reactive power dispatch strategies 59 

based on different objective functions to meet different operation requirements of a WF, including lower 60 

active power loss [11] –[13], higher power quality [14]–[16], and higher reliability [17]–[20]. Reference 61 

[21] adopts a genetic algorithm to obtain a coordinated reactive power management among DFIG WTs 62 

and SVCs to improve the voltage stability. Reference [22] proposes a reactive power assignment plan for a 63 

SVC-based WF, which can maximise the reactive power reserve and minimise the system loss. Reference 64 

[23] uses both WTs and SVCs as the reactive power source to realise a WF low-voltage ride through 65 

(LVRT) capability. Reference [24] considers five operating modes to examine the reactive power 66 

strategies of a DFIG WT. Reference [25] proposes a multi-objective reactive power strategy to coordinate 67 

reactive power among flexible alternating current transmission system (FACTs) devices. Reference [26] 68 

considers a wake effect, and proposes a reactive power dispatch method aiming to improve the lifetime of 69 

a power converter. Reference [27] comprehensively calculates the active power loss of each part in a WF, 70 

and adopts a particle swarm optimisation (PSO) algorithm to minimise the total power loss of the WF. In 71 

addition to minimising the loss of the WF, this study also considers the maximum lifetime of the WT. 72 

With these two elements as the optimisation goal of this study, an optimisation algorithm is used to find 73 

the optimal reactive power allocation strategy for WFs. 74 

When the reactive power command of the WF is given to each WT, the WTs provide extra reactive 75 

power in addition to the active power, which may result in a shorter lifetime of the WTs [27]. As 76 

mentioned in [28] and [29], the first-commissioned WTs have begun to age, causing a major challenge for 77 

the wind industry, and the maintenance cost of offshore WFs cannot be ignored. Thus, it is necessary to 78 

consider the lifetime of WTs at a WF under various operation conditions. As described in [30], the lifetime 79 

of a WT’s converter is related to the generation of both active power and reactive power. Owing to the 80 

wake effect, the WTs at different places may catch different amounts of wind power. One promising way 81 

to increase the average lifetime of WTs in a WF is by assigning low reactive power to the WT producing 82 

high active power, and assigning high reactive power to the WT producing low active power. Thus, the 83 

WF is able to operate for a longer time with a single investment at the beginning, which can reduce the 84 

average investment cost. 85 
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This study proposes a reactive power dispatch strategy of a PMSG-based WF, aiming to increase the 86 

economic benefits of the WF. Both reducing the total power loss of the WF and increasing the lifetime of 87 

the WTs can increase the economic benefits of the WF. This study chooses the levelised production cost 88 

(LPC) as the objective function, whose value is closely related to both the power loss and the lifetime of 89 

the WF. It also adopts a PSO algorithm to determine the reactive power reference of WTs that minimises 90 

the LPC of the WF. Finally, the proposed method is implemented in a WF with 25 National Renewable 91 

Energy Laboratory (NREL) 5 MW WTs, and the results are compared with a traditional operation strategy. 92 

This paper is organised as follows. Section II describes five loss models present in a WF. Section III 93 

introduces a method to calculate the lifetime of a WT. Section IV proposes an improved reactive power 94 

dispatch strategy to minimise the LPC. Section V presents a case study, and section VI draws a conclusion. 95 

2. Loss Models inside A Wind Farm 96 

In a wind farm, the main devices are WTs and cables. The PMSG has the advantages of a quick 97 

transient response, low maintenance cost, and simple control process [31] [32]. This study takes a PMSG-98 

based WF as an example for analysis. Thus, the WT total power loss consists of five parts of the PMSGs, 99 

converters, filters, transformers and cables, and can be expressed as given below: 100 

, , , , ,
1 1

( )
n m

loss loss loss loss loss loss
WF PMSG k con k filter k trans k calbe l

k l

P P P P P P
= =

= + + + +∑ ∑                                      (1) 101 

Here, ,
loss

PMSG kP  is the loss inside the generator of WT k, ,
loss

con kP  is the loss of converter in WT k, ,
loss
filter kP is the 102 

loss of filter, ,
loss

trans kP is the loss of transformer of WT k, ,
loss

calbe lP is the loss of cable l, m is the total number of 103 

cables, and n is the total number of WTs. The detailed description of each loss model is as follows. 104 

2.1. Permanent Magnet Synchronous Generator (PMSG) Loss Model 105 

The voltage equation and torque equation of PMSG are expressed as [33], [34] 106 

sd s sd s e sq

sq s sq s e sd e

u R i L i

u R i L i

ω
ω ω ψ

= − +
 = − − +

                                                          (2) 107 

3
( )

2e p sd sq sq sdT n i iψ ψ= −                                                                (3) 108 

The electrical rotating speed of generator eω  can be given by 109 

e p gnω ω=                                                                           (4) 110 

The copper loss inside a PMSG can be calculated by 111 

2
3loss

Cu s sP R I=                                                                         (5) 112 
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Another loss inside a PMSG is the iron loss, which can be calculated by 113 

1
loss

Fe eP kω=                                                                           (6) 114 

In the above, 1k  is a constant for describing the iron losses at a rated speed, and is usually taken as 0.1 115 

[35]. 116 

As a result, the power loss of PMSG can be expressed as 117 

loss loss loss
PMSG Cu FeP P P= +                                                                  (7) 118 

2.2. Converter Loss Model 119 

As the main components in a converter are the transistors and reverse conduction diodes, their 120 

switching and conduction cause power loss. Thus, the loss model of the converter can be calculated as [36] 121 

2loss
con l rms l rmsP a I b I= +                                                                   (8)  122 

Here, la  and lb  are the power module constants, and can be expressed as 123 

, ,

6 2

3

on off rr
l IGBT sw sw

C nom C nom

l IGBT

E E E
a V f f

I I

b R

π
  +

= + +     
 =

                                            (9) 124 

In this study, the constants in the equation are chosen as 7.0252la = , 0.0087lb = , and 800swf =  Hz [27]. 125 

2.3. Filter Loss Model 126 

The loss model of filter is expressed as in [27]: 127 

2 2( )loss
filter filter gd gqP R I I= +                                                             (10) 128 

2.4. Transformer Loss Model 129 

The loss model of the transformer is expressed as in [27]: 130 

2
0

loss
trans kP P Pβ= +                                                                     (11) 131 

2.5. Cable Loss Model 132 

The cable between bus i and bus j can be considered as equivalent to the model shown in Fig. 1.  133 

ijI lI jiI

0iI 0jI

0jy0iy

iV jV
ijy

 134 
Fig. 1. Equivalent model of the cable. 135 
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According to the equivalent model in Fig.1, the cable current can be expressed as in [37]: 136 

 
0 0

0 0

( )

( )
ij l i ij i j i i

ji l j ij j i i j

I I I y V V y V

I I I y V V y V

= + = − +
 = − + = − +

                                                  (12) 137 

Thus, the power loss of the cable can be expressed as 138 

* *loss
cable ij ji i ij j jiP S S V I V I= + = +                                                        (13) 139 

In the above, ijS is the complex powers from bus i to bus j, and jiS  is the complex powers from bus j to 140 

bus i. 141 

3. Lifetime of Wind Turbine 142 

For WFs that have been put into operation, especially offshore WFs, the maintenance and repair 143 

costs cannot be ignored. Therefore, it is necessary to consider the lifetime of a WT. As previously 144 

described, a WT includes a turbine, a gearbox, a generator, and a converter. From the field survey in 145 

reference [38], as compared with other parts of the WT, the failure rate of the electrical part of the WT is 146 

the highest. Thus, the lifetime of the power converter is the shortest, meaning that the lifetime of the power 147 

converter determines the lifetime of the WT. Furthermore, the reactive power dispatch strategy will only 148 

affect the lifetime of the converter, but not the WT [39]. Thus, only the lifetime of the converter is 149 

evaluated in the following. 150 

Fig. 2 shows a method of estimating the lifetime of a converter in a WT. The input of the model is 151 

the active power P and the reactive power Q of the WT, and the output is the lifetime of the converter in 152 

the WT. In the process, the first step is the power converter loading translation, implying that the voltage 153 

gV , current gI , and phase angle gϕ  of the grid-side converter can be calculated through the PMSG model 154 

and the converter model. The second step is loss evaluation in the power converter. The loss in the internal 155 

components is calculated by the converter loss model, including the IGBT conduction loss, IGBT 156 

switching loss, diode conduction loss, and diode switching loss. The third step is the thermal stress 157 

evaluation. In this step, a thermal model of the power module is used to evaluate the thermal stress 158 

according to the average junction temperature and the junction temperature fluctuation under specific 159 

loading conditions, and is closely related to the thermal resistance of the power module and the ambient 160 

temperature. Finally, according to the manufacturer's B10 lifetime data under fixed thermal stress, the total 161 

endurance power cycle can be calculated by using the Coffin-Manson equation at specific average junction 162 

temperatures and junction temperature fluctuations. According to the wind conditions in a year, the annual 163 

damage (AD) can be derived, and is the reciprocal of the lifetime.  164 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

7 
 

By using this lifetime calculating model, the lifetime of both the grid-side converter and the 165 

machine-side converter can be predicted. With respect to a full-scale power converter, a synchronous 166 

generator is fully decoupled from the power grid, with the result that the grid-side converter is responsible 167 

for the reactive power provision, combined with the active power. Moreover, the thermal loading of the 168 

IGBT and the freewheeling diode of the grid-side converter were studied in [40], and it could be seen that 169 

the IGBT was much more stressed. As a result, the lifetime of the IGBT in the grid-side converter will be 170 

the focus in the following. 171 

 

,g gV I

TP

_

_

,jm T

j T

T

dT

_

_

,jm D

j D

T

dT

DP

gϕ

 172 
Fig. 2. Method of estimating the lifetime of the converter  173 

4. Reactive Power Dispatch Strategy 174 

This section introduces the proposed reactive power dispatch strategy, which aims to find a group of 175 

reactive power references of WTs to minimise the LPC of a WF. Thus, the LPC, the objective function and 176 

constraints, and the PSO optimisation method are introduced in the following. 177 

4.1. Levelised production cost (LPC) 178 

The LPC is an indicator of the economic benefits of a WF. It considers the cost of capital 179 

discounting in the life cycle. The LPC for a WF can be calculated as [41] 180 

0
1

(1 )
yN

t
t

t

C CAP r
=

= +∑                                                                (14) 181 

0 (1 ) 1

(1 ) 1

y

y

N

N
tol

C r r
LPC

Er

+=
+ −

                                                                         (15) 182 

To simplify the calculation, this study only considers a single investment at the beginning.  183 

4.2. Objective function and constrains  184 

In this study, the LPC of a WF is chosen as the objective function. The selection of the LPC as the 185 
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objective function can suitably combine the two optimisation factors, i.e. the WF power loss minimisation 186 

and the WF lifetime maximisation. 187 

The objective function is given as 188 

,

0 (1 ) 1
min

(1 ) 1

y

ref y
WT k

N

N
Q

tol

C r r
LPC

Er

 + = 
+ −  

                                                          (16) 189 

1

1 1
*

( )

y
T

WF
t y

N

N t T

=
 
  
 

∑
                                                                 (17) 190 

,
1 1

8760
( ) ( ) *

T n
loss

tol WT k WF
t k

E P t P t
T= =

  = −  
  

∑ ∑                                                   (18) 191 

In the above, T is the number of sampling points in one year, , ( )WT kP t  is the captured active power of WT 192 

k at time t, ( )loss
WFP t  is the power loss of the WF at time t. ( )WF

yN t  is the lifetime of the WF that can be 193 

achieved when the situation at time t is always running, and is limited by the shortest lifetime among the 194 

individual WTs, even though the WF can operate with several WTs under forced outages. Moreover, the 195 

WTs whose lifetimes reach their maximum inevitably require repair. The increase of the repair cost and 196 

the increase of the WTs’ lifetime after such repair makes the WF’s LPC calculation more complicated, and 197 

may require further work for more detailed research and optimisation. Therefore, this study adopts a 198 

simplified calculation of LPC, taking the lifetime of the first damaged WT as the lifetime of the WF. Thus, 199 

the lifetime of WF can be calculated by Equation (19). 200 

,( ) min{ ( )}( 1,2,..., )WF WT k
y yN t N t k n= =                                     (19) 201 

Here, , ( )WT k
yN t  is the lifetime of WT k at time t, and ( )WF

yN t  is the lifetime of the WF at time t.  202 

The constraints contain the power flow balance limits, the WF reference reactive power constraint, 203 

the bus voltage constraint, the GSC current constraint, and the WTs’ lifetime limits, and are given as 204 

1

( ) ( ) ( ) ( ) cos ( ) ( ) ( )
BN

j j i ji ji j i
i

P t V t V t V t t t tθ δ δ
=

 = − + ∑                                    (20) 205 

1

( ) ( ) ( ) ( ) sin ( ) ( ) ( )
BN

j j i ji ji j i
i

Q t V t V t V t t t tθ δ δ
=

 = − − + ∑                                   (21) 206 

( ) ( )ref
PCC WFQ t Q t=                                                                     (22) 207 

min max( )j j jV V t V≤ ≤                                                                  (23) 208 

, ( )rms rated
GSC k GSCI t I≤                                                                      (24) 209 

, ( ) 100WT k
yN t ≤                                                                       (25) 210 
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In the above, ( )jP t  is the active power injected at bus j at time t, ( )jQ t  is the reactive power injected at 211 

bus j at time t, ( )PCCQ t  is the reactive power at the PCC at time t, ( )ref
WFQ t is the reactive power reference of 212 

the WF at time t, ( )jV t  is the voltage of bus j at time t, and , ( )rms
GSC kI t is the root mean square value of the 213 

grid side converter current of WT k at time t. The lifetime of WTs is limited to 100 years, as other failure 214 

mechanisms may replace the thermal wear-out after such a long operation period. 215 

4.3. Optimisation method 216 

The PSO algorithm was originally introduced by Eberhart and Kennedy, and is suitable for solving 217 

non-convex and nonlinear problems [42]. In PSO, each particle has n parameters. First, a group of 218 

particles is randomly generated, and is called the first generation. Then, the fitness value of each particle 219 

can be calculated by the objective function, denoted by ( )( )if x t . Up to the present k-th iteration, the 220 

optimal position found by particle i is called the personal best position, denoted by k
ipbest , and the 221 

optimal position found by all particles is called the global best position, denoted by kgbest . Then, each 222 

particle’s velocity and position are updated according to k
ipbest and kgbest , as given below [43]: 223 

1
1 1 2 2( ) ( )k k k k k k

i i i i iv v c r pbest x c r gbest x+ = + − + −                                      (26) 224 
1 1k k k

i i ix v x+ += +                                                                   (27) 225 

In this way, a new generation can be obtained. The same work will be performed on the new generation, 226 

until the result is good enough or the number of iterations reaches the maximum. 227 

This study chooses the PSO algorithm to find the appropriate reactive power reference for WTs to 228 

minimise the LPC of a WF. The PSO algorithm flowchart is shown in Fig. 3. 229 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 
 

1010−

maxk k=

1k k= +

1k =

 230 
 Fig. 3. Particle Swarm Optimisation algorithm flow chart. 231 

Fig. 3 contains two parts: the PSO main function, and the fitness function. When the PSO main 232 

function produces a generation of particles, each particle is fed into the fitness function. First, it is judged 233 

whether the particle satisfies the constraints. If the constraints are not satisfied, the objective function 234 

value, LPC, is directly infinite. If the constraints are satisfied, the power loss and the lifetime are 235 

calculated by  Equations (13)–(15), and then the LPC is calculated by Equation (17). Then, the fitness 236 

value of each particle is returned to the main function for comparison and updating, and obtaining the next 237 

generation of particles. The iteration process continues in this way until the termination condition is met. 238 

5. Case Study 239 

This section presents the results of a WT lifetime calculation. In addition, the proposed strategy and 240 

a traditional proportional dispatch strategy (from [10]) are compared in a WF under different scenarios. 241 

The WF model chosen for the simulation consists of 25 WTs arranged in 5 rows and 5 columns, as shown 242 

in Fig. 4. The parameters of the WTs are listed in Table I. The distance between two WTs is 882 m. The 243 

parameters of the cables are listed in Table II, in which three specifications have been adopted for the 244 

cables to suit different loadings.  245 
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 246 
Fig. 4. Layout of the wind farm (WF) for optimisation 247 

Table I Parameters of wind turbine used for optimisation [44] 248 

Parameter 5 MW National Renewable Energy Laboratory (NREL) Wind Turbine 

Cut-in, Rated, Cut-out Wind Speed 4 m/s, 11.4 m/s, 25 m/s  

Rotor, Hub Diameter 126 m, 3 m 

Rated Power 5 MW 

Cut-In, Rated Rotor Speed  6.9 rpm, 12.1 rpm 

Table II  Parameters of cable used in the wind farm [45] 249 

Cables’ position 
Cross section 

(mm2) 
Resistance 

(Ω/km) 
Capacitance 

(µF/km) 
Inductance 
(mH/km) 

Row 1 - 3 95 0.1842 0.18 0.44 

Row 3 - 5 150 0.1167 0.21 0.41 

Row 5 - point of common coupling (PCC) 240 0.0729 0.24 0.38 

5.1. Lifetime of Wind Turbine (WT) 250 

Using the analysis in Section III and the parameters of the 5 MW NREL PMSG WT, the lifetime of 251 

the WT can be calculated. From Fig. 5, the lifetime of a WT with a specific active power and reactive 252 

power can be found. As shown in Fig. 5, when the active power remains constant, the lifetime of the WT 253 

decreases as the absolute value of the reactive power increases. As the additional reactive power causes 254 

higher thermal stress, the lifetime of the WT will be lower. Using this phenomenon, this study optimises 255 

the reactive power reference of each WT to improve the lifetime of the whole WF. 256 
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 257 
Fig. 5. Lifetime of the wind turbine (WT) 258 

5.2. Case 1: Simulation at different wind velocities 259 

As an active power dispatch strategy is out of scope of this study, a traditional maximum power 260 

point tracking (MPPT) method is adopted for the WTs. In this study, the Jensen wake model is used to 261 

calculate the active power of each WT [46]. This case presents simulation results at three different wind 262 

velocities: 6 m/s, 12 m/s, and 18 m/s. Moreover, the wind direction of the incoming wind is set to 270°, 263 

and the required reactive power reference from the grid is 0.33 p.u. As the global optimal solution of the 264 

PSO algorithm has a certain randomness, each simulation result in this study is calculated 10 times with 265 

different initial values, and the optimal result from the 10 results is taken as the final result. 266 

(1) Scenario 1: Wind velocity = 6 m/s, wind direction = 270°, 0.33ref
WFQ =  267 

The comparisons of the traditional strategy and the proposed strategy are shown in Fig. 6, which 268 

depicts the active power, reactive power, and lifetime of all of the WTs. Table 3 shows the simulation 269 

results for Scenario 1. 270 

     271 
(a) Active power of WTs                                                      (b) Reactive power of WTs 272 
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 273 
(c) Lifetime of WTs 274 

Fig. 6. The active power, reactive power and lifetime of WTs at Scenario 1. 275 

Table III  Simulation result at Scenario 1 using different strategies  276 

Strategy 
Total captured power  

of WF (MW) 
Total power loss  

of WF (MW) 
Lifetime of WF 

(year) 
Levelised production cost (LPC) (DKK 

/kWh) 

Proportional strategy 5.57 0.41 100.00 110167.12 

Proposed strategy 5.57 0.40 100.00 110042.95 

Reduction 0 0.01 0 124.17 

Table III shows that the LPC of the WF using the proposed strategy is 124.17 DKK/kWh lower than 277 

that of the proportional strategy. The lifetime of a WF is 100 years in both reactive power strategies. This 278 

is because in this scenario, the wind velocity is low, and the active powers of WTs are low, as shown in 279 

Fig. 6(a). According to Fig. 5, the lifetime of a WT with a low active power always reaches the upper 280 

limit, provided the reactive power changes within a certain range. Thus, the lifetime of WTs using the two 281 

strategies are both 100 years, as seen in Fig. 6(c). Thus, in this scenario, the LPC reduction mainly comes 282 

from the power loss reduction. The simulation result in Fig. 6(b) indicates that a higher active power with 283 

a higher reactive power of the WT will result in a smaller total loss for the WF. This phenomenon is 284 

related to the loss model formula in Section II. The mathematical calculations show that if the total 285 

reactive power of the WF is certain, then the greater reactive power allocated to the larger active power 286 

will make the sum of the square roots of the active and reactive power of all of the WTs smaller. A large 287 

part of the total loss of the WF is proportional to the square root of the active and reactive power of the 288 

WT, leading to the optimisation results shown in Fig. 6(b). In summary, when the wind velocity is low, the 289 

main optimisation object of the proposed strategy is the total loss of the WF.  290 

(2) Scenario 2: Wind velocity = 12 m/s, wind direction = 270°, 0.33ref
WFQ =   291 

Comparisons of the proportional strategy and the proposed strategy are shown in Fig. 7, where the 292 

active power, reactive power, and lifetime of all of the WTs can be observed. Table IV presents the 293 

simulation results of Scenario 2. 294 
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       295 
(a) Active power of WTs                                                   (b) Reactive power of WTs 296 

 297 
(c) Lifetime of WTs 298 

Fig. 7 Active power, reactive power, and lifetime of WTs in Scenario 2. 299 

Table IV Simulation results of Scenario 2 using two different strategies  300 

Strategy 
Total captured power  

of WF (MW) 
Total power loss  

of WF (MW) 
Lifetime of WF 

(year) 
LPC (DKK 

/kWh) 

Proportional strategy 82.11 1.81 48.55 7752.34 

Proposed strategy 82.11 1.83 53.68 7580.97 

Reduction 0 -0.02 -5.13 171.37 

In Table IV, the LPC of the WF using the proposed strategy is 171.37 DKK/kWh lower than that of 301 

the proportional strategy. In this scenario, the lifetime of the WF can be greatly improved by using the 302 

proposed strategy. As shown in Fig. 7, the lifetime of WTs in Column 1 is 48.55 years using the 303 

proportional strategy. While using the proposed strategy, the WTs in Column 1 are assigned to give lower 304 

reactive power, because they generate higher active power. Thus their lifetime increases to 53.68 years. As 305 

the active power of the WTs at Columns 2 to 5 are low, they have a larger threshold to generate reactive 306 

power, while still maintaining the lifetime of 100 years. Thus, the reactive power of the WTs at Columns 2 307 

to 5 can be higher, to offset the lower reactive power of the WTs in Column 1. As a cost of obtaining a 308 

longer lifetime, the total loss of the WF increases. The total loss of the WF y using the proposed strategy is 309 

0.02 MW higher than that of the proportional strategy. However, its growth has less impact on the LPC 310 
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minimisation than the lifetime increasing, so the optimisation of the LPC is still very evident. In summary, 311 

when the wind velocity is at a suitable value in a middle area, the proposed method mainly optimises the 312 

lifetime of a WF.  313 

(3) Scenario 3: Simulation at: Wind velocity =18 m/s, wind direction =270°, 0.33ref
WFQ =   314 

A comparison of the proportional strategy and the proposed strategy is shown in Fig. 8, where the 315 

active power, reactive power, and lifetime of all of the WTs can be seen. Table V shows the simulation 316 

results for Scenario 3. 317 

     318 
(a) Active power of WTs                                               (b) Reactive power of WTs 319 

 320 
(c) Lifetime of WTs 321 

Fig. 8 Active power, reactive power, and lifetime of wind turbines at Scenario 3. 322 
Table V Simulation result at Scenario 3 using different strategies  323 

Strategy 
Total captured power  

of WF (MW) 
Total power loss  

of WF (MW) 
Lifetime of WF 

(year) 
LPC (DKK 

/kWh) 

Proportional strategy 125.00 2.81 36.24 5568.05 

Proposed strategy 125.00 2.81 36.25 5567.69 

Reduction 0 0.00 -0.01 0.35 

In Table V, the LPC of the WF using the proposed strategy is 0.35 DKK/kWh lower than that of the 324 

proportional strategy, which is a small number. In this scenario, the wind velocity is large enough that the 325 

output of each WT reaches a maximum of 5 MW. All of the WTs do not have a large enough margin to 326 
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regulate the reactive power. Thus, the LPC reduction is small. 327 

(4) Scenario 4: Simulation at different wind velocities 328 

In addition, all wind speeds from 4 m/s to 25 m/s were sampled at 1 m/s intervals to perform the 329 

simulation. Using the Jensen model, the active powers captured by the WF and the LPCs of the WF under 330 

different wind velocities are shown in Fig. 9 and Fig. 10, respectively. 331 

 332 
Fig. 9 Active power captured by the wind farm for different wind speeds 333 

 334 
Fig. 10 Levelised production cost (LPC) of the wind farm and LPC reduction for different wind speeds 335 

As shown in Fig. 9 and Fig. 10, the downward trend of the LPC is similar to the upward trend of the 336 

active power of the WF. This is because the LPC is inversely proportional to the active power of WF, as 337 

can be seen from Equation (21). The LPC reduction shown in Fig. 10 can be separated into three areas. In 338 

Area 1, when the wind velocity is below 10 m/s, the main contribution of the proposed strategy is 339 

minimising the total loss of the WF, as in Scenario 1. This contribution will be amplified as the total 340 

captured power decreases. This explains why the downward trend of LPC reduction is similar to the 341 

upward trend of the active power of the WF in Area 1. In Area 2, when the wind velocity is between 10 342 

m/s and 14 m/s, the proposed method mainly optimises the lifetime of the WF as in Scenario 2. In this 343 

area, some but not all of the WTs have reached their maximum output. This situation creates favourable 344 
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conditions for optimising the lifetimes by assigning a lower reactive power to the WTs that reach the 345 

maximum active power output, leaving the remaining WTs to take over more reactive power. Thus, the 346 

lifetime of the WF can be significantly improved, and the LPC reduction is more evident in Area 2. In 347 

Area 3, when the wind velocity is higher than 14 m/s, the LPC reduction is almost zero, as in Scenario 3. 348 

This is because the wind velocity is large enough that the output of each WT reaches a maximum of 5 349 

MW. All of the WTs do not have a large enough margin to regulate the reactive power, and thus the LPC 350 

reduction is small in Area 3.  351 

5.3. Case II Simulation of a year  352 

To evaluate the effectiveness of the proposed strategy more comprehensively, it is necessary to 353 

simulate over a course of a year. Fig. 11 shows a wind rose that reflects the wind velocity and wind 354 

direction in a year. The wind data is obtained from the NREL National Wind Technology Centre [47] and 355 

was sampled every 3 h, totalling 2920 pieces of data. Assuming that the WF reactive power reference from 356 

the grid is normally distributed, the values and their times of appearance are shown in Fig. 12. The sum of 357 

appearance times at each value is 2920, and aims to match the data of wind velocity and wind direction. 358 

       359 

Fig. 11 Wind rose of a year for case study (m/s).                                           Fig. 12. A year’s ref
WFQ  in pu. 360 

The LPC of the WF using the proportional strategy and the proposed strategy is compared for one 361 

year. The total captured power of the WF, the total loss of the WF, the lifetime of the WF and the LPC are 362 

listed in Table VI.  363 

Table VI Simulation result of a year  364 

Strategy 
Total captured power  

of WF (GWh) 
Total power loss  
of WF (GWh) 

Lifetime of WF 
 (year) 

LPC (DKK 
/kWh) 

Proportional strategy 606.44 13.19 70.57 8607.32 

Proposed strategy 606.44 13.19 70.84 8603.73 

T
im

e
s

 o
f 

a
p

p
e

a
re

n
c

e



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

18 
 

Reduction 0 -0.01 -0.27 3.59 

As the active power dispatch of the WF is the same in these two strategies, the total captured power 365 

of the WF in a year for both these two strategies is 606.44 GWh. The total power loss of the WF in a year 366 

of the proposed strategy is 0.01 GWh higher than that of the proportional strategy, and is the price of 367 

lifetime optimisation. Table VI shows that the WF can operate for 70.84 years using the proposed strategy, 368 

0.27 years longer than that of the proportional strategy. As a result, the LPC of the WF using the proposed 369 

strategy is 3.59 DKK/kWh smaller than that of the traditional strategy. 370 

In fact, the lifetime of a WT is usually 20 to 25 years, i.e. much shorter than the 70.84 years 371 

mentioned above. However, the lifetime calculated in this study can reflect the fatigue of the converter. 372 

Extending the lifetime of the converter can effectively reduce the frequency and cost of maintenance of the 373 

converter.  374 

6. Conclusions  375 

In this paper, a reactive power dispatch strategy is proposed to minimise the LPC of a WF. This goal 376 

is achieved in two ways: minimising the power loss of the WF, and maximising the lifetime of WTs. 377 

Considering the wake effect in a WF, the upstream WTs generate higher active power, which generally 378 

causes a shorter lifetime. For these WTs, using the proposed method to reduce their reactive power 379 

reference can effectively increase their lifetime. For the downstream WTs with lower generated active 380 

power, they have enough capacity to provide more reactive power, and their lifetime will never be shorter 381 

than the industrial standard. Consequently, for downstream WTs, the main task of the proposed method is 382 

to find the appropriate reactive power reference of the WTs to minimise the power loss of the WF. 383 

Furthermore, in the case of a year, the LPC of the WF using the proposed strategy is 3.59 DKK/kWh 384 

smaller than that of the traditional strategy, meaning the proposed strategy has higher economic benefits. 385 

In future study, as the active power dispatch has a great impact on the WF productivity and the 386 

lifetime of WTs, the active power and reactive power of WTs will both be considered as the optimisation 387 

objects to minimise the LPC of the WF. 388 
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Highlights: 

 

(1) An optimal reactive power dispatch of wind farm is proposed to minimize the 

LPC. 

(2) The power loss and lifetime of wind farm are both considered in the optimal 

strategy. 

(3) The LPC of proposed strategy is 3.59 DKK/kWh smaller than traditional strategy. 


