Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

Optimal reactive power dispatch of permanent magnet synchronous generator-based
wind farm considering levelised production cost minimisation

Li, Jian; Wang, Ni; Zhou, Dao; Hu, Weihao; Huang, Qi; Chen, Zhe; Blaabjerg, Frede

Published in:
Renewable Energy

DOl (link to publication from Publisher):
10.1016/j.renene.2019.06.014

Creative Commons License
CC BY-NC-ND 4.0

Publication date:
2020

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):

Li, J., Wang, N., Zhou, D., Hu, W., Huang, Q., Chen, Z., & Blaabjerg, F. (2020). Optimal reactive power dispatch
of permanent magnet synchronous generator-based wind farm considering levelised production cost
minimisation. Renewable Energy, 145, 1-12. https://doi.org/10.1016/j.renene.2019.06.014

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.


https://doi.org/10.1016/j.renene.2019.06.014
https://vbn.aau.dk/en/publications/9f56d349-9f99-470a-bd83-eaa5bf1c2344
https://doi.org/10.1016/j.renene.2019.06.014

Accepted Manuscript

Renewable Energy

AN INTERNATIONAL JOURNAL

Editor-in-Chief: AAM. Sayigh

Optimal reactive power dispatch of permanent magnet synchronous generator-based
wind farm considering levelised production cost minimisation

Jian Li, Ni Wang, Dao Zhou, Weihao Hu, Qi Huang, Zhe Chen, Frede Blaabjerg

PII: S0960-1481(19)30827-4
DOI: https://doi.org/10.1016/j.renene.2019.06.014
Reference: RENE 11746

To appearin:  Renewable Energy

Received Date: 4 March 2019
Revised Date: 30 May 2019
Accepted Date: 3 June 2019

Please cite this article as: Li J, Wang N, Zhou D, Hu W, Huang Q, Chen Z, Blaabjerg F, Optimal
reactive power dispatch of permanent magnet synchronous generator-based wind farm considering
levelised production cost minimisation, Renewable Energy (2019), doi: https://doi.org/10.1016/
j-renene.2019.06.014.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.renene.2019.06.014
https://doi.org/10.1016/j.renene.2019.06.014
https://doi.org/10.1016/j.renene.2019.06.014

O©CoOoO~NOOUILE, WN PP

Optimal Reactive Power Dispatch of Permanent Magnet Synchronous
Generator-Based Wind Farm Considering Levelised Production Cost
Minimisation

Jian LT, Ni Wangd, Dao Zhod, Weihao Ht', Qi Huang, Zhe Chef Frede Blaabjefy

'School of Mechanical and Electrical Engineeringjvdrsity of Electronic Science and Technology of
China, Chengdu, China

“Department of Energy Technology, Aalborg Universitalborg, Denmark

leejian@uestc.edu.cn, wangni@std.uestc.edu.cn, eda@.dkwhu@uestc.edu.cn, hwong@uestc.edu.cn,
zch@et.aau.dkbl@et.aau.dk

"Author to whom correspondence should be addre&sédail: whu@uestc.edu.cn; Tel.: +86-183-0280-
9968

Abstract: As wind power penetration increases, larg wind farms (WFs) need to provide reactive
power according to modern grid codes. Permanent magt synchronous generator-based wind
turbines (WTs) can generate reactive power, by aggiing the appropriate reactive power to each
WT to meet the reactive power requirements of the rid. This is a more economical method than
setting up additional reactive power compensation quipment. This study proposes an optimal
reactive power dispatch strategy for minimising a évelised production cost, and is implemented in
two ways: minimising the power loss of a WF, and mamising the lifetime of WTs. The reactive

power references of each WT are chosen as the opisation variables, and a particle swarm

optimisation algorithm is adopted to solve the optnisation problem. The proposed and traditional

reactive power dispatch strategies are demonstratednd compared on a WF with 25 WTs to
validate the effectiveness of the proposed approach

Index Terms—Reactive power dispatch, permanent magnet synchrons generator, power loss,
lifetime, levelised production cost.

Nomenclature

the resistance of the insulated-gate

Usa d-axis voltage of stator Roer bipolar transistor (IGBT)
Ugq g-axis voltage of stator Riter resistance of the filter
resistance of generator | g d-axis current of the grid side converter
Iog d-axis current of stator I g-axis current of the grid side converter
I g-axis current of stator P, no-load loss of transformer
L inductance of generator P, load loss of transformer
Y flux of permanent magnet B the load ratio
w, electrical rotating speed of generator  C, present value of the capital cost
W, mechanical rotating speed of generator CAR capital cost in yedr

n, number of pole pairs r the discount ratio
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|| | root mean square value of stator phase N
S

current y lifetime

a constant describes iron losses at rated N
K, speed = energy yield in one year
. rc%%tvrgr?:rn :glig:ren?/ni?e of the current atvik velocity of particld atk-th iteration
Vet ;/r(]);t?geB?cross the collector and emitter % position of particle atk-th iteration
fo switching frequency C,C acceleration coefficients
l .nom nominal collector current of IGBT r,r, random numbers between 0 and 1
E,, the turn-on energies of IGBT pbest persona}l best posiign of partidiatk-

th iteration

E.« the turn-off energies of IGBT gbest  global best position &tth iteration
E, turn-off energy of the diode

1. Introduction

Wind power technology has developed rapidly in negears. The installed capacity of wind power
increased by 51.3 GW in 2018, bringing the glob&ltinstalled capacity to 591 GW. The Global Wind
Energy Council forecasts that the sector will nettor rapid growth in 2019, and move upwards to liesac
total installed capacity of 840 GW by 2022 [1]. §ievelopment in wind energy brings increasing wind
penetration levels into the grid. In Denmark, 44Bthe electricity in 2017 was obtained from windnsy
[2]. However, the fluctuation of wind speed and #reors in wind resource prediction bring additiona
uncertainty regarding wind energy [3]. Moreover tlncertainty of wind power brings variability into
operational planning [4]. In addition, the high gemtage of wind penetration may affect the stabdit
the power grid [5]. Thus, grid codes require thatdvfarms (WFs) should be able to provide reactive
power to support a grid voltage [6].

To provide the reactive power needed by the gridsttWFs are equipped with some fast volt-
ampere reactive (var) regulation devices, such agmaator banks, static synchronous compensators
(STATCOMSs), and static var compensators (SVCs)[8] In fact, a grid-side converter (GSC) inside a
doubly-fed induction generator (DFIG) wind turbi@®T) or a permanent magnet synchronous generator
(PMSG) WT has the ability to control the reactivever and voltage [9]. As a result, in large-scalEsW
constructed with DFIGs or PMSGs, each WT can ba ssea reactive power source. By assigning an
appropriate reactive reference to each WT, thetik@apower at the point of common coupling (PCQ) ca

meet the requirements of the power grid.
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A reactive power dispatch strategy aims to allo¢h&etotal reactive power needed at the PCC to
each WT inside the WF. The traditional strategg igroportional dispatch strategy, in which each VT
reactive power reference is allocated accordinigstavailable reactive power capacity [10]. Thistinogl
is easy to implement with a small number of caliofes. However, considering the stochastic natdire o
wind and the increasing penetration of wind powenegation, this reactive power dispatch is no longe
suitable for large-scale WFs. Much research has degoted to various reactive power dispatch grese
based on different objective functions to meetedéht operation requirements of a WF, includingdow
active power loss [11][13], higher power quality [14]16], and higher reliability [17]20]. Reference
[21] adopts a genetic algorithm to obtain a coathd reactive power management among DFIG WTs
and SVCs to improve the voltage stability. Refeesf2] proposes a reactive power assignment plaa fo
SVC-based WF, which can maximise the reactive paeserve and minimise the system loss. Reference
[23] uses both WTs and SVCs as the reactive powerce to realise a WF low-voltage ride through
(LVRT) capability. Reference [24] considers five eogting modes to examine the reactive power
strategies of a DFIG WT. Reference [25] proposasuHi-objective reactive power strategy to coordena
reactive power among flexible alternating curreahsmission system (FACTSs) devices. Reference [26]
considers a wake effect, and proposes a reactwermpdispatch method aiming to improve the lifetiofe
a power converter. Reference [27] comprehensivalgutates the active power loss of each part inlg W
and adopts a particle swarm optimisation (PSO)rdlgn to minimise the total power loss of the W |
addition to minimising the loss of the WF, thisdtualso considers the maximum lifetime of the WT.
With these two elements as the optimisation goahisf study, an optimisation algorithm is useditw f
the optimal reactive power allocation strategy\Ws.

When the reactive power command of the WF is gieeeach WT, the WTs provide extra reactive
power in addition to the active power, which magule in a shorter lifetime of the WTs [27]. As
mentioned in [28] and [29], the first-commission®d's have begun to age, causing a major challenge fo
the wind industry, and the maintenance cost ofhoifs WFs cannot be ignored. Thus, it is necessary t
consider the lifetime of WTs at a WF under variopsration conditions. As described in [30], thetlihe
of a WT’s converter is related to the generatiorbath active power and reactive power. Owing to the
wake effect, the WTs at different places may califferent amounts of wind power. One promising way
to increase the average lifetime of WTs in a WByisassigning low reactive power to the WT producing
high active power, and assigning high reactive powehe WT producing low active power. Thus, the
WEF is able to operate for a longer time with a Erigvestment at the beginning, which can reduee th

average investment cost.
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This study proposes a reactive power dispatchestyadf a PMSG-based WF, aiming to increase the
economic benefits of the WF. Both reducing theltptaver loss of the WF and increasing the lifetiofie
the WTs can increase the economic benefits of tke THis study chooses the levelised production cost
(LPC) as the objective function, whose value iselg related to both the power loss and the lifetoh
the WF. It also adopts a PSO algorithm to deterrthieereactive power reference of WTs that minimises
the LPC of the WF. Finally, the proposed methodriplemented in a WF with 25 National Renewable
Energy Laboratory (NREL) 5 MW WTs, and the resalts compared with a traditional operation strategy.

This paper is organised as follows. Section Il dbss five loss models present in a WF. Section I
introduces a method to calculate the lifetime &Wa&. Section IV proposes an improved reactive power
dispatch strategy to minimise the LPC. Section &spnts a case study, and section VI draws a comclus

2. Loss Models inside A Wind Farm

In a wind farm, the main devices are WTs and calllee PMSG has the advantages of a quick
transient response, low maintenance cost, and siogitrol process [31] [32]. This study takes a VS
based WF as an example for analysis. Thus, the &l power loss consists of five parts of the PMSGs

converters, filters, transformers and cables, amlbe expressed as given below:

m

PV:IOFSS - Z(PFIF\)ASSSG k+ Ploss+ Pfllcl)tse? |<+ P I033)<+ Z P loss (1)
k=1

con k trans calhe
1=1

Here, Poec « i the loss inside the generator of WTPSS, is the loss of converter in WK, Pyer  is the

con k

loss of filter, P°*  is the loss of transformer of WK PSS

trans, k calbg, |

is the loss of cable mis the total number of

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

2.1. Permanent Magnet Synchronous Generator (PMSG) Loss Model
The voltage equation and torque equation of PM&Gapressed as [33], [34]

{usd = _Rsisd+ Lg)é sq (2)
usq = _Rsisq_ Lg)é sd+ a)(é/
3 . .
Te _E np(wsdlsq_w s!] s) (3)
The electrical rotating speed of generadgrcan be given by
@, =N, (4)
The copper loss inside a PMSG can be calculated by
RE®=3R|1] (5)
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Another loss inside a PMSG is the iron loss, wiuah be calculated by
P = keo, (6)
In the abovek; is a constant for describing the iron losses adted speed, and is usually taken as 0.1
[35].
As a result, the power loss of PMSG can be expdease
Plrte = P+ P 7)

2.2. Converter Loss Model
As the main components in a converter are the igtms and reverse conduction diodes, their

switching and conduction cause power loss. Theslass model of the converter can be calculatd@als
PIOSS = a‘l Irms bl I fms (8)

con

Here,a andb are the power module constants, and can be exgress

+E
al = 6\/E[\/IGBT + Eon B fsw+ Err fst
T

IC,nom C nom (9)
h = 3|%GBT
In this study, the constants in the equation aoseh asa, =7.0252,  =0.0087, and f_, =800 Hz [27].
2.3. Filter Loss Model
The loss model of filter is expressed as in [27]:
Pflllot?; N Rfilter ( lgzd + Igzq) (10)
2.4. Transformer Loss Model
The loss model of the transformer is expressed §&71:
Rane = R+B°R (11)

2.5. Cable Loss Model
The cable between busind bug can be considered as equivalent to the model siowig. 1.

Fig.i. Equivalent modeI of the cable.
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According to the equivalent model in Fig.1, theleaturrent can be expressed as in [37]:
{Iij =1+, =y, \Y -V )HYoY
Iji =1, +Ij0 =Y (\/] _\|/)+YO\{
Thus, the power loss of the cable can be expressed a
Pclgi =5+ 3= VJ + YJ] (13)

In the above S, is the complex powers from bugo busj, andS; is the complex powers from bjigo

12}

busi.

3. Lifetime of Wind Turbine

For WFs that have been put into operation, espgadishore WFs, the maintenance and repair
costs cannot be ignored. Therefore, it is necesgargonsider the lifetime of a WT. As previously
described, a WT includes a turbine, a gearbox, reerggor, and a converter. From the field survey in
reference [38], as compared with other parts ofie the failure rate of the electrical part of W is
the highest. Thus, the lifetime of the power corafeid the shortest, meaning that the lifetime efgbwer
converter determines the lifetime of the WT. Fumhere, the reactive power dispatch strategy willyon
affect the lifetime of the converter, but not theT\89]. Thus, only the lifetime of the converter is
evaluated in the following.

Fig. 2 shows a method of estimating the lifetimeaafonverter in a WT. The input of the model is
the active poweP and the reactive pow&) of the WT, and the output is the lifetime of thenzerter in
the WT. In the process, the first step is the povegverter loading translation, implying that thdtage

V,, currentl , and phase anglg, of the grid-side converter can be calculated tghothe PMSG model

and the converter model. The second step is loggatian in the power converter. The loss in therimaé
components is calculated by the converter loss madeluding the IGBT conduction loss, IGBT
switching loss, diode conduction loss, and diodétchimg loss. The third step is the thermal stress
evaluation. In this step, a thermal model of thevggomodule is used to evaluate the thermal stress
according to the average junction temperature &edjunction temperature fluctuation under specific
loading conditions, and is closely related to thermal resistance of the power module and the arhbie
temperature. Finally, according to the manufactsif®tO lifetime data under fixed thermal stress,ttital
endurance power cycle can be calculated by use@tffin-Manson equation at specific average jumcti
temperatures and junction temperature fluctuatidesording to the wind conditions in a year, theaal
damageAD) can be derived, and is the reciprocal of thdifife.
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By using this lifetime calculating model, the lifee of both the grid-side converter and the
machine-side converter can be predicted. With sfme a full-scale power converter, a synchronous
generator is fully decoupled from the power gricthwthe result that the grid-side converter is caggible
for the reactive power provision, combined with #ative power. Moreover, the thermal loading of the
IGBT and the freewheeling diode of the grid-sidevarter were studied in [40], and it could be st
the IGBT was much more stressed. As a result,ifistemie of the IGBT in the grid-side converter wlié

the focus in the following.

Loading Translation Lifecycle Analysis
« Coffin-Manson
P ——>» .
PMSG model model | > AD

Q —— - Converter model « Wind condition

Vg , | i ¢g jm_T jm_D
dT, ; | dT; ;
« IGBT loss | R « Thermal impedance
« Diode loss P, « Ambient temp.
Loss Evaluation Thermal Stresses

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

4. Reactive Power Dispatch Strategy

This section introduces the proposed reactive paisgratch strategy, which aims to find a group of
reactive power references of WTs to minimise th€Ild?a WF. Thus, the LPC, the objective functiod an

constraints, and the PSO optimisation method dreduaced in the following.

4.1. Levelised production cost (LPC)
The LPC is an indicator of the economic benefitsaofVF. It considers the cost of capital
discounting in the life cycle. The LPC for a WF dancalculated as [41]

Co = CAP(L+ 1) (14)

t=1

co Cor(+r) 1
(1+r)Ny -1 Etol
To simplify the calculation, this study only consid a single investment at the beginning.

(15)

4.2. Objective function and constrains
In this study, the LPC of a WF is chosen as thedahbje function. The selection of the LPC as the
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objective function can suitably combine the twoilmggation factors, i.e. the WF power loss minimisat
and the WF lifetime maximisation.

The objective function is given as

min{LPCzC"r(l:r)Ny = } (16)
Qi (1+r) "1 E[oI
N, = an
1,1
B = ZKZ R0~ R t)j*@’} 18]

In the aboveT is the number of sampling points in one yeRy, (t) is the captured active power of WT

k at timet, Ry=°(t) is the power loss of the WF at timeN " (t) is the lifetime of the WF that can be
achieved when the situation at times always running, and is limited by the shortdstime among the
individual WTs, even though the WF can operate w#heral WTs under forced outages. Moreover, the
WTs whose lifetimes reach their maximum inevital#guire repair. The increase of the repair cost and
the increase of the WTs’ lifetime after such repaakes the WF’s LPC calculation more complicated, a
may require further work for more detailed reseaacill optimisation. Therefore, this study adopts a
simplified calculation of LPC, taking the lifetinté the first damaged WT as the lifetime of the WRus,
the lifetime of WF can be calculated by Equatio8)(1

N} (1) = min{ N;"" {9} k=L1,2,..., ) (19)
Here, Ny'"X(t) is the lifetime of WTk at timet, and N} () is the lifetime of the WF at time

The constraints contain the power flow balancetBmihe WF reference reactive power constraint,

the bus voltage constraint, the GSC current comstr@nd the WTs’ lifetime limits, and are given as

P.0 =]V, (0] LV (d]cos 6, -9 0+ )] (20)
Q) =¥ (0] V[V, (B[sin[8, (v-a 9+ (1] (21)
Qpcc(t) = QC?L('[) (22)
ijin < V] (t) < \/jmax (23)
1 (0 <1 (24)
NJ'™¥(t) <100 (25)
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In the abovep (t) is the active power injected at buat timet, Q,(t) is the reactive power injected at
busj at timet, Q,..(t) is the reactive power at the PCC at time;' (t) is the reactive power reference of

the WF at time,, V,(t) is the voltage of bupat timet, and I (¢, ,(t) is the root mean square value of the

grid side converter current of WK at timet. The lifetime of WTs is limited to 100 years, dbey failure
mechanisms may replace the thermal wear-out aftdr 8 long operation period.
4.3. Optimisation method
The PSO algorithm was originally introduced by Hlzet and Kennedy, and is suitable for solving
non-convex and nonlinear problems [42]. In PSO heparticle hasn parameters. First, a group of
particles is randomly generated, and is calledfitse generation. Then, the fithess value of eaattige

can be calculated by the objective function, demdty f (x (t)). Up to the preserk-th iteration, the
optimal position found by particle is called the personal best position, denotedpbgsft, and the
optimal position found by all particles is calldtetglobal best position, denoted bigest . Then, each
particle’s velocity and position are updated actaydo pbesfand gbest, as given below [43]:

v =y +qr(pbest- X)+ ¢ gbest 'y (26)
= (27)
In this way, a new generation can be obtained. Semee work will be performed on the new generation,
until the result is good enough or the numberafiions reaches the maximum.
This study chooses the PSO algorithm to find ther@pmriate reactive power reference for WTs to
minimise the LPC of a WF. The PSO algorithm flomth&shown in Fig. 3.
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} A } value } }
| ) 4 | | !
| |
— ‘ \ \
| k=k+1 Get pbest. ghest | | Calculate the power | |
} A | | loss (1) and the lifetime | |
| |
| | i (14,15) |
| |
| | | \ 4 |
| } } Get fitness value }
} } \ of LPC according |
w ‘ | formula (18-20) |
‘ | | |
} | | |
| . [ [ . |
, PSO main \ | Fitness
230 | function A\ % | L] function |
231 Fig. 3. Particle Swarm Optimisation algorithm flow chart.
232 Fig. 3 contains two parts: the PSO main functiamd ¢he fitness function. When the PSO main

233 function produces a generation of particles, eautigbe is fed into the fitness function. Firstjstjudged
234 whether the particle satisfies the constraintgh# constraints are not satisfied, the objectivection
235 value, LPC, is directly infinite. If the constrasntire satisfied, the power loss and the lifetime ar
236 calculated by Equations (13)—(15), and then th€ li® calculated by Equation (17). Then, the fitness
237 value of each particle is returned to the main fiomcfor comparison and updating, and obtainingribxet

238 generation of particles. The iteration processiooes in this way until the termination conditieamet.

239 5. Case Study

240 This section presents the results of a WT lifetoakulation. In addition, the proposed strategy and
241 a traditional proportional dispatch strategy (fr¢b@]) are compared in a WF under different scersario
242 The WF model chosen for the simulation consist2WTs arranged in 5 rows and 5 columns, as shown
243 in Fig. 4. The parameters of the WTs are listed@able I. The distance between two WTs is 882 m. The
244  parameters of the cables are listed in Table Ihimch three specifications have been adoptedHer t
245 cables to suit different loadings.

10
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NN
246 %
247 Fig. 4. Layout of the wind farm (WF) for optimisation
248 Table | Parameters of wind turbine used for optimisatiof] [4
Parameter 5 MW National Renewable Energy LaborgdREL) Wind Turbine
Cut-in, Rated, Cut-out Wind Speed 4 m/s, 11.4 gan/s
Rotor, Hub Diameter 126 m, 3 m
Rated Power 5 MW
Cut-In, Rated Rotor Speed 6.9 rpm, 12.1 rpm
249 Table Il Parameters of cable used in the wind farm [45]
Cables’ position Cross section Resistancg Capacitance Inductance
(mnY) (Q/km) (nF/km) (mH/km)
Row1-3 95 0.1842 0.18 0.44
Row3-5 150 0.1167 0.21 0.41
Row 5 - point of common coupling (PCC) 240 0.0729 .240 0.38
250 5.1. Lifetime of Wind Turbine (WT)
251 Using the analysis in Section Ill and the paransetéithe 5 MW NREL PMSG WT, the lifetime of

252 the WT can be calculated. From Fig. 5, the lifetioiea WT with a specific active power and reactive
253 power can be found. As shown in Fig. 5, when thev@@ower remains constant, the lifetime of the WT
254 decreases as the absolute value of the reactiverpoareases. As the additional reactive power &aus
255 higher thermal stress, the lifetime of the WT vaé lower. Using this phenomenon, this study optsis

256 the reactive power reference of each WT to imptbedifetime of the whole WF-.

11
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Fig. 5. Lifetime of the wind turbine (WT)
5.2. Case 1: Simulation at different wind velocities

As an active power dispatch strategy is out of scopthis study, a traditional maximum power
point tracking (MPPT) method is adopted for the WIhsthis study, the Jensen wake model is used to
calculate the active power of each WT [46]. Thisecaresents simulation results at three differantdw
velocities: 6 m/s, 12 m/s, and 18 m/s. Moreoveg, whnd direction of the incoming wind is set to 270
and the required reactive power reference fromgtickis 0.33 p.u. As the global optimal solutiontbé
PSO algorithm has a certain randomness, each gionul@sult in this study is calculated 10 timeshwi
different initial values, and the optimal resutirir the 10 results is taken as the final result.

(1) Scenario 1: Wind velocity = 6 m/s, wind directi= 270°,Q;;t =0.33

The comparisons of the traditional strategy andpiaposed strategy are shown in Fig. 6, which

depicts the active power, reactive power, andiifetof all of the WTs. Table 3 shows the simulation
results for Scenario. 1

°
N
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Fig. 6. The active power, reactive power and lifetim&\dfs at Scenario 1.

Table Il Simulation result at Scenario 1 using differeratstgies

Strategy Total captured power Total power loss Lifetime of WF | Levelised production cost (LPC) (DK
of WF (MW) of WF (MW) (year) /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 11l shows that the LPC of the WF using thepmsed strategy is 124.17 DKK/kWh lower than
that of the proportional strategy. The lifetimeao¥VF is 100 years in both reactive power stratedibs
is because in this scenario, the wind velocityois,land the active powers of WTs are low, as shimwn
Fig. 6(a). According to Fig. 5, the lifetime of aTwwith a low active power always reaches the upper
limit, provided the reactive power changes withiceatain range. Thus, the lifetime of WTs using tine
strategies are both 100 years, as seen in Fig. B, in this scenario, the LPC reduction macdynes
from the power loss reduction. The simulation resuFig. 6(b) indicates that a higher active powth
a higher reactive power of the WT will result insmaller total loss for the WF. This phenomenon is
related to the loss model formula in Section Il.eTimathematical calculations show that if the total
reactive power of the WF is certain, then the gneetactive power allocated to the larger activeigro
will make the sum of the square roots of the acéind reactive power of all of the WTs smaller. Aga
part of the total loss of the WF is proportionalthe square root of the active and reactive povi¢he
WT, leading to the optimisation results shown ig.f&(b). In summary, when the wind velocity is ldhe
main optimisation object of the proposed stratagfe total loss of the WF-.

(2) Scenario 2: Wind velocity = 12 m/s, wind diieat= 270°,Q;t =0.33

Comparisons of the proportional strategy and tlop@sed strategy are shown in Fig. 7, where the

active power, reactive power, and lifetime of dltbe WTs can be observed. Table IV presents the
simulation results of Scenario 2.
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Fig. 7 Active power, reactive power, and lifetime of WATScenario 2.

Table IV Simulation results of Scenario 2 using two différstrategies

Strate Total captured power Total power loss Lifetime of WF | LPC (DKK
9y of WF (MW) of WF (MW) (year) /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 proposedtegy is 171.37 DKK/kWh lower than that of
the proportional strategy. In this scenario, thetiline of the WF can be greatly improved by using t
proposed strategy. As shown in Fig. 7, the lifetiofeWTs in Column 1 is 48.55 years using the
proportional strategy. While using the proposedtstyy, the WTs in Column 1 are assigned to giveetow
reactive power, because they generate higher goower. Thus their lifetime increases to 53.68 yeas
the active power of the WTs at Columns 2 to 5 ave they have a larger threshold to generate reacti
power, while still maintaining the lifetime of 1@@ars. Thus, the reactive power of the WTs at Cakith
to 5 can be higher, to offset the lower reactivevgroof the WTs in Column 1. As a cost of obtainang
longer lifetime, the total loss of the WF increasHse total loss of the WF y using the proposeattsgy is
0.02 MW higher than that of the proportional stggteHowever, its growth has less impact on the LPC
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minimisation than the lifetime increasing, so tipimisation of the LPC is still very evident. Inmsmary,

when the wind velocity is at a suitable value imigdle area, the proposed method mainly optimikses t
lifetime of a WF.

(3) Scenario 3: Simulation at: Wind velocity =18sm#ind direction =270°Q/" =0.33

A comparison of the proportional strategy and theppsed strategy is shown in Fig. 8, where the
active power, reactive power, and lifetime of dlittoe WTs can be seen. Table V shows the simulation
results for Scenario 3.
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Fig. 8 Active power, reactive power, and lifetime of wintbines at Scenario 3.
Table V Simulation result at Scenario 3 using differeratelgies

Strategy Total captured power Total power loss Lifetime of WF | LPC (DKK
of WF (MW) of WF (MW) (year) /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 proposedtsgy is 0.35 DKK/kWh lower than that of the
proportional strategy, which is a small numberthis scenario, the wind velocity is large enougit the
output of each WT reaches a maximum of 5 MW. Altled WTs do not have a large enough margin to
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regulate the reactive power. Thus, the LPC redngiemall.

(4) Scenario 4: Simulation at different wind veloes

In addition, all wind speeds from 4 m/s to 25 mkrevsampled at 1 m/s intervals to perform the
simulation. Using the Jensen model, the active ppwaptured by the WF and the LPCs of the WF under
different wind velocities are shown in Fig. 9 arid.A.0, respectively.
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Fig. 9 Active power captured by the wind farm for différeiind speeds
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Fig. 10 Levelised production cost (LPC) of the wind farnd & C reduction for different wind speeds
As shown in Fig. 9 and Fig. 10, the downward trehthe LPC is similar to the upward trend of the

active power of the WF. This is because the LP{Dvsrsely proportional to the active power of WE, a
can be seen from Equation (21). The LPC reductnmws in Fig. 10 can be separated into three afeas.
Area 1, when the wind velocity is below 10 m/s, thain contribution of the proposed strategy is
minimising the total loss of the WF, as in ScendrioThis contribution will be amplified as the tbta
captured power decreases. This explains why thendawd trend of LPC reduction is similar to the
upward trend of the active power of the WF in Aledn Area 2, when the wind velocity is between 10
m/s and 14 m/s, the proposed method mainly optsnise lifetime of the WF as in Scenario 2. In this

area, some but not all of the WTs have reached thaximum output. This situation creates favourable
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conditions for optimising the lifetimes by assigmia lower reactive power to the WTs that reach the
maximum active power output, leaving the remaings to take over more reactive power. Thus, the
lifetime of the WF can be significantly improvedydathe LPC reduction is more evident in Area 2. In
Area 3, when the wind velocity is higher than 14 ntthe LPC reduction is almost zero, as in Scerfario

This is because the wind velocity is large enouwgit the output of each WT reaches a maximum of 5
MW. All of the WTs do not have a large enough mautgi regulate the reactive power, and thus the LPC

reduction is small in Area 3.

5.3. Case II: Simulation of a year
To evaluate the effectiveness of the proposedegjyatnore comprehensively, it is necessary to
simulate over a course of a year. Fig. 11 showsna wose that reflects the wind velocity and wind
direction in a year. The wind data is obtained fritve NREL National Wind Technology Centre [47] and
was sampled every 3 h, totalling 2920 pieces ad.dassuming that the WF reactive power referenoe fr
the grid is normally distributed, the values an€irthimes of appearance are shown in Fig. 12. Tine af

appearance times at each value is 2920, and aimattth the data of wind velocity and wind direction
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Fig. 11 Wind rose of a year for case study (m/s). Fig. 12. A yearsQy! in pu.
The LPC of the WF using the proportional strategg ¢he proposed strategy is compared for one
year. The total captured power of the WF, the toisd of the WF, the lifetime of the WF and the L&€
listed in Table VI.

Table VI Simulation result of a year

Strate Total captured power Total power loss Lifetime of WF{ LPC (DKK
ay of WF (GWh) of WF (GWh) (year) /KWh)
Proportional strategy 606.44 13.19 70.57 8607.32
Proposed strategy 606.44 13.19 70.84 8603.73
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Reduction 0 -0.01 -0.27 3.59
As the active power dispatch of the WF is the santbese two strategies, the total captured power

of the WF in a year for both these two strategse806.44 GWh. The total power loss of the WF ireary

of the proposed strategy is 0.01 GWh higher tha t¢ifi the proportional strategy, and is the pri€e o
lifetime optimisation. Table VI shows that the Wé&nooperate for 70.84 years using the proposecgiat
0.27 years longer than that of the proportionatsgyy. As a result, the LPC of the WF using theppsed
strategy is 3.59 DKK/kWh smaller than that of theditional strategy.

In fact, the lifetime of a WT is usually 20 to 2®ars, i.e. much shorter than the 70.84 years
mentioned above. However, the lifetime calculatedhis study can reflect the fatigue of the corsfert
Extending the lifetime of the converter can effeely reduce the frequency and cost of maintenaht®eo

converter.

6. Conclusions

In this paper, a reactive power dispatch strategyoposed to minimise the LPC of a WF. This goal
is achieved in two ways: minimising the power lasthe WF, and maximising the lifetime of WTs.
Considering the wake effect in a WF, the upstreaifs\Wenerate higher active power, which generally
causes a shorter lifetime. For these WTs, usingpttoposed method to reduce their reactive power
reference can effectively increase their lifetirker the downstream WTs with lower generated active
power, they have enough capacity to provide maaetiee power, and their lifetime will never be sieor
than the industrial standard. Consequently, formkiveam WTSs, the main task of the proposed method i
to find the appropriate reactive power referencehef WTs to minimise the power loss of the WF.
Furthermore, in the case of a year, the LPC of\We using the proposed strategy is 3.59 DKK/kWh
smaller than that of the traditional strategy, nieguhe proposed strategy has higher economic kienef

In future study, as the active power dispatch hageat impact on the WF productivity and the
lifetime of WTSs, the active power and reactive powEWTs will both be considered as the optimisatio
objects to minimise the LPC of the WF.
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Highlights:

(1) An optima 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.



