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Integrated Optimal Siting and Sizing for VSC-
HVDC-link-based Offshore Wind Farms and
Shunt Capacitors
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and Kwang Y. Lee

Abstract—It is economic and secure to determine the optimal
siting and sizing of the offshore wind farms (OWFs) integrated in-
to the AC system through voltage-source converter high-voltage
direct current (VSC-HVDC) links. In this paper, an integrated
planning model for the VSC-HVDC-link-based OWFs and the ca-
pacitors is proposed, where a decomposition technique is present-
ed to solve the proposed mixed-integer nonlinear programming
(MINLP) problem and obtain the optimal solution. This model
can optimize the siting and sizing of the OWFs to improve the
voltage profile and reduce the adverse influence of the reactive
power of the OWFs. With the proposed planning model, the total
investment costs, operation costs and maintenance costs of the
OWFs, VSC-HVDC links, and the capacitors can be minimized.
Simulations on the modified IEEE 118-bus system show that the
proposed integrated planning model can provide more economic
scheme than the independent planning scheme, in which the ca-
pacitors are planned after the OWFs. Besides, a series of sensitivi-
ty analysis on certain equipment costs are studied to obtain the
regular pattern for sizing VSC stations.

Index Terms—Capacitor, installed capacity, point of common
coupling (PCC), offshore wind farm (OWF), voltage-source con-
verter high-voltage direct current (VSC-HVDC) link.

I. INTRODUCTION

NVIRONMENT-FRIENDLY society has been empha-
sized increasingly all over the world, calling for renew-
able energy such as wind and solar energy generations [1],
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[2]. Moreover, the application of renewable energy is one of
the best ways to protect the environment by reducing the car-
bon emissions [1]. Compared with the onshore wind farms,
offshore wind farms (OWFs) have remarkable advantages
such as higher wind speed and less noise [3]. Therefore,
many OWFs have been constructed in recent years, for ex-
ample, the German projects of HelWin2 (800 MW) and Dol-
win2 (900 MW) in 2015 [4]. In the near future, it is promis-
ing that more OWFs will be connected to the onshore AC
system so as to alleviate the energy shortage [5].

The optimal siting and sizing of OWFs can provide the
economic and security operation of power systems, i.e., de-
creasing the total investment and operation costs of the
OWFs and voltage-source converter high-voltage direct cur-
rent (VSC-HVDC) links. Many approaches have been sug-
gested for the siting and sizing of wind farms. In [6], a pow-
er loss reduction method is proposed to identify the optimal
point of common coupling (PCC) of wind farm in the AC
system. However, the sizing of wind farm is not optimized.
In [7], the optimal sizing of wind farm under the given sites
and the total penetration level is scheduled for maximizing
the transient voltage stability level and operation benefit.
Reference [8] optimizes the siting of OWFs for maximizing
the energy production and minimizing the total investment
with consideration of wake effect. In [9], a detailed techni-
cal and economic analysis is presented for different sizes of
OWFs which are connected to the onshore grid through
HVDC links. However, how to identify the optimal sizing of
the OWFs is not discussed in [8] and [9].

VSC-HVDC transmission system has been widely applied
in integrating OWFs into the onshore AC system due to its
advantages such as no requirement of reactive power com-
pensation (RPC) on the AC side of converters [10], indepen-
dent and flexible control of active and reactive powers [11],
and black start capability [12]. VSC-HVDC links of differ-
ent capacities connected to different PCCs could result in dif-
ferent power losses and voltage profiles. In order to maxi-
mize the profit under given security constraints in transmis-
sion expansion planning, it is indispensable to identify the
best siting of PCC to connect the VSC-HVDC link and de-
termine the suitable sizing of OWFs to be connected to the
AC system.
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With the direct integration of wind turbines, a poor volt-
age profile could be caused due to the reactive power absorp-
tion from AC system by the wind turbines, which can be
considered as the source of voltage fluctuations [13]. When
VSC-HVDC is used in integrating OWFs into onshore AC
system, VSC station would compensate the reactive power
required by the wind farm and maintain the voltage stability.
However, the AC system still needs to provide RPC for im-
proving the voltage in order to absorb offshore wind energy
as much as possible when the loads increase annually. It
means that the RPC device such as shunt capacitors can indi-
rectly compensate the reactive power consumed by OWFs at
the system level. To improve the voltage profile, appropriate
sizes of capacitors are needed at appropriate sites in the AC
system in transmission planning. Many researches have fo-
cused the optimal placement of capacitors in power systems
[14]-[16] without considering the integrated planning of the
shunt capacitors and the VSC-HVDC-link-based OWFs in
transmission system.

Therefore, an integrated planning model for the VSC-
HVDC-link-based OWFs and the shunt capacitors is pro-
posed. The contributions of the proposed planning model are
listed as follows: (1) the best siting and sizing of the VSC-
HVDC-link-based OWFs and the capacitors can be obtained,
and the adverse influences of the reactive power of OWFs
can be improved; 2 a decomposition technique is presented
to solve the proposed mixed-integer nonlinear programming
(MINLP) problem and obtain the optimal solution. More-
over, the optimal total investment cost, operation cost and
maintenance cost of OWFs can be obtained in the integrated
planning model.

The rest of the paper is organized as follows. In Section
II, the mathematical model from the aspects of objective
function and the models of the wind generators, the VSC-
HVDC, the AC power system, and the capacitors are intro-
duced. The methodology to solve the proposed integrated
planning model is described in Section III. Case studies are
used to validate the proposed model in Section IV. A brief
conclusion is given in Section V.

II. OPTIMAL SITING AND SIZING MODEL OF VSC-HVDC-
LINK-BASED OWF

We aim to optimize the connection point and the sizing of
the VSC-HVDC-link-based OWFs together with the shunt
capacitors to achieve the economic planning. Taking the AC-
DC system in Fig. 1 as an example, the sizing of OWFs and
HVDC, the siting of PCC 1 and PCC 2 (the connection
points of OWF 1 and OWF 2, respectively), and the sizing
and siting of the shunt capacitors will be optimized together.

A. Objective Function

Considering the power consumption, installation cost, op-
eration cost, and maintenance cost in a planning period, the
objective function of the proposed integrated planning model
can be formulated as:

Ob] = Csale - CW - Cvx(' - CL'ab - Ccap - Cp (1)
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where Obj is the total economic benefits with the unit; C,,,
is the income of total electricity sale; and C,, C.,., C. C,,p»
and C, are the total costs of OWFs, VSC stations, HVDC ca-
bles, capacitors, and generation costs of all power plants in
AC system, respectively. Note that C,, C,,., C,,, and C,,, in

clude the investment cost, installation cost, operation cost,
and maintenance cost. Present value of total earning of grid
operator is considered for calculating the total benefit for a

planning period of 7, years.

Capacitor
T access point 1

Capacitor
T access point 2

Capacitor
T access point 3

Capacitor
T access point 4

Onshore AC grid
Fig. 1. Example system with VSC-HVDC-link-based OWFs and capacitors.
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where ¢ is the discount rate; ¢ and i are the indices of year
and AC buses, respectively; n is the number of AC buses; C,
is the electricity price; 7, is equal to 8760 hours; and
P, .. (?) 1s the average hourly active power load at AC bus i.
2) Total Cost of Wind Farms
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where Q,, and Q,.. are the sets of OWF candidates and total
PCC candidates of all OWFs, respectively; u, is a binary vari-
able, and u, =1 and u, =0 represent the OWF [/ is connected
and disconnected to the PCC k, respectively; Cjy is the sum of
the per-unit capacity investment and installation costs of
OWF; C}, is the sum of per-unit capacity operation and mainte-
nance costs of OWF; J, , is the installed capacity of OWF /
connected to the possible PCC k; and E, (¢) is the total energy
generation of the OWF / connected to the PCC £ in year ¢.

In fact, the output of OWF is not fixed due to weather
condition. Considering the average hourly output, the wind

energy generation of year ¢, E, (f) can be calculated as:
E0)=T,Piy 4

where Pj; is the average hourly output of the OWF [ con-
nected to the PCC £. It can be calculated by:

Piv=nJww 6)

where 7, is the capacity factor (CF) [17], and it is an aver-
age for one year.
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3) Total Cost of VSC Stations
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keQpec
- 1 M on
~ u (M7, + ivse) (6)
=1iday, 1+5)
keQpee
where CZ, and C?.,, are the sum of per-unit capacity invest-

ment and installation costs of offshore and onshore VSC sta-
tion, respectively; J, .. is the MVA rating of the VSC station
connecting the OWF [ to the PCC k; and M,/ . and M}, a

the annual total operation and maintenance costs of offshore
and onshore VSC stations, respectively. In this paper, it is as-
sumed that the installed capacity of VSC station is directly pro-
portional to the corresponding OWF of the installed capacity
to allow reactive power transfers if needed.

4) Total Cost of HVDC Cables

T\
z uyCloydy + Z z

Cop= My o 7
1€ Oy 1=11€ 20, 1+&y , )
keQpec keQpec

where C!, is the per-unit length investment and installation

cost of HVDC cable; d, is the cable distance of HVDC link
connecting the OWF [ to the PCC k; and M, ,, is the annual
maintenance cost of HVDC cable. The first item at the right-
hand side of (7) means the investment and installation costs
of the HVDC cable and the second part represents the main-
tenance and operation costs of the HVDC cable.

5) Total Cost of Capacitors

Zmaguw Ezaéyl,m
where C™

t=1i=1
wp 1s the per-unit capacity investment and installa-
tion cost of capacitors; Q,,,, is the installed capacity of ca-
pacitors at AC bus i; u, is the binary variable, and u~=1(0)
means that capacitors are (not) sited in bus i; and M/, is

the annual total operation and maintenance cost of capacitors
installed at bus i. The first item at the right-hand side of (8)

®)
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describes the investment and installation cost of the capaci-
tors, and the second one represents the maintenance and op-
eration cost of the capacitors.

6) Total Generation Cost of Power Plants in AC System

_;;aa

B. OWF Constraints

The installed capacity of OWFs should satisfy the follow-
ing constraints:

O+ b P ()+c)T, ©

11g it Qg

I, ST (10)
where J"" and J7 are the minimum and maximum in-

stalled capacities of OWF /, respectively. We assume J,3" =0.
The reactive output O, (f) of OWFs should satisfy:

<0, OO (11)

The configurations of the two terminal VSC-HVDC sys-

tems, which have been adopted in some applications, are in-

vestigated in this paper. Furthermore, it is assumed that the

OWF [ is connected to the PCC k& only by one VSC-HVDC
link. Therefore, the following equations should be satisfied:

2 u, =1

W (12)
U,=m
w%w“ (13)

keQpee
where m is the number of OWFs in the planning. In addi-
tion, k£ and m in (12) and (13) should be modified when the
OWF connecting to the PCC £ is linked by the VSC-MTDC

system, and it is decided by the given VSC-MTDC topology.

C. VSC-HVDC Model

For a pulse width modulation (PWM) based VSC-HVDC
system, it includes VSCs, phase reactors, AC filters and
transformers which are used to connect the OWF to the AC
system, as shown in Fig. 2 [18].

' Pif> i Py,

V; Transf / / Transft | |

‘ f ranls:;l)rmer Phase Vp/ [ 1 Vt,v Phase ran; :olrmer V, | 3

f | / reactor reactor a |V | |

| @ — f TVar  Vau|T h — @ — |

Pio, P#i0; P, 40, , 1 P, V+JQ,,.V PAiQ, :
OWF -

«~—VSC station at rectifier side —

Fig. 2.

The filters can be eliminated when multilevel modular
converter (MMC) technology is used in VSC-HVDC [19]. In
this paper, only MMC-based VSC-HVDC system will be in-
vestigated and thus the impedances of the phase reactor and
the transformer can be combined as an equivalent Z; to sim-
plify the optimal power flow calculation.

In Fig. 2, it is regarded that active power output of OWFs
P, and reactive power output of OWFs O, are equal to the
power flows P, and Q, respectively; P, and Q, are the active
and reactive power injected into the VSC station, respective-
ly; and P,, and Q,, are the active and reactive power inject-

— VSC station at inverter side — AC system ‘

Single phase diagram for PWM based VSC-HVDC link connecting OWF and onshore AC system [19].

ed into the AC bus of VSC converter, where f=f,v, and f'is
the rectifier, and v is the inverter. The formulation of P, Q,,
P,,, and Q,, are given in [20]. For the DC side, the voltag-
es and currents can be calculated as [20]:

Uy )-U,, (@)

L= —""4 (14)
2V2U,,

=2 o (1)

Pd./} (H= Ud,p O, @ (16)
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where /,(¢) and U, ,(¢) are the direct current of HVDC cable
and DC voltage at DC bus of VSC converter in year ¢, re-
spectively; and U, ,(t) is voltage magnitude at AC bus of
VSC converter in year ¢. Equation (15) depicts that the DC
voltage of HVDC system can be adjusted by the amplitude
modulation ratio M, (f).

In addition, the inequality constraints are required for
P,y (@), O,,0), Up(t), U,40), 0,(0), 0,,(0), U,,0), and 1,(t) to
guarantee that they are within certain limits.

D. AC System Model
When assuming that the shunt capacitor banks would not

be adjustable, the power flow equation at each AC bus i
(ie Q) can be expressed as:

Py ()= P,1s0=U,0) Y, U, (0XG, cos 0, (1) + B, sin 0, 1)

17)
Q[,p (t) + u[Q[,cap - Q[Joud (t) =
U, (1) Z U, (G, sin 0,(t)— B, cos 0,(1)  (18)

where P, ., (¢) and Q, ., (?) are the average hourly active and
reactive power loads at AC bus i in year ¢, respectively;
U, (t) and U, (¢) are the voltage magnitudes at AC buses i and
J in year ¢, respectively; G, and B, are the conductance and
susceptance elements of AC system admittance matrix, re-
spectively; 0, (f) is the phase angle difference between bus i
and bus j in year #; and Q,,,, is the reactive power supported
by the shunt capacitor banks at AC bus i. Considering that
the installed capacitors have discrete property, it can be ex-
pressed as:

Qi.cap =giQO.cap (19)
where Q,,, is the unit capacity of the capacitor bank; and g,
is an integer variable, representing the number of unit capaci-
tors of the capacitor bank. In (19), the shunt capacitor bank
is formulated as a constant reactive power sources. At the in-
verter side of VSC in Fig. 2, the power flow P (¢f) and
Q" (¢) injected into the bus v can be formulated as:

Pé”/ (t):Pv,g O—u,P,(t)= P, 1,0 (1) (20)
0V )=0,,O+u,0, 0 =1, 0, ()= 0, 10a () (21)

Generation output limits, bus voltage and phase angle lim-
its, branch power flow limits, as well as the lower and upper
limits for the number of unit capacitors of the capacitor
bank are listed as follows:

PRSP, ()SPI(t)

e (<0, (<07 (1)
U (< U0 U™ 0
01" (<0,)<01 (1)
S (O<S7™(1)

(22)

where S, (¢) is the average hourly power flow of AC trans-
mission line ij in year ¢ In addition, the number of installed
capacitor sites is limited by (23), where n,,,is the maximum
number of installation sites in AC system.
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0< Yu,<n,, (23)
i=1

In this paper, all AC buses are the possible connection
points for installing capacitors. The reactive power genera-
tion can be changed from the AC buses by connecting to ca-
pacitor banks. The type of AC buses may also be changed
due to the capacitor connections. Thus, to simplify the calcu-
lation process, the status and control variables of AC buses
are constrained by equality and inequality constraints. And
this concept has been demonstrated without defined slack
bus [21].

E. Power Relationship Between OWFs and AC System

As shown in Fig. 2, VSC-HVDC system is used in inte-
grating OWFs into AC system. In order to receive wind ener-
gy as much as possible in AC system, the VSC station at the
OWF side generally adopts the control mode of constant ac-
tive power and constant AC voltage (P, U, control), and the
U,At) would be also constant by (15). Neglecting the active
power loss of converters, it is regarded that the active power
injected to the VSC converter and PCC in the onshore AC
system is equal to the DC power [20]. Thus, the power flow
equations are:

P, (=P, () (24)
P,,(0)=P,()=Ppcc(0) (25)
_ YHVDC (4 _ U/'(t)
Q4 (=0 ()= ——[ U, (0eos(0, (0~ 6,()~ U, ]
fw
(26)
Upce (0
0.00= P Upee 06050, (0-0,00-U, 0] 27)
Ui uc (@)
O.4c(O= X [ U, 4c ()= Upec (€08 (0, 4¢ (€)= Opcc (1) ] (28)

where X, is the reactance between HVDC and OWFs;
Xpcciac 18 the reactance between PCC and AC bus i connect-
ed to PCC; O“"°(¢) is the reactive power of OWFs received
to the rectifier terminal of HVDC; and Q, ,(¢) is the reactive
power output of bus i in AC system delivered to the PCC.
And the relation between P,..(f) and P, (f) in (29) can be ob-
tained by combining (14), (15), (16), (24) and (25), where
Ppcc(f) means the active power of PCC transferred to the on-

shore AC system.

P, @
Uy (@)

In addition, at least one VSC at the AC system side
should adopt constant DC voltage control (U,, control),
which can be able to adjust the DC voltage. Then, the rest
of VSC can be used for power regulation. Assuming that the
remaining VSC adopts the control mode of constant AC volt-
age control (U, control) and n, is the transformer ratio at the
VSC inverter side, U, (f) can be expressed by (30) with the
combination of (14), (15), (16), (24) and (29).

Prec@=P,(0)=P,0)|1- (29)
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U, ([)— M(U (t)— Pw(t)Rd)
T van YT U, (30)
0uct0= U (z)—M(U - O],
YT Xoccuae| T 2vazn U U@
c08(0, 4 ()= Opec (t))] 31

Then, (31) can be obtained by combining (27) and (29)
when assuming U, (f)=U,(f), which shows that the reactive
power output of AC system Q,.(f) is related to the active
power output of OWFs P,(¢). To absorb more electricity
P,(f) from the inverter terminal of VSC-HVDC, Q,.(¢)
should be supplied by the AC system. And the shunt capaci-
tors can be used as RPC device to compensate the reactive
power in the AC system. Thus, we optimize the shunt capaci-
tors together with the planning of VSC-HVDC-link-based
OWFs.

In addition, there are similar power relationships between
OWFs and onshore AC system in other control mode of
VSC.

F. Decision Variables

In this paper, the decision variables include the installa-
tion sites and installed capacity of OWFs and the correspond-
ing VSC stations as well as the sites and capacities of capac-
itor banks. In addition, the DC voltage and amplitude modu-
lation of VSC-HVDC links and the outputs of thermal pow-
er plants during the planning period are also optimized.

III. METHODLOGY

The proposed integrated planning model is an MINLP
problem, which is not easy to be directly solved. Therefore,
a decomposition technique is proposed.

Firstly, it is assumed that the sites of those OWFs satisfy-
ing the geological conditions are known. In practice, the set
Qpcc; 1s given in advance due to the actual conditions such
as transmission length. Then, the optimal PCC of the OWF [/
will be selected from the given PCC set Q,.., where Q,..,
(I=1,2,...,m) is the set of PCC candidates for the OWF /. It
is also assumed that there is no overlapping among the sets
of PCCs between each OWF. Therefore, the following equa-
tions should be stratified:

YN,=N (32)
=1

QPCC,I UQPCC.,Z U "'UQPCCJU "'U‘QPCC,m :QPCC (33)

where N, is the number of elements in the set £,.., Since
N, is small in practice, a decomposition technique is pro-
posed as shown in Fig. 3. The main idea of the proposed ap-
proach is to decompose the original non-convex model into
several sub-MINLP problems with less integer variables. In
each sub-problem, the binary variable u, is fixed and thus
the number of integer variables is reduced. A series of sub-
MINLP problems can be enumerated due to a limited num-
ber of PCCs connected to the VSC-HVDC links.
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Input data and determine decision
variables and their ranges
,,,,,,,,,,,,,,,,,,,,,,,,,,,, if

Determine the group of schemes of Initializati
all OWF placements with PCC set nitialization

el
Fix the value of u; and form MINLP-

based program for the pth program

Run the pt program

Decomposition

Is the pth
program convergent?

Rule out the

| Save the locally optimal solution | B —

p=p+l

N

4

Compare the objective values of all convergent
programs and select the maximal objective value
as the optimal solution of the proposed model

(o)

Example system with VSC-HVDC based OWFs and capacitors.

Fig. 3.

IV. CASE STUDIES

In this section, the proposed integrated planning model is
validated on the modified IEEE 118-bus system, and general
algebraic modeling system (GAMS) [22] is used to solve the
proposed method. In this paper, two OWFs are considered.
The candidate sets of the two OWFs are Q,.., and Q,..,,
which correspond to the upper and lower shadow boxes in Fig.
4, respectively. OWFs will be connected to one of the PCCs
through their VSC-HVDC links, whose candidates are depict-
ed with dotted line in Fig. 4. All the AC buses can be consid-
ered as the candidate for the installation of capacitors.

The unit cost of DC cable and the maintenance cost of
VSC-HVDC are calculated based on [23]. The limits of 7,
U, and M, are cited from [24]. With reference to [7], to
transfer the reactive power, this paper assumes that the in-
stalled capacity of VSC station is 1.2 times as large as the
installed capacity of the corresponding OWF. The parame-
ters of both OWFs are described in Appendix A Table Al.

It is supposed that the annual system load growth is 4.7%
during the planning period. The parameters are set based on
[25], including first-year load values of the AC system, phase
angle limitations of AC buses as well as the cost coefficients
and output limitations of power plants. For capacitors, M, is
set to be 5% of the total investment and installation costs in ev-
ery year. In this paper, four sites are selected arbitrarily to in-
stall capacitor banks. Some basic parameters about system
planning are listed in Appendix A Table AIl, where C,, Cj,
C;, and & are assumed based on [26]; C% . and C?., are as-

sumed based on [27]; and C;, is assumed based ori f28].
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OWF 1

OWF 2

Possible VSC-HVDC link 4
Fig. 4. Candidate VSC-HVDC link connecting OWF and IEEE 118-bus system.

A. Results Analysis of Three Cases

In this sub-section, Case A is the proposed method, and
two cases are considered for comparison as follows.

1) Case B: single planning without capacitors, which is
the only one connected to the AC system.

2) Case C: independent planning. The capacities of OWFs
and VSC-HVDC links calculated from the case without ca-
pacitor planning are firstly fixed, and then the siting and siz-
ing of capacitors are optimized in the system planning.

In this paper, both Q,.., and Q,.., contain three PCCs,
then the original MINLP can be decomposed into 9 sub-
MINLP problems with fixed value of u,. Nine schemes are
depicted in Appendix A Table AIIIL

The optimal solution cannot be obtained if the proposed
integrated planning model is directly solved by MINLP due
to the local infeasibility of the original program. In contrast,
the optimal solution can be obtained through the proposed
decomposition methodology. The computation time of the
proposed methodology and the original method to solve the
MINLP problem is listed in Table I. Thus, the proposed
method can be more effective in solving the proposed inte-
grated planning model compared with the original method.

TABLE 1
COMPUTATION TIME TO SOLVE PROPOSED PLANNING MODEL BY
DECOMPOSITION TECHNIQUE

Decomposition

Decomposition

scheme Time (s) scheme Time (s)
1 2384 6*
2 3397 2418
3* 1316
4 1749 9%
5 2428

Note: * represents that no solution is found.

Note that schemes 3, 6, and 9 are not considered in the

following study because no feasible solutions are found by
our program. However, optimal solutions for schemes 3, 6,
and 9 can be found when enlarging the AC bus voltage lim-
its, e.g., setting 0.88 and 1.12 p.u. as lower and upper limits,
respectively. For other schemes, optimal solutions are also
obtained. Using the proposed method, scheme 5 has the best
total economic benefit, and bus 5 and bus 28 are the optimal
PCCs to integrate OWF 1 and OWF 2 with VSC-HVDC
link 2 and link 5, respectively. In contrast, scheme 8 has the
best total benefit in the cases of independent planning and
single planning without capacitors. Bus 8 and bus 28 are the
optimal PCCs to integrate OWF 1 and OWF 2, respectively.
VSC-HVDC link 3 and link 5 are the optimal VSC-HVDC
links of OWF 1 and OWF 2 for the cases of independent
planning and single planning without capacitors, respective-
ly. Therefore, the optimal PCCs can be affected by the capac-
itor planning by comparison of the results of three cases.
The main reason is that the appropriate sites to install capaci-
tors can redistribute power flow to assist wind energy inte-
gration into the AC system.

In optimal scheme achieved by the proposed approach,
VSC-HVDC link 5 is used. Note that the cable distance of
HVDC 5 is longer than that of the HVDC 4. Thus, the selec-
tion of the optimal VSC-HVDC link is not in accordance
with the distance principle, and it is comprehensively influ-
enced by the distance of HVDC cable and the constraints of
AC system.

Figure 5 shows that the proposed method has higher total
benefit compared with the other two planning methods. The
total economic benefits of independent planning obtain high-
er objective than that of the case of single planning without
capacitors. For example, in scheme 5, the profit can be in-
creased by 13 M€ if the capacitors and VSC-HVDC links
are integrated into the AC system, as compared with the
case of single planning without capacitors, which shows the
advantages of the integrated planning.



280

263551
26350
26345
26340
263351
26330
26325}
26320
263151

26310 A A A A A '
12 3 4 5 6

Scheme
= Without planning of capacitors

=3 Proposed method; = Independent planning

Total economic benefit (M€)

Fig. 5. Total economic benefit of different schemes of three cases.

In this paper, the installation capacity ratio (ICR) of OWF
is defined to be equal to actual installation capacity divided
by the maximum installation capacity of OWF. In Table II, it
shows that ICR of OWF 1 is much higher than that of OWF
2, because CF of OWF 1 is higher than that of OWF 2 and
its utilization ratio is higher. In Table III, the total size of ca-
pacitors of the proposed method is more than independent
planning, which shows that the integrated planning demands
of capacitors with a bigger size.

TABLE 1T
INSTALLED CAPACITY OF OWFS AND VSC STATIONS OF SCHEMES

OWF capacity VSC station

Scheme Case OWF No. ICR

(MW) capacity (MVA)

1 911.841 1094.210 0.912

. A 2 380.270 456.324 0.475
1 918.583 1102.300 0.919

B 2 391.466 469.760 0.489

A 1 936.744 1124.092 0.937

2 354.547 425.456 0.443

2 1 944.464 1133.357 0.944
B 2 362.241 434.689 0.453

1 1000.000 1200.000 1.000

A 2 286.020 343.224 0.358

4 B 1 1000.000 1200.000 1.000
2 314.054 376.865 0.393

1 1000.000 1200.000 1.000

A 2 275.292 330.351 0.344

> 1 1000.000 1200.000 1.000
B 2 304.176 365.011 0.380

1 1000.000 1200.000 1.000

A 2 276.719 332.062 0.346

! 1 1000.000 1200.000 1.000
B 2 310.151 372.181 0.388

1 1000.000 1200.000 1.000

A 2 302.336 362.804 0.378

8 1 1000.000 1200.000 1.000
B 2 307.198 368.638 0.384

The total energy output of power plants in AC system of
the six schemes during 20 years is shown in Fig. 6. It shows
that the total energy generation of power plants in the AC
system of the proposed method is much higher than the oth-
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er two cases, indicating that the appropriately installed capac-
itors can assist the utilization of the active power of genera-
tors in the AC system.

TABLE III
RESULTS OF OPTIMAL SITING AND SIZING OF CAPACITORS OF SCHEME 5

Case Bus Capacity (Mvar)
34 70
35 20
A
36 20
118 90
3 20
13 30
B
34 50
36 40
112800 ¢
=
= 112750 M
) - _
< 112700
a
= 112650
o
% 112600 ¢
2112550 ¢
g
£ 112500 ¢ —H
<
112450 : : : : :
1 2 3 4 5 6

Scheme
= Without planning of capacitors

= Proposed method; =3 Independent planning

Fig. 6. Total energy output of generators in AC system during 20 years.

Pure reactive power generation is defined as the differ-
ence between reactive power generation (by power plants
and shunt capacitor banks) and the reactive power absorp-
tion by VSC stations. Taking scheme 5 as an example, pure
reactive power generation of the cases with the integration
of capacitors will be higher than that of single planning with-
out capacitors affected by the accession of large capacity ca-
pacitor banks into the AC system, as shown in Fig. 7. Pure
reactive power generation of the proposed method is lower
than that of independent planning. It proves an advantage in
reducing the pure reactive power generation using the pro-
posed method compared with independent planning.

4000 [
3500} —° Proposed method 2
—=— Without planning of capacitors /
3000 i
Independent planning W
2500 | S

2000
1500
1000

500

Pure reactive power generation (Mvar)

8 91011121314151617181920
Planning period (year)

Fig. 7.
periods.

Pure reactive power generation of scheme 5 in different planning
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Different load scenarios are used to investigate the opti-
mal access point for connecting VSC-HVDC link in system
planning with the annual load growth rate varying from 0.01
to 0.08 and an interval of 0.01. The total maximum power
generations of power plants in the AC system are reset to
adapt different annual load growth rate, which are modified
based on the original generation share of each power plant
in the AC system in [23].

Note that total benefits for schemes 3, 6, and 9 are not listed
in Table IV. From Table 1V, it is easily found that total benefits
rise as the annual load growth rate increases. When annual
load growth rate is lower than 0.01, the total benefits between
the cases without capacitor planning and the proposed method
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are equal for each planning scheme. It is the reason that active
and reactive power load demands are very low. Thus, the load
demand can be easily compensated by power plants in AC sys-
tem without adding operation cost in the AC system, which
means that no shunt capacitor bank is required. When annual
load growth rate is relatively higher, namely more than 0.02, it
can be found that total benefits increase if shunt capacitors are
planned together. And the benefit gap between the case of sin-
gle planning without capacitors and the proposed planning
method is apparent when the annual load growth rate is large
enough, for example 0.07 and 0.08. It shows that the economic
benefit of the proposed method is more remarkable when the
annual load growth rate is much higher.

TABLE IV
TOTAL BENEFIT AND OPTIMAL SCHEMES FOR THREE CASES WITH DIFFERENT ANNUAL GROWTH RATE

Annual load Maximum generation Total benefit (M€)
growth rate of power plants (MW) Case Scheme 1 Scheme 2 Scheme 4 Scheme 5 Scheme 7 Scheme 8
A 20584.72 20586.61 20619.05 20623.25 20623.11 20627.38
0.01 4730 B 20584.72 20586.61 20619.05 20623.25 20623.11 20627.38
C 20584.72 20586.61 20619.05 20623.25 20623.11 20627.38
A 22094.15 22094.35 22120.80 22126.30 22125.89 22129.17
0.02 5800 B 22092.16 22094.29 22120.48 22124.52 22124.45 22128.59
C 22092.54 22094.31 22120.68 22124.78 22124.68 22128.68
A 23607.92 23603.85 23621.09 23626.24 23627.32 23629.87
0.03 7100 B 23599.14 23601.98 23620.44 23624.80 23623.84 23628.27
C 23601.24 23602.34 23620.56 23625.19 23624.87 23628.68
A 25208.61 25213.12 25222.12 25235.30 25224.60 25225.75
0.04 8700 B 25201.03 25205.94 25214.07 25219.87 25216.38 25222.20
C 25203.56 25207.36 25215.85 25220.27 25217.08 25222.51
A 26886.33 26901.03 26891.80 26898.61 26894.02 26898.43
0.05 10600 B 26876.68 26882.87 26881.81 26888.36 26882.85 26889.40
C 26879.25 26893.56 26883.28 26892.59 26885.27 26898.00
A 28657.29 28673.86 28663.78 28667.27 28656.14 Failed*
0.06 12850 B 28648.04 28655.70 28640.21 28648.05 28637.34 28645.25
C 28652.74 28668.56 28650.18 28657.48 28642.59 Failed*
A 30631.45 30627.89 30606.12 30593.81 30571.07 Failed*
0.07 15600 B 30594.26 30604.20 30558.00 30568.30 30544.78 30555.67
C 30618.31 30619.57 30582.92 30575.64 30558.57 Failed*
A 32734.10 32777.34 32629.19 32647.58 32638.26 Failed*
0.08 18900 B 32677.47 32694.26 32551.75 32572.35 Failed* Failed*
C 32706.51 32746.84 32597.47 32623.85 Failed* Failed*
Note: * represents that the program is locally infeasible.
Moreover, from Table IV, optimal schemes are not the same 1) Ci, varies from 60% to 100% of the value given in Ap-

due to different annual load growth rates. Affected by the inte-
gration of shunt capacitors, the optimal PCCs for connecting
OWFs could be changed when the annual load growth rate is
at 0.04, 0.05, and 0.07, respectively. Thus, accurate prediction
for annual load growth rate is also important to plan both
OWF and capacitors to obtain the maximum total benefit.

B. Sensitivity Analysis for System Planning

To evaluate which factor that could greatly influence the
planning results, sensitivity analysis is employed based on
the following parameters:

pendix A Table AIL
2) Q. varies from 2 Mvar to 10 Mvar.
3) C;; varies from 60% to 100% of the value given in Table

AlL
4) CI' for both offshore and onshore VSC stations varies

from 60% to 110% of the value given in Appendix A Table Al
5) Cl.,. varies from 60% to 100% of the value given in
Appendix A Table AII.
6) C, of HVDC cable varies from 60% to 100% of the

value given in Appendix A Table AIL
In order to study the influence of the parameters on the to-
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tal benefits and optimal sizing for VSC-based OWF, scheme
5 is employed as the base method. The results of the sensi-
tivity analysis on the scheme to obtain the planning results
using the proposed parameters are shown in Tables V and VI
and Figs. 8 and 9.

TABLE V
SENSITIVITY ANALYSIS: UNIT CAPACITY OF CAPACITOR BANK

Total Capacity of Capacity of . Capacity of
(%E-"“Pr) benefit OI}IY) F OWF VSC station c?z:i(;(irs capacitors
van - ve) T (MW) (MVA) P (Mvar)
Bus 13 30
1 1000.00 1200.00
Bus 15 46
2 26348957
Bus 38 172
2 278.30 333.96
Bus 51 22
Bus 43 28
1 1000.00 1200.00
4 26342948 Bus 45 20
2 300.47 360.56 Bus 51 24
Bus 37 114
1 1000.00 1200.00
6 26346.359 Bus 53 90
2 275.41 330.49 Busl118 90
Bus 13 64
1 1000.00 1200.00
Bus 19 88
8  26354.958
Bus 35 72
2 265.79 318.94
Bus 76 88
Bus 34 70
1 1000.00 1200.00
Bus 35 20
10 26352.657
Bus 36 20
2 275.29 330.35
Bus 118 90
TABLE VI

SENSITIVITY ANALYSIS: PER-UNIT LENGTH INVESTMENT AND INSTALLATION
CosT OF HVDC CABLE

in Total Capacity Capacity of . Capacity of
C(:;/”‘i benefit OIIIN F of OWF  VSC station Site .(;f Capacitors
() (M€) 0. (MW) (MVA) capacitors (Mvar)
Bus 33 30
1 1000.000  1200.000
Bus 34 60
60 26383.584
Bus 36 30
2 288.935 346.722
Bus 39 10
Bus 35 30
1 1000.000  1200.000
70 26373.743 Bus 36 60
2 291.104 349.217 Bus 93 40
Bus 20 40
1 1000.000  1200.000
Bus 35 30
80 26365.361
Bus 36 50
2 288.296 345.956
Bus 44 20
Bus 13 30
1 1000.000  1200.000
Bus 15 70
90 26358.412
Bus 34 100
2 277.986 333.583
Bus 70 60
Bus 34 70
1 1000.000  1200.000
Bus 35 20
100 26352.657
Bus 36 20
2 275.290 330.350
Bus 118 90
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From the results of Tables V and VI and Figs. 8 and 9,
the planning schemes are not changed as C7”, is varied. This
is because the investment, installation and maintenance costs
of capacitors are much less than the total benefit. Therefore,
it can be inferred that (8) could be omitted in the proposed
model. In contrast, both total benefits and installed capacity
of VSC station can be influenced by the size of unit capaci-
ty of the capacitor bank. Also, optimal installation capacity
and site of capacitor banks are different among the cases
with different unit capacities of capacitor bank. This affects
both active and reactive output of power plants in the AC
system and installation capacities of OWF and VSC station.
Therefore, unit capacity of capacitor bank can be also opti-
mized to further maximize the total benefits.

With the maximum OWF installation capacity of nearly
16 MW, Table VI shows that the variation of the cost of
HVDC cable has a limited impact on the sizing of OWF ca-
pacity. With the increase of Cj;, C”, and C”, ., Fig. 8 shows
that total benefits will be reduced and more significant influ-
ence can be caused by Cj; as compared with C” due to the
higher investment and installation costs of OWF. In addition,
the total installation capacities for both OWFs 1 and 2 will
be reduced along with the increase of Cj;, C\, and C,., as
depicted in Fig. 9. Thus, the injection amount of offshore
wind power could be increased by the lowering investment
and installation costs. It should be noticed that installation
capacities for both OWFs | and 2 reach the upper limits of
1000 MW and 800 MW, respectively, when C” is set to be

50% of the one in Appendix A Table Al '
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V. CONCLUSION

We propose a method for the optimal integrated siting and
sizing of VSC-HVDC and capacitors for OWFs integrated
power systems. The proposed decomposition approach is em-
ployed to determine the siting and sizing of capacitors and
the VSC-HVDC-link-based OWFs. Simulations on the modi-
fied IEEE 118-bus system show that the selection of the opti-
mal VSC-HVDC link is not just based on the proximity prin-
ciple of OWF. It is comprehensively influenced by load lev-
els, the distance of HVDC cable and constraints of AC sys-
tem. More importantly, the proposed integrated planning
method can provide more economic scheme as compared
with the separate-planning approach in which the capacitors
are planned after OWFs. Besides, the sensitivity analysis on
the investment cost of different equipment shows that the in-
stallation capacity of OWF and VSC station can be raised
significantly when the investment and installation cost of
OWF and VSC is low enough. Furthermore, the application
of the proposed method on the VSC-MTDC system and on-
shore wind farm will be the focus in our future research.

APPENDIX A

TABLE Al
BASIC PARAMETERS OF EACH OWF

OWF J (MW) O (Mvar) or" (Mvar) CF

1 1000 300 =300 0.40

2 800 200 —200 0.36
TABLE AIl

BASIC PARAMETERS FOR SYSTEM PLANNING

Parameter Value Parameter Value
C, (E/MWh) 95 ¢ 0.1
C" (€/MW) 950000 S (MVA) 800
C? (€/MWh) 10 Q0. cqp (Mvar) 10

Ccr . (€/MVA) 141700 Cl (€/Mvar) 20000
co , (E/MVA) 91700 g 0
R, (p-u./km) 5107 g 120
Z, (pu.) 0.001+j0.01 ymin (p.u.) 0.9
T, 20 VR () 1.1
TABLE AIIl

GROUPING ON POSSIBLE SCHEMES BY DECOMPOSITION APPROACH

Scheme HVDC link (i) Scheme HVDC link (i,j)
1 1,4 6 2,6
2 1,5 7 3,4
3 1,6 8 3,5
4 2,4 9 3,6
5 2,5
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