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Multi-Period OPF Model of Power Systems with
HVDC Connected Intermittent Wind Power Generatio

Abbas Rabiee, Alireza Soroudi

Abstract—This paper presents a model for a multi-period optimal Vin effective voltage magnitudes at the AC terminals
power flow (MP-OPF) problem which includes offshore wind farm of HVDC

connected to the grid by line-commutated converter high-voltage R
DC (LCC-HVDC) link. The offshore wind farm is composed of I“””
doubly fed induction generators (DFIGs), and the DFIGs capability d

Commutation resistances
DC current carried by the HVDC link

curve is considered in order to obtain a more realistic dispatch for ~ Bsh,m Shunt admittance of Passive filters at the AC side
wind farm. The uncertainties of wind power generation are also of HVDC terminals
taken into account using a scenario based approach which can be Qsh.m Reactive power compensation at the AC side of
adopted by system operator to obtain the optimal active anql reaivg HVDC terminals
power schedules for both thermal and renewable generating units R Resistance of HVDC line
To illustrate the effectiveness of the proposed approach, it is ggied L.d ; .
on the IEEE 118-bus system. The obtained results demonstratée om Angle difference between the fundamental line
capability of the proposed MP-OPF model for optimal operation of current and line-to-neutral AC voltage
power system. Pam Active power flowing through HVDC link
Index Terms—HVDC, wind power, OPF, scenario modeling, un-  &m Reactive power flowing into HVDC link
certainty. AC network’s variables and parameters:
Pq, /Qc, Active/reactive power generation by thermal unit
located in bust
NOMENCLATURE P, /Qr.  Activelreactive load in bug
t/s t/s time interval and wind scenario index Vie/ O Voltage magnltude/angle n bus
k Index of system buses Sy Flow pf £-th transm|§5|0n line _
m rectifier (n — r)finverter (n — i) Yii/ ks Magl_"ntude/angle ofj-th element of admittance
ve, Cut-in speed of wind turbine (m/s) matrix
VSt Cut-out speed of wind turbine (m/s)
Urated Rated speed of wind turbine (m/s) I. INTRODUCTION
URg, tF;amp Iup _Itimit of power generation ok-th A Motivation and Approach
DR, R:rrr:T;:])adg\Tvln limit of power generation df-th TILIZATIQN of wipd power generation technology is taking
thermal unit substantial attention around the wodde to the economical
A(s, 1) Electricity price in scenarie and timet($/MW) and e.nvironmgntal concerns [1']|.'r.1e prob!em qf uncgrtainty
WS Probability of scenarios modeling of wind gene_ra’uon faC|I_|t|es is §t||| an |mportaesu_e
Pp(s, ) Power purchased from pool market in timand [2]- Hence, the appropriate modeling of wind power generatn
scenarios optimal power flow(OPF) formulation is essential. The ultimate
wps Percent of available wind generation capacity i§°2! Of the system operator is operating the system in a way
scenarios that the totaloperatingcost is minimized for a given operating
Py /Qu Active/reactive power of DFIG's stator hor]zqn vyh|le satlsfylng a set of te'chnlpal con'stralntscPSan
Voe/ L Stator voltage/current of DFIG optimization problem is called mult!-perlod optimal powh&uw_
Xon/ X DFIG’s mutual/stator reactance (MP-OPF) [3]. Generally, the ot_)JectNe_ afMP-OPF problem is _
sl DFIG's rotor slip to. f!nq the steady.state operation _pqlnt of power system which
5 DFIG's load angle minimizes gen.erat|or.1 cqst or maximizése s_oual Welfar_e and
I, DEIG’s rotor current loadability, while sat!sfylng' a set of technical consttalrsych
Pri/Qne Active/reactive power of DFIG'S rotor as power_flow equa_tlo_ns, limits on generato_rs’ real and n&a(_:t
Pag/Qug Active/reactive power Output of DFIG powers, line flow limits and output of various compensating
P, Rated active power Output of DFIG devices [4], [5]. _ _
a Ignition angle In many countries, the best Iqt_:aﬂons for on_shore wind f:_ﬂras
Vo Ideal no-load voltage at the terminals already 'developed, anq the ut|!|t|e§ are turn!ng .tp offshsites.
v, m DC magnitudes of voltages at the terminals The main reason of this attraction is the avallabl_llty of enous
BT’n Number of series-connected bridges in atermin&f'nd resources. The lack of obstacles such as hills, andrgkbﬁe
T, Tap ratio of HVDC's transformer smooth surface of the sea, also make the wind generation more

reliable. The offshore wind farm is generally located faagfrom

The authors are with the Young Researchers club, SciencReseharch Branch, the ohshore grid. If the distande long or if 'Fhe oﬁ§hore wind
Tehran, Iran Email: alireza.soroudi@gmail.com , abbase@gmail.com . farm is connected to a weak AC onshore grid, a high-voltage DC



(HVDC) transmission system may be a more suitable choiae thscenariosand remain the same for each scenafibese types
the conventional high-voltage AC transmission [6]. Twodgpf of variables are called ‘here and now’ variabl€3n the other
HVDC transmission topologies, i.e., HVDC with voltage sweir hand, there exist another set of variables which change théh
converter (VSC-HVDC) using insulated gate bipolar tratosss scenarios like voltage of PQ buses, transmitted power by @VD
(IGBTs) and line-commutated converter HYDC (LCC-HVDC) ardéink and etc.These types of variables are called ‘wait and see’
usednowadaysor offshore wind farm connectivity [7], [8]. variables [16].

B. Literature Review -
) ) ) B. Capability Curve of DGIFs
Different OPF models have been proposed in the literature to

consider the impacts of wind power genera‘[ion_ The objectiv 1) Sator current limit: this limit models the stator heating due
functions cover a vast range of items such as : to the stator Wlndlng Joule losses. By ConSidering all qtjﬂﬂt

in per-unit (pu), the relation between stator voltage, enirrand

« opportunity cost of wind power shortage & surplus [9] - \
active/reactive power outputs can be expressed as follb@js [

« cost of environmental benefit loss [9]

« expected penalty cost for not using all available wind power
[1(?] ’ ’ ’ P P+ Q% = (Vala)® 1)

« expected cost of calling up power reserves because of windy oo cyrrent limit: This limit considers the rotor heating

po;ivzr shortage [1031 lied (EEENS) and dye to the rotor winding Joule losses. In pu, the equatiorctife
+ risk due to expected energy not supplie ( ) and to d reactive power output of DFIG’s stator is as follows [17]
operating costs [11]

« location marginal prices, and reserve costs [11] po_ ﬁv I sin(s 5

« minimizing losses within the wind farm and the HVDC w =%, Vetlrisin(0) )
transmission system and maximizing production output [12] X, V2

. voltage regulation of the electrical grid to which farms are Qot = E%tlrtcos(5> X, 3)
connected [13] V2 X

The proposed approaches for handling the uncertainty ofl win P 4 (Qst + Xitt)Q = (ﬁ%tfrt)Q (4)

power generation areummarizedas follows: Monte Carlo [9],

triangular approximate distribution (TAD) [11], scenafmsed 3) Steady state stability limit: The steady-state stability limit

modeling [14], [15]. shows the maximum reactive power absorption by the DGIG,
which is obtained as follows:

C. Contributions B Lﬁ

In this paper, a comprehensive model for MP-OPF is proposed, Qst = X.,
by including the uncertain wind power generation. The aifgh )
wind farms are considered to be of doubly fed induction gatoer Equation (5) gives a vertical line at—[;—sft , 0], in P-Q plane. It

(DFIG) type. These farms are connected to the AC transmmissig pqte\orthy that)‘g—i is the no-load reactive power absorption,

system by LCC-HVDC links. Due to the importance of considefyhich means that the DFIG becomes unstable when the reactive

ing reactive power requirements of converters at both sifi¢ise power consumption is greater than the no-load reactive pi
LCC-HVDC connection, capability curves of wind farm’s DHG 4) Total Capability lifmit (slum < sl < 0): The rotor active-

are also modeled..ConS|der|ng the capat.>|l|.ty curves forGar| power generation, neglecting stator and rotor resistacae, be
makes the generation schedule more realistic.

expressed as follows:

®)

D. Paper Organization Py = —sl* Py (6)

This paper is set out as follows: Section Il presents probler?] id-side | f th . I . ith
formulation. Simulation results are presented in Sectibrand T € gnd-side nverter of the DFIG. IS usually operating wd
unity power factor [12]. Hence, the injected power from tbeor

finally, Section IV summarizes the findings of this work. ) . .
is zero, and total reactive power output of DFIG is as follows

Il. PROBLEM FORMULATION
Qrt =0 (7)

Load flow equations of AC/DC networks, HVDC links steady
state model and characteristics of wind power generatien de DFIG’s total active and reactive power generations are
formulated in this section. The assumptions, decisionatdes, obtained by adding rotor active/reactive powers to theostat
constraints and objective function of the proposed MP-ORF active/reactive powers, as follows:
described as follows:
ng = st + Prt - (1 - Sl)Pst (8)
A. Decision Variables Qus = Qst + Qrt = Qut 9)

The decision variables of the problem include: hourly ganer
tion schedule and terminal voltage of thermal units, tapirsgt
of on-load tap changers and HVDC link transformers. These AT B 1 O &I
variables are determined based on a set of wind generation T Tstwmaxr T T gy e T g vt max

By defining:



The maximum/minimum limits of reactive power output of DFIGcurve of wind turbine is available. Using these data and aden

are expressed as follows: generation technique (described in Appendix B) the wind grow

. generation is described and modeled in the proposed MP-OPF

Qb = +1/(AVa)2 — BP2, (10) model.
2
Q_EIZ-,I)nax =+ (OV‘it)Q - BP11219 o ;gt (11)
L ) st E. Load Flow Equations of AC Network
Qg,max = min(QgJ)naxv E],BH&X) (12) : .
9 The AC load flow equations fok — th bus, is as follows:

Qhin = 5 (13

h Xst P, (1) = Pr, (1) = Pul(s,1) (23)
Q) = —\/(AVa)? — BPZ, (14) Qc, (5:1) — Q. (1) = Qu(s,1) (24)

_ eY) (@)

Qg,min = max(Qy,iin Qg,min) (15)  where, Py(s,t) and Qy(s,t) are injected active and reactive

5) Wind-Turbine maximurvminimum active power output limit: ~ POWers, respectively, which are calculated as follows:
The restrictions related to the maximum active power alibelat

wind turbine, are expressed as follows: ];’;fs’t) - (25)
0 < Pyy < wps * Pl (16) > Vils, )V (s, t)Yijcos(0k(s, ) — 0;(s, 1) — ;)
=1
The capability curve of the DFIG determines the feasible aien JQ (s,1) = (26)
regime in P-Q plane [17] as shown in Fig.1l. From this figure, NZ ’
the feasible operating area in P-Q plain, is the area spedifje .
_ Vie(5,8)V;(5,t)Yiisin(0y (s, t) — 0;(s,t) — Yi;
(21,22, 73, 24, 25, 26) coordinates. ; k(5 OV (3, )Yijsin(0k(5,1) = 05(5,) = Yis)
Stabilitv limit Pu A i The magnitude of voltage in each bkisshould remain between
abtity imt Rotor current limit the safe operating limits during each scenariand timet:
B Wind turbine )
limit Vit < V(s t) < Vi (27)
LS4
2 Also, the flow of transmission lines must be below their corre

Stator current  sponding limits:
limit

[Se(s, )] < 57" (28)

Qv F. Load Flow Equations at the Interface of AC/DC Networks

Zy

According to Fig. 2, at the inverter side of the HVDC con-
nection (i.e. fork = 7), the power balance equations of AC/DC
networks are as follows:

Fig. 1. Capability curve of DFIG

C. HVDC Modeling P;(s,t) = Pg,(t) + Pai(s,t) — Pr,(t) (29)
Load flow equations of the LCC-HVDC system are as follows.
The schematic of the LCC-HVDC link is depicted in Fig. 2. Qi(s,1) = (30)

For m = r, i (r; Rectifier, i: Inverter):
m=r i ) Qc; (1) + BariVE(5,1) + Quni(s,1) — Qui(s,t) — Qr, (¢)

3v2
Vio.m = T BT Vin (17) Similarly, for the rectifier side (i.e. fok = r), by neglecting
Va.m = Vao.mcos(oum) — B Remla (18) the active power losses of the transformers connecting thed/NVF
Var — Vi HVDC rectifier terminal, the power balance equations of AC/D
I = Ry 4 (19)  networks are as follows:
cos(om) = Vi (20) Pug(s,t) = Pyr(s,t) (31)
VdO,m '
Pd,m = VdmLIri (21)
Qm = Pymtan(om) (22) 5;/(57 t) + BshWVrQ(Sa t) + Qsn,r(s,t) = Qar(s,t) (32)
) ) ) Where,Q{j{gV (s,t) is total reactive power injected from the HV

D. Uncertainty Modeling of Wind Power Generation side of transformers connecting the WF to the HVDC link, in

In this paper, a scenario based model is used to describe shenarios and timet. It is worth to note that passive filters are
wind power generation [18]. It is assumed that the prob@bilialso connected to the HVDC rectifier and inverter terminatsch
density function of wind speed as well as the characteristice represented by constant shunt admittance in (30) and (32
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Fig. 2.  One-line diagram of wind farm connection using LLEABIC link
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G. Thermal Generation Constraints t, i.e. \(s,t), is assumed to be even during the operating horizon

The following constraints are considered in order to motlel tand equal to 8 $/h. _
cost and technical limits of thermal generation units [19]: In this study, two wind farms (WFs) are considered. Each WF

1) Total production cost of thermal units: the productiostoof anS'StS (.)f 500 D.FIG-_based wind turbine. The charactessi
thermal units is defined as: wind turbine are given in Table I. Hence, the total capacitgach
WEF is 1000M W which is connected to the system via a 24-pulse
Fri(Pg, (t) = arPg, (t) + biPe, (t) + ¢« (33) LLC-HVDC link. HVDC links are bipolar with the rating of 1000
whereay, by, ande;, are the fuel cost coefficients of theth MW, and+250 kV. The data of these DC links are derived from
' [21], and are given in Table VI. As it is shown in Fig. 6, WF-1

generation unit. -
. I o and WF-2 are connected to busBs, and By, respectively.
2) Generation limits Of thermal units: For the sake of brevity, three load levelg (.3) are considered
PE™ < Pg, (t) < PG (34) for each day as 90%, 100% and 80% of the peak value. This

QUin < Qg, () < QA (35) multi-period load curve is depicted Hig.3 . Also, it is assumed

whereng“’/ e anng‘Z” " are the maximum/minimum zA
limits of active/reactive power outputs irth thermal unit. %
3) Ramp up and ramp down constraints: the output power 2 5000 4
change rate of the thermal unit should be below the pre- 3 45813 -
specified limits called ramp rates. This is to avoid damaging 2 40723
the boiler and combustion equipments. These limits aredtat £
as follows: a
«—T]— >t T2 et T3>
Pg, (t) > P, (t—1) — DR, (36)
PGk (t) < PGk (t - 1) + URGk (37) -

Time
whereU R¢, and DR, are the ramp up/down limits of the
k-th thermal unit (MW/h). Fig. 3. Demand level values in different time intervals

H. Obiecti . that the total load of each period is distributed based orritiel
. Objective function . .
o ) o ) ~load share of each bus, as given in [20].
The objective function of MP-OPF to be minimized is defined Using the technique described Appendix B 12 scenarios are
as the total cost paid by the retailer and is calculated dswel yetermined for each WE which are given in Table IV. The pro-
_ posed algorithm is implemented in General Algebraic Mougli
re ;(wst(s, DA(s: D) + ; Frt(Po. (1)) (38) System (GAMS) [22] environment and solved by CONOPT solver
. ' [23].
where Pp(s, ¢) is the purchased power from the pool market in opiimal active power generation schedules and voltage mag-
time ¢ and scenaric. nitude of generation buses, for all intervals are given igsFi
4, 5, respectively. As mentioned earlier, these variabltestaere
lIl. SIMULATION RESULTS and now’ control variables and the obtained optimal schesifdr
The proposed probabilistic model for the MP-OPF problem these variables are the same for all scenarios. The totalofos
examined on the IEEE 118-bus test system. This system ¢®nsibermal generation units is equal to 161704.554 $, wheleas t
of 54 generator buses, and 186 transmission lines. The datecost paid for power procurement from pool market is equal to
generating units along with the voltage limits and transiois 4242.288 $. The tap settings of transformers at both sidékeof
lines flow limits are given in [20]. The purchased power froflVDC links, which are also ‘here and now’ control variablasg
pool market is injected to the network through slack bus wihéc given in Table I, for all time intervals.
Bgo in this network. Also, electricity price in scenarsoand time Table IIl gives the optimal schedule of HVDC links for all



TABLE |
THE TECHNICAL CHARACTERISTICS OF WIND TURBINES

Uz‘cn Urated Ugut Xm Xst Slmin Irt,ma:)c Ist,maac Pﬂ,g
(m/s) | (m/s) | (mfs) | (pu) (pu) (pu) (pu) (MW)
4 14 25 2.7891 | 2.8421 | -0.3000 | 1.3893 1.0500 | 2.0000
250
£ 200
£
% 150 I
§ Tl
2 100 T2
<)
% ET3
:(E 50
O 4

Tl
T2
ET3

Fig. 5. Optimal voltage magnitude generation buses

scenarios in the studied horizon. for the sake of briefnady, the

schedules of scenarigs — sg are given in this table. It is observed TVDC

from this table thatdV DC, is loaded lightly, in comparison to Link-1 H—@
HV DCj,. This is due to the capacity limit of the transmission IEEE 118-bus

line Ly, (between buse$;, and By), which connects bud System  B80 \

to the AC network. But, forHV DC5, bus Bg, is connected to HVDC H_@
the system by several transmission lines (i.e. the libgs, Li24, il

Lios, Lyo7, Lisg, Lis1, Liss and L153), and hence, sufficient
capacity is available for transmission of generated powWélB- Fig. 6. The schematic of the system under study
2. Also, active and reactive power generation of WF-1 and WF-2

for all wind scenarios in the studied horizon, are providedable

V. IV. CONCLUSION
TABLE I This paper presents a comprehensive multi-period optimal
THE TAP SETTINGS OFHVDC LINKS power flow (MP-OPF) model which describes a power system
Unk# T Time interval | Tnverter | Rectifier with uncertain wind power injections through LCC-HVDC Imk
T 0.450 | 0.456 The objective function of this MP-OPF is defined as minimigin
HVDC, ” 8-223} 8-2‘;2 the operating cost of the system in the presence of intemiitt
Tf 0460 | 0.493 renewable energy resources like wind farms (WFs). Scenario
HVDCy Ty 0.462 | 0.489 based approach is utilized to model the uncertainty of wind
Ts 0456 | 0475 power generation. One of the features of the proposed MP-OPF

is to schedule both ‘here and now' and ‘wait and see’ control



TABLE Il
THE SCHEDULES OFHVDC LINK VARIABLES
Pr i ar a; Va,r Vi P, Py i Qd,r Qi 1 Vr Vi
(Radian) | (Radian) | (Radian) | (Radian) | (V) | (kV) | (MW) | (MW) | (MVA) | (MVAD) | (kA) | (V) | (kV
s1 | 171 | 035 0.09 0.35 0.09 | 550.00| 549.81| 523 | 523 | 192 0.48 | 0.01 | 23320 | 227.13
s1 | T» | 017 0.18 0.08 0.09 | 550.00 | 544.65| 147.02 | 14559 | 2548 | 25.74 | 0.27 | 216.98 | 227.06
s1 | T3 | 018 0.18 0.08 0.09 | 550.00 | 544.34 | 155.56 | 153.96 | 27.58 | 27.88 | 0.28 | 217.28 | 228.08
so | T | 0.35 0.35 0.35 0.35 | 51862 51841| 523 | 523 | 192 1.92 | 0.01 | 219.90 | 227.13
s2 | To | 017 0.18 0.08 0.09 | 550.00 | 544.65| 147.02 | 14559 | 2548 | 25.74 | 0.27 | 216.98 | 227.06
so | T3 | 0.35 0.35 0.35 0.35 | 51860| 51835| 6.70 | 6.70 | 246 246 | 0.01 | 214.88 | 227.64
s3 | T | 034 0.18 0.30 0.09 | 550.00 | 544.44 | 152,81 | 151.27 | 54.07 | 27.19 | 0.28 | 232.27 | 227.56
s3 | T | 035 0.35 0.35 0.35 | 518.66| 518.66| 0.00 | 0.00 | 0.00 0.00 | 0.00 | 214.62 | 226.66
HVDC, | %8 | T | 035 0.09 0.35 0.09 | 550.00| 549.76| 6.70 | 6.70 | 2.46 0.62 | 0.01 | 227.87 | 227.64
sa | 1| 017 0.18 0.08 0.09 | 550.00 | 544.44 | 152,81 | 151.27 | 26.90 | 27.19 | 0.28 | 222.34 | 227.56
sa | To | 017 0.18 0.08 0.09 | 550.00 | 544.65| 147.02 | 14559 | 2548 | 25.74 | 0.27 | 216.98 | 227.06
sa | Ty | 0.8 0.18 0.08 0.09 | 550.00 | 544.34 | 155.56 | 153.96 | 27.58 | 27.88 | 0.28 | 217.28 | 228.08
s5 | T | 0.09 0.09 0.08 0.09 | 550.00 | 549.81| 523 | 523 | 045 0.48 | 0.01 | 219.77 | 227.13
s5 | To | 017 0.18 0.08 0.09 | 550.00 | 544.65| 147.02 | 14559 | 2548 | 25.74 | 0.27 | 216.98 | 227.06
s5 | T3 | 0.38 0.18 0.35 0.09 | 550.00 | 544.34 | 155.56 | 153.96 | 62.49 | 27.88 | 0.28 | 230.56 | 228.08
se | T | 0.8 0.39 0.08 0.35 | 518.45| 512.55| 153.01 | 151.27 | 28.26 | 61.40 | 0.30 | 209.90 | 227.56
s6 | To | 017 0.18 0.08 0.09 | 550.00 | 544.65| 147.02 | 14559 | 2548 | 25.74 | 0.27 | 216.98 | 227.06
ss | T3 | 0.8 0.18 0.08 0.09 | 550.00 | 544.34 | 155.56 | 153.96 | 27.58 | 27.88 | 0.28 | 217.28 | 228.08
s1 | Th | 045 0.30 0.35 0.08 | 549.63 | 530.35 | 529.83 | 511.25 | 254.46 | 15853 | 0.96 | 228.83 | 223.63
si | To | 026 0.26 0.08 0.10 | 550.00 | 536.25 | 378.06 | 368.61 | 98.37 | 99.34 | 0.69 | 215.05| 222.37
s1 | Ty | 025 0.26 0.08 0.08 | 549.75| 536.32 | 369.20 | 360.18 | 95.07 | 93.81 | 0.67 | 221.26 | 225.05
s2 | 71 | 0.30 0.30 0.08 0.08 | 549.63 | 530.35| 529.83 | 511.25| 161.74 | 15853 | 0.96 | 215.67 | 223.63
so | To | 026 0.26 0.08 0.10 | 550.00 | 536.25 | 378.06 | 368.61 | 98.37 | 99.34 | 0.69 | 215.05| 222.37
s2 | T3 | 0.30 0.30 0.08 0.08 | 54858 | 529.34 | 527.86 | 509.35 | 160.93 | 157.95 | 0.96 | 223.53 | 225.05
s3 | T | 025 0.26 0.08 0.09 | 550.00 | 536.46 | 372.40 | 363.23 | 96.23 | 96.45 | 0.68 | 213.19 | 223.54
s3 | To | 043 0.30 0.32 0.08 | 549.72 | 530.27 | 534.69 | 515.77 | 243.41 | 160.63 | 0.97 | 228.56 | 222.37
HvDe, | s3 | T | 030 0.30 0.08 0.08 | 54858 | 529.34 | 527.86 | 509.35 | 160.93 | 157.95 | 0.96 | 223.53 | 225.05
2l sq | W | 042 0.26 0.35 0.09 | 550.00 | 536.46 | 372.40 | 363.23 | 167.04 | 96.45 | 0.68 | 226.22 | 223.54
sa | To | 032 0.43 0.19 0.35 | 518.79 | 504.17 | 379.30 | 368.61 | 125.62 | 170.32 | 0.73 | 206.80 | 222.37
sa | T3 | 025 0.26 0.08 0.08 | 549.75| 536.32 | 369.20 | 360.18 | 95.07 | 93.81 | 0.67 | 221.26 | 225.05
ss | Ti | 030 0.30 0.08 0.08 | 549.63| 530.35| 529.83 | 511.25| 161.56 | 158.53 | 0.96 | 215.65 | 223.63
s5 | To | 041 0.27 0.33 0.11 | 549.25| 535.49 | 378.08 | 368.61 | 163.15 | 101.42 | 0.69 | 226.37 | 222.37
ss | T3 | 025 0.26 0.08 0.08 | 549.75| 536.32 | 369.20 | 360.18 | 95.07 | 93.81 | 0.67 | 221.26 | 225.05
se | T | 042 0.26 0.35 0.09 | 550.00 | 536.46 | 372.40 | 363.23 | 167.04 | 96.45 | 0.68 | 226.22 | 223.54
s6 | To | 0.26 0.26 0.08 0.10 | 550.00 | 536.25| 378.06 | 368.61 | 98.37 | 99.34 | 0.69 | 215.05| 222.37
ss | T3 | 0.25 0.26 0.08 0.08 | 549.75| 536.32 | 369.20 | 360.18 | 95.07 | 93.81 | 0.67 | 221.26 | 225.05
TABLE IV
THE WIND POWER GENERATION SCENARIOS AND THEIR ASSOCIATED APPENDIXB
PROBABILITIES WIND GENERATION MODELING [24]
Wps Ts It is assumed that the probability density function (PDF) of
s1 | 100.00 | 0.07843 ind di ilable in th . d dv. th
s | 94.97 | 0.02500 wind speed is available in the region under study, then
s3 | 84.97 | 0.03265 » v
s4 | 74.98 | 0.04509 _(v _ 2
ss | 64.98 | 0.05011 PDF(v) (02) exp| (ﬂc) ) (39)

S6 54.98 | 0.07728
s7 44.99 | 0.09121

o | 3499 | 011222 The probability of falling into scenarie and the corresponding

so | 19.99 | 0.10365 wind speedv; is calculated as follows:
s10 | 15.00 | 0.11233
s11 | 5.00 | 0.06610 V2 Vo

0.00 | 0.20594 s = — ) exp|—(—=)"]dv 40
= [ e (40)

U1, V2,
= emp[_(\/§80>2] - 63717[_(\/;6)2]
variables for the given time horizon. Vo.s + 01
The proposed approach is implemented on the IEEE 118-bus Vs = %

system to demonstrate its applicability. Two offshore WFs ar

considered, which are connected to the onshore AC poweherev; ,, vy, are the starting and ending points of the wind
network through LLC-HVDC links. It is observed from thespeed’s interval defined in scenarprespectively.

numerical results that availability of transmission netiwo The generated power of the wind turbine is determined ugig i
capacity at the interface of AC/DC networks is a key factasharacteristics as follows:

affecting the utilization WF’s power generation ability.

0 if vy <wf, orwvs > 5,
Vs —V5, - . .
ng<’l)s) = 7117«@@,(1*”:” Plilg |f ’U;’n S Vs S VUrated (41)
s
APPENDIXA Pl else

DATA OF HVDC CONNECTIONS ) ) )
Where, P, is the rated power of wind turbine. The generated

The data of LLC-HVDC links are given in this appendix, whictpower of wind turbine in scenaria is calculated using the
are derived from [21]. obtainedvs and (41).



TABLE V
THE PROBABILISTIC WIND POWER OUTPUTS OF WIND FARMS
WF-1 WF-2
Scenarigt | Period# Pw Qw Pw Qw
(MW) | (MVAr) (MW) | (MVAr)
s1 T 5.23 -6.19 529.83 | 37.37
51 Ty 147.02 | 55.03 378.06 | 27.44
s1 T3 155.56 | 20.02 369.20 | 98.50
s2 T 5.23 -4.92 529.83 | 29.88
s2 Ty 147.02 | 68.67 378.06 | 41.67
s2 T3 6.70 0.72 527.86 | 247.77
83 T 152.81| 31.36 372.40 | 160.06
s3 Ty 0.00 40.74 534.69 | 94.95
s3 Ts 6.70 41.98 527.86 | 43.95
S4 T 152.81| 70.76 372.40 | 10.00
S4 T 147.02 | -5.91 379.30 | 195.01
S4 Ts 155.56 | 43.74 369.20 6.33
85 T 5.23 -5.16 529.83 | 249.74
s5 T 147.02 | 49.88 378.08 | 229.38
85 Ts 155.56 | 86.32 369.20 | 131.34
s6 T 153.01| 21.01 372.40 | 233.69
s6 T 147.02 | -5.80 378.06 | 84.98
s6 T3 155.56 | -2.04 369.20 | 90.80
s7 T 4.47 -6.01 449.86 | 27.44
s7 Ty 147.02 | 45.10 378.06 | 10.68
s7 Ts 155.56 | 72.25 369.20 | 108.41
s8 T 153.83 | 48.40 349.89 | 100.43
S8 Ty 148.72 | 22.88 349.89 | 22.24
s8 Ts 155.91 | 28.87 349.89 | 14.13
s9 T 154.70 | -5.51 199.94 | 72.42
s9 T 150.55| -5.78 199.94 | 39.12
S9 T3 154.10 | -1.96 199.94 | -24.12
s10 T 149.95| 14.31 149.95| 22.36
s10 T 149.95| -2.79 149.95| 21.88
$10 T3 149.95| -6.02 149.95| 22.86
s11 T 49.98 -3.41 49.98 -0.57
s11 T 49.98 | -242.61 || 49.98 0.33
s11 T3 49.98 -0.29 49.98 -0.06
S12 T 0.00 0.00 0.00 0.00
S12 T 0.00 0.00 0.00 0.00
$12 T3 0.00 0.00 0.00 0.00
TABLE VI
THE DATA OF STUDIEDHVDC LINKS
Parameter Value
No. of converters at each side of the HVDC link 2
No. of 6-pulse bridges at each converter 2
Ry q (per line) 10Q
Ry (per bridge) 602
R.; (per bridge) 602
B, (= B;) 4
Rated voltage of line to lind/. andV; 220 kV
m=nr,1 min | max
am (radian) 0.08 | 0.35
©m (radian) 0 w/2
Va,m (KV) 450 | 550
Py v (MW) 0 1000
Tm 0.3 0.7
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