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Abstract—A method for solving the optimal power flow (OPF) pavt Actually available active power output of wind
problem including HVDC connected offshore wind farms is pre- farm
sented in this paper. Different factors have been considered in th r ; ;
proposed metkl?ocljJ namely, voltage source converter (VSC-HVDC) P’? _ Forecgsted active p(')t\i\bler output of wind farm
and line-commutated converter high-voltage DC (LCC-HVDC) link Yy, /%J Magnitude/angle ob; eleme_nt ,O%?S
constraints, doubly fed induction generators' (DFIGs) capability ~ S¢(V,0)  Power flow through/" transmission line.
curve as well as the uncertainties of wind power generation. ggv Reactive power output of wind farm received to
Information gap decision theory (IGDT) is utilized for handling the rectifier terminal of HVDC
the uncertainties assocw}ted Wlth.t.he volatility of wind power Xirw Reactance of step up transformer connecting
generation. It is computationally efficient and does not require the ’ . .
probability density function of wind speed. The proposed decision offshore wind farm. to HVDC (in pu) .
making framework finds the optimal decision variables in a way ~ Fi(Pg,)  The fuel cost function of’" thermal generation
that they remain robust against the considered uncertainties. To unit
illustrate the effectiveness of the propose_d approach, it i§ applie Ppy/Qp, The purchased active/reactive power from the
on the IEEE 118-bus system. The obtained results validate the pool market at bus.
applica_lbility of the proposed IGDT—based_OPF_ model for optimal Vi /0 Volt itude/ le in bus
operation of AC/DC power systems with high penetration of Hb\beC Variablct)as?ge magnitude/angie in
offshore wind farms. -
Index Terms—HVDC, IGDT, OPF, uncertainty, wind power. ‘]Z‘m gg%@l?ézzzna:etﬂztzwgz terminals
l,m
I, DC current carried by the HVDC link
NOMENCLATURE Qo Ignition angle
Sets: Vaio.m Ideal no-load voltage at the terminals
NB Set of system buses B,, Number of series-connected bridges in a termi-
NG Set of generators nal
NBp Set of buses connected to the pool market Rp.a Resistance of HVDC cable
NL Set of transmission lines . ) Qd,m Reactive power flowing into HVDC link
Weq/ineq  Set of all equality/inequality constraints Bahom Susceptance of HVDC shunt filters
Indeci ses: . T, Tap ratio of HVYDC'’s transformer
b Bus index . Qsh.m VAR compensations at HVDC terminals
i Generator index Vin \oltage magnitudes of the AC terminals of
m Rectifier (n = r)/inverter (n = i) HVDC
AC network's variables and parameters: M,, Amplitude modulation ratio in VSC-HVDC
generation unit Risk associated variables:
Pp,/Qr, Activelreactive load in bué Acso Critical/opportunistic value of objective function
Pug/Qug  Active/reactive power output of wind farm to be maintained at presence of uncertainty
Ppy/@py  Active/reactive power purchased from pool mar- Critical/opportunistic percent of objective func-
ket. . ) tion used in risk averse/seeker strategy
Pym Active power flowing through HVDC link ¢, ¢ Maximum/minimum radius of uncertainty
Om Angle difference between the fundamental line Uncertainty set

current and line-to-neutral AC voltage
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I. INTRODUCTION

A. Background and Motivation

TILIZATION of wind power generation technology due to
the economic and environmental concerns is taking sub-
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generation cost is minimized for a given operating conditio
while satisfying the technical constraints and operatidinats.



Such an optimization problem is called optimal power flow converter losses and capital cost [15], well industrial ex-
(OPF). The problem of uncertainty modelling of wind power  periences for connecting the offshore wind farms to the

generation is still an important issue [1]. Hence, the appate onshore AC network [16], robust to DC fault currents due

modelling of wind power generation in OPF formulation is  to its current regulated nature [17].

essential. « Disadvantages : Needs reactive power compensation in
In many countries, the optimal connection points for onshor  both AC terminals, possibility of commutation failures,

wind farms are determined, and the utilities are willing &®eu large footprint, complicated coordination between ac-

offshore sites [2]. The offshore wind farm is located, gaiigr tive/reactive resources and HVDC station, minimum short

far away from the onshore grid. In case, the distance is long o  circuit level restriction.

if the offshore wind farm is connected to a weak AC onshore p) VSC-HVDC: The first commercial VSC-based HVDC link
grid, a high-voltage dc (HVDC) transmission system would bgame in service in Sweden in 1997 [18].

preferred over the conventional high-voltage AC transioiss Advantages : Black start capability [19], no requirement fo

[3]: reactive power compensation, more compact and lighter
compared to LCC, no need for harmonic filter, can be

B. Literature Review operated in both capacitive or inductive modes [20], [21],
The previous works which tackled the uncertainty modeling VSC valves are independent of the zero crossings of the
of wind power generation can be categorized as follows: current and balanced operation of the linked AC system,

ability to control the negative sequence current injection
in the offshore wind power plant [22], shorter design
and installation times [15], using IGBT switches enables
the VSC-HVDC scheme to be switched on and off at
higher rate [23] and needs no external voltage source for

« Stochastic techniques
— Monte Carlo Simulation [4], [5]
— Point Estimate Method [6]
— Scenario based modeling [7], [8]

« Fuzzy approach [9] commutation [24].

« Robust optimization [10] . Disadvantages : Lower reliability, weak overload capabili
Each technique has its own “pros and cons”. For example, higher cost by 10-15% due to high component count, less
stochastic techniques require knowledge of the probgbilit  mature technology, higher converters power losses due to
density function of uncertain parameter. It is usually  witching operations (1.0- 1.5%), limited power capability
computationally expensive and adds huge burden to the not able to suppress DC side fault currents [21].

original problem. The fuzzy arithmetic requires a membrsh g, of these HVDC technologies have their own cons and
function fgr each uncertain parameter. It is usually d|it|cuprOS and choosing the best technology for HVDC link depends
to deal with fuzzy numbers and they should be transformeg the requirements of the planner, which is not the subject o

into real valued numbers. The robust optimization requirgsis work. In this paper, both HVDC technologies are studied
knowledge of the range of variation of the uncertain paranset j, \ the main focus of the study will be on the LCC-HVDC

[11]. Additionally, it cannot be used in opportunistic C8se  3nsmission which is well utilized HVDC technology for

use possible positive impacts of uncertain parametessniit  .onnection of offshore wind farms to the onshore AC grids.
an easy task to choose the right uncertainty set for deagribip,ig technology is the most established and widespread

the uncertain parameters. o _ technology around the world [25].
The gap which this work tries to fill is to propose a technique

for handling the severe uncertainty associated with windqso 2) The objective functions aimed by SO:
generation. It is assumed that no range or probability densi
function or membership function is available.

Also, the previous researches for integration of uncerstatad
farms using HVDC transmission, can be generally categdrize
based on the utilized technology and the main objectives<f S

o Cost benefit analysis for the operational benefits against
the investment costs of HVDC systems [26]

o Opportunity cost of wind power shortage & surplus [27]

« Cost of environmental benefit loss [27]

o Minimizing losses within the wind farm and the HVDC
transmission system and maximizing production [28]

o Expected penalty cost for wind power curtailment [29]

o Expected cost of calling up power reserves because of wind

power shortage [29]

Risk due to expected energy not supplied (EENS) and total

1) Utilized HVDC technology: Two types of HVDC trans-
mission topologies, i.e., HVDC with voltage source coreert
(VSC-HVDC) using insulated gate bipolar transistors (IGBT
and line-commutated converter HYDC (LCC-HVDC) are used ° .

operating costs [30]

today for offshore wind farm connectivity. Each technoldws . ) :
. . ) ._ e, Location marginal prices, and reserve costs [30]
its own advantages and disadvantages, which are summarized

» \oltage regulation of the electrical grid [31]

as follows.

a) LCC-HVDC: The first commercial LCC-based HVDC link

was commissioned in 1954 [12]. C. Contributions

« Advantages: High reliability, little maintenance [13],isu  In this paper, a new model is proposed for OPF problem

able for offshore wind farm connection, high power caef AC/DC power systems considering the uncertainty of wind
pability [14], greater economies of scale, good overlogubwer generation. The IGDT approach is employed to determin
capability, able to suppress DC side fault currents, lowéne best strategy for SO to procure the energy demand from



different resources. The LCC-HVDC transmission is uttiZer and the following limits are considered.
connection the offshore wind farm to the AC onshore grid 0Als

o . o . . min < P < PR i
the objective function utilized in the proposed OPF model is Pfjjm < Po, < Pf;'w vf €NG ©)
minimization of total cost paid for energy procurement \&hil Qc," = Qa; = Qg; Vie NG (6)
making it robust against the undesired uncertainties orimgak Vit <V SV Vb e NB (M
more chance for receiving benefits from desired unceresnti |Se(V,0)] < S Vee NL (8)
A number of works are.re.ported in the literature to deal with Ppi™'™ < Ppy < Ppi™™® Vb e NBp (9)
the wind power uncertainties (e.g., [32]). However, to tlestb 0P < Qpy < Qp™™® Wb € NBp (10)

of authors’ knowledge, no previous work in the literaturalde
with wind power uncertainty using IGDT approach specially
when HVDC links are utilized. The contributions of this papeB. LCC-HVDC OPF Model
are three folds: In LCC-HVDC technology which uses thyristor valves, the
« Modelling the uncertainty of wind power generation withvalves can only switch off when their current becomes zero.
out knowing the probability density function or mem-The proper commutation depends on the normal and balance
bership function using information gap decision theorg@peration of the connected AC network. The delayed ignition
The proposed model is tractable and does not add tkthe thyristors leads to the lagged AC current flowing to the
complexity of the existing problem. converters, respect to the AC voltage of the terminal. Thus,
« The risk hedging technique is guarantees the decisiggactive power is absorbed by a LCC-HVDC link in its AC
makers objective function against the undesired effects gitle of both rectifier and inverter terminals. The schematic
wind power volatility. LCC-HVDC link is depicted in Fig. 1. Load flow equations of
« The proposed model can be easily adopted by opportunigtie LCC-HVDC system is as follows. The steady state model
decision makers in which they will seek positive benefitef this system which is suitable for OPF model, is given in the
of uncertain wind power generation. following. Form = r,i (r: Rectifier,i: Inverter):
D. Paper Organization Pl vpe,

v,06,
PatfO4 | By N0 ‘
The rest of this paper is organized as follows: Section I @‘I‘3 B
presents problem formulation, the proposed informatiop ga et ®§B§”

decision theory (IGDT) technique is presented in Sectién I ectifin sid
Simulation results are presented in Section IV and finally,

Section V summarizes the findings of this work. Fig. 1. Single-line diagram of wind farm connected via LC®BL transmis-
sion link

Offshore Wind Farm

Rest of the AC/
viog DC network

<“—Inverter Side—>

II. OPF PROBLEM FORMULATION

The AC/DC power flow equations, HVDC link model and 3v/2
characteristics of DFIG-based wind farms are formulatetthis Vao,m = 7BmeVm (1)
section. The assumptions, objectives, decision variadson- Via,m = Viao,mcos(am) — BmRe,mla (12)
straints are described in this section. The decision viasabf 1, — Va,r — Va,i (13)
the problem include: Generation schedule and terminabgelt Rr.a
of thermal units, Var injections at both terminals alonghwit c0s(pm) = Vam (14)
the tap settings of on-load tap changers of HVDC linKke Vao,m
proposed robust decision making framework finds the optimal Pim = Vamla (15)
values for these variables considering the uncertainty iofiw Qda,m = Pamtan(eom) (1e6)

ower generation outputs. . . . .
P 9 P where (11) gives the relationship between ideal no-loathgel

at the DC sides of the LCC-HVDC link, and the AC sides

A. Load Flow Equations of AC Network voltages. Equation (12) is the actual voltages at both DC
The load flow equations of the AC side of the systérh ¢  terminals due to the commutation overlap, and (13) is the DC
NB) are: current flowing through HVDC. Also, (14) is the power factors
NB at the HV buses of HVDC link's AC sides. Constraints (15),
pret = ZVijybjcos(eb —0; — byy) (1) (16) are the DC active powers (which are equal to AC active
=1 powers), and the reactive power absorbed by the HVDC link’s
NG AC terminals By neglecting the converters’ losses, re$palpt
Pt =" Pa, + Ppy — Pr, (2) It is worth to note thatQ.; and Q. are reactive power,
jv:; flowing into AC sides qf the HVDC link. I!’l other word€), ; .
Opet — ZVijYi,jsin(Gb — 0, — &) 3) and Qg , are the reactive power absorption by the HVDC in

= the AC terminals of inverter and rectifier sides, respettive
NG These reactive power absorptions are necessary for proper
Qpet = ZQGi +Qps — Q1, (4) commutation of LCC converters. Also, the following limiése

i=1 considered in the proposed OPF model:



E. VSC-HVDC OPF Model

0< Py < P a7 The single line diagram of VSC-HVDC is depicted in Fig.
Vi < Vi < V2T (18) 2. For the purpose of fundamental frequency analysis each
min max converter station is represented by a complex voltage sourc
Qd,m S Qd,m S Qd,m (19) . . . _ .
im o E,,Zo,, behind its transformer impedanég,,, (Vm = r,4). In
Qs < Qonm < Quhim @0 other words, two AC buses are added to the system, repregenti
the AC sides of the VSC. Thus, equivalently, two buses are
C. DFIG-based wind farm steady state model added to the system in the conventional OPF model. The equiv-

Doub|y fed induction generator (DF|G) is a three_phas@ent circuit of VSC-HVDC is depiCted in Flg 3. 1In Contrary
wound-rotor induction machine. The mechanical power at tk@ the case of LCC-HVDC, not only the VSC technology does
machine shaft is converted into electrical power supplied Bot need reactive power compensation in the AC side tersyinal
the ac power network via both the stator and rotor winding8Ut also it can control both active and reactive power flows
The machine operates like a synchronous generator whose dpfependently in AC sides, which is a great advantage. Hence
chronous speed (i.e., the speed at which the generatomshasft in the case of VSC-HVDC, bottB,; ,,, and Qsn,m are zero
rotate to generate power at the ac power network freql)mmy in the interface of AC/DC SyStemS. AISO, the equation (29) is
be varied by adjusting the frequency of the ac currents feal irintroduced which reflects the relation between the DC veltag
the rotor windings. One salient feature of DFIG is the caljtgbi @cross the capacitor bank in the DC sides, and the correspnd
of reactive power exchange between the generator and the @@fverted AC voltage at the rectifier and inverter sides, [[3)].
power network which is constrained by a capability curve tha
determines the feasible operating region in the PQ plane.

In order to study the steady state behavior of DFIG-based B - M v (29)
wind farms properly, it is necessary to model the DFIG’s "oy T
active/reactive power capability curve [33]. In_this pante.is_ I, = Va,r — Va,i (30)
modelled based on the assumptions and considerations igiven Rr.a
[33], [34]. The following limits are considered: Pam = Vamla (31)

1) Stator/rotor current limit where, M,, is amplitude modulation ratio [36], arl< M, <

2) Steady state stability limit 1 [35]. Besides, the limits on the active/reactive power fldw o

3) To_tal Capa_lbility Iim_it o ) converters are the same with the LCC case, which is given by
4) Wind-Turbine maximum/minimum active power OUtpuE‘quations (17)-(19).

limit
Hence, active and reactive power production limits of DFIG- I
based wind farm are as follows. Rl vpe,  vos L, V8 DCaetwork
e &
: : :)—l—ZE—I—KH = V4, Vgi== E—I—‘H }
ol Qi Qi
0 < Pug < Py (21)
legn < ng < QZ;E (22) <«—Rectifier Side—» <«—Inverter Side—>

Fig. 2. Single-line diagram of wind farm connected via VSC-HVDCOnsmis-

. o
D. Load Flow Equations at the Interface of AC/DC Networks sionin

for LCC-HVDC

According to Fig. 1, at the inverter side of the HVDC
connection (i.e. bug), the power balance equations of joint
AC/DC networks are as follows.

Pl = Pg, + Pa; — P, (23)
Q" = Qa, + BaniVi' + Qunii — Qu.i — Qr, (24)
From Fig. 1, at the rectifier side by neglecting active power

losses of the transformers connecting the wind farm to the
HVDC rectifier terminal, the power balance equations of AC/D

Fig. 3. Equivalent circuit of the VSC-HVDC transmission link

networks are as follows. F. Load Flow Equations at the Interface of AC/DC Networks
for VSC-HVDC
FPar = Pwsv ) (25) Similar to the LCC-HVDC, according to Fig. 2 at the inverter
Qa;r = Qug + Bene Vil + Qsiyr (26)  side OF VSC-HVDC (i.e. bus) the power balance equations
Q1Y = XVr (Viwcos(0u — 0,) — Vi) 27y ©Of AC/DC systems are as follows.
tr,w
Vi
Qug = X (Vi — Vicos (0, — 0)) (28) pret = Pg, + Py — Pr, (32)

Q" = Qc, — Qui — Qr, (33)



Also, at the rectifier side, the power flow equations of mixed « Risk averse: Is it possible to set the decision variables in

AC/DC networks are as follows. order to avoid undesired impacts of uncertainties?
o Risk seeker: Is it possible to set the decision variables in
Pa, = Pu, (34) order to make some benefits of possible uncertainties?
Qd,r = Qi{;;/ (35)

whereQ!Y is obtained from (27). A. Risk averse sirategy

This strategy tries to make the obtainefi)(robust against
the possible errors in predicting the uncertain input patens.

o ) This strategy is usually chosen by conservative decisiokensa
The objective function of the IGDT based OPF problem 10 bg,e qecision variable set should be optimally found in a way

minimized is defined as the total cost paid for energy balange.; he actual objective functiofi remain immune (to some

G. Objective function

and is calculated as follows: degree) against the deviation of uncertain parametEom its
minTC = Z(ppb)\b) + Zpi(pg) (36) predicted valuey. It is obvious that the most robust decision
bv Y p ' is reached when the objective function is immunized against

the maximum radius of uncertainty)( This is mathematically

where F;(Pg,) is the fuel cost function (in$/h), which is formulated as follows:

modelled by a quadratic function as follows.
F,(Pg,) = aiPéi +biPg, +c (37) max ¢ (44a)
X

HZ('X7 7) S 07Z € ‘1/5‘1 (44b)
GJ(X7 fY) = 07.7 E \Ilineq (440)

I11. IGDT BASED UNCERTAINTY MODELLING OF WIND
POWER GENERATION R
In this paper, an IGDT based model [37] is proposed to handle ¢ =maxc ¢
. ) . J(X,y) <Ac (44d)
the uncertainty of wind power generation. The proposed atkth A —
. . . . C*fb(X7’Y)+§C|fb(Xa’Y)‘a'7€F

does not need any probability density function. It is exadd a N o _
computationally efficient. Without loss of generality, theni- A is the critical value that the objective function should be
mization procedure is explained and discussed in this @ectiimmunized against surpassing it. It can be defined based on

The general optimization problem is expressed as follows: the requirements of the decision maker. However it is uguall
defined as a function of the base objective function. In tlogkyw

@8) S is used todefinethe A.. <. is a positive parameter set by the

min f(X,7) - -

X decision maker. It specifies the degree of acceptable talera
Hi(X,7) <0,i € Weq (39)  onincreasing (deteriorating) the value of base objectivetion
Gj(X,7) =0,j € Wineq (40)  (f,) due to the possible undesired uncertainties. The foriomlat
yer (41) described in (44) has a bi-level structure. In the lowerllééd

), the maximum radius of uncertainty)(for a given value of
X is determined. Then this radius of uncertainty will be pdsse
%)ethe upper level (i.e. (44a)-(44c)). In the upper levetisien
maker sets the decision variahlé to increase th& (increase
the immunity). In this way, the success (not increasing the
_ objective function more thanf{) with specified tolerance level)

Yy eT'(7,¢) = {7 : ‘@’ < C} (42) is achievable even when large deviation of uncertain patenme

K from their predicted values occurs.

7 is the forecasted value of the uncertain parametes the  Thuys, the above risk averse strategy is customized for the
maximum possible deviation of actual realization of ur@ert proposed OPF model, as follows.
parameter from its predicted value. It is also called “théiua

~ is the vector of input uncertain parametdrss the uncertainty
set describing the behavior of uncertain input paramet&rs.
is the set of decision variables. The uncertainty set can
mathematically described as follows:

of uncertainty” which itself is uncertain for the decisioraker.

One trivial strategy to deal with (38) to (41) is assuming tha TCp = min {Z(Ppb)\b) + Z Fi(Pc,,)} (45a)

uncertain parameter would not deviate from its predictddeva A i pgsi=pl,

as follows: (1)to(37) (45b)
£, = min £(X, 9) (43a) TCy is the total cost fo.r the pase case (where therg is no forecast

X error). The next step is adding two more constraints to (45) a

Hi(X,7) <0,i € Uy (43b)  follows:
Gj (X7 ’?) = 07.7 € \I[ineq (43C)

Let's call the outcome of (43) the basic value of objective max ¢ (46a)

. . : . . DVU¢
function (f,). The question which may rise here is that what (1)to(37) (46b)
will happen if the realized uncertain parameter is difféngith
pp p TC < TCy+ |TCh|se (46c)

what is predicted. Two different strategies may be adopted b ol ;
the decision maker to face with the mentioned uncertainty. Pug = Pug(1=0) (46d)



In other words, the immunityZ{C remains below a reason-solver running on an Int@XeonMCPU E5-1620 3.6 GHz
able limit) is sought when wind power generation is less thaC with 8 GB RAM. In this study, two wind farms (WFs) are
what it was expected to be (due to lower wind speed in the sitmnsidered and the capacity of each farml@90 MW. WF-1

non-optimal power tracking function and etc). and WF-2 are connected busesBss and By, respectively. It
is worth to mention that these buses are selected arbititary.
B. Risk seeker strategy is assumed that the energy resources (or energy procurement

options) are the mentioned wind farms, thermal units and als

. . - o the pool market. The purchased power from pool market is
possible errors in prediction of the uncertain input partnse injected to the network through slack bus which is b,

This strategy is _usually chosen by optimi_stic c!ecisiop make Besides, the cost of energy procurement from pool market is
contrary to the risk averse strategy explained in sectibA lthe assumed to beD/MWh.

decision maker is optimistically looking at the possibleeirtain
events that may positively affects the objective functifumtbier
reduces it). In risk seeker approach, the decision vasadiie set
in a way that this can happen even with slight error (minimu
radius of uncertainty) in prediction of uncertain paramet&his

This strategy tries to make the obtaingg)(robust against the

B Analysis in the presence of LCC-HVDC

is mathematically formulated as follows: In this case, it is assumed that each WF is connected to the
system via a 24-pulse LCC-HVDC link. HVDC links are bipolar
min ¢ (47a) With the rating 0fl000 MW, 250 kV. The data of these DC links
HXX c0icw 47b derived from [41]. Three case studies are analyzed in thik wo
i(X,7) < 0,0 € Weg (47b) 35 follows:
Gj(X,7) =0,j € Yineq (47c) . . .
. ) « Base case (BC): In this case, it is assumed that all uncertain
¢ = minc ¢ ind ion) will b | to thei
FIX,7) < A, (47d) parameters (wind power generation) will be equal to their
Ao = Fo(X,7) — o [fo(X, )],y €T forecasted values.

Risk averse (RA): In this case, the decision variablg¥ (
are optimally found in order to increase the robustness of
the objective function.

Risk seeker (RS): In this case, the decision variablés (
are optimally found in order to increase the chance of
further decrease in objective function.

A, is the opportunity value that the objective function should ’
be less than it (in minimization approach). It is defined base
on the greediness of the decision maker. However it is usuall
defined as a function of the base objective function. In this
work, ¢, is used to defined thd,. ¢, is a positive parameter
set by the decision maker. It specifies the degree of gregsline _ ) )
on further decreasing (improving) the value of base objecti 1) Basecase(BC): As it was already explained, the first step

function (f,) due to the possible uncertainties. The formulatioff /GDT analysis is calculating the base case for objectef
described in (47) has a bi-level structure. In the lowerll¢d@d tion. It is assumed that the forecasted wind power generatio

), the maximum radius of uncertaintg)(for a given value of is 80% of its installed capacity for both wind farms. The tota
X is determined. Then this radius of uncertainty will be pdss&©St of energy procurement including thermal unit generati
to the upper level (47a) to (47c). In the upper level, decisigNd pool market costs is equal #C,=$167072.7308 The
maker sets the decision variablé to decrease thé. In this active and reactive power purchased from pool market in BC ar
way, the success (decreasing the objective function evele m§Po=79.6247 MW,()p,=274.5901 MVAR ¥fb = Bgo), respec-
than (f,)) is achievable even when small deviation of uncertaffely: Also, the optimal ;chedule Of wind farms activedodive
parameters from their predicted values happens. In theopegp POWer outputs, along with the required reactive power campe
OPF model, similar to section 1I-AT'C;, is found using (45). sation at the HVDC terminals are given in Table I. Besides, th

The next step is adding two more constraints to (45) as fajowPPtimal active power schedule of thermal generation uiits,
BC are given in Table I, and the corresponding voltage \&lue

s at the generator buses in BC are depicted in Fig. 4 (in green).
min ¢ (48a)

DVUC Table 1l gives the optimal values of HVDC variables for BC.
(1)to(37) (48b) In this case, total active power demand and total active
TC <TCy — |TCh| o (48c) power losses of the system are 5090.4000 MW and 222.6381
Pl = plo(1+40) (48d) MW, respectively. Thus, the percent of participation ofefiént

energy procurement options to supply the sum of system load
and losses (i.e. 5313.0381 MW) in this case are 68.39% for
thermal generation units, 30.11% for wind farms and 1.5% for
A. Data pool market.

The proposed OPF model is examined on the IEEE 118-bus
system. This system consists of 54 generator buses, and 186 TABLE |
transmission lines. The data of this system including tha d& THe oPTIMAL SCHEDULE OF WIND FARMS INBC STRATEGY (LCC-HVDC)
loads, generating units and transmission lines are givéB8h

IV. SIMULATION RESULTS

The load level given in [38] is 20% higher than the original —ywec: PuglMW) [ Qug(MVAR) | Donr MVAR) | Qon (M AR)
value for this system, given in [39]. The proposed algorithm —WF-2 800 -96.3061 500 -38.8547

is implemented in GAMS [40] environment solved BNOPT



TABLE Il
THE OPTIMAL ACTIVE POWER SCHEDULE OF THERMAL UNITS IN DIFFERET
CASES(IN MW) FORLCC-HVDC

[
3
8

=
)
&

2

Bus No.| BC RA RS [ BusNo.| BC RA RS 2
B1 71.76 | 73.11 | 70.02 Bss | 211.32 | 214.85| 206.75 g
By 29.36 | 37.30 | 19.23 Bes 75.00 | 75.00 | 75.00 g103
Bg 1851 | 22.10 | 13.89 Bgo | 14159 | 14159 | 141.59 &
Bs 80.55 | 84.20 | 75.69 Bro 10.00 | 10.00 | 10.00 Sim

Bio 78.25 | 8279 | 72.19 Bra 10.00 | 10.00 | 10.00
Bia 165.32 | 168.74 | 160.65 Brs 31.96 | 37.01 | 22.16
Bis 33.07 | 4449 | 16.25 Bry 100.00 | 100.00 | 100.00
Bis 10.00 | 10.00 | 10.00 Brg 100.00 | 100.00 | 100.00

Big 100.00 | 100.00 | 100.00 By 10.00 30.71 10.00 1 L L L L L L L L —— L

BZ4 10.00 20.26 10.00 on 208.84 222.98 190.79 1 6 1 16 21 26 31 36 41 46 Gesgem‘i?bu:iumbﬁeﬁl 71 76 81 86 91 96 101 106 111 116
Bas 40.00 40.00 40.00 Bss 10.00 10.00 10.00

Bag 45.00 | 45.00 | 45.00 Bgr 12.00 12.00 12.00

Bar 10.00 21.04 10.00 Bgo 100.00 | 100.00 | 100.00 . . .

B 31.95 | 45.61 | 10.00 | Beo 1000 | 10.00 | 10.00 Fig. 4. \oltage at generator nodes (pu) in different casesLfoC-HVDC
Bso 10.00 15.11 10.00 Bg1 10.00 10.00 10.00 (Cc =Go = 5%)

B3g 60.55 | 69.33 | 49.25 Bga 10.00 | 10.00 | 10.00
Bsg 61.42 | 65.86 | 55.70 Bgg 95.14 | 100.00| 81.43
Byo 100.00 | 100.00 | 100.00 Bioo 25.00 | 25.00 | 25.00
Bz 100.00 | 100.00 | 100.00 Bios 28.72 | 48.78 | 15.00

Bis | 11900 | 119.00| 119.00|| Bios | 10.00 | 10.00 | 10.00 power through HVDC links become zero. Also, it is observed
B | o | oo | teco| B | Bea | Gves | B from Fig. 8 that the reactive power injections at the invette
25| denmol 10| Toooe |l Bl | B2l 2038 | secs network side) of the HVDC, monotonically decrease as a tesul
B | S| S| 2l Bz | | s e of reduction in active power transmission via HVDC link.
Bep | 1200 | 1200 | 1200 || B | 10000 10000} 10000 Among the aforementioned different valuescpf(i.e. accept-
able tolerance in deterioration of TC), the optimal valués o
TABLE Il decision variables are given fax. = 5%, in RA case. For

THE OPTIMAL SETTINGS OFLCC-HVDC LINKS IN DIFFERENT CASES the above acceptable tolerance, the total energy procumteme
cost is equal td'C,=$167072.7308(1+0.05)= $175426.3674

Variable BC RA RS
HVDC HV DC: HVDC HV DC: HVDC HV DC: i i — Tell 1
S VDG [ AVDC, | VDG, [ VDG, | AVDC, [ HVDC: A.Iso in this case, fok. = 5% the .percent of participation of
¢i(Rad) 03683 | 04017 | 03424 | 03782 | 04312 | 03959 different energy procurement options are 72.94% for thérma
ar(Rad) 0.1886 0.1037 0.2369 0.1773 0.1136 0.0800 . i 0 . 0
a;(Rad) 00953 | 01895 | 0.1129 | 01988 | 01929 | 0.0800 generation units, 25.21% for wind farms and 1.85% for pool
Var(kV) 550.0000 | 550.0000 | 550.0000 | 550.0000 | 550.0000 | 550.0000 . . . .
Vo (kV) 520.9091 | 520.9091 | 525.9558 | 525.9558 | 5154834 | 515.4834 market.Besides, it is observed form Fig. 6 that in RA strategy
Vao,r(kV) 595.4689 | 588.0700 | 595.4800 | 588.0700 | 595.2569 | 593.3175 . .. . 0 .
Vaoi(kV) | 558.3538 | 565.9496 | 558.3611 | 5659508 | 567.4247 | 558.6902 wind power participation reduces 16.26%, while thermal @ow
Py (MW 800.0000 | 800.0000 | 661.2148 | 661.2148 | 949.2064 | 949.2064 . . .
Pi'_i((]\r!W)) 757.6860 | 757.6860 | 632.3087 | 632.3087 | 889.6366 | 889.6366 generation and the power import from pool market increase
a.r(MVAR 331.9532 | 302.7632 | 274.3999 | 250.2394 | 392.9088 | 384.0725 .
g,ll,,éz\WAR)) 292.4063 | 321.8217 | 225.3544 | 251.2322 | 409.3081 | 371.8015 6.66% and 23.49%, respectively.
Ly OAreT | oaces | oaraT | ogces | odies | 04T The optimal active power schedule of thermal generation
Ty(kA 1.4545 1.4545 1.2022 1.2022 1.7258 1.7258 i i H — i H
LiEk\)) 233.2000 | 233.2000 | 233.2000 | 233.2000 | 233.2000 | 233.2000 unlts n thls case fOE(. - 5%’ are glven In Table ” Also' the
Vi(kV) | 233.2000] 233.2000 | 233.2000 | 233.2000 | 233.2000 ] 233.2000 optimal voltage settings of generator buses are depictEayird

(in black). The active and reactive power purchased from poo
market in RA strategy aré’p,=96.9809 MW, Qp,=277.9948
2) Risk averse (RA) strategy: In this case, variation of MVAR (Vb = Bgg), respectively. Besides, the optimal ac-
participation from different procurement options verswh-c tive/reactive power outputs of wind farms and the correspumn
servativeness parameter are illustrated in Fig. 5. Also, Fig. reactive power compensation at both rectifier and inveitiss
6 shows the ratio of different energy procurement options & HVDC links are given in Table IV. Also, the optimal values
their corresponding base case values, when parametaries of HVDC variables for RA strategy are given in Table IlI.
from zero to its maximum value of 0.35. It is observed from

these figure that by increasing, the participation of wind g 03

farms in energy procurement decreases, whereas in cagntrary T o1l

the participation of thermal generation units and pool retake = 00

increased, which shows more conservative decisions fgetar %o.g

values ofc.. Also, Fig. 7 and Fig. 8 show the variation of £

active/reactive power outputs of wind farms and reactivwegryo T : : : : :
compensation at the HVDC terminals, &s It is observed from 3 |

Fig. 7 that, by increasing the conservativeness facigrthe 0015k ‘ ‘ ‘ ‘ ‘

active power output of wind farms decreases, which leads to e M G %2 M 8 O
more absorption of reactive power by wind farms. Also, it is ~ o5t

observed from Fig. 8 that, by increasing the reactive power Y Iy e
injections by the VAR compensator located at the rectifidesi S

remain constant fot. < 0.20, but, beyond this value and for S ) )

0.20 < <. < 0.30, they begin to decrease, which is due to thél\%bscf) Participation from different procurement optionsRA strategy (LCC-
fact that the VAR absorption by DFIGs in wind farms reaches

to its lower limit for both wind farms. Fok. > 0.30, both 3) Risk seeker (RS) strategy: In this case, variation of partici-
reactive power absorptions and injections at the rectifigess pation from different procurement options versus opp@hass
diminish, and finally become zero far = 0.35, because, the parameter, are illustrated in Fig. 9. It is observed from this

generated power by wind farms and consequently transmittigglre that by increasing,, the participation of wind farms
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TABLE IV
P N THE OPTIMAL SCHEDULE OF WIND FARMS INRA STRATEGY (LCC-HVDC)
£ ~ W oW
8 ~ - = =P PY
2 e0of Tae e WF No. | Pug(MW) | Qug(MVAR) | Qeny (MVAR) | Qe i(MVAR)
E AR wh WF-1 | 6612148 -156.6384 500 246.1451
5 ~. —Ql WF-2 | 6612148 -179.5614 500 -100.3445
Z 400f NS
3 hRI
5 A
2 2001 ~% . . .
g ~. and their corresponding VAR compensations doe= 5%.
N
2
g
g TABLE V
% 200k THE OPTIMAL SCHEDULE OF WIND FARMS INRS STRATEGY (LCC-HVDC)
=
H WF NO. | Pug(MW) | Qug(MVAR) | Qunr(MVAR) | Qun.i(MVAR)
& -400 ‘ : : : : : ‘ WF-1 | 949.2064 35.9547 500 437.9988
G on el e am e e WF-2 | 949.2064 26.8379 500 7.7617

Fig. 7. Variations of active and reactive power of wind farnsscy in RA
strategy (LCC-HVDC)

C. Analysis in the presence of VSC-HVDC

In this case, VSC-HVDC technology is utilized for connec-
in energy procurement increase, while contrarily, the ehafr tion of the offshore WFs to the onshore gird. It is assumed that
thermal generation units and pool market decreasdsch the DC cable is the same with the cable used in LCC-HVDC
results in decisions with higher risk levédr larger values of case. For the sake of brevity, only a brief comparison is made
<. Also, Fig. 10 gives the ratio of different energy procureine between the obtained results in this case and the resuftcted
options to their corresponding base case values, when ptgamin the case of LCC-HVDC. The ratios of different resources in
¢, increases from zero to its maximum permissible value @emand supply in both VSC and LCC link in RA strategy are
0.065. Also, variation of active and reactive power outpofts shown in Fig. 13. The pool share in VSC technology is slightly
wind farms are depicted in Fig. 11, whereas the VAR injeatiotess than LCC (maximum 7.64%). The other shares are almost
through VAR compensator at rectifier and inverter sides atiée same compared to LCC technology. The ratios of different
shown in Fig. 12. It is observed from these two figures th&sources in demand supply in both VSC and LCC link in RS
by increasing thes,, active and power generation by windstrategy are given in Fig. 14. In this case, the pool share3gV
farms increase, thus the active power transmitted via HvDigchnology is again less than LCC (maximum 5.37%). The other
links are also increase, correspondingly. Consequehty)AR share ratios are almost the same compared to LCC technology.
injections by reactive power compensator at inverter sige a  Comparing the LCC and VSC technologies shows that both

increases. It is worth to note that, in this mode of operation
VAR outputs of compensator at rectifier sides remains conhsta
at their maximum value of 500 MVAR, due to the increasing
level of active power delivery through HVDC links. Similar
to RA strategy, the optimal schedule of different variatdes
given for the opportuneness degreg, = 5%. Active and
reactive power purchased from pool market fgr= 5% is
Pp,=49.4333 MW, Qp,=274.6714 MVaR, respectively. Also,
active power schedule of thermal generation units are givene
in Table IIl. The optimal voltage levels in generator buses ar
also depicted in Fig. 4 (in red). Also, the optimal values of
HVDC links’ variables are given in Table Ill. Finally, TabM
summarizes the active/reactive power generation by wirdda

of them give close results in terms of different resources
shares for supplying the demand. However, (as can be seen
in Fig. 15) LCC technology provides more robust solution
compared to VSC technology. This means for a givgn

the LCC gives a higher value @f compared to VSC. So

the decision maker is less worried about the uncertainty of
wind generation to increase the total costs in risk averse
strategy.

In risk seeker approach, the LCC is superior compared to
VSC technology. The provided solution by LCC requires
less chance compared to VSC to happen. This means for
the given solution of LCC, the decision maker is more
probable to achieve the success (experience the less total
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cost than the predicted value). This is demonstrated in5y The interesting feature of the proposed model is thatrit ca
Fig. 16, where for every given value of the radius of provide risk averse strategy to be immune against the wind

uncertainty is less in LCC than in VSC technology. power generation reduction. This reduction may have dif-
ferent technical reasons such as wind speed forecast error,

V. CONCLUSION non-optimal power tracking [15], equipment failures and

etc. The authors would elaborate future work to quantify

This paper presents a comprehensive OPF formulation which . i o
paper p P the impact of each technical reason individually.
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