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ANALYSIS OF OPTIMAL WIND POWER INTEGRATION CAPACITY BASED ON THE
SCENARIO TREE CONSTRUCTION METHOD

Yingzhao Xie, Jiping Lu

Original scientific paper
The determination of the optimal wind power integration capacity of a large-scale wind farm has become an important issue in power system operation
and planning. Reasonable wind power integration capacity can improve the wind energy utilization and save investment for wind farm construction. This
paper builds a mathematical model for determining wind farm optimal integration capacity by taking the maximization of the wind farm annual generation
net benefits the objective function and the security operation requirements as the model constraints. The scenario tree construction method is proposed to
deal with the random characteristics of wind power in one year based on the probability theory. The discretization principles of wind speed probability
distribution and the scenario tree construction processes of wind power are proposed. Hierarchical optimization algorithm combining w-particle swarm
optimization algorithm and social emotional optimization algorithm is used to solve the optimization model in this paper. The effects caused by the
variation of factors correlated with the optimal wind power integration capacity results are investigated using the proposed model. The detailed solution
steps are given. The correctness of the model and the validity of the algorithms for solving are verified according to the simulation on the IEEE-30 nodes
system.
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Analiza optimalnog integrativnog kapaciteta energije vjetra na temelju metode konstrukcije stabla scenarija

Izvorni znanstveni ¢lanak
Odredivanje optimalnog integrativnog kapaciteta energije vjetra velike vjetroelektrane postalo je vazno pitanje kod planiranja i rada energetskog
postrojenja. Razumni integrativni kapacitet energije vjetra moze poboljsati koristenje energije vjetra i ustedjeti na ulaganju za izgradnju vjetroelektrane. U
ovom je radu prikazan matemati¢ki model za odredivanje optimalnog integrativnog kapaciteta vjetroelektrane uzimajuci maksimalizaciju Ciste dobiti
godiSnje proizvodnje vjetroelektrane kao objektivnu funkciju, a potrebe osiguranja kao ogranienja modela. Metoda konstrukcije stabla scenarija
predlozena je zbog bavljenja nesistematskim karakteristikama energije vjetra tijekom jedne godine na temelju teorije vjerojatnosti. Predlozeni su principi
diskretizacije vjerojatnoce raspodjele brzine vjetra i postupci konstrukcije stabla scenarija energije vjetra. Primijenjen je algoritam hijerarhijske
optimalizacije koji kombinira algoritam optimalizacije roja w-Cestica i algoritam drustveno emocionalne optimalizacije za rjeSenje modela optimalizacije
u ovom radu. Predlozeni se model primijenio u istrazivanju ucinaka izazvanih varijacijom faktora povezanih s rezultatima optimalnog integrativnog
kapaciteta energije vjetra. Daju se detaljni postupci u dobivanju rjeSenja. To¢nost modela i valjanost algoritama verificirani su prema simulaciji na sustavu
IEEE-30 ¢vorova.

Kljucne rijeci: algoritam drustveno emocionalne optimalizacije, Cista dobit proizvodnje, metoda konstrukcije stabla scenarija, optimalni integrativni

kapacitet, vjetroelektrana

1  Introduction

Wind energy is considered a renewable energy that
can be utilized effectively [l + 6]. Wind energy
generation technology is also the most feasible
technology among the renewable energy generation
technologies at present. The large-scale exploitation of
wind energy has increasingly played an important role in
relieving the energy crisis and protecting the environment,
and has aroused the attention of most governments in the
world. However, the large generation capacity and
randomicity of the form of wind energy generation bring
new challenges to the plan and design of a power system
as well as to its secure and stable operation. Therefore, the
main problem that needs to be solved in the planning
stage of wind farm construction is determining the
optimum installation capacity of the wind farm to acquire
maximum economic benefit under the premise of
minimum investment cost and the guarantee of secure and
stable operation of a power system.

Several influencing factors affect the determination of
the installation capacity of a wind farm. The technological
factors include the operation modes of wind farm along
with the power system, the configuration of the power
grid, and the regulation capability of the conventional
generators in the power system. The economic factors
include the online electricity price of wind power,

investment cost of wind farm construction, and so on.
Although many scholars in different countries have
conducted many studies about this problem, no universal
method has been proposed for the determination of wind
power integration capacity. The main analysis methods
proposed for the problem at present involve simulation
analysis and optimization theory. Although simulation
analysis can simulate power system variation, several
influencing factors on the determination of wind farm
integration capacity (WFIC) make the computation
complexity unacceptable and unable to reveal the
regularity of the modification to the variation by adopting
the simulation method. Furthermore, one simulation
process usually highlights some influencing factors that
are interesting to researchers and ignores the other factors
[7, 8]. One process cannot simultaneously consider all the
effects caused by the main factors, such as the variation of
power system operation mode, the variation of wind
speed condition, and so on.

Scholars have created WFIC mathematical models
and provided corresponding solutions to different models
according to the idea of the optimization theory to better
describe and analyze the WFIC problem. The
optimization method is a practical methodology that can
comprehensively consider several influencing factors that
affect wind farm integration capacity, such as operation
mode, grid configuration, output capability of the
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generator units, and correlative economic conditions.
Approximate linear programming has been applied to
linearize the non-linear objective function of the wind
farm integration capacity model, and the solution of the
approximate model has been applied to approach the
exact solution of the original model [9]. An entire wind
power integration capacity limit model has been created
with an AC equation constraint condition. The non-linear
primal-dual path tracking interior point algorithm is
employed to solve this model to reduce the error caused
by model linearization [10]. These optimization models
focus on model simplification and solution algorithm, and
equate actual output power with the rated power of the
wind power generators, which belong to the certainty
optimization category [9 + 12]. Lei and Wu establish
chance constrained programming models based on
stochastic programming theory using the probability
density function (PDF) to describe the randomicity of
wind speed and provide the probability form of the
operation constraint conditions and output power limits of
conventional generators to avoid conservative calculation
results due to the disregard for wind speed randomicity
[13, 14]. Qiao and Wang analyze the effect brought by the
wind farm output power reduction measure and the
variation of wind turbine generator system parameters and
power system operation parameters based on the solution
of the stochastic optimization model [15, 16]. The original
stochastic optimization model is converted to the
disturbing boundary function form of random variables
using robust optimization theory, which makes the
original model an ordinary linear programming model

format and realizes the solution of the original model [17].

Optimization models with the objective functions of
maximizing wind farm economic benefits considering the
power system operation constraints and the economic
influencing factors are proposed [18, 19]. These
optimization models consider the effect of wind speed
randomicity and apply different methods to describe
random variables in which the Monte Carlo simulation is
a common algorithm. However, using the Monte Carlo
method to simulate a random process requires many
calculations [13 + 19]. In addition, the impact of grid
location of wind farms on economic and operational
parameters of a power system is measured by developing
the scenarios of different wind power penetration with
different location in the grid [20]. Energy storage system
application design is presented for regulating wind power
variation and increasing wind energy integration with
which the improvement in wind energy integration is
between 1,7 % and 8 % [21]. Billinton indicates how to
select a wind turbine generator (WTG) which is best
suited for a special site to acquire the maximum capacity
benefit at the given criterion risk level [22].

After summarizing the advantages and disadvantages
of the existing solutions, this paper presents a WFIC
optimization model based on the scenario tree
construction analysis. This model considers the dynamic
process of the power system and applies the scenario tree
construction method to deal with the wind speed variable.
A hierarchical optimization algorithm that combines
w-particle swarm optimization (w-PSO) algorithm and
social emotional optimization algorithm (SEOA) is then
used to solve the proposed model. The correctness and

validity of this optimization model and the corresponding
solution are verified using the IEEE-30 nodes system. The
effects of the variation of the correlated factors on the
optimization results are also investigated based on the
proposed optimization model to offer more valuable
information for wind farm programming.

2  Wind farm net benefit model

The wind farm integration capacity optimization
model is proposed to maximize the economic benefits of
wind farms and ensure that the power system is under an
economical operating state based on the premise of
ensuring the security and stability of the power system by
combining the existing control measures and optimization
strategies (e.g., minimize grid power loss). This paper
presents an optimization model using the wind farm
generation net benefit as the objective function, the
installation number of WTGs and output power of the
dispatched conventional generator units as the decision
variables, and the system security operation requirements
as model constraints to obtain the solution for optimal
integration capacity.

2.1 Wind power annual sale benefit

The renewable energy law [23] prioritizes wind
power sales and offers a favorable wind power electricity
price to encourage renewable development. According to
the policy, the total annual electricity sale benefit of wind
energy generation is given by

BSB = Wprice X Eyear (1)
K T
Eyer = ) (p(k)x Y (H, x P)) 2)
k=1 t=1
F WGT
B=2 > NygxPy(G,()) 3)
/=1 g=1
Py, =argmax {Pfg (h), he d)dl-s} . )

where Bg; is the annual electricity sale benefit; W, is
the electricity price for wind power sale; E,., is the
annual wind energy generation amount; p(k) is the
probability of the k™ scenario tree; H, is the available
generation time of the ™ time interval; Nj is the
installation number of the g™ WTG type in the /* wind
farm; P, is the optimal output of the g™ WTG type in the
/" wind farm after processing the system optimization
dispatch when the wind speed is set to 6,(7); 0(j) is the
corresponding wind speed scenario of the k™ scenario tree
at the ™ time interval; @, is the dispatch solution set
corresponding to the 6;() scenario; and K, T, F and WGT
represent the number of scenario tree branches, time
intervals, wind farms, and WTG types, respectively.

2.2 Wind farm construction capital cost (WFCCC)
WEFCCC is the basic investment cost during the wind

farm construction period. The loan mode is usually
adopted as the mode of raising money because of the
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large amount of initial construction cost. To estimate the
annual economic benefit of wind farms, WFCCC must be
shared to the whole project period equally so that an
equivalent construction capital cost can be considered
properly in the benefit calculation. This paper utilizes the
capital recovery factor (CRF)[24] to convert WFCCC to
the equivalent annual capital cost (EACC). WFCCC using
CREF, i.e., EACC, is calculated as follows:

F WGT
l(l+z)
Cpy = Z Z CCg XNy (5
7=l g=1 (1+0)" -

where Cp, is the EACC, Cr,is the WFCCC of the "

WTG type, i is the loan rate, and # is the loan term.
2.3 Maintenance and operation cost (M&O)

M&O is the cost spent for the promising routine
operation of wind farms. It is composed of the equipment
repair and maintenance expenses, insurance fees, labor
fees, and necessary expenses. M&O is an important part
of the wind farm economic benefit calculation considered
during an annual time interval. The M&O of wind farms
is given by

F WGT

Choa =2, 2 Criog * N g » (6)
71 g-1

where C,,,18 the annual M&O of wind farms, and
Chiog is the annual M&O of the g" WTG type.

2.4 Wind farm net generation benefit

The wind farm net generation benefit consists of the
wind power annual sale benefit, equivalent annual capital
cost, and annual maintenance and operation cost. The goal
of choosing the wind farm generation benefit as the
objective function of the model in this paper is to
maximize the economic benefit brought by the wind
energy generation. The objective function formula is
expressed as follows:

max Bpp = max (Bgz = Cry = Cyo4)- (7
2.5 Optimization model constraints

The constraints of the wind farm net benefit model
are categorized into equation constraints and inequation
constraints. The equation constraints are composed of the
active power balance conditions and the reactive power
balance conditions, which are expressed as follows:

Py +By; — P U, > U ,;(G; cos0; + By sin6;) = 0

Jei , (8)
O:i +Opi — Op; _UiZU/(Gii s1n¢9ij _Bii cos@ij) =0

Jjei

where P , Qg represent the active output and the

reactive output of the conventional generators at bus i,
respectively; By, , Oy, represent the active output and the

reactive output of the wind turbine generators at bus 7,
respectively; P, Q;, represent the active load and the

reactive load at busi, respectively; U, ,U, represent the

voltage amplitudes at bus i and bus j, respectively; 0;
represents the difference in phase angles at bus i and bus j;

and th ,

in row i and column j of system admittance matrix,
respectively. The formula formats are assumed above to
unify the description of each bus, and they do not indicate
that conventional generators, wind turbine generators, and
load are connected on each bus simultaneously. The
formula format can be changed according to the actual
situation.

The inequation constraints are composed of the
superior and inferior limit constraints of the decision
variables and state variables. The active and reactive
power output limits of conventional generators, active
power output limits of wind turbine generators, branch
power limits, bus voltage limits, and system spinning
reserve constraints are considered the variable constraints
in this paper, and they are expressed as follows:

Bi/- represent conductance and susceptance located

PGn?in < PGi <Pmax’

ch’gll’l < QGl < Qmax’

0< By, < By™,

0<S, <8™, €]
U.mm <U; < U.““’flx

pmax _ up
Z( PGz Prcs 4
ieScg

mm down
z (P Gi — ) = Pres ’
ieScq

where §;is the branch transmission power; S is the

conventional generators set; and P and PY"" are the

system superior spinning reserve and the system inferior
spinning reserve, respectively, which are usually
considered as 5 % of the total system load. Superscript
max and min represent the superior limits and inferior
limits of the corresponding variables, respectively.

3 Scenario analysis methodology (SAM)

The main difference between the wind turbine
generation mode and the traditional generation mode is
the randomicity of wind energy. Wind speed variation is
difficult to predict and uncontrollable so it brings an
obvious uncertainty to the operation and programming of
the power system. The probability density function
describing the wind speed distribution regularity is a
continuous function; thus, it can make the optimization
model difficult to be solved if all the possible values are
considered, making the model impractical. The scenario
analysis methodology [25], a kind of practical
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approximate calculation method, discretizes the
continuous probability distribution into a series of typical
scenarios, with each scenario having a future state
possibly appearing. In a special scenario, various
influencing factors are ensured. The scenario analysis
method can obtain the approximate value of the stochastic
variables with different accuracy requirements and is
suitable for solving the optimization model, considering
the stochastic factors.

3.1 Wind speed probability distribution function set

Wind speed is the main factor for deciding wind farm
output; thus, describing the variation of wind speed
precisely is important. The existing measure is to adopt a
single probability distribution function to describe the
whole year wind speed. Although this measure can reflect
the entire regularity of the annual wind speed variation, it
cannot consider the effect caused by short-term and
middle-term wind speed variations. The scenario split can
only be carried out based on the same probability
distribution in the scenario analysis process, which makes
the approximation degree of the scenario split degressive
and downgrades the optimization results. Therefore,
different probability distribution functions corresponding
to different variations of wind speed at different time
intervals must be adopted for wind speed PDFs to be
utilized by the scenario analysis methodology more
accurately and to improve the approximation degree of
the scenario split and optimization results.

The Weibull distribution can describe the
characteristics of wind speed variation appropriately.
Using a group of probability distribution parameters
instead of a single probability distribution function to
describe the variation of annual wind speed can make the
description of the probability distribution function more
accurate because of the different parameters of the
Weibull distribution in different statistical periods (e.g.,
year, quarter, and month). This paper uses the maximum
likelihood principle to solve parameters ¢ and k, which are
given by the following equations:

n

v
—]

Z[lﬂnv;—lnc—(ﬂ)kln =0, (10)
= k c c

ok ok

2l +=(H=0, (1)
- ¢ ¢ ¢

where V; is the sampling values of wind speed in the
statistical period, c and k are the scale parameter and the
shape meter of the Weibull distribution, respectively. The
iteration method is used to solve Eq. (10) and Eq. (11).

3.2 "Wind Speed-Power" scenario split

According to section 3.1, the format of the probability
distribution function set describing the annual wind speed

variation regularity is{ (¢;, k) » (¢cy,k;) » ...r (¢;,k;) » ...},
where (c;, k;) presents one possible value of the Weibull

distribution parameters. After the parameter sets are
acquired, the scenario split of the annual wind speed and

the corresponding wind power value calculation can be
processed using the scenario analysis methodology.

Fig. 1 shows the sketch map of the wind speed
probability distribution function discretization. The wind
speed coordinate interval of the probability distribution
function is discretized into N segment smaller intervals
with a given discretization interval and a given start
coordinate on the horizontal axis of the probability
distribution function. The reasonableness of the
discretization method has an important role in
appropriately reflecting the regularity of the wind speed
variation. Therefore, a suitable discretization interval and
coordinate locations must be chosen to make the
discretization values set the approximate original
probability distribution function satisfactorily. This paper
adopts the following discretization principles summarized
from engineering experience: by choosing cut-in speed v;,
rated speed vg, and cut-out speed v, of the wind turbine
generator as the three characteristic coordinate values on
the horizontal axis for discretization, the whole wind
speed interval is split into four segments first. Focusing
on interval [vg, V], by choosing the standard deviation o,
of the wind speed PDF discretized as the discretization

interval and by using formula » - RV plus Tab. 1
O-t

to ensure the number of discrete segments, the interval [v;,
vg] is discretized further. After completing the two steps,
the final scheme of the wind speed interval discretization
is acquired.

0.09+
0.08} —<
0.07+ 74 %
0.06 +

0.04 +

0.03

density function

0.02

The value of wind speed probability

0.01

[T T

v s 10 Ve 15 v,,20 25 10”
Wind speed /(m/s)

Figure 1 Discretization of the wind speed probability distribution

function

Table 1 Principle of determining the discretization number

n Number of Discrete Segments
>=2 Rounding (splitting equally)
<2 and >1 2 (split equally)
<=1 1

This discretization method is called the asymmetrical
interval discretization method, in which wide interval
discretization is adopted in large and small wind speed
regions, and o, - interval and equation discretization is

adopted in the middle wind speed region to highlight the
main scenarios and reduce the calculation work associated
with infrequent scenarios. The approximation acquired by
the scenario split method is desirable through which the
optimal mathematical expectation value of the objective
function can be obtained satisfactorily.

The discrete random variable 6,(/) denotes the
discrete wind speed scenarios acquired by SAM, where j
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= 1,..., J denotes the number of split intervals. E(Py,) is
the mathematical expectation value of the scenario power
corresponding to interval j. The deduction of the
expectation value calculation formula is described in
detail in section 3.3, in which the output value of the
single WTG corresponding to the interval j is calculated.
The probability p(ji,) of choosing scenario 6(j) is equal
to the definite integration of wind speed PDF over
interval j. The formula is expressed as follows:

Okt ()
PG = [ FNav, (12)

Okt (/)

where 6,,(j) and 6,,(j) represent the wind speed values

corresponding to the left and right ends of the interval j,
respectively.

After dealing with the wind speed scenario set by Eq.
(12), the continuous monthly probability distribution set
of the wind speed is converted to a discrete monthly
scenario power set. An annual scenario power branch is
described with a monthly scenario power series, which is
composed of different monthly scenario powers chosen
from the corresponding monthly scenario power sets.
Suppose that there are K annual scenario power branches
denoted as S (k= 1,..., K), the number of scenarios in the
monthly scenario power set isJ,, and the scenario power

value is denoted as E(Pjy,), the set format expression of Sy
is given by

Se=tEWyyy)ses B ) e EPypyr) 3, (13)

where ¢ is the time circle (i.e., the month in this paper),
and S; is the annual scenario power branch. The set
composed of all S; is called the scenario tree:
Tree=1{S,,S,,....8¢} .The process of constructing the
scenario tree is shown in Fig. 2. After completing the
scenario tree construction, the probability p(k) of each S,

must be calculated using Eq. (14):

T
p) =T rGi)- (14)

t=1

The calculation process is repeated until all branch
probabilities in the scenario tree are obtained. In this study,
the whole "wind speed—power" scenario split is
accomplished.

Sl Si—l S Sk

1

Figure 2 Scenario tree construction process

3.3 Formula deduction of the WTG - scenario power
calculation

After acquiring the wind speed interval discretization
scheme, the corresponding scenario power values in each
split subinterval are calculated. The main point of this
section is to determine the function relation between the
left and right ends of the wind speed values Vieq, Vright Of
the split subinterval, wind speed PDF f{(V), and the
corresponding subinterval scenario power E(Pj,). Eq. (15)
shows the function relation between the single WTG
output and wind speed:

0 V <vg UV >v,)

v3-v}
By = FV}: (Ve <V <) (15)
P (v <V <)

where v, Vg, Ve, and Py represent the cut-in wind speed,
rated wind speed, cut-out wind speed, and rated power,
respectively.

Suppose [Vies, Vright] < [Vei» Vr], We have Pier = Pyw(Vier),
Pright = Pw(Viign) based on Eq. (15). According to
probability theory, the expectation value of the WTG
output corresponding to this subinterval is

J‘Pright Py . (Poy)dP
Ao " PWWITW
E(Py, )= .

Pright
Py, )dP,
[ Ty (Pu)dPy

(16)

The PDF of the WTG output f Ay (Pw) in Eq. (16) is

unknown, so the expectation value of the scenario power
cannot be calculated directly. The solution is to replace
the unknown PDF with the known PDF, enabling the
transformed formula format to be calculated.

Eq. (15) is a monotonic increasing function,
indicating that each WTG output value must correspond
to a unique wind speed. According to this conclusion, the
mathematical relation between WTG output and wind
speed is a single mapping, i.e., the stochastic variation
process of the WTG output is in accordance with that of
the corresponding wind speed. Therefore, the stochastic
process of Py at interval [P, Prigne] is equal to that of V'
on the interval [Vies, Viign]. With the premise of knowing
the wind speed PDF f(V), if Py is considered as the
function of variable V, the solution for the WTG output
expectation value E(P,) can be converted to the solution
for the expectation value of Py(}), which is the function
of stochastic variable V. Therefore, E(Py,) can be solved
using the wind speed PDF f{V) in the value space of
variable V.

According to the equal relations analyzed above, the
deduction of the expectation value formula is given as
follows. Define coefficients ki, k, with the corresponding
expressions:

3

P Vi

— R _ ci .

k= ky =———=—Pr, respectively.
VR ~Vei VR ~Vei
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Substitute the coefficient expressions and Eq. (15)
into Eq. (16):
RRRAL 14

glh; +k,. (17)
814

Vright

EP;, )=k

Eq. (17) is the WTG scenario power calculation formula.

4  Solution algorithm of the optimization model
41 SEOA

SEOA[26] simulates the whole procedure in which,
under the rational emotion state, an individual perceives
the evaluations coming from the surrounding
circumstance and adopts the corresponding actions to
direct the next step operation according to the emotional
feedback mode to search for the optimal objective using
advanced intelligent simulation (AIS). Introducing AIS
into SEOA, local information can be utilized more
adequately to find better results. SEOA has been verified
to possess good optimization performance in standard
function testing.

In SEOA, each individual represents a virtual person.
The mapping that considers emotion as input and action
as output is obtained using individual emotion variation
as the control strategy. The action mode is chosen
according to the corresponding emotion index in each
iteration process, and the emotional evaluation value is
used to evaluate the operation effect of the chosen action
mode. The emotion index can increase with the positive
operation effect, or it can decrease. Suppose £ (?) is the

emotion index of individual j in a virtual population, and
x;(t) is the corresponding social evaluation. The original

emotion indexes of each individual are set to 1, which

defaults the original states that each individual is optimum.

SEOA is updated through the following steps. At the
beginning of the algorithm operation, the individual social
evaluations are denoted as X;(0), and the first iteration

formula is given by

L
X;(1) =%,(0)—cy xrandy x Y (%,(0)—%,(0)), (18)

s=1

where c;is the weight coefficient reflecting the effect of
weak individuals, rand,is a random number following

the uniform distribution, and L are the last L individuals
having the L lowest social evaluations.

In the ™ iteration, a new emotion index of each
individual is calculated with the emotion index formula,
followed by the known social evaluation value of each
individual. Subsequently, the new emotion index is
compared with the emotion index threshold value to
choose the appropriate action update formula for updating
the social evaluation of each individual, calculate the
corresponding social evaluation values, and update the
best evaluation of each individual as well as that of the
whole population. Iteration includes the whole process
described above, and it will not be stopped until the
termination conditions are satisfied. The detailed action

update formulae are as follows.
This paper adopts the emotion index formulae based
on the first emotional intensity law shown by Eq. (19):

E (t+1) =k-1g(1+Af)),
. | ‘fj_.f‘ , (19)
Afj - max beest —]7|, |fworst _J;|)

where k& represents the intensity coefficient; Af_ i f ; ,f,

Soest and  fi. represent the social evaluation value

difference of individual j in the /" iteration, social
evaluation value of individual j, average social evaluation
value of the whole population, best individual social
evaluation value in the population, and the worst
individual social evaluation value in the population in the
1" iteration, respectively.

According to the number relation between the
individual emotion index and the emotion index threshold
value, the action update mode is chosen using the
following rules:

(1) When E (¢ +1) <mj ,an individual mainly focuses on

the population optimal information study:
X;(t+1)=X;(t)+cy xrand, x (Appbest (H-x; (t)), (20)

where App, . (t) represents the best historical social

evaluation of the population as follows:
App e (1) = arg min{f (5, () |1 < h > 1)} @n

(2) Whenmy < E;(t+1) <m,, an individual conducts a

self-study and a population optimal evaluation study
simultaneously:

(e +1) =X, () + ¢ xrand, x (¥ g (1) = %, ())+
+cy xXrand, x (@bw 0-X, (t))— (22)

L
—cy Xrandy x Z()?S (H-x; (t)),

s=1

where X ;. (¢) represents the best historical social

evaluation of an individual j as follows:

% pesi() =argmin{f () [1< h 2 1)}, (23)

(3) When £,(¢+1) > m,, an individual mainly focuses
on the study of self information:
(0 +1) = %,(0) + ¢y xrand, x (3 g (1) = 3 (1) )+
L 24
—cy xrand, XZ()?S(t)—)?j(t)), @)

s=l

where m, ,m,are the superior and inferior limits of the
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emotion index threshold value, respectively. The meaning
of the other symbols has been explained previously.

4.2 Solution flow of the optimization model

This paper adopts the hierarchical optimization
algorithm, which combines the w-PSO algorithm and
SEOA, to solve the optimization model. The inner layer
optimization mainly focuses on the solution of wind farm
optimal output with system dispatch. The inner layer
optimization results significantly affect the ultimate
optimization results and the inner layer optimization
process involving power flow calculation. The constraints
judgment is also complicated. Therefore, SEOA, which
possesses better optimization performance, is adopted to
solve the inner layer optimization model. The outer layer
optimization focuses on the wind farm benefit and the
correlative economic parameters optimization based on
the inner layer optimization results. The process of outer
layer optimization is easier when no power flow
calculation and constraints judgment exist. The w-PSO
algorithm is adopted for the outer layer optimization to
improve the whole optimization efficiency without
affecting the ultimate optimization results.

According to the idea of hierarchy optimization
described above, the solution flow of the WFIC
optimization model based on the scenario tree
construction method is as follows:

1) Eq. (10) and Eq. (11) are utilized to calculate
parameter ¢, k of the monthly wind speed PDF. The
annual wind speed PDF parameter set is deducted

as{ (¢, k), (cy, k) 5 s (ci, k) .. )

2) The annual scenario power tree is calculated Tree
={S8, S, ..., Sg} as well as the corresponding
probability p(k) using the scenario analysis method.

3) Generating the initial population

The conventional generator output, bus voltage of the
conventional generator, number of installed WTGs, and
type of WTGs are chosen as the control variables to
constitute the searching space of a virtual person [Pg, VG,
Nw, Tw]. In the searching space, Ny and Ty are the
control variables of the outer layer optimization, and the
rest are the control variables of the inner layer
optimization. The control variables Ny, Tw of the outer
layer optimization with a given number of the population
are generated from the variable value spaces to be the
initial population of the outer layer optimization model.
The initial outer layer population is converted into the
initial conditions of the inner layer optimization model
with the scenario analysis results, and the initial control
variables Pg, Vs of the inner layer optimization are
generated to obtain the initial population of the inner layer
optimization model. The two initial populations are
integrated to obtain the complete initial social evaluation
of the optimal wind power integration capacity model.

4) Initial iteration of the solution algorithm

Eq. (18) is used to update the social evaluation x; of

individual j and calculate the social evaluation value f,.

5) The emotion index threshold m, m, is set, and the
emotion index E,(f) of each individual is calculated using
Eq. (19) according to the social evaluation value f; of the
last iteration.

6) Eq. (20) to Eq. (24) are used to update the social
evaluation x; of individual j and calculate the social

evaluation value f; according to the new emotion index
E\(1).
7) The best historical social evaluation X .y (#) of

individual j and the best historical social evaluation

AT)ébest (¢) of the whole population are updated.

8) The termination conditions are verified whether they
satisfy the inner layer optimization. If it is satisfied, the
optimal output is given and the inner layer optimization is
finished; otherwise, the program goes back to step 5 to
continue searching.

9) After finishing the inner layer optimization, the outer
layer optimization begins the searching process by
updating the rules of the w-PSO algorithm on the premise
of the inner layer optimization results.

10) The global optimization results are verified whether
they satisfy the termination conditions of WFIC
optimization model. If they are satisfied, the terminate
optimization output is given and the whole optimization
model is solved; otherwise, the program goes back to
step3 to continue searching until all the conditions are
satisfied.

5 Case studies

Case studies on the IEEE-30 nodes system are
presented to verify the correctness and availability of the
proposed optimization model and the solution algorithm
in this paper. The effects of the correlative factors
affecting the determination of WFIC are also investigated.
The test system includes 6 conventional generators and 41
transmission lines. The power grid topology, transmission
line parameters, and conventional generator parameters
are from the standard system data. The system loads adopt
the dynamic load per-unit values of 12 months. The
parameters of the wind turbine generator for the study are
shown in Tab. 2 [19, 27]. The parameters shown in Tab. 2
are the data of typical WTG types, which are used to
illustrate the feasibility and universality of proposed
optimization model in the article.

Table 2 Wind turbine generator type and parameter

Type Py Vei VR Veo Ce Cmo
MW | m/s | m/s | m/s | KUSD/MW | kUSD/MW/a

A 0,5 |2,7]12,41]19,3 1220 29

B 2 341 84 |153 1100 32

C 1 39| 11,1 | 25 1150 33

D 0,1 |43 7,7 |179 1250 30

Statistical data are the measured wind speed data
from the Yumen wind farm in Gansu. The wind speed
PDF parameters and characteristic indexes are calculated
with a monthly time interval based on the statistical data.
The parameter and characteristic index calculation results
of each month are shown in Tab. 3.

Tab. 3 shows that an obvious difference exists
between the wind speed PDF parameters and the
characteristic indexes of each month. Therefore, using a
single wind speed PDF to describe the annual wind speed
probability distribution is not accurate. Calculating the
monthly wind speed PDF parameters to obtain the annual
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parameter set can make the monthly wind speed PDF
parameters more appropriate and reduce the effect to
ultimate optimization results caused by the description
error of distribution regularity.

Table 3 Monthly wind speed PDF parameters and characteristic indexes

Month c/m/s k v/ m/s
1 6,96 1,83 3,51
2 7,32 1,55 4,33
3 9,66 2,16 417
4 10,39 2,40 4,09
5 7,89 2,09 3,51
6 7,68 2,03 3,51
7 8,48 2,12 3,73
8 711 1,81 3,60
9 8,04 1,86 3,99
10 6,83 1,92 3,29
11 7,16 1,81 3,64
12 7,82 1,79 4,01

This paper chooses the wind farm net generation
benefit as an objective function to solve the proposed
optimization model and determine the optimal WTG
integration capacity scheme. Moreover, the effects caused
by the variation of wind farm integration location, the
number of wind farm integration, WTG style, and reactive
output limit of conventional generator are studied:

(A) Single bus 4, 14, 19, 24, 28, and 29 as well as bus
set 14-29, 24-29, and 28-29 are chosen as the wind farm
integration bus. The annual wind speed PDF parameter
set is shown in Tab. 3. The power limit of the
transmission line is 50 MV-A, the bus voltage range is
0,95 p.u. to 1,05 p.u., the WTG style is a double-fed
induction generator (DFIG) with a constant power factor
control strategy, and the power factor is set to 0,95. The
optimal integration powers of the WTG of different types
on different single buses are shown in Tab. 4. The optimal
WTG integration capacity construction schemes and
correlative economic indexes of each single bus are

presented in Tab. 5. Tab. 6 shows the optimal WTG type
combinations and corresponding integration powers of
different bus sets under the multiple-bus integration mode.
Tab. 7 shows the optimal WTG integration capacity
construction schemes and the correlative economic
indexes of different bus sets.

Tab. 4 shows that optimal integration powers are
considerably different with different integration buses for
the same WTG type, and the optimal integration powers
of different WTG types are also considerably different in
the same integration bus. The reason for the first
phenomenon is that WTGs integrated from different buses
change the system grid configuration and power flow
distribution, and the equivalent WTG model integrated
from the same bus for the second phenomenon is changed
because of the difference in parameters of the different
WTG types. The previous analysis illustrates that the
variation of the integration bus and WTG type can have
an obvious effect on the ultimate optimization results.
Therefore, the optimal integration capacities of each
WTG type on each candidate bus should be calculated to
determine the ultimate optimal integration bus and WTG
type scheme in the wind farm planning stage.

The optimal WTG types determined by the wind
energy generation net benefit in Tab. 5 and the average
integration power in Tab. 4 are both type D WTG. The
reason for choosing type D is that the wind speed
difference of type D WTG between rated wind speed and
cut-in wind speed is minimal according to the WTG
parameters. Therefore, the effect of disturbance caused by
wind speed variation is minimal; i.e., the utilization
efficiency and the average integration power of type D
WTG are maximal under the same wind speed
circumstance. Furthermore, there are only a few
differences between the investment costs and the M&O
costs of each WTG type so the generation net benefit of
type D WTG is also at maximum.

Table 4 Optimal average integration power in case A

Integration bus Optimal average integration power of different types of WTG/MW
A B C D
4 24,906 44,322 30,062 45972
14 19,804 35,247 23,897 36,847
19 25,244 44,802 30,506 46,803
24 27,853 48,514 33,539 51,040
28 23,375 41,130 28,141 43,192
29 10,148 18,535 12,681 19,229
Table 5 WTG construction scheme and economic indexes in case A
Bus 4 14 19 24 28 29
WTG type D D D D D D
Installation number 907 725 918 1017 850 390
Installation capacity / MW 90,7 72,5 91,8 101,7 85 39
Capital cost / 10° USD 1,134 0,906 1,148 1,271 1,063 0,488
M&O cost / 10° USD/a 2,721 2,175 2,754 3,051 2,55 1,17
Sale benefit / 10’ USD/a 3,552 2,847 3,616 3,944 3,337 1,486
Net benefit / 10’ USD/a 1,948 1,565 1,992 2,145 1,834 0,796

The influencing factors affecting the generation net
benefit include not only the integration power of WTG,
but also the available generation time, electricity price for
wind power sale, investment cost, M&O cost, and so on.
Thus, the optimal WTG type determined by the

generation net benefit is not always the same as the type
determined by the average integration power for any
integration bus. When there is no large difference in other
influencing factors, except for the integration power of
WTG, the optimal WTG types determined from the two
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different angles are possibly the same. The variation
tendency of these two variables is the same, i.e., the
generation net benefit increases when the average
integration power increases.

Tab. 6 shows that the sum of the average integration
powers of the different integration bus sets is different;
the average integration powers of each bus in the same
integration bus set are also obviously different. However,
for the same integration bus, the change in the integration
bus set the concerned bus belongs to has little effect on
the optimal integration power of the concerned bus, such
as bus 29 in Tab. 6. The reason is that the influencing
factors of the integration powers of the candidate buses
are the system grid topology and the operation conditions.
The integration powers of the candidate buses will not
fluctuate drastically as long as there are no obvious
changes on the grid topology and operation conditions.

The integration powers of bus 24 and bus 29 in the
multiple-bus integration mode are less than those of bus
24 and bus 29 in the single-bus integration mode. This
difference illustrates that different bus integration modes
can change the grid topology, resulting in the change in
the integration powers of the candidate buses. Although
there are some losses on the integration power of the
candidate bus itself in the multiple-bus integration mode,
the total integration power of the bus set is greater than
the optimal integration power of any bus in the bus set in
a single-bus integration mode. This finding proves that
the multiple-bus integration mode can improve the total
integration power of wind farms and that there is no
obvious effect caused by the local loss on the ultimate
optimization results. The data in Tab. 7 illustrate that the
generation net benefit increases by at least 4,36 million
USD in the multiple-bus mode.

Table 6 Optimal average integration power in the multiple-bus integration mode in case A

Integration bus set | Bus number | WTG type Op timalp?)\‘;c;er?%elvi[wgration Total 1\;‘11%6/ il\rjlt;%ration
Bus24+29 ;g g TZ:??? 62,193
b4y |1 B 30503 win
bucsiy | B | D 33054 Y

Table 7 WTG construction scheme and economic indexes in the multiple-bus integration mode in case A

Tntegration bus set Bus 24+29 Bus 14+29 Bus 28+29
Bus 24 Bus 29 Bus 14 Bus 29 Bus 28 Bus 29
WTG type D B B D D B
Installation number 950 17 34 361 656 17
Installation capacity / MW 129 104,1 99,6
Capital cost / 10° USD 1,5581 1,1925 1,1906
M&O cost / 10° USD/a 3,938 3,259 3,056
Sale benefit / 10’ USD/a 4,8053 3,7173 3,721
Generation net benefit / 10’ USD/a 2,5806 1,9902 2,0165
(B) The generator style of WTG is changed into the increases the reactive power load simultaneously.

common asynchronous induction generator, which is
widely used in wind energy generation systems. Bus 4, 28,
and 29 are chosen as the integration buses to solve the
optimization model; the optimization results are compared
with those of the same buses in case A. The effect of the
variation of the system reactive power supply on the
ultimate optimization results is illustrated by the
simulation of reducing the reactive output superior limit
of the conventional generators by 25 Mvar in the test
system. The remaining calculation conditions are the
same as those in case A. The optimal integration powers
with asynchronous generator condition are shown in Tab.
8. The WTG integration capacity construction scheme and
the correlative economic indexes are presented in Tab. 9.
Comparing Tab. 4 with Tab. 8, the change in
generator style has a different effect on the variation of
the optimal integration powers of different integration
buses. The integration powers of the WTG of different
types on bus 4 remain approximately the same. The
integration powers of the WTG of different types on bus
28 are reduced. The integration powers of WTG of
different types on bus 29 increase drastically. The reason
for this phenomenon is that asynchronous generator
integration reduces the reactive power resource and

Furthermore, different WTG integration buses correspond
to different system topologies. The connection of different
integration buses with the asynchronous generator style
generates different results. When the integration bus is
appropriate, the distribution of the reactive power supply
and demand is balanced so there is no obvious fluctuation
on the integration power. When the integration bus is
located in a heavy reactive power load area or reactive
power resource area, the whole load distribution and the
power flow distribution change, resulting in the increase
or decrease in the integration power of the candidate
buses.

The economic benefit variation tendency in Tab. 5
and Tab. 9 is the same as that of the integration power
variation: there is no obvious difference in the benefit of
bus 4; the benefit of bus 28 decreases slightly; the benefit
of bus 29 increases drastically. Although the integration
power of bus 4 increases slightly under the asynchronous
generator style integration, the installation number of the
determined type D WTG increases to 944 from 907,
resulting in the increase in the corresponding capital cost
and M&O cost. The ultimate optimization result shows
that the generation net benefit of the asynchronous
generator mode is less than that of the DFIG mode, the
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difference of which is USD 426 000. This result illustrates
that the generation net benefit does not increase as soon as
the integration power increases but that the total

investment cost of WTG should be considered to
determine the final generation net benefit.

Table 8 Optimal average integration power(original Q limits)

Integration bus Optimal average integration power of different types of WTG/MW
A B C D
4 25,106 44,454 30,542 46,272
28 21,264 36,984 25,357 38,485
29 15,389 26,970 18,339 27,601
Table 9 WTG construction scheme and economic indexes (original Q limits)
Bus Bus 4 Bus 28 Bus 29
WTG type D D B
Installation number 944 786 30
Installation capacity / MW 94,4 78,6 60
Capital cost / 10° USD 1,18 0,9825 0,654
M&O cost / 10° USD/a 2,832 2,358 1,92
Sale benefit/ 10’ USD/a 3,5751 2,9735 2,0838
Net benefit / 10’ USD/a 1,9054 1,5833 1,1234

The optimal integration powers, WTG integration
capacity construction schemes, and correlative economic
indexes are shown in Tab. 10 and Tab. 11, respectively,
after changing the reactive output superior limit
conditions. The comparison of the calculation results
before and after the reactive power superior limits change
shows that when the reactive power superior limits
decrease, the optimal integration powers of each WTG
type on each candidate bus in the asynchronous generator

mode decrease, and the corresponding generation net
benefits also decrease. Therefore, the effect caused by the
system reactive power supply margin and the reactive
power resource location should be considered in the wind
farm planning stage, and the integration power losses,
added costs of improving the reactive power supply
ability, and generation net benefit losses should be
considered comprehensively to ensure that the system
integrated benefit is maximized.

Table 10 Optimal average integration power(Q limits reduction)

Tntegration bus Optimal average integration power of different types of WTG/MW
A B C D
4 20,476 38,089 25,716 39,631
28 16,143 30,128 19,986 30,323
29 10,618 19,316 13,168 19,992
Table 11 WTG construction scheme and economic indexes (Q limits reduction)
Bus Bus 4 Bus 28 Bus 29
WTG type B D B
Installation number 46 675 24
Installation capacity / MW) 92 67,5 48
Capital cost / 10° USD 1,0028 0,8438 0,5232
M&O cost / 10° USD/a 2,944 2,025 1,536
Sale benefit / 10’ USD/a 2,9429 2,3428 1,4925
Net benefit / 10" USD/a 1,4702 1,1489 0,7241

The changes in wind turbine generator style and
conventional generator reactive output limit also make the
WTG type determined by the optimal integration power
different from the type determined by the optimal
generation net benefit. For example, the WTG type
determined by the optimal integration power on bus 29 is
type D in Tab. 8, whereas the WTG type determined by
the optimal generation net benefit on bus 29 is type B in
Tab. 9, these two types are not the same.

(C) The effects on the optimization results brought by
the variation of WTG economic parameters are studied
under the condition that the investment cost of type B
WTG increases by 1 percent of the original cost, and the
grid topologies and operation conditions are the same as
those of the multiple-bus integration mode in case A. The
optimal integration powers, WTG integration capacity
construction schemes, and correlative economic indexes

are shown in Tab. 12 and Tab. 13, respectively, after
increasing the investment cost.

Comparing the calculation results before and after
changing the investment cost together, the determined
WTG types of the three candidate bus sets before and
after cost change are all type D or type B, and they have
superior integration power performance in the single-bus
integration mode. This result illustrates that, although the
WTG types determined by the optimal generation net
benefit are not always the same as those determined by
the optimal integration power, the types must be those
possessing superior integration power performance.
According to the comparison of economic indexes and
determined WTG types, the optimization results are prone
to the WTG types with lower relative economic costs. The
relative cost of type B WTG is lower before its
investment cost increases so type B WTG is more likely
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to be chosen. Furthermore, the generation net benefits of
each bus set before the investment cost increases are
superior. The relative cost of type B WTG increases after
its investment cost increases, making type D WTG more
advantageous. The increase in investment cost makes the

generation net benefit of each bus set decrease compared
with that before the cost increases. Therefore, improving
the utilization efficiency and decreasing the investment
cost of WTG can help improve the final generation net
benefit.

Table 12 Optimal average integration power in the multiple-bus integration mode (investment cost increase)

Integration bus set | Bus number | WTG type Op timalpz\xg%ivil%egration Total a}l)\;evrvae%e/ iI\I;[t\e)\%ration
Bus 24+29 ;g g 4;;.0?6 62,136
bus 14129 |12 D IRE 5497
Bus 28+29 ;g g ?2:822 48,160

Table 13 WTG construction scheme and economic indexes in the multiple-bus integration mode (investment cost increase)

Integration bus set Bus 24+29 Bus 14+29 Bus 28+29
Bus 24 Bus 29 Bus 14 Bus 29 Bus 28 Bus 29

WTG type D D D D D B

Installation number 950 307 636 361 656 17
Installation capacity / MW 125,7 99,7 99,6
Capital cost / 10 USD 1,5713 1,2463 1,194
M&O cost / 10° USD/a 3,771 2,991 3,056
Sale benefit / 10’ USD/a 4,8009 3,7471 3,721
Generation net benefit / 10’ USD/a 2,5774 1,9836 2,0125

6 Conclusion

This paper presents an optimization model for
determining the wind farm optimal integration capacity
by taking the maximization of wind farm generation net
benefit as the objective function. A hierarchical
optimization algorithm, which combines the w-PSO
algorithm and SEOA, is then adopted to solve the
proposed optimization model. This optimization model
considers the effects caused by the annual load dynamic
process, security operation constraints, output power
constraints of the generator units, wind power sale price,
and wind farm investment cost comprehensively.
Furthermore, the model also considers the randomicity of
wind farm power output. The scenario analysis method is
used to deal with the random wind power using the PDF
parameter set to describe the annual wind speed
probability distribution, establishing the discretization
principles of wind speed probability distribution and
providing the scenario tree construction method of wind
power output in this model.

Case studies adopt IEEE-30 nodes system as the test
system to verify the correctness of the optimization model
and the validity of solving algorithms, and discuss the
effects caused by the variation of wind farm integration
location and number, WTG style, reactive output limit of
conventional generator units, and WTG investment cost.
The calculation results illustrate that there are obvious
differences among the wind farm optimal integration
capacities integrated from different integration buses;
corresponding generation net benefits are also different.
The multiple-bus integration mode can improve the total
integration capacity and increase the economic benefit of
wind farms. The variation of the generator style and the
reactive output limit of the generator unit also affect the
integration capacity of the wind farm. The asynchronous
generator integration and the reduction of reactive output

limit are equal to the increase in the system reactive
power demand. Therefore, the system reactive power
supply margin and the reactive power resource location
should be considered in the wind farm planning stage to
avoid limiting the integration capacity of the wind farm
because of the lack of reactive power supply. Furthermore,
the integration capacity of a wind farm is related to wind
speed PDF, WTG technological parameters, and WTG
investment cost. The WTG type possessing a smaller
difference in characteristic wind speeds corresponds to
the smaller wind speed disturbance, which increases the
utilization efficiency and optimal average integration
power of WTG. The economic benefit of a wind farm can
be improved by decreasing the manufacturing cost of
WTG.

In summary, only when the appropriate WTG
construction scheme is chosen according to special
operation conditions can the maximum economic benefit
of a wind farm be acquired. The proposed optimization
model in this paper can also determine the effect of
influencing factors by modifying the relative constraints
and known parameters based on research need.
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