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Abstract

Economic dispatch (ED) in the presence of wind farms is of high interest in power system operational planning.
Due to the uncertainty in wind speed and wind power, a probabilistic model is required for application in the
ED solution. The weibull probability distribution function is a common tool to model the wind speed
probabilistic behavior but the main challenge is the non-linearity of wind power generation with respect to
wind speed. This causes complexity in the probabilistic ED, which can lead to numerical and time-consuming
solution methods. Therefore, linearization of the wind power curve is in the interest of some methods by simply
connecting the first point to the end point of power curve by a straight line.

In this work, by developing a conventional objective function for an ED solution, two main contributions are
made to obtain a suitable method for fast and also good accuracy results in real time purposes. At first, an
improved method is introduced for linearization of wind power curve with respect to the previous works, which
increases the performance of modelling with respect to the non-linear model as the base model. The second
contribution is to develop an analytical routine for ED by an acceptable time-consuming calculation suitable
for real time purposes. The effectiveness of the new approach is tested on two test systems. The results obtained
show an improvement in the relative error in ED cost with respect to a real non-linear curve model that reduces
an error of about one-fifth regarding the conventional linearization model.

Keywords: Wind power, Economic dispatch, Real time simulation, Weibull probability function,
Linearization.

1. Introduction

With the rapid growth of wind power penetration
all over the world and the increase in the
participation of wind power in system generation,
the development of economic dispatch (ED)
solution methods incorporating wind power is of
high interest. In contrast to the conventional
generation units, the wind power output is not
deterministic and goes up and down randomly.
According to this, uncertainty in wind power
generation is the main challenge of generation
scheduling. Thus it requires a reliable method to
overcome the uncertainty in generation allocation
to thermal units. One of the most conventional
methods for uncertainty modelling of wind power
is the probabilistic wind power modelling. As wind
power is related to wind speed, and wind speed has
a probabilistic behavior, by modelling the wind
power with respect to wind speed, and on the other
hand, getting a suitable probability distribution
function for wind speed, the probability function of
wind power can be derived. Some of the famous

probability density functions for wind speed
probability behavior modeling are as lognormal,
gamma, weibull, rayleigh, and inverse gaussian
distribution functions. The distribution function of
each one is shown in table 1 [1]. Also the details of
the specified parameters are described in [1].

Table 1. Wind speed probability distribution functions.

Distribution function f(v)
A k—1 k
Weibull (%) (§)< ) exp [_ (g) ]
Rayleigh (i_z) exp [_ (g)z]
Gamma vt v
</)’”F(ID> exp- E]
1 1 In(w)-a,
Lognormal <v/)’\/ﬁ> exp [_f(( 7 ) )]
Inverse Gaussian ( B ) exp [_/J’(U - 01)1
2mv3 2va?

Nowadays the weibull distribution function is a
well-known and widely used one for this propose.
The weibull probability density function (PDF) and
cumulative distribution function are as (1) and (2),
respectively:
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where v is the wind speed, and ¢ and k are the scale
factor and shape factor, respectively [1].

On the other hand, Wind Energy Conversion
(WEC) in wind turbines has a non-linear behavior.
A typical wind power-wind speed curve for a
2 MW wind turbine is shown in figure 1.
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Figure 1. Non-linear wind power curve.

Three main wind speed points related to the wind
turbine power curve are defined as Veyt-in, Vrated, and
Veut-out. AS it has been shown, the wind power is zero
for a wind speed less than Vein. It has a non-linear
curve in the [Vewin, Vrted] interval, where the
nominal power (Py) is generated at Viaeq. Finally,
wind power is constant in [Vrated, Veu-our] and it falls
down to zero at Veut-out.
The wind power curve has been reviewed in some
articles in details [2-5]. Some non-linear
formulations for the wind turbine power curve are
presented in [2]. The famous non-linear model for
this curve is the third-order polynomial. The main
formulation can be found in the literature, as shown
in (3) [2, 6].
0 V<V¢yt-in » V>Veut-out

- 17c3ut—in )

1]3
PW=PH( 3 3
Vrated-Veut-in

Veut-inSVSVrated 3
n Vrated SVSVeut-out

where Py, and P, are wind power at wind speed v
and nominal (rated) wind power, respectively. This
formulation has been shown with more
simplification in some other literatures by ignoring
Veu-in IN @ Second relation both in the numerator and
denominator as (4).

0 V<cht-in ’ V>cht-0ut

1;3
P,=Py——
Vrated

P Vrated SV=Veut-out
The main challenge to get the wind power
probability distribution function is the non-linear
relation between the wind speed and the wind
power, which makes it difficult to convert the wind
speed probability function to the wind power
probability function. In this way, a simple but
approximate approach is to linearize wind speed—
wind power relation in the [Veuwin, Vraed] interval.

Veut-in SVSVrated (4)
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This approach has been used in some articles [7-9].
However, the linearization method used in these
articles is so simple by connecting the starting point
to the ending point by a straight line in this interval.
However, this approach has an unacceptable error
with respect to the real non-linear power curve, as
it will be shown later. Then one of the main
contributions of this paper is to develop a
linearization method to yield an acceptable error
with respect to the real model.

Another base of the economic dispatch solution in
the presence of wind farms is to develop a suitable
objective function. As we know, the main section
of the thermal unit economic dispatch objective
function is the generation operation cost usually
defined as a second-order function with respect to
power generation. Another section of this objective
function is the cost function of wind power. Some
terms may be added to this objective function to
show the costs that are related to the uncertainty in
wind power.

In [7], a basic approach for the economic dispatch
model has been introduced in the presence of wind
farm. The objective function is formed by the two
sections previously mentioned, in addition to a
term that shows the cost of the required reserve to
overcome wind power uncertainty, and also
another term that shows the penalty for not using
all the available wind power. The weibull
probability distribution function and also wind
power-wind speed linearization have been
suggested in the mentioned paper. However, it has
not focused on the optimization method. In [8], the
same approach has been used for the objective
function and linearization method, and
optimization has been carried out using the Particle
Swarm Optimization (PSO). In [9], another
optimization algorithm named the firefly algorithm
has been used including network power loss by
B-coefficient transmission loss calculation. Some
other papers related to the ED-incorporated wind
farm have been addressed in [10-21].

As it can be seen, all the optimization methods are
based on the evolutionary algorithms. In this paper,
based on [7] for ED objective function
development and proposed wind  power
linearization, two main contributions are made. At
first, a new linearization approach is used to get a
better fitness for the non-linear real curve of wind
power. This improves the accuracy much better and
goes toward the real optimum point. The second
contribution is to present an analytical method for
the probability function integration used for
objective function calculation that causes the ED
optimization solution to be analytical and of less
computation time. This is a good advantage of the
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proposed method for real time use. The usefulness
of the two approaches is shown in tow test systems,
and the results are obtained by the same approach
derived in [7], which shows a considerable
improvement in the results.

In the following, the wind power model is
described in part 2. Part 3 describes some bases for
the mathematical calculations used in the objective
function optimization. The optimization procedure
is presented in part 4. Part 5 shows the simulation
and the analysis result, and part 6 describes the
conclusion.

2. Model description
The main formulation for wind power generation is
as (5) (similar to (4)):

0 V<cht-in ) V>cht-out
l)w=kwv3 cht-inSVSVrated (5)
Pn Vrated SVScht-out
where ky is defined as [2]:
szpn/vgatedzo'Snt Cprl Ap (6)

In the above equation, n,, Cp, n, A, and p are the
number of wind turbines in a wind farm, the power
coefficient for wind turbine, the wind turbine-
generator efficiency, the turbine area, and the air
density.

As the wind speed is probabilistic, it requires to use
a suitable Probability Density Function (PDF).
Nowadays, the wiebull probability function is a
completely conventional function for this purpose.
The PDF and CDF of this probability function are
illustrated in (1) and (2), respectively.

In this way, the cumulative probability of wind
power can be written as:

Pr(szo)zF(cht-in)+(1'F(Ucut—out))=

1-exp [ (%)k] +exp [ (%) k] @
Pr(0<P\Q//<PT1):kF(Vrated)'F“,(cht-itﬁ): ®
o (2 ool O]

Pr(Pw=Pn)=F(cht—0ut)'F(Vrated)= ©)

ool €)ool (5]

Now, the economic dispatch objective function is
described. The conventional form of this function
incorporating wind farm can be written as [7]:

Ne N (10)
minCost=min[Z C;(P) + Z Coi(Pui)+
i=1 i=1
Nw
Z pri (Wwi'Pwi) +
i=1
N

z CRwi (Pwi'wwi)]
i=1
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In (10), Cost, C, Cw, CPy, and CRy stand for the
total operation cost, the thermal unit generation
cost, the wind power cost, the penalty cost function
for unused available wind power, and the required
reserve cost function, respectively. Also P, Py, and
W,, show the thermal unit generation and real and
expected wind power, respectively. Also Ngand Nw
are the generation unit number and the wind farm
number, respectively. Now, each one of the four
terms of this objective function is explained.

The first term is the thermal unit operation cost as:

Ng Ng

Z C;(P) = Z a; P? + b;P; + ¢;

i=1 i=1

1)

where a, b, and ¢ are the cost function coefficients.
The second term defines the wind power operation
cost directly related to wind power:

Ny Ny
Z Cyi(Pyi) = Z d; Py
i=1 i=1

In (12), d stands for cost per one unit power. The
last two functions in (10) model the penalty cost
function for unused available wind power, and the
required reserve cost function are calculated as:

12)

Ny Ny
D CPuWai = Pud) = ) K Was = Pu) (13)
i=1 i=1
Ny Nu
Z CRyi(Pyi = Wyi) = Z Kri (P = W) a4
i=1 i=1

Kp and Kr are the corresponding coefficients. It is
clear that (Ww-Pw) and (Pw-W.) are the
probabilistic variables because of W, as a
probabilistic variable, and are defined as:

Wi — Py) = f " Wips = Py f (W) d(Wino) (15)
Pwi

(Pwi - Wwi) = J; Wi(Pwi - Wwi)f(Wwi)d(Wwi) (16)

Finally, the main constraints of the mentioned
objective function are:

Pimin < Pi < Pimux (17)
0<P,; <Py (18)
Ng Ny

ZPL'+ZPWL':D (19)

P™in and P™ are the minimum and maximum limits
of unit generation, respectively, and D stands for
the demand. The objective function (10) should be
optimized with respect to Pi's and Pui's. However,
the main complexity in this method is the
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calculation of (15) and (16), where the relation
between W,, and v is non-linear, modelled by (5).
As said earlier, the well-known linearization
procedure for (5) is as (20) [7]:

0 ( 1)7 < Veut-in »V > Veut—out
V= Veut-in
P,=P

= _ o <v<v
n cut—in = ¥ = Vrated
(Urated - chtfin)

(20)

Pn Vrated sSvs Veut-out

In other words, the point (Vcuin, 0) is connected to
point (Vraeed, Pn) by a straight line.

In this work, a new linearization method is
developed as a Least Square Error (LSE) line
fitting between the two points mentioned. As the
LSE linearization is a well-known method for
curve fitting to get the best fitness, this paper
suggests this method instead of simply
linearization, as said before. Verification of the
proposed method will be done in part 5 by
simulation. The desired linearization routine is
described here. Eq. (21) is similar to (20) but m and
n are calculated by the line fitting calculation:

0 v< Veut—in »V > Veut-out
P,=mv+n  Vgm <V < Vrgrea (21)
Pn Vrated sSvs Veut-out
The LSE function can be shown as:
(22

Vrated
LSE = f [k, v® — (mv+n))?

Veut-in

Finally, the necessary equations for determination
of the coefficient m and n can be written in a matrix
form as:

(vruted - 17cut—in)
5 5
— kw (vrar:ed - vcut—in)/s]
kw (v;lated - v?ut—in)/‘l'

(vfated - 17c3ut—in)/3 (Vfated - vczut—in)/z] [m]
n

(vfated - 17c21,¢t—in)/2 (23)

Figure 2 shows a typical non-linear P-v curve and
also two methods for P-v linearization.

It should be noted that in the line fitting method,
the start and stop points ((Veut-in, 0), (Vrateq, Pn)) Of the
non-linear curve do not necessarily stay on the line
fitted. Thus by an approximation, a small part of
the fitted line less than Veutin and more than Vrated is
ignored.

3. Mathematical calculations

In this section, the mathematical calculations of
(15) and (16) are presented for the wind power
linear model. It should be mentioned that the
optimizations are down in the interval
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[Veutin, Vraed]. Thus the next equations are
established:

Wy, =mv+n (24)

d(W,,) = mdv (25)

P, —
y, =" (26)
m
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Figure 2. Non-linear and linearized models.

At first, the procedure for calculation of (15) is
determined. For simplicity, only one wind farm is
assumed. Thus the index i is ignored. Now, (15)
can be converted as:

fp "W, — B FW,)AW,)
-] (225 | en| -]

c

@7

+m fvmted(mv +n-—~P,)f(w)dw)
Vw

The first term on the right side (non-integral part)
shows the area that corresponds to the interval
[Vrated, Veut-out], Where the wind power is fixed to Ph.
The second term on the right side of (27) can be
converted to:

Vrated Vrated
m (mv+n-PW)f(v)d(v)=m(n-Pw)f f(v)d(v)
Vi Vi

Vrated (28)
+mzf vi(v)d(v)
Vw

Also the second part of the right side (28) should
be done by a part-by-part integration. Thus we
have:

Vrated
m [ (R A =R (FGvrre)
VW Viated (29)
'F(Vw)) +m2 [(VratedF(Vrated) 'VWF(VW) )' f F(V) d(V)]
Vw

In order to calculate the integral part of the right
side of (29), the shape factor of the weibull function
(k) should be known. Here, this parameter is
assumed 1 (k = 1). In other shape factors, the entire
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procedure is the same, except for the mentioned
integral. Thus the last part of (29) is written as:

vamtedF(V)d 1) = Wragea — Vi) — c(exp [_ (Vc_w)]

(30)
_ exp[ ( ruted)])
Finally, (27) can be summarized as:
f P"(WW ~P)f(W,)d(W,) = S1+ M1 — N1+ R1 (1)
Py

where S1, M1, N1, and R1 are as below:
51 = (P, — (mV, +n))

o[- (2229 e - (222 "
M1 = m?*(Vyqea ( —€exp [ ( mted)])

(B

N1 = mz((vrated |4 )

~cfon - (E]p -l () .
R1=-m? (exp[ (-)] —exp[ ( mwd)]) (35)

Now, the same procedure is done to calculate (16).
At first, (16) is converted to:

fo PW(13'\,,—WW)f(WW)d(W‘,‘,)=l3'\,\, (1— exp [— (VLC““)] +exp [—

(Ferey)) (36)

Vi
+mf (P,-mv-n)f(v)d(v)

(33)

Again, the first part of the right side shows the area
corresponding to zero wind power (less than Veut.in
or more than Vo). Calculation of the integral part
of (36) is similar to the previous one. Thus the final
result is shown as:

f "y = W) F(W,)d(W,) = 52 + M2 — N2 + R2 37)
0

where S,, M», N, and R, are as below:

S§2 = (mV,, +n)
(1 — exp [_ (vcu;—in)] +exp|— (chc ouc)]

[
M2 = (exp - (vmé_:)] —exp [_ (VC_W)D
N2 = m?[V, (1 —exp [— (7‘”)]) -
]

Veut—in (1 — €exp [_ (vcucﬁ)]

R2 =m? [(VW - vcut—in)

e (e[~ (2= - exp [ (%))

For completion, for the main procedure to get the
final form of the objective function, (31) and (37)
should be substituted in (15) and (16), respectively,

—

(39)

and then the modified form of the objective
function (10) is derived.

4. Optimization Procedure

Another contribution of this paper is to suggest an
analytical method for ED solution in the presence
of wind farms that is less time-consuming and
suitable for real time purposes, which is described
below.

A suitable method for minimization of (10) is the
Lagrange Multiplier method as (42).

N Ny

minLG= mm[z C;(P)+ Z Cuwi(Pwi)

i=1 i=1
Nw Ny

+Z CP (WP +Z CRuy (RusWa) “2)

}\(ZP +ZPW, D)]

Here, only one wind farm and also the shape factor
equal to 1 are assumed. Thus we have:

Ng

minLG = min[Z[ai P? + b;P; + ¢;] + d(mV,, + n)
i=1
+K,(S1+M1—N1+R1)
+ Kz(S2 + M2 — N2 + R2)

Ng

—A(ZPi+me+n—D)]

(43)

Now, the partial derivatives of LG with respect to
Pi's, Vw, and A are derived and put equal to zero.

LG
aP,
LG
av,

Ko o (e[ ()

exp- (220} (1-exp |-

o+ (e -Co)f] + mea—eso [ ()
*((exn - ()] - exo[- (=)

=2a;P;+b;—1=0 (44)

=m(d-21)+

(38) _Z_We"p - (V?W)D>} (45)

(0 -enl- (22 |- (22
o[22 e - ()

@ +(E)onl-(£] -

o[- ()] o= ()

el

();—f=zpi+mvw+n—0=o (46)
By sélving the above three equations
simultaneously, the variables Pj's and V. are found.
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For this purpose, a simple method is described
here. From (44), all Pi's can be calculated by A.
Then the sum of Pj's are calculated as:

Ng

Z P, = 0.5(s,1— 5) @7
i=1
where s; and s, are:
Ng
=Y (49)
e a;
1;91
0=y (49)
By substitution of (47) into (46), we have:
A=MV,+N (50)
where M and N are as below:
L 1)
S
N = 20-m+s, (52)

S2

On the other hand, by simplifying (45), the variable
V. appears as the term of exp(-Vw/c) only. Thus if
we assume this term as Z, we have a very simple
equation as:

AZ+B+ml=0
where A and B are defined as:

A= (K, + Kg)m?

o=t [ (22| |- (22

meso|- (2]

+Kym [—1 + exp [— (170,1% )] —exp [_ (”cutc—aut )]

e () S

Now, a simple iteration method can be used to
solve (50) and (53) simultaneously. At first, with
an initial guess of Vy, (50) yields the initial guess
for A. Then from (53), Z is found and thus the
corrected value of V\ is calculated. Again, the
corrected value of V., is used to obtain the new
value of A from (50) and also calculate the new
value of Z from (53). This cycle is repeated until
convergence is achieved. Generally, a few
iterations are required to get the results with an
acceptable error.

5. Simulation
In this section, the thermal unit incorporated
wind power economic dispatch solution is

(54)

(55)

156

considered in two test systems as four/six thermal
unit generation systems. In the first system,
different cost coefficient scenarios are considered
to have more details in analysis. The second system
is used for a better verification of the proposed
model and a better comparison with the previous
model.

5.1. Four unit test system
The cost functions of the first system generation
units are as [22]:

C1=0.01Pg,>+1.8Pgi+300  ($)
C2=0.012Pg,%+2.24Pg,+210  ($)
Cs=0.006Pgs>+2.35Pgs+290  ($)
C4=0.008Pg,>+2.5Pg,+340  ($)

The demand is considered as 600 MW. No up or
down generation unit constraint is considered. Also
a wind farm is added by the following data:

A = 4000 m2, p = 1.255 Kg/m?, Cp = 0.4, 1 = 0.8,
nt= 40.

The v-P wind power parameters and weibull
probability function parameters are:

cht-in: 4 m/S, Vrated = 12 m/S, cht-out: 25 m/S, c= 8,
k=1

Now, three scenarios are defined for different case
studies. The first one is defined by ignoring the
wind power incorporation to get the base case
result. Scenario 2 describes the case study with
wind power incorporation and v-P non-linear
model (real case). Finally, scenario 3 is similar to
the previous scenario but with two linear models
described before. By comparison of scenarios 2 and
3, the proposed linear model is verified.

5.1.1. Scenario 1

As said earlier, at first, a preliminary analysis is
done by ignoring the wind farm. The result for the
thermal unit economic dispatch is:

Pg1=149.0351 MW
Pgs=202.5585 MW

Pg.=105.8626 MW
Pgs=142.5439 MW

The cost is 3243 ($).

5.1.2. Scenario 2

In this scenario, the wind farm is considered by cost
coefficients as:

d=1($MW) Ke=1($/MW) Kg=2 ($/MW)



H.Berahmandpour et al. / Renewable Energy Research and Application, Vol 1, No 2, 2020, 151-160

Also the non-linear model for wind power is
considered. Thus it requires the numerical
integration of (15) and (16). As a conventional
method, the Euler numerical integration is used.
The point-by-point calculation of the objective
function gives the cost curve vs. wind power,
shown in figure 3.

Cost with d=],KP=1,KR=2
3290 T T

3280
3270
3260

3250

Cost ($)

3240
3230

3220

10 20 30 40 50 f;l]
Wind Power (MW)

3210 -
0

Figure 3. Non-linear model total cost function.

The minimum point of cost curve can be extracted
as 3217 ($) and wind power as 34.94 MW
generated by 10.28 m/s wind speed. This is
considered as the base to comprise the two
linearization models described before.

5.1.3. Scenario 3

This scenario is similar to scenario 2 but with two
linear models of wind power described by (20) and
(21). In the first step, the cost function (10) is
calculated for each one of the two models by the
point-by-point calculation, similar to the non-linear
model. The cost curves are shown in figure 4. The
blue curve is the non-linear model, the red curve is
the linear model (20), and the green curve is the
linear model (21) (proposed model).

It is obvious that the model described by (20) has a
high deviation from the real model, especially at
the minimum point, and the deviation increases by
an increase in the wind power. However, the
proposed model has a much less error and follows
the real model by a good fitness.

The minimum point for each linear model is as
3226 ($) and wind power as 31.27 MW generated
by 8.51 m/s wind speed for the first model and
3219 ($) and wind power as 34.02 MW generated
by 10.08 m/s wind speed for the second model. It
is again clear that the desirability of the proposed
model result with respect to the other model.
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Figure 4. Non-linear and linear models total cost
functions.

5.1.4. Optimization calculation

Now, the developed method is ready for use in
order to find the minimum point of two linear
model cost functions by the analytical procedure.
As mentioned earlier, an initial guess for Vy is
initially made. Suppose that V,, equals 12 m/s as
the initial guess. By a simple iterative solution
described before to obtain the corrected value of
Vw, the results are found for two linear models.
Thus the minimum point for the first linear model
is as 3230 ($) for the cost function and 32.60 MW
for the wind power generated at 8.70 m/s wind
speed. Similar results for the second model are
3221 (%) for the cost function and 32.27 MW for
the wind power generated at 9.81 m/s wind speed.
The iteration for each one is only six, which shows
a good convergence in the solution and also a low
calculation time. This shows an adequate
performance of the proposed solution routine for
use in real time purposes.

As it can be seen, the results derived by point-by-
point calculation and analytical routine are very
close together.

5.1.5. Sensitivity analysis

In this section, a sensitivity analysis is done to get
a clear view of the economic dispatch in the
presence of wind power uncertainty and also to
show the adequate performance of the proposed
approach for wind power curve linearization and
the analytical ED solution routine. This is done by
changing the three parameters d, Kp, and Kg. At
first, it is assumed that no penalty exists for unused
available wind power (Kp = 0). Table 2 shows the
results for total cost, allocated wind power, and the
corresponding wind speed for some values of d and
Kkr. It is understandable that by increasing Kg, the
allocated wind power decreases. Also increasing
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the wind power operation cost causes less allocated
wind power.

Table 2. Sensitivity results by Kp=0.

d Kp Kr Cost($) Power (MW) V(m/s)
1 0 15 3190 40.15 11.02
1 0 1.75 3202 30.83 9.59
1 0 2 3211 24.65 8.63
1 0 2.25 3218 20.23 7.95
1 0 25 3223 16.91 7.44
2 0 15 3221 23.47 8.45
2 0 1.75 3227 18.17 7.63
2 0 2 3231 14.46 7.06
2 0 2.25 3234 11.71 6.63
2 0 25 3236 9.60 6.31

Now, the same analysis is done by Kp = 2.
Again, table 3 shows the same results as table 2 in
this analysis.

Table 3. Sensitivity results by Kp=2.

d KP KR | Cost($) | Power (MW) V (m/s)
1 2 15 3191 46.97 12.08
1 2 1.75 3209 41.23 11.19
1 2 2 3224 36.65 10.48
1 2 2.25 3236 32.90 9.91
1 2 2.5 3247 29.76 9.42
2 2 15 3233 37.87 10.67
2 2 1.75 3246 33.48 10.00
2 2 2 3257 29.91 9.44
2 2 2.25 3266 26.93 8.93
2 2 25 3274 2441 8.59

It is clear that by including penalty for the unused
available wind power, the economic dispatch
solution goes toward more wind power allocation.

5.2. Six unit test system

For a better comparison of the proposed model,
IEEE-30 bus/six unit test system is also simulated.
The cost functions of generation units are as [23]:

C1=0.00375Pg,2 + 2Pg; $)
C»=0.01750Pg,? + 1.75Pg; $)
C5=0.06250Pgs? + 1.00Pgs ($)
C+=0.00834Pgs? + 3.25Pg, ($)
C5=0.02500Pgs? + 3.00Pgs $)
Cs=0.02500Pge? + 3.00Pgs ($)

The demand is considered as 250 MW. The wind
farm parameters are completely similar to the
previous test case.

The results for thermal unit economic dispatch
without wind farm incorporation are:

Pg, = 172.8310 MW
Pgs = 18.3699 MW

Pg.=44.1781 MW
Pgs=2.7717 MW
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Pgs = 5.9247 MW Pgs = 5.9247 MW

The cost is 654.9789 ($).

Now, a similar simulation as scenario 3 for the
previous case is done. The cost curves for real and
two linearized models are shown in figure 5.

Cost with d=1,K =1,K =2
760 :

750 /
740 7

730 -

700 |- “

690 -

——nonlinear model
= ~linear model (20)
===linear model (21)

680

670

0 10 20 30 40 50 60
Wind Power (MW)

Figure 5. Non-linear and linear modeltotal cost functions

Again the model described by (20) has a high
deviation from the real model, especially at the
minimum point but the proposed model has a much
less error and follows the real model by a good
fitness.

The minimum point for the real model is as 671.5
(%) and wind power as 22.34 MW generated by
8.86 m/s wind speed. Also the minimum point for
each linear model is as 676.2 ($) and wind power
as 21.17 MW generated by 7.05 m/s wind speed for
the first model and 671.8 ($) and wind power as
22.10 MW generated by 8.24 m/s wind speed for
the second model.

Now the ED optimization is done by the proposed
algorithm. Again, by an initial guess for V,, to be
equal to 12 m/s, the results are found for two linear
models. The minimum point for the first linear
model is as 682.3 ($) for the cost function and
22.31 MW for the wind power generated by
7.21 m/s wind speed. Similar results for the second
model are 671.8 ($) for the cost function and
20.71 MW for the wind power generated by
8.02 m/s wind speed. The iteration for each one is
only six, which shows a good convergence in the
solution and also a low calculation time.

6. Conclusion

The uncertainty and variability of wind power
generation are two main challenges that require the
probabilistic routines both in the planning and the
operation time zones. In this way, the real time
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economic dispatch incorporating wind farm is of
high interest in the power system operation.

In this paper, by development of a new method for
wind power curve linearization, a good
improvement in accuracy with respect to the non-
linear real model was achieved. On the other hand,
by presenting an analytical routine for ED solving,
a fast and reasonable time-consuming algorithm
was suggested, which is suitable for a real time
simulation.

The simulation results for two different test
systems showed an improvement in accuracy in the
proposed linearized model, where the deviation in
minimum point of the cost function with respect to
real model was reduced to about one-fifth in the
proposed model with regard to the conventional
linearized model. On the other hand, the error in the
wind speed result was more than the error in wind
power result in the conventional model. It could
prove more accuracy for the proposed linear model
with respect to the conventional model.

References

[1] Vaishali S., Shivcharan G., Rajeshkumar N. (2016)
A Comparative Analysis of Wind Speed Probability
Distributions for Wind Power Assessment of Four Sites.
Turkish Journal of Electrical Engineering and Computer
Sciences 24(6) pp 4724-4735.

[2] Vaishali S., Shivcharan G., Rajeshkumar N. (2016)
A Critical Review on Wind Turbine Power Curve
Modelling Techniques and Their Applications in Wind
Based Energy Systems. Hindawi  Publishing
Corporation, Journal of Energy, Volume 2016, Article
ID 8519785.

[3] M. Lydia, S. Suresh Kumar, A. Immanuel
Selvakumar, G. Edwin Prem Kumar. (2014) A
Comprehensive Review on Wind Turbine Power Curve
Modeling Techniques. Elsevier, Renewable and
Sustainable Energy Reviews 30 pp 452-460.

[4] Wind Power Generation and Wind Turbine Design.
Edited by Wei T., WIT press 2010, Chapter 18, “Power
Curves for Wind Turbines”.

[5] Alhassan Ali, T., Fathi Rajab, A., Ali, E., J. (2017)
Power Curve Modelling for Wind Turbine. UKSim-
AMSS 19th International Conference, pp 179-184.

[6] Suresh V., Sreejith S, Ponnambalam P. (2016) Static
Economic Dispatch Incorporating Wind Farm using
Flower Pollination Algorithm.(2016) Elsevier BV,
Perspectives in Science. (8), pp 260-262.

[7] Jhon, H, David, C. Y., Kalu, B. (2008) An Economic
Dispatch Model Incorporating Wind Power. IEEE
Transaction on Energy Conversion, vol 23, no 2, pp 603-
611.

[8] Mohamed, A, Constantine J. H. (2015) The
Economic Dispatch for Integrated Wind Power Systems

159

Using Particle Swarm Optimization. arxiv: 1509.01693
[sc CE] 5.

[9] Nishant, S., Souvik. G. (2015) Solar and Wind Power
Estimation and Economic Load Dispatch using Firefly
Algorithm. Elsevier BV, Procedia Computer Science,
vol 70, pp 688-700.

[10] M. A. Elshahed, M. M. Elmarsfawy, H. M. Zain
Eldain. (2011) Dynamic Economic Dispatch
Constrained by Wind Power Weibull Distribution: A
Here-and-Now Strategy. World Academy of Science,
Engineering and Technology, vol. 56, pp 353-358.

[11] Jun Wu, Yong Lin, (2007) Economic Dispatch
Including Wind Power Injection. Proceedings of ISES
World Congress, pp 2343-2347.

[12] Cheng, Wushan; Zhang, Haifeng. (2015) A
Dynamic Economic Dispatch Model Incorporating
Wind Power Based on Chance Constrained
Programming. Energies 8, no. 1, pp 233-256.

[13] Y. Zhang, F. Yao, H. Ho-Ching lu, T. Fernando, K.
Po Wong. (2013) Sequential Quadratic Programming
Particle Swarm Optimization for Wind Power System
Operations Considering Emissions. Journal of Modern
Power Systems and Clean Energy, 1(3), pp 231-240.

[14] Qiyu, C., Xiuyuan, Y., Guoging, H., Xiaoxin Z.
(2018) Optimal Scheduling System for Wind Farm and
Hydro Power Plant Coordinating Operation. Elsevier
BV, Energy Procedia, 145, pp 277-282.

[15] Li, H., Carlos, E R., Xuesong, W., Liping, S. (2018)
Economic Dispatch Considering the Wind Power
Forecast Error. IET Generation, Transmission &
Distribution, 12, (12), pp 2861-2870.

[16] Houhe, C., Rufeng Z., Guoging L., Linquan B.,
Fangxing L. (2016) Economic Dispatch of Wind
Integrated Power Systems with Energy Storage
Considering Composite  Operating Costs. IET
Generation, Transmission & Distribution, 10, (5),
pp 1294-1303.

[17] Yue, Y., Xinsong, Z., Ping, J., Qiang, L., Kejun, Q,.
Zhixin, F. (2014) Determination of Economic Dispatch
of Wind Farm - Battery Energy Storage System using
Genetic  Algorithm. International Transactions on
Electrical Energy System, 24, (2),
pp 264-280.

[18] B.Y. Qu, J.J. Liang, Y.S. Zhu, Z.Y. Wang , P.N.

Suganthan. (2016) Economic Emission Dispatch
Problems with Stochastic Wind Power using
Summation Based Multi-Objective  Evolutionary

Algorithm. Elsevier BV, Information Sciences, 351,
pp 44-66.

[19] Gaurav, C, Anjali, J., Neelam, V. (2017) Solving
Economic Dispatch Problem Using MiPower by
Lambda Iteration Method. IEEE, 1st International
Conference on Intelligent Systems and Information
Management (ICISIM), 2017, pp 95-99.


https://ieeexplore.ieee.org/author/37276392000
https://arxiv.org/search?searchtype=author&query=Abuella%2C+M
https://arxiv.org/search?searchtype=author&query=Abuella%2C+M
https://arxiv.org/search?searchtype=author&query=Hatziadoniu%2C+C+J
https://arxiv.org/search?searchtype=author&query=Hatziadoniu%2C+C+J
https://www.sciencedirect.com/science/article/pii/S1877050915032706#!
https://www.sciencedirect.com/science/article/pii/S1877050915032706#!
https://www.sciencedirect.com/science/article/pii/S1877050915032706#!
https://www.sciencedirect.com/science/article/pii/S1877050915032706#!
https://www.sciencedirect.com/science/journal/18770509/70/supp/C
https://www.civilica.com/modules.php?name=PaperSearchISI&op=Abs&DOI=10.1007%2Fs40565-013-0030-2
https://www.civilica.com/modules.php?name=PaperSearchISI&op=Abs&DOI=10.1007%2Fs40565-013-0030-2
https://www.civilica.com/modules.php?name=PaperSearchISI&op=Abs&DOI=10.1007%2Fs40565-013-0030-2
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4082359
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4082359
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Yuan%2C+Yue
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Zhang%2C+Xinsong
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ju%2C+Ping
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Li%2C+Qiang
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Qian%2C+Kejun
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Fu%2C+Zhixin
https://ieeexplore.ieee.org/author/37085793889
https://ieeexplore.ieee.org/author/37086026274
https://ieeexplore.ieee.org/author/37086167583
https://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=8114611
https://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=8114611
https://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=8114611

H.Berahmandpour et al. / Renewable Energy Research and Application, Vol 1, No 2, 2020, 151-160

[20] Ya-jing, G., Kai-xuan, Z., Chen, W. (2012)
Economic Dispatch Containing Wind Power and
Electric Vehicle Battery Swap Station. IEEE, PES T&D

[21] Wangchao. D., Jing, Z., Jiejie, H., Shenghu, L.
(2015) Dynamic Economic Dispatch for Wind Power
System Considering System Security and Spinning
Reserve. Journal of Power and Energy Engineering, 3,
342-347.

[22] Allen, J. W., Bruce, F.W., Gerald, B., S. (2014)
Power Generation, Operation and Control. Third
edition, Published by John Wiley and Sons, page 102.

[23] Zeinab G. Hassanl , M. Ezzat , Almoataz Y.
Abdelaziz (2017) Solving unit commitment and
economic load dispatch problems using modern
optimization algorithms, International Journal of
Engineering, Science and Technology Vol. 9, No. 4,
pp 10-19.

160



