
Electrical Power and Energy Systems 135 (2022) 107546

Available online 10 September 2021
0142-0615/© 2021 Elsevier Ltd. All rights reserved.

A new flexibility based probabilistic economic load dispatch solution 
incorporating wind power 

Homayoun Berahmandpour *, Shahram Montaser Kouhsari, Hassan Rastegar 
Electrical Engineering Department of Amirkabir University, 424 Hafez Str., Tehran, Iran   

A R T I C L E  I N F O   

Keywords: 
Dynamic Economic Load Dispatch 
Probabilistic load dispatch 
Generation system flexibility 
Flexibility index 
Economic trade-off 

A B S T R A C T   

Nowadays, by the growing in renewable energies in the power system, the uncertainty of power output related to 
these resources increases. This needs to improve power system flexibility to reduce the risk of load shedding or 
renewable curtailment due to the mentioned challenge. So, nowadays power system flexibility is an important 
characteristic especially in power system operation which should be evaluated continuously and maintained in 
the desired value. In operation horizon time such as operational planning or real time operation the system 
generation flexibility should be monitored, and sufficient system flexibility should be provided to avoid unac
ceptable generation/load unbalance cause unwanted renewable curtailment or load shedding. 

This paper presents a new flexibility based risk limiting dynamic economic load dispatch solution incorpo
rating wind power. In the proposed method the generation system flexibility index, introduced by the authors is 
converted to economic value and included in the total operation cost function. Then by the suitable economic 
trade-off between system flexibility level and risk of load shedding and wind power curtailment, the best 
reduction in these two unwanted risks are obtained. Increasing the system generation flexibility comes from the 
generation rearrangement of thermal generation units imposes more cost to the generation cost but is balanced 
by reduction in unwanted renewable curtailment or load shedding.   

1. Introduction 

The increasing penetration of renewable energy systems (RES) cau
ses to operate the system at low cost and low pollution. On the other 
hand, the noticeable uncertainties caused by the forecast errors of 
renewable generation and also the variable nature as well as load de
mand can restrict the utilization of renewable energy by RES/load 
curtailment and moreover bring the main challenges to maintain system 
reliability. Currently, many studies have been proposed to solve the 
Dynamic Economic Load Dispatch (DELD) in the presence of the wind 
farms to overcome the uncertainty nature of the wind power output. 
Risk limiting economic dispatch is another concept to solve this prob
lem. Also, some other studies are focused on generation system flexi
bility improvement using flexible ramping products to overcome the 
wind power uncertainty. In all the above approaches a probabilistic cost 
function is used to optimize the total system operation cost by reduction 
of the risk of load shedding and wind curtailment. 

In [1] a probabilistic framework for economic dispatch is proposed 
based on Weibull Probability Density Function (PDF) which is near to 
the current paper approach as shown in Fig. 1. Where the probabilistic 

functions due to the wind power uncertainty are as wind curtailment, 
load shedding, upward reserve and downward reserve included in the 
system generation cost function. 

Another approach on the risk-limiting economic dispatch is proposed 
in [2] based on Model Predictive Control (MPC). An illustration of the 
control zones for this control scheme is shown in Fig. 2. Where g and r 
stand for generator power output and ramp rate respectively. 

Each of the triangles shows the permitted region of the generation 
output power in the specific time interval. This is very similar to the 
Flexibility Area Index (FIA) approach used in the current paper illus
trated later. Also, A risk-based admissibility assessment approach is 
proposed in [3] to quantitatively evaluate how much wind generation 
can be accommodated to the power system. Fig. 3 shows the concept of 
this paper. Where two different regions as admissible and inadmissible 
are defined for the wind power generation. Again this approach is used 
in the current paper where the inadmissible region for the wind power is 
equivalent to the wind curtailment and the load shedding (upper/lower 
sections). 

Again a multi-objective dynamic economic dispatch model with 
renewable obligation requirements is proposed in [4]. Where the two 
objective functions are presented aim to increase the level of renewable 
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energy sources in the grid while minimizing the total operating cost and 
respecting the spinning reserves required to maintain continuity of 
supply. A novel real-time Generation Schedule (GS) integrated with 
RES’ power curtailment is proposed in [5]. The proposed real-time GS 
become to effectively compute the outputs of the associated generating 
units so as to meet the required electricity load. The proposed approach 
is applied for real-time dynamic economic load dispatch for a real time 

GS that completely treats the limited controllable energy resources 
under the uncertainties. The approach presented in [6] focuses on 
planning the day-ahead schedule based on optimal trade-off between 
regulation of generators and wind curtailment. Where both the gener
ator regulation and wind curtailment form the objective function and 
the wind curtailment is modeled by penalty. This approach is also 
similar to the current paper concept for economic trade-off between the 
generation cost and the wind curtailment/load shedding costs. 

Now as this paper focuses on generation system flexibility, some 
related articles based on power system flexibility are reviewed. A con
ceptual view as the hybrid robust stochastic approach is presented in [7] 
which is based on the flexibility envelopes concept. It circumvents the 
curse of dimensionality by using probability weighted envelopes to 
enclose the evolution of the net load uncertainty over the planning ho
rizon. The flexibility envelope concept is shown in Fig. 4. Here l stands 
for the net load. 

As can be seen the red envelope shows the required (or accessible) 
system generation can overcome uncertainty or variability in RES’ 
power. If the blue net load curve crosses this envelope, RES or load 
curtailment can occur. 

The reserved ramp-up and ramp down capacities at T as Flexible 

Nomenclature 

Indices 
i counter 
t time 
Ng number of thermal units 
Nw number of wind units 

Parameters 
A1 area corresponds to Pw = Pn 
A2 area corresponds to Pw = 0 
a, b, c thermal unit operation cost coefficients 
B, B0, B00 power loss coefficients 
c scale factor of Weibull function 
C thermal unit generation cost function 
Cost total cost function 
Cw wind power cost function 
CD downward reserve cost function 
CU upward reserve cost function 
Ccur wind curtailment cost function 
Cshed load shedding cost function 
d wind power operation cost 
k shape factor of Weibull function 

KD downward reserve cost coefficient 
KU downward reserve cost coefficient 
Pmax maximum unit generation 
Pmin minimum unit generation 
Pn wind farm nominal power 
PD load demand 
Rampup unit ramp up rate constraint 
Rampdn unit ramp down rate constraint 
S area corresponds to flexibility 
S1 upper side of flexibility area 
S2 lower side of flexibility area 
vcut-in starting wind speed 
vcut-out shut down wind speed 
vrated nominal wind speed 
Ww available wind power 
Δt time step 

Variables 
P generation unit scheduled 
Ploss system loss 
Pw wind power allocated (or dispatched) 
v wind speed 
Vw optimal wind power  

Fig.1. Probabilistic ED framework based on Weibull PDF [1].  

Fig. 2. Sequential control zones in MPC approach [2].  

Fig.3. Schematic diagram of the admissibility assessment risk based approach.  
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Ramp Up (FRU) and Flexible Ramp Down (FRD) are also two main 
indices used to evaluate the generation system flexibility. These two 
indices show the Upward and Downward flexibility specification of the 
generation system. Fig. 5 shows FRU and FRD indices [8]. Again this 
approach is very similar to the proposed index (FAI). 

Now by reviewing about risk-based DELD approaches and also 
evaluation of the generation system flexibility, the main approach and 
the contribution of the current paper is described. 

2. Paper contribution 

This paper presents a flexibility based DELD framework in the 
presence of wind farms to reduce the risk of load shedding and wind 
curtailment due to the wind power uncertainty. Here by introducing a 
suitable generation system flexibility index, a probabilistic DELD 
framework is introduced including the economic value of the system 
flexibility. This framework uses of three concepts which were previously 
introduced by the authors as Flexibility Area Index (FIA) for system 
generation flexibility [9], a new method for wind power curve lineari
zation based on Least Square Error (LSE) line fitting [10] and an 
analytical optimization routine to solve the probabilistic DELD in the 
presence of wind power [11]. So, the main contribution of the current 
paper is to develop the probabilistic DELD objective function including 
the economic flexibility value which leads to a good trade-off between 
the flexibility improvement and the wind curtailment/load shedding 
costs reduction. The simulation shows by increasing the economic value 
of the flexibility index, total system cost reduces mainly due to the 

rescheduling of the thermal generation units without considerably 
reduction in the wind power. 

The next parts of this paper are arranged as below. The main 
description of the proposed framework for probabilistic DELD is pre
sented in Section 3. The mathematical model for probabilistic DELD 
incorporating wind power is illustrated in Section 4. The main contri
bution of the current paper is presented in Section 5 as flexibility based 
economic dispatch which is included in the main DELD model. The 
simulations and analysis are presented in Sections 6 and 7 includes 
conclusion. 

3. Main description 

Here the two main prerequisites to the current paper is illustrated 
briefly. At first the linear model for wind power curve with respect to 
wind speed based on the Least Square Error (LSE) line fitting is described 
which is proposed in [10] by details. 

Fig. 6 shows the proposed linear model against the conventional 
linear model. It should be noted in the conventional linear model the 
point (vcutin, 0) is connected to the point (vrated, Pn) by a straight line. 
The blue curve shows the real nonlinear model and two linearization 
approaches as the conventional (red) and proposed (green) linear 
models. As is illustrated in [10], the proposed LSE line fitting is more 
accurate with respect to the conventional model. The second prerequi
site is the Flexibility Area Index (FAI) for generation system flexibility 
evaluation which is presented in [9] by details. 

Flexibility Area Index comes from the two main specifications of the 
generation unit as generation capacity and ramp rate ability. Suppose 
Pi(t) is the unit generation i at time t (Fig. 7). So, at time t + Δt we have 
the triangle shown by Pi(t), Pi,rampup and Pi,rampdn where Pi,rampup and Pi, 

rampdn are the permitted up and down unit generation boundary points at 
time (t + Δt) which are limited by the ramp up and ramp down unit 
constraints (such as FRU and FRD). It is clear that the points inside this 
triangle are the permitted operating points for the unit generation i in [t, 
t + Δt] time interval to meet the ramp up/down constraints. Crossing 
this triangle by horizontal lines as Pi

min or Pi
max generation unit con

strains, reduces the flexibility area and also the flexibility index. 
The flexibility indices related to the thermal generation units are 

combined to make the generation system flexibility index by summation 
of all the partial flexibility indices for all the generation units (Fig. 8). 

This is done by a simple summation for all partial flexibility areas in 
each dt division as shown in Fig. 8. The two partial flexibility areas as S1 
and S2 in Figs. 7 and 8 are named as the upper/lower components of the 
generation unit/generation system flexibility area indices [12]. These 

Fig. 4. Categorical reserve types (black), flexibility requirement envelope 
(red), sample net load realization (blue). 

Fig. 5. Flexibility Ramp Capability (FRC), Up (FRU) and Down (FRD).  Fig. 6. Nonlinear wind power and two linearized models.  
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components are related to the system ability against load shedding/wind 
curtailment respectively described later. 

Now the main concept about the probabilistic dynamic economic 
load dispatch is expressed. This is illustrated by Fig. 9 as the wind speed 
Weibull PDF. 

Referred to [10], the LSE linear wind power model can be expressed 
as: 

0 v < vcut− in, v > vcut− out
Pw = mv + n vcut− in ≤ v ≤ vrated
Pn vrated ≤ v ≤ vcut− out

(1)  

where m and n are the line coefficients obtained by LSE line fitting. The 
red and green areas show zero and constant wind power (Pn) respec
tively (correspond to the first and the third relations in (1) respectively). 
Now suppose the dispatched wind power is Pw corresponds to Vw. There 
is an admissible zone between V1 and V2 for Vw comes from the system 
generation upward and downward reserve capacities respectively [1]. 
So, load shedding is forced for the wind speed less than V1 and wind 
curtailment will occur for the wind speed more than V2. In the [V1,Vw] 
and [Vw,V2] intervals the upward and downward reserves should be 
used to compensate wind power uncertainty. This will be discussed later 
by the details. 

4. Dynamic economic load dispatch model 

Now the dynamic economic load dispatch objective function is 
described. This function consists of six parts as is described by (2) 

min Cost = min[
∑T

t=1
{
∑Ng

i=1
Ci(Pi(t) ) +

∑Nw

i=1
Cwi(Pwi(t))+

∑Nw

i=1
CDwi +

∑Nw

i=1
CUwi +

∑Nw

i=1
Ccurwi +

∑Nw

i=1
Cshedwi]}

(2) 

Each of the six terms of this objective function is explained here. The 
first term is the generation system operation cost as: 

∑Ng

i=1
Ci(Pi(t)) =

∑Ng

i=1
aiPi(t)2

+ biPi(t)+ ci (3) 

The second term defines the wind power operation cost directly 
related to the wind power: 

∑Nw

i=1
Cwi(Pwi(t)) =

∑Nw

i=1
diPwi(t) (4) 

The next two functions in (2) model the cost functions for downward 
and upward reserve costs: 

∑Nw

i=1
CDwi =

∑Nw

i=1
KDi[

∫ P2i

Pwi

(Wwi(t) − Pwi)f(Wwi)d(Wwi)

+

∫ Pni

P2i

(P2i − Pwi)f(Wwi)d(Wwi)] (5)  

∑Nw

i=1
CUwi =

∑Nw

i=1
KUi[

∫ Pwi

Pii

(Pwi − Wwi(t))f(Wwi)d(Wwi)

+

∫ P1i

0
(Pwi − P1i)f(Wwi)d(Wwi)]

(6) 

P1 and P2 correspond to V1 and V2 (Fig. 9). The fifth and the sixth 
functions in (2) are defined as: 

∑Nw

i=1
Ccurwi =

∑Nw

i=1
Kcuri[

∫ Pni

P2i

(Wwi(t) − P2i)f(Wwi)d(Wwi)+ (Pni − Pwi)A1i]

(7)  

∑Nw

i=1
Cshedwi =

∑Nw

i=1
Kshedi[

∫ P1i

0
(P1i − Wwi(t))f(Wwi)d(Wwi)+PwiA2i] (8) 

A1 and A2 refer to the green and red areas in Fig. 9 respectively. The 
main constraints of the mentioned objective function are: 

Pmin
i (t) ≤ Pi(t) ≤ Pmax

i (t) (9)  

0 ≤ Pwi(t) ≤ Pni (10) 

t

Pi

Pi(t) 

Pi,rampup

Pi,rampdn

Pi,t

t t+ t 

Pi
max

Pi
min

S1

S2

Fig. 7. Concept of Flexibility Area Index (FAI).  

Fig. 8. General case of flexibility area indices combination.  

Fig. 9. Probabilistic DELD concept.  
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∑Ng

i=1
Pi(t)+

∑Nw

i=1
Pwi(t) = PD(t)+ Ploss(t) (11) 

Where: 

Pmax
i (t) = min(Pmax

i ,Pi(t) + RampupiΔt) (12)  

Pmin
i (t) = max

(
Pmin

i ,Pi(t) − RampdniΔt
)

(13)  

Ploss(t) =
∑Ng

i=1

∑Ng

i=1
Pi(t)BijPj(t)+

∑Ng

i=1
B0iPi(t)+B00 (14) 

V1 (t) is the admissible down limit of the wind speed in each time step 
can be found as: 

V1(t) =
(PD(t) + Ploss(t) −

∑Ng
i=1Pmax

i (t)) − n
m

(15) 

If V1 (t) is less than vcut-in, it is fixed to vcut-in. So, if the wind speed is 
less than V1(t), load shedding is needed. On the other hand, V2(t) is the 
admissible up limit of the wind speed in each time step can be calculated 
as: 

V2(t) =
(PD(t) + Ploss(t) −

∑Ng
i=1Pmin

i (t)) − n
m

(16) 

Clearly if V2(t) is more than vrated, it is fixed to vrated. So, if the wind 
speed is more than V2(t), wind curtailment occurs. As can be seen V1(t) 
and V2 (t) change in each time step (or each DELD solution iteration) 
cause the different values for the wind curtailment/load shedding. The 
flexibility approach helps to increase the distance between V1&Vw and 
Vw&V2 to reduce the load shedding/wind curtailment. 

Objective function (2) should be optimized with respect to Pi’s and 
Pwi’s in each time step. Here the main complexity is the calculation of 
(5)–(8) as the probabilistic functions. As the optimization of (2) is done 
in the interval [vcut-in, vrated], so the desired equations are established in 
this interval. In the proposed linear model we have: 

Ww = mv+ n (17)  

d(Ww) = mdv (18)  

Vw =
PW − n

m
(19) 

The mathematical details of the integration of the probabilistic 
functions are described in [11] by details. So, here only the final result is 
presented. For simplicity and not missing generality, only one wind farm 
is assumed. So the index i is dropped in the equations. 

CDw = KDm2[(V2 − Vw)F(vrated)+G(Vw) − G(V2) ] (20) 

Where F is Weibull Cumulative Density Function (CDF) and G is the 
initial function of F. 

CUw = KUm2[(V1 − Vw)F(vcut− in)+G(Vw) − G(V1) ] (21)  

Ccurw = Kcur{m2[(vrated − V2)F(vrated) − G(vrated) + G(V2) ] + (Pn − Pw)A1}

(22)  

Cshedw = Kshed{m2[(vcut− in − V1)F[1(vcut− in) − G(vcut− in)] + G(V1) + PwA2}

(23) 

Now the derivative of each of the four probabilistic cost functions 
with respect to Vw is calculated simply. Obviously, Ccur and Cshed have 
no derivative with respect to Vw: 

∂CDw

∂Vw
= KDm[F(Vw) − F(vrated) ] (24)  

∂CUw

∂Vw
= KUm[F(Vw) − F(vcut-in) ] (25) 

As can be seen G does not appear in the derivatives, and it is only 
needed to calculate the cost functions. So, it is only used for the final 
solution of Vw which can be accessed by a simple look up table method. 
Now it is ready to describe the optimization procedure for the objective 
function. The suitable method for minimization of (2) is the Lagrange 
Multiplier method because of its quadratic form and linear form for 
constraints as (26): 

minLG = min
∑T

t=1
[
∑Ng

i=1
Ci(Pi(t) ) + d(mVw(t) + n ) + CDw + CUw+

Ccurw + Cshedw-̂I»(
∑Ng

i=1
Pi(t) + Pw(t)-PD(t)-Ploss(t))]

(26) 

Now the partial derivatives of LG with respect to Pi’s, Vw and λ in 
each time step are derived and set them equal to zero. 

∂LG
∂Pi(t)

= 2aiPi(t)+ bi − λ
(

1 −
∂Ploss(t)
∂Pi(t)

)

= 0 (27)  

∂LG
∂Vw(t)

= m(d − λ)+m2[KD(F(Vw) − F(vrated) ) + KU(F(Vw) − F(vcut-in) )]

(28)  

∂LG
∂λ = −

∑Ng

i=1
Pi(t)+mVw(t) + n − PD(t) − Ploss(t) = 0 (29) 

Where: 

∂Ploss(t)
∂Pi(t)

= 2BiiPi(t)+
∑Ng

j = 1
j ∕= i

BijPj(t)+B0i (30) 

By considering F(Vw) = Z, a simple iterative method can be used to 
solve the above equations. Using an initial guess for Vw (maybe vrated), 
Pi’s are calculated using (27) and (29) by a conventional DELD solution 
algorithm as the first step. Finally, by substitution the calculated λ, Vw is 
updated by (28) and this procedure is repeated until convergence is 
accessed. 

As can be seen the optimization equations don’t include V1 and V2. 
So, the optimum wind power is not dependent on these parameters. On 
the other hand, since the downward reserve /upward reserve costs are 
much less than wind curtailment/load shedding costs, no trade-off for 
downward reserve/wind curtailment costs or upward reserve/load 
shedding costs is possible. Therefor, V1 and V2 are determined only by 
upward/downward reserve constraints as (12) & (15) and (13) & (16) 
respectively. 

5. Flexibility based economic dispatch 

Now the main contribution in this paper is described. By increasing 
the [V1,V2] interval, it is expected more use of upward/downward re
serves which leads to the less load shedding or wind curtailment as the 
desired situation. So, the main goal is to schedule the thermal generation 
units to increase the [V1,V2] interval. It is done by generation system 
flexibility increase. The basic idea for improving flexibility comes from 
increasing the flexibility area index by rescheduling of the unit gener
ations. But in this way the operation point deviates from the optimum 
DELD solution yields to some higher cost. So, it makes a good way for 
economic trade-off between operation cost and system flexibility cost. 
Where the system flexibility cost shows the wind curtailment/load 
shedding costs. 

Suppose Pi(t) is the solution of the objective function (2) for unit i in 
each iteration (not final solution). Two cases of flexibility area limitation 
are shown in Fig. 10 [9]. As can be seen by reduction in Pi

max(t) for each 
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unit by (12), V1(t) increases as (15) and reduces the upward reserve 
interval. On the other hand, by increasing in Pi

min(t) by (13), V2(t) re
duces as (16) and again causes reduction in downward reserve interval. 
Both of them lead to reduction in generation system flexibility index. 

If Pi(t) causes the reduction in flexibility area in the next time step (t 
+ Δt), the penalty related to this reduction should be added to the 
objective function. Here the difference between Pi

max and (Pi(t) +
Rampupi Δt) or Pi

min and (Pi(t)-Rampdni Δt) (the red lines shown in 
Fig. 10) are added to the objective function by the penalty factor as KF. 
So, it forces Pi(t) down/up respectively to increase the flexibility area for 
the next time step (decreasing V1(t) or increasing V2(t) respectively). So, 
the generation cost function can be easily extended to include the pen
alty related to the flexibility area reduction as: 

C(t) =
∑Ng

i=1
aiP2

i (t)+ biPi(t)+ ci +

∑Ng

i=1
KF

(
Pi(t) + RampupiΔt − Pmax

i

)2
+

∑Ng

i=1
KF

(
Pi(t) − RampdniΔt − Pmin

i

)2

(31) 

Obviously in each iteration only one of the two added terms may be 
none zero. The economic trade-off between the generation cost and 
flexibility cost can be achieved by changing KF. If the same procedure is 
done for Lagrange function and calculating the derivatives, it can be 
found that only ‘a’ and ‘b’ generation cost coefficients should be modi
fied to ‘aa’ and ‘bb’ as: 

aai = ai +KF (32)  

bbi = bi+2KF(
(
RampupiΔt − Pmax

i

)
(33-1) 

Or: 

bbi = bi− 2KF(
(
RampdniΔt+Pmin

i

)
(33-2) 

When (Pi(t) + Rampupi Δt) is more than Pi
max or 

(Pi(t)-Rampdni Δt) is less than Pi
min, (33-1) or (33-2) are used 

respectively. But where no violation, ‘a’ and ‘b’ coefficients have no 
change. Therefore, DELD improvement is done by needed modification 
for ‘a’ and ‘b’ coefficients for each generator in each iteration of DELD 
solution. 

6. Simulation 

The proposed flexibility based dynamic economic load dispatch 
method is used for the six unit test system. The main data for this test 
system are presented in [13]. A load profile is suggested for this system 
by 15 min time sample (96 samples for 24 h) as shown in Table 2 in the 
Appendix 1. A wind farm is also considered by nominal power as 500 
MW and vcut-in, vrated and vcut-out as 5, 15 and 25 m/s respectively. 
Weibull function scale and shape factors are 6 and 2 respectively. Wind 
power cost (d) is equal to one. The linear wind power coefficients can be 
easily found [9]. At first the initial simulation is done with no wind farm 
incorporation as the base case. Fig. 11 shows the total generation and 

up/down generation limits with the upper and lower components of the 
flexibility index. (Correspond to S1 and S2 in Fig. 8) 

As can be seen, the flexibility upper component is fixed on its 
maximum value, shows no reduction in the upper component. But the 
lower component varies with respect to the generation changes. It goes 
down when system generation approaches its minimum value causes 
reduction in downward reserve. Maximum values for upper/lower 
components are 3.0208 and 1.7969 respectively show more generation 
flexibility for upward load variation. 

Now the main simulations in the presence of the wind power is done. 
As the average cost per one MW is about 12 $/MW, the downward and 
upward reserve cost parameters (KD and KU) are assumed 2 ($/MW). 
Also, Kcur and Kls are also assumed 20 and 30 ($/MW) respectively. This 
simulation is done for different values of KF as 0.0, 0.02, 0.03 and 0.05. 
Fig. 12 shows the variation of the important parameters as the wind 
power, the lower flexibility component, the optimum wind speed (Vw) 
and the upper and lower wind speeds (V1 and V2). As the net load is 
always less than system load, the flexibility upper component is always 
constant and equals to its maximum value as 3.0208 in all simulations. 
But the lower component varies because of the reduction of the net load 
and approaching it to the system generation down limit. So, only the 
lower component of the flexibility index is shown in the next 
simulations. 

The optimum and lower wind speeds (Vw and V1) are the same with 
no change for all KF’s. But the upper wind speed (V2) has considerably 
increase by increase in KF. It is completely compatible with the upper 
and lower flexibility index components. The difference between the 
values of the upper wind speeds correspond to the different values of KF, 
shows the improvement of the wind curtailment. Table 1 shows the wind 
curtailment and total system cost for different values of KF. 

The wind curtailment and the total cost decrease by increase in KF 
and also improvement in generation system flexibility level. As V1 is 
near vcut-in, the load shedding is near zero for all KF’s. It should be noted 
the wind power curve has no considerable difference for all KF’s and 

Fig. 10. Penalty approach for flexibility area reduction.  

Fig. 11. Results with no wind power incorporation.  

Fig. 12. Results with KD = KU = 2.  
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flexibility improvement is mainly related to the generation rescheduling 
not the reduction in the wind power. Now to change the upward and 
downward reserve regions (Fig. 9), KU and KD are changed. At first KD is 
increased to 5 where KU and also Kcur and Kls are the same. Fig. 13 
shows the variation of the same parameters as Fig. 12 only for KF = 0 & 
0.05 for the better resolution. 

Again the optimum and lower wind speeds (Vw and V1) are the same 
with no change for the both KF’s. The wind power has considerably 
increased because of the lower cost of the upward reserve with respect to 
the downward. Also, the lower component of the flexibility index has 
reduction due to the wind power increase. Load shedding is about 4 
(MWH) for the both cases. Where wind curtailments are 10.15 and 8.62 
(MWh) for KF = 0&0.05 respectively. Also, total system costs are 407.54 
and 404.04 (k$) again for KF = 0&0.05 respectively. 

The last simulation is down by KU increases to 5 and KD returns to 2. 
The results are shown in Fig. 14. 

The optimum and lower wind speeds have no change for the both 
cases. The wind power has considerably reduced because of the higher 
cost of the upward reserve with respect to the downward. The load 
shedding is near zero for the both cases where V1 is near vcut-in. But the 
wind curtailment again differs for the two cases as 45.62 and 41.19 
(MWh) for KF = 0&0.05 respectively. The increase in the wind curtail
ment with respect to the previous case is due to the reduction in V2. Also, 
total system costs are 554.12 and 534.18 (k$) again for KF = 0&0.05 
respectively. The considerable increase in total system cost is mainly 
related to the reduction in the wind power dispatched and also the in
crease in the wind curtailment. 

7. Conclusion 

A flexibility based probabilistic dynamic economic load dispatch 
framework was proposed in this paper for the wind power incorpora
tion. The proposed generation system flexibility index has a meaningful 
relation with respect to the wind curtailment/load shedding due to the 
wind power uncertainty. So, the economic value of the mentioned index 
can be easily related to the wind curtailment/load shedding costs. 
Where it suggests a good approach for economic trade-off between the 
system operation cost and the flexibility economic value to obtain the 
best level of the system generation flexibility index. On the other hand, 
the desired flexibility index has two components each of them related to 
the downward/upward generation system reserve and also to the wind 
curtailment/load shedding respectively. The main advantage of the 
proposed method is to increase the system flexibility index without 
considerable decrease in the wind power as the low-cost energy source. 

As said this is down by generation rescheduling without noticeable in
crease in the generation cost. As Eq. (32), the increase in ‘a’ coefficient 
for each generation unit which violates the generation constraints leads 
to increase in generation cost. But as KF is directly added to ‘a’, it should 
be sufficiently small avoiding the large increase in generation cost which 
may cause the solution diverging. The proposed solution routine is 
simple and fast suitable for power system real time operation. Also, the 
up/down system flexibility index components can be used as the in
dicators to show the generation system up/down reserve margins to 
alert the increasing of wind curtailment/load shedding risks. 
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Appendix 1. System load data 

See Table 2. 

Table 1 
Wind curtailment/Total system cost.  

KF 0.0 0.02 0.03 0.05 

WC (MWH)  28.85  26.65  26.03  25.08 
Cost (k$)  513.86  505.62  503.29  499.79  

Fig. 13. Results with KD = 5 & KU = 2.  

Fig. 14. Results with KD = 2 & KU = 5.  

Table 2 
System daily load profile data (MW) (15 min).  

00.00 00.15 00.30 00.45 01.00 01.15  

856.4  843.1  823.2  809.7  796.6  786.1  
01.30  01.45  02.00  02.15  02.30  02.45  
775.3  765.9  759.0  757.1  748.7  742.6  
03.00  03.15  03.30  03.45  04.00  04.15  
737.2  738.4  734.9  733.0  733.5  734.2  
04.30  04.45  05.00  05.15  05.30  05.45  
734.5  737.2  741.1  753.4  755.1  762.2  
06.00  06.15  06.30  06.45  07.00  07.15  
771.8  798.4  812.4  839.7  872.1  918.8  
07.30  07.45  08.00  08.15  08.30  08.45  
945.4  984.2  1020.3  1064.8  1091.8  1114.7  
09.00  09.15  09.30  09.45  10.00  10.15  
1135.8  1149.1  1159.0  1165.8  1164.9  1164.4  
10.30  10.45  11.00  11.15  11.30  11.45  
1168.3  1172.7  1168.0  1169.3  1167.8  1167.3  
12.00  12.15  12.30  12.45  13.00  13.15  
1172.5  1177.9  1182.8  1186.7  1191.6  1178.9  
13.30  13.45  14.00  14.15  14.30  14.45  
1163.1  1160.2  1154.5  1153.3  1144.7  1140.5  
15.00  15.15  15.30  15.45  16.00  16.15  
1136.8  1135.8  1130.2  1131.7  1136.8  1147.9  
16.30  16.45  17.00  17.15  17.30  17.45  
1155.0  1166.8  1176.9  1190.2  1200.0  1198.3  
18.00  18.15  18.30  18.45  19.00  19.15  
1191.2  1171.2  1159.0  1147.9  1129.0  1119.9  
19.30  19.45  20.00  20.15  20.30  20.45  
1107.1  1094.6  1080.5  1071.2  1070.0  1060.6  
21.00  21.15  21.30  21.45  22.00  22.15  
1063.1  1067.8  1085.0  1078.6  1056.7  1031.1  
22.30  22.45  23.00  23.15  23.30  23.45  
1006.8  967.7  946.1  913.6  882.9  862.0  
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