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Abstract This paper proposes a generation dispatch model

based on the maximum entropy principle. The objective is

to find an optimal generation dispatch strategy that mini-

mizes the generation cost and satisfies the security con-

straints of power systems, while taking into account the

uncertainty of wind power. Since in many situations, only

partial information of the probabilistic variables can be

obtained, the maximum entropy principle is introduced to

find the most likely realized probability distributions of the

power flow, thus providing an accurate probabilistic cir-

cumstance to solve the generation dispatch model. The

proposed method is tested on the IEEE 39-bus system, and

is compared with the methodologies based on Monte Carlo

simulation and Gram-Charlier expansions.

Keywords Generation dispatch, Strategy, Maximum

entropy, Probability distribution, Cumulant

1 Introduction

Nowadays, due to the problem of global warming and

the transformation of energy systems, renewable energy

including wind power is increasingly being integrated into

the power systems. Wind power is clean and sustainable,

however, the intermittency and variability of wind power

generation poses big challenges to power system opera-

tions. In order to facilitate the integration of large-scale

wind power, the fast-responding conventional generators

need to compensate the power mismatch caused by the

variability of wind power [1, 2].

The object of power system generation dispatch is to

maintain the balance of power demand and supply at a

minimum generation cost, considering operational con-

straints such as transmission limits and generation ramping

rates. Without high penetration of intermittent renewable

resources, power mismatch is mainly caused by the fluc-

tuation of power demand, which has been studied for

several decades. With the integration of large-scale wind

power, both the demand side and the supply side exhibit

uncertainties, which may have detrimental effects on the

power balance. The fluctuations of wind power and load

need to be smoothed by compensation from conventional

generation. This can be achieved through generation dis-

patching operations, by means of coal-fired generator

reserve scheduling which can use automatic generation
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control (AGC) [3], small-size hydropower unit control or

fast-responding gas generator startup/shutdown [4, 5].

Deterministic power flow approaches used to be a

common tool for power system operation scheduling.

However, since the output of wind power is hard to predict

accurately, and short-term wind power forecast results are

always expressed in a statistical way [6], deterministic

power flow approaches may not be adequate for generation

dispatch with wind power [7]. In the presence of uncertain

sustainable energy resources, probabilistic power flow

(PPF) approaches are generally used for generation dis-

patch, such as the probabilistic security-constrained opti-

mal power flow method in [7], which considers the impact

of uncertainty sources, and the dispatch, network and

security constraints in pre- and post-contingency states.

The stochastic dynamic programming approach in [8] aims

to find optimal solutions for unit commitment and dispatch,

so as to minimize the operating costs with uncertain wind

generation. The chance-constrained optimization approach

is applied in [3] to find an optimal generation dispatch

strategy considering variable photovoltaic resources.

PPF approaches usually employ both simulation tech-

niques and analytical techniques to solve the optimization

problem. Simulation techniques, such as Monte Carlo

simulation in [7, 9], always need to deal with a large

sample set and thus require a large computation effort.

Analytical techniques include but are not limited to Gram-

Charlier (GC) expansion in [3, 10, 11], Cornish-Fisher (CF)

expansion in [12–14], the point estimate method in

[15–17], as well as the direct or fast Fourier transformation

(FFT) in [18, 19]. Both GC and CF expansions are com-

bined with the cumulant method which provides cumulant

information of power flow solutions, then GC expansion

writes a probability density function (PDF) as a series

composed of standard normal distribution derivatives and

GC coefficients using the cumulants, and CF expansion

expresses a cumulative density function (CDF) in terms of

the quantile of a normal distribution and the cumulants.

The point estimate method weights the load-flow solution

estimates to calculate the moments of the solution distri-

butions, and then approximates the probability distribution

from the moments.

In PPF analysis, in many cases, only partial information

about the random variables can be obtained [20]. For

example, after the cumulant calculation procedures, only

several orders of cumulants or moments can be collected

for the power flow solutions; generally, even the input

statistical description of wind power is not accurate and

complete [6]. Therefore, it is difficult to calculate the exact

probability distribution for the uncertain variables in gen-

eration dispatch [21]. Several PPF algorithms, such as the

GC expansion and CF expansion, can be used to approxi-

mate the probability distribution of the uncertain variables,

but the results are often based on arbitrary estimates of the

unknown distribution.

In this paper, the maximum entropy (ME) principle is

introduced to the generation dispatch problem. The basic

idea is to find the most likely realized probability distri-

bution, so as to provide a circumstance that is the closest to

the actual probabilistic situation. Using this most likely

distribution, the optimal dispatch strategy is solved to

minimize the generation cost of compensating the fluctu-

ation of wind power and system load.

The rest of this paper is organized as follow: Section 2

introduces the model of generation dispatch. PPF analysis

based on the principle of maximum entropy is shown in

Section 3. The optimal generation dispatch strategy is

solved by a chance-constrained programming model in

Sections 4 and 5 presents a case study based on the

benchmark IEEE 39 bus system. Finally, Section 6 con-

cludes this paper.

2 Model for generation dispatch

In this section, the impact of wind power variation on

the power system reliability is described by the linearized

power flow model. A generation dispatch model is pre-

sented to calculate the reaction of conventional generators

to the variation of wind power and system load.

2.1 Power flow model with wind power variation

The generic power flow model for power injections and

line flows is written as follows [22]:

Pi ¼ Vi

Pn

j¼1

Vj Gij cos dij þ Bij sin dij
� �

Qi ¼ Vi

Pn

j¼1

Vj Gij sin dij � Bij cos dij
� �

Pij ¼ �tijGijV
2
i þ ViVj Gij cos dij þ Bij sin dij

� �

Qij ¼ tijBijV
2
i � 0:5BijV

2
i þ ViVj Gij sin dij � Bij cos dij

� �

8
>>>>>>>>><

>>>>>>>>>:

ð1Þ

where Pi is the active power leaving bus i, Qi is the reactive

power leaving bus i, Vi and di are the bus voltage magni-

tude and angle, respectively; dij = di - dj; n is the number

of lines connected to bus i; Gij and Bij are the real and

imaginary parts of the admittance of line ij, respectively;

Pij and Qij are the active and reactive power flow in line ij,

respectively; tij is the transformer tap ratio.

To describe the impact of wind power variation on

system state variables such as line active and reactive flow

and bus voltage magnitudes and angles, (1) is linearized

around the system operating point. The system operating

point may change after the generation dispatch operation,
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but it can be considered fixed at the time of the next gen-

eration dispatch. The resulting model is written as follows

[3]:

Dd
DV

� �

¼ G�1 DP
DQ

� �

¼ K
DP
DQ

� �

DPline

DQline

� �

¼ H
Dd
DV

� �

¼ HK
DP
DQ

� �

¼ L
DP
DQ

� �

8
>>>>><

>>>>>:

ð2Þ

where all the variables are in vector or matrix form, and the

symbol D indicates the variation of the variables, espe-

cially, DPline and DQline are the variation of the active and

reactive line power flow, respectively; G and H are the

Jacobian matrices at the system operating point; K and

L are the sensitivity matrices.

Separating components of (2) gives

Dd
DV

� �

¼ K
DP
DQ

� �

¼ Kd Kw Kg KQ½ �

DPd

DPw

DPg

DQ

2

6
6
4

3

7
7
5

DPline

DQline

� �

¼ L
DP
DQ

� �

¼ Ld Lw Lg LQ½ �

DPd

DPw

DPg

DQ

2

6
6
4

3

7
7
5

8
>>>>>>>>>>>><

>>>>>>>>>>>>:

ð3Þ

where DPd and DPw are the variation of the load and wind

power; DPg is the required adjustment of the conventional

generators.

2.2 Model for generation dispatch

The variation of wind power and system load affects

both the bus voltage and the line power flows. To maintain

the stability of the power system, the conventional gener-

ators should be scheduled to balance the power supply and

load.In this paper, the unit commitment problem is

assumed to be solved in advance, and the model of gen-

eration dispatch is written as [3]:

DPg ¼ T
DPw

1TNd
DPd

� �

¼ Tw Td½ � DPw

1TNd
DPd

� �

ð4Þ

where T is the matrix of distribution weights of the wind

power and system load fluctuation with respect to the

conventional generators participating in dispatch. It repre-

sents the decision strategy for generation dispatch; each

distribution weight Tij in T indicates the adjustment of the

ith generator output corresponding to unity change of the jth

wind power output or system load. Matrix Tw and vector Td

contain all the elements corresponding to the variation of

wind power and system load, respectively; Nd is the

number of load buses, and 1Nd
is an Nd-dimension unit row

vector; and each element DPg;i in the vector DPg indicates

the adjustment of the ith generator output.

The generation dispatch model (4) adjusts the conven-

tional generation to accommodate the variation of wind

power and system load, and the adjustment of each gen-

erator depends on the dispatch strategy and the specific

variation of wind power and system load.

Taking the generation dispatch into consideration, the

linear power flow model can be rewritten as:

Dd

DV

� �

¼ Kd þ KgTd � 1T
� �

Kw þ KgTw

� �
KQ

� �
DPd

DPw

DQ

2

6
4

3

7
5

¼ K0
DPd

DPw

DQ

2

6
4

3

7
5

DPline

DQline

� �

¼ Ld þ LgTd � 1T
� �

Lw þ LgTw

� �
LQ

� �
DPd

DPw

DQ

2

6
4

3

7
5

¼ L0
DPd

DPw

DQ

2

6
4

3

7
5

8
>>>>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>>>>:

ð5Þ

One goal of this paper is to find the optimal generation

dispatch strategy that minimizes the conventional

generation cost of accommodating the uncertainty of

wind power and system load. To achieve this goal, PPF

analysis based on the principle of maximum entropy will

be developed in Section 3, so as to establish a probabilistic

circumstance that is the closest to the actual situation; after

that, in Section 4, a chance-constrained programming

model will be presented and solved to obtain the optimal

generation dispatch strategy.

3 PPF analysis based on the maximum entropy
principle

If the generation dispatch strategy is known, that is, the

distribution matrix T is given, then partial information

about the system state random variables, such as DPline, can

be obtained by (4), (5) and the probabilistic features of

wind power and system load. Based on this partial infor-

mation, in order to calculate the most likely realized

probability distributions of the system state variables, the

maximum entropy principle and the related cumulant cal-

culation process are presented.

3.1 The maximum entropy principle

The maximum entropy principle was first proposed by

E.T. Jaynes in [23] in these terms: ‘‘The maximum-entropy

estimate is the least biased estimate possible on the given
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information; i.e., it is maximally noncommittal with regard

to missing information’’, where the maximum entropy

estimate criterion is called the principle of maximum

entropy.

According to [23], the principle of maximum entropy

can be applied to find the distribution estimate that is the

closest to the real distribution, that is, the most likely

realized probability distribution. The following maximum

entropy model [24] is applied for this purpose:

max
f DPð Þ

h DPð Þ ¼ �
R
f DPð Þ ln f DPð ÞdDP

s:t: E DPn½ � ¼
R
DPnf DPð ÞdDP ¼ lnR

f DPð ÞdDP ¼ 1

8
><

>:
ð6Þ

where DP is the random variable of interest, about which

partial information is given by the constraints of moments;

h(DP) is the entropy of DP; f(DP) is the PDF of DP; ln,
n = 1, 2, …, N are the moments of f(DP).

3.2 The cumulant calculation process

In the maximum entropy model, the moments ln, n = 1,

2, …, N of the random variable need to be provided. The

moments can be obtained conveniently from the corre-

sponding cumulants of the random variable [25]:

l1 ¼ j1
l2 ¼ j2 þ j21
l3 ¼ j3 þ 3j2j1 þ j31
l4 ¼ j4 þ 4j3j1 þ 3j22 þ 6j2j21 þ j41
l5 ¼ j5 þ 5j4j1 þ 10j3j2 þ 10j3j21 þ 15j22j1þ10j2j31 þ j51
� � �

8
>>>>>>>><

>>>>>>>>:

ð7Þ

where jtis the tth cumulant of the random variable. The

cumulants can also be obtained from the moments:

j1 ¼ l1
j2 ¼ l2 � l21
j3 ¼ l3 � 3l2l1 þ 2l31
j4 ¼ l4 � 4l3l1 � 3l22 þ 12l2l

2
1 � 6l41

j5 ¼ l5 � 5l4l1 � 10l3l2 þ 20l3l
2
1 þ 30l22l1 � 60l2l

3
1

þ24l51
� � �

8
>>>>>>>>>>><

>>>>>>>>>>>:

ð8Þ

In order to obtain the input moments, some theoretical

analysis is needed in order to calculate the cumulants. If a

random variable g is a linear function of N random

variables hi, i ¼ 1; 2; . . .;m, that is,

g ¼ a0 þ a1h1 þ � � � þ amhm, then once the cumulants of

hi, i ¼ 1; 2; . . .;m are known, the cumulants of g can be

calculated by these equations [26]:

jg;1 ¼ a0 þ
Pm

i¼1

aijhi;1

jg;2 ¼
Pm

i¼1

a2i jhi;2 þ 2
Pm

i¼1;i\j

aiajjhi;hj

jg;3 ¼
Pm

i¼1

a3i jhi;3 þ 3
Pm

i¼1;i6¼j

a2i ajjh2i ;hj þ 6
Pm

i¼1;i\j\k

aiajakjhi;hj;hk

� � �

8
>>>>>>>>><

>>>>>>>>>:

ð9Þ

where jg;t is the tth cumulant of g; jhi;t; i ¼ 1; 2; . . .;m is

the tth cumulant of hi; jhi;hj , jh2i ;hj and jhi;hj;hk are the joint

cumulants of the random variables, which are introduced in

[26].

If h1; h2; . . .; hm are independent, then (9) can be sim-

plified to

jg;1 ¼ a0 þ a1jh1;1 þ � � � þ amjhm;1 t ¼ 1

jg;t ¼ at1jh1;t þ � � � þ atmjhm;t t� 2

(

ð10Þ

3.3 Probabilistic power flow analysis

To solve the most likely realized probability distribution

of DPline, firstly, the moments of the uncertainty sources,

wind power and system load, can be collected by statistical

techniques from the historical data, and converted to

cumulants. Secondly, the cumulants of DPline are calcu-

lated according to (5) and (9), and converted to moments.

Thirdly, the moments of DPline are input into the maximum

entropy model (6).

The general solution of the maximum entropy model has

been proposed in [27],

f DPð Þ ¼ exp �
XN

n¼0

knDP
n

" #

ð11Þ

where kn = [k0, k1, …, kN] are Lagrangian multipliers.

Substituting (11) into the optimization model of (6)

results in these equations:

R
DPn exp �

PN

n¼0

knDPn

� �

dDP ¼ ln

R
exp �

PN

n¼0

knDPn

� �

dDP ¼ 1

8
>><

>>:
ð12Þ

To solve the values of Lagrangian multipliers kn= [k0,
k1,…,kN], the Newton iteration method can be applied as in

[27]. Equation (12) can be rewritten as:
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Wn kð Þ ¼
Z

DPn exp �
XN

n¼0

knDP
n

" #

dDP ¼ ln ð13Þ

where l0 ¼ 1. Using trial initial vector k0, Wn kð Þ can be

developed as a first order Taylor’s series around k0:

Wn kð Þ ffi Wn k0
� �

þ k� k0
� �T

grad Wn kð Þ½ �
k¼k0ð Þ¼ ln

ð14Þ

By denoting

f ¼ k� k0 ð15Þ

c ¼ l0 �W0 k0
� �

;. . .;lN �WN k0
� �� �T ð16Þ

W ¼ wnk½ � ¼ oWn kð Þ
okk

� �

k¼k0ð Þ
n; k ¼ 0; 1; . . .;N ð17Þ

(14) can be abbreviated as:

Wf ¼ c ð18Þ

Thus f can be solved from (18), and k ¼ k0 + f becomes

the new initial vector which is input to (15)–(18) again.

The iterations continue until f becomes small enough, thus

the Lagrangian multipliers kn = [k0, k1, …, kN] are

solved.

The most likely realized probability distributions of Dd,
DV and DQline can all be solved in this way.

4 Chance-constrained optimization model
for the optimal generation dispatch strategy

In this section, a chance-constrained optimization model

is presented to determine the optimal generation dispatch

strategy that minimizes the generation cost. The solution

algorithm is also presented using the most likely realized

probability distributions of the system state variables

obtained in the previous section.

4.1 Chance-constrained optimization model

for generation dispatch strategy

The optimal generation dispatch strategy should mini-

mize the expected generation cost, while avoiding overload

of each system branch at a certain probability. Thus, the

generation dispatch problem can be formulated as the fol-

lowing chance-constrained programming model.

min
T

E 1TC Pg;0 þ DPg

� �� �
ð19Þ

s:t: Pr Pl;0 þ DPline

�
�

�
��Pl;max

� �
� a ð20Þ

DPline

DQline

� �

¼ L0
DPd

DPw

DQ

2

4

3

5 ð21Þ

DPg ¼ T
DPw

1TDPd

� �

¼ Tw Td½ � DPw

1TNd
DPd

� �

ð22Þ

Pg;min �Pg;0 þ DPg �Pg;max ð23Þ

�1� Tw;ij � 0 ð24Þ

XNg

i¼1

Tw:ij ¼ �1 j ¼ 1; 2; . . .;Nw ð25Þ

0� Td;i � 1 ð26Þ

XNg

i¼1

Td;i ¼ 1 ð27Þ

i ¼ 1; 2; . . .;Ng

j ¼ 1; 2; . . .;Nw

(

ð28Þ

where the decision variable T is defined above in

Section 2.2; Pg,0 is the conventional generation output at

the system operation point; C Pg;0 þ DPg

� �
is the vector of

generation cost, each element

Ci Pi
g;0 þ DPi

g

	 

¼ ai Pi

g;0 þ DPi
g

	 
2

þbi Pi
g;0 þ DPi

g

	 

þ ci

E �½ �denotes the calculation of expected value, and

Pr �ð Þdenotes the probability; Pl,0 is the vector of line active

power flow at the system operating point; Pg,min and Pg,max

are the minimum and maximum generation limits; Tw,ij is

the element of Tw; Td,i is the element of Td; Ng is the

number of dispatchable conventional generators; Nw is the

number of wind farms that connected to the power grid.

In this model, the object is to minimize the expected

generation cost. The chance constraint (20) indicates that

the probability of not overloading each line should be no

smaller than a. Equation (23) is the constraint of conven-

tional generation output limits. Equations (24)–(27) indi-

cate that the variations of wind power and system load are

compensated by the dispatchable conventional generators,

and allocated to each generator according to the dispatch

strategy.

The chance-constrained programming model (19)–(28)

is difficult to solve because of the chance constraint (20). In

the next subsection, the pattern search algorithm combined

with the maximum entropy method will be proposed to

solve it and obtain the optimal generation dispatch strategy.

4.2 Solution algorithm

As discussed in Section 3, if the generation dispatch

strategy T is given, then the most likely realized probability

Generation dispatch method based on maximum entropy principle for power systems with high… 1217
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distribution estimates of DPline, DQline, Dd and DV can be

solved by the cumulant calculation process and the maxi-

mum entropy model. Once the PDF of DPline is known, the

probability of not overloading each line is calculated as:

Pr Pi
l;0 þ DPi

line

�
�
�

�
�
��Pi

l;max

	 

¼

Z Pi
l;max

�Pi
l;0

�Pi
l;max

�Pi
l;0

f DPi
line

� �
dDPi

line

ð29Þ

where i = 1, 2, …, Nl indicates the ith line.

To obtain the optimal generation dispatch strategy, the

computation procedure that combines the pattern search

algorithm [28] with the maximum entropy method is

shown as a flow chart in Fig. 1.

5 Case study

The maximum entropy-based generation dispatching

method has been tested on the benchmark IEEE-39 bus

power system consisting of 10 conventional generators. To

simplify the analysis, the output of generators at buses 32,

34, 36, 37, 39 is fixed to be the output at the operating

point. The generators at buses 30, 31, 33, 35, 38 respond to

generation dispatching, balancing the variation of wind

power and system load.

The wind farms are assumed to be independent of each

other, and connected to bus 24, bus 25 and bus 29,

respectively. Because of the lack of historical data, pseudo-

random wind speed data are generated from known Wei-

bull distributions, and the wind power penetration consid-

ered is 10% of the total load at the operating point. The

active power loads are assumed to be independent, and

historical load data are generated from normal distribu-

tions, the expected values of which are set to be the load

value at the operating point. The confidence level of not

overloading each branch is set to be 95%.

To validate the effectiveness of the optimal dispatching

strategy, that is, reducing the generation cost and accom-

modating the fluctuation of wind power and system load,

tests are carried out with and without the optimal dis-

patching strategy. The generation output at the slack bus

(bus 31) entirely balances the power uncertainties when the

optimal dispatching strategy is not used.

To validate the effectiveness of the maximum entropy-

based (ME) method, the Gram-Charlier (GC) [11] and

Monte Carlo (MC) [7] methods are also applied to the same

power system to do the PPF analysis. The GC method

calculates the cumulants of the system state random vari-

ables exactly the same way as the ME method, but obtains

their PDFs by GC expansion formulations. The MC

method enumerates all the historical wind power and sys-

tem load data, and calculates corresponding sample values

of the system state random variables, so as to evaluate their

PDFs. The details of the GC method and the MC method

can be found in [7, 11] respectively.

The results of MC algorithm are used as a benchmark,

and the accuracies of the maximum entropy-based method

and the GC algorithm are evaluated by the average root

Input the power system parameters, 
the moments of wind power variation and

system load variation

Initialization: set T0 to be the initial point, 
R to be the initial step size

Set R=λR(λ<1, 
narrow down

the search
scope)

Update T0=T*, f(T0)=f(T*)

Convert the cumulants of ΔPline and ΔPg into 
moments, and input to the maximum entropy 

model (6), respectively

N

Y

Calculate the objective value f(T0)

N

Calculate the cumulants of ΔPline and ΔPg
by (4), (5) and (9), with Ti

Convert the moments of wind power variation 
and system load variation to cumulants 

Is there one point T* in Ti that
satisfies the constraints (20)~(28), 

and f(T*)< f(T0)?

Set R=δR(δ >1, 
enlarge the 

search scope)

Solve (6) by Newton iteration, obtain the 
best probability distribution scenario of

ΔPline and ΔPg

Check if the constraints (20)~(28) are
satisfied, calculate the objective value f(Ti)

Explore the points Ti, i=1,2,...,m around T0: 
check if the constraints (20)~(28) are satisfied, 

and calculate the corresponding objective values 
f(Ti), i=1,2,...,m

Reach the termination criterion?

Output T0 as the optimal generation dispatch 
strategy, f(T0) as the minimum expected 

generation cost

End

Start

Y

Fig. 1 Flow chart of the pattern search algorithm combined with the

maximum entropy method
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mean square (ARMS) error [3], which is formulated as

follows:

ARMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PN

i¼1

Yi � Yref ;i
� �2

s

N
ð30Þ

where Yi is the ith CDF value of the random variable

obtained by the evaluated algorithm, and Yref,i is the cor-

responding CDF value obtained by the MC algorithm; N is

the total number of evaluated points.

5.1 Expected cost with and without the optimal

generation dispatching strategy

The optimal generation dispatching strategy is obtained

by solving the chance-constrained programming model

(19)–(28), where the object is to minimize the expected

value of total generation cost, and the generation dis-

patching strategy is denoted by the distribution matrix T.

Table 1 lists the expected value of generation cost with and

without the optimal generation dispatch strategy. The

results show that with the optimal generation dispatch

strategy, the expected generation cost decreases. The main

reason is that the more economic conventional generators

share the burden of balancing the power mismatch with the

generator at the slack bus, thus decreasing the cost.

5.2 Probabilistic power flow analysis of bus voltage

angle and active line flow

In this study, the generation dispatch strategy mainly

affects the active line flow and the bus voltage angle, so the

PPF analysis has been performed on the IEEE-39 bus

system to illustrate this effect. Figure 2 shows the PDF

curves of the active line flow on branch 5-6 obtained by the

ME method and the MC method, with and without gener-

ation dispatching; Table 2 lists the ARMS error, mean

value, standard deviation, 10% confidence level, 90%

Table 1 Comparison of the expected generation cost with and without generation dispatching

Parameter Without dispatching With dispatching

Expected value of generation cost ($) 41172.2 40567.6

Computation time (s) 6 511

Fig. 2 PDF curves of the active line flow on branch 5-6 obtained by

ME method and MC method with and without generation dispatching

Table 2 Comparison of results for the active line flow on branch 5-6 obtained by different methods with and without generation dispatch

Index Without dispatching With dispatching

MC GC ME MC GC ME

ARMS (%) 0 0.00273 0.00272 0 0.00282 0.00199

Mean (p.u.) - 4.87021 - 4.87020 - 4.87021 - 4.10102 - 4.10102 - 4.10102

Std (p.u.) 1.09578 1.09455 1.09455 0.22811 0.22785 0.22785

10%CL (p.u.) - 6.27261 - 6.26357 - 6.26352 - 4.38871 - 4.38902 - 4.38909

90%CL (p.u.) - 3.46411 - 3.46042 - 3.46052 - 3.80663 - 3.80687 - 3.80709

Computation time (s) 2223.8 36.5 5.8 2316.5 38.5 3.0

Generation dispatch method based on maximum entropy principle for power systems with high… 1219

123



confidence level and the computation time of the PPF

results obtained by the ME method, the GC method and the

MC method, with and without generation dispatching.

Figure 3 shows the PDF curves of the voltage angle at bus

25 obtained by the ME method and the MC method, while

Fig. 4 shows part of the PDF curves of the voltage angle at

bus 25 obtained by the ME method, the GC method and the

MC method. Table 3 lists the statistical parameters of the

voltage angle results obtained by the ME method, the GC

method and the MC method, with and without generation

dispatching.

From Table 2, it can be seen that, compared with the

results of MC method, the ME method requires less com-

putation time while obtaining accurate PDF curves of the

active line power flow and the bus voltage angle. Though

the GC method also computes much faster than the MC

method, the PDF curve obtained by GC method may have

negative probability density values, as shown in Fig. 4,

which is unrealistic.

Comparing the PDF curves and the results obtained with

and without generation dispatching, it can be seen that the

dispatch strategy affects the probabilistic active power flow

and bus voltage angle significantly. In most cases, the

generation dispatching reduces the variation of both active

power flow and bus voltage angle. The main reason is that

multiple conventional generators distributed across the

power grid, rather than only the generator at the slack bus,

participate in compensating the variation of wind power

and system load, so as to decrease the variation of power

flow. However, in some cases, generally when the bus or

the branch is near a conventional generator participating in

dispatching, the uncertainty of the bus voltage angle or the

active line flow increases. For example, the PDF curves of

the active power flow on line 21-22 is shown in Fig. 5. The

results show that the variation of the active power flow

increases with generation dispatching, and this line is near

the generator at bus 35.

5.3 Probabilistic power flow analysis of slack bus

generation

Without generation dispatching, the generation at the

slack bus is responsible for balancing the total power

Fig. 3 PDF curves of the voltage angle at bus 25 obtained by the ME

method and the MC method with and without generation dispatching

Fig. 4 Part of the PDF curves of the voltage angle at bus 25 obtained

by different methods

Table 3 Comparison of results for the voltage angle at bus 25 obtained by different methods with and without generation dispatch

Index Without dispatching With dispatching

MC GC ME MC GC ME

ARMS (%) 0 0.00273 0.00194 0 0.00963 0.01561

Mean (p.u.) - 0.09727 - 0.09727 - 0.09727 - 0.02811 - 0.02811 - 0.02811

Std (p.u.) 0.09205 0.09196 0.09196 0.01801 0.01801 0.01801

10%CL (p.u.) - 0.21431 - 0.21379 - 0.21405 - 0.04892 - 0.04928 - 0.04918

90%CL (p.u.) 0.02114 0.02145 0.02095 - 0.00354 - 0.00398 - 0.00418
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mismatch in the power systems. With dispatching, several

other conventional generators share this burden. The PDF

curve of the generation at the slack bus are shown in Fig. 6,

Table 4 lists the variation characteristics of generation at

the slack bus. The results show that with generation dis-

patching, the variation of the generation at the slack bus

decreases, because other conventional generators share in

balancing the power mismatch.

6 Conclusion

In this paper, a new generation dispatch method based

on the maximum entropy principle is presented to com-

pensate the variation of wind power and system load, and

to minimize the expected generation cost. With the avail-

able partial information about the statistics of uncertain

factors, the ME principle is introduced to find the most

likely realized probability distribution of the power flow,

thus providing an accurate probabilistic power flow anal-

ysis which is necessary to solve the generation dispatching

problem.

The proposed method is applied to the IEEE 39-bus

system, and compared with MC and GC methods. The

results demonstrate that the optimal generation dispatching

strategy reduces the influence of uncertain factors on the

system power flow, and decreases the expected generation

costs. In addition, the results show that the ME method is

superior to the GC method in accuracy, and is superior to

the MC method in computational efficiency.

The ME-based method could also be applied to other

problems of system planning and operation, such as

transmission network planning and reserve scheduling, and

could also be applied to deal with different types of

uncertainties, such as the variability of photovoltaic

generation.

Fig. 5 PDF curves of the active line flow on branch 21-22 obtained

by ME method and MC method with and without generation

dispatching

Fig. 6 PDF curves of active power generation at the slack bus

obtained by ME method and MC method with and without generation

dispatching

Table 4 Comparison of results for generation at the slack bus obtained by different methods with and without generation dispatch

Index Without dispatching With dispatching

MC GC ME MC GC ME

ARMS (%) 0 0.00230 0.00242 0 0.00234 0.00206

Mean (p.u.) 5.75678 5.75677 5.75677 4.31639 4.31639 4.31639

Std (p.u.) 2.09037 2.08823 2.08823 0.45736 0.45691 0.45692

10%CL (p.u.) 3.06955 3.06713 3.06640 3.72506 3.72697 3.72590

90%CL (p.u.) 8.41431 8.41508 8.41540 4.89447 4.89576 4.89590
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