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Abstract--A joint optimization dispatching model of active 

power and AGC for wind power integration systems is 
proposed. In the mathematical model, both the probabilistic 
distributions of load and wind forecast errors are introduced to 
deal with the uncertainties. To make the optimization results 
more rational, an approach on spinning reserve determination 
for wind power integration systems is presented based on a 
given risk level. To describe the operation state more 
accurately, a method of multi-scenario is adopted and the actual 
output of AGC generators will be adjusted according to the 
AGC unit modification strategy in each scenario. The case 
studies are carried out on a system with 10 AGC units and a 
wind farm. Compared to conventional dispatch method, the 
results show that the proposed optimization model is rational. 
 

Index Terms-- wind power, AGC, joint optimization, 
spinning reserve, multi-objective optimization 

I.  INTRODUCTION 
ENERATION dispatch has important economy 
significance, which ensures power balance and 

frequency stability, and plays an irreplaceably role in power 
system operation [1]. In recently years, wind power 
penetration into power systems is rapidly increasing. Since 
wind energy is a kind of fluctuating, random and 
uncontrollable resource, so wind power is difficult to 
accurately predict and dispatch [2-3]. In order to ensure 
reliable and economic operation of power systems with wind 
power, the randomness of wind power should be taken into 
account in scheduling generation for the wind power 
integration systems. 

The problem of power generation dispatch for thermal-
wind power systems has attracted wide attention. In [4], up 
spinning reserve and down spinning reserve are introduced to 
deal with the impacts of wind power prediction error on the 
dispatch. In [5], factors for overestimation and 
underestimation of available wind energy are considered in 
the model which could adapt random wind power output 
better. In [6], the two-parameter Weibull distribution is 
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adopted to describe wind speed, and the probability of 
stochastic wind power is included in the constraint set. In [7], 
a multi-objective optimization model is proposed by 
considering the cost factors and environmental factors based 
on Ref. [4]. In the above literatures, the research on wind 
power randomness has made some progress, but how to 
determine and schedule the additional spinning reserve 
requirement due to wind power fluctuation, especially how to 
jointly dispatch spinning reserve with power generation, is 
little to be concerned. 

In practice, generation dispatch is fulfilled by a computer 
program, which is run periodically, usually every 5 or 10min 
in ahead, to give units’ outputs (as the set points of unit 
control at the start of each dispatch period) according to the 
predicted load and wind power, and units’ characteristics. 
During the duration of 5 or 10min, the differences between 
the predicted values and the actual values of wind power and 
load are filled by AGC units [8-9]. Therefore, it can be seen 
that generation dispatch determines the scheduled units’ 
outputs at the beginning of every dispatch period. Among all 
scheduled units, some of them are then operating at the 
scheduled outputs, which have no capability for further 
adjustment, the other units, called AGC units, the dispatched 
outputs are used as the base outputs of AGC units, in the 
same time, the AGC units remain capacity to pick up power 
imbalance possibly emerging during the duration, or in other 
words, to act as providing spinning reserve. Increasing wind 
power penetration requires additional spinning reserve 
demand, which accordingly increases the demand to AGC 
capacity, so how to determine the spinning reserve 
requirement, and how to dispatch this spinning reserve in an 
economical way is a critical problem. At the same time, the 
gap of actual outputs and base outputs of AGC units become 
larger because of wind forecasting error. The actual output of 
AGC unit may deviate from the economic point seriously. 
Thus, the change of AGC unit output should be taken into 
account in active power dispatch. 

In this paper, on the base of conventional generation 
dispatch model, the uncertainties of load and wind power are 
modeled in a joint probability form. Then an approach on 
spinning reserve determination for wind power integration 
systems is presented based on a given risk level. A joint 
optimization approach on generation dispatch incorporating 
with spinning reserve dispatch among AGC units is proposed. 
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Multiple scenarios are adopted to simulate the fluctuation of 
wind power and load. The actual output of AGC generators 
are adjusted according to the AGC unit modification strategy 
in each scenario. The numerical examples are done to test the 
proposed approach, and the comparison with a conventional 
dispatch method is given. 

II.  CONVENTIONAL GENERATION DISPATCH MODEL WITHOUT 
WIND POWER 

A.  Objective Function 
Power generation dispatch is a nonlinear optimization 

problem, and it is common to take the total fuel cost as the 
optimization objective [10]. Considering the valve-point 
effect, the total fuel cost can be expressed as 
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where C is the fuel cost, N is the number of generators in the 
system, Pi  and Pimin is the power output and the lower 
generation limit of the ith generator, respectively, ai, bi, ci, di, 
ei are the cost coefficients of the ith generator. 

B.  Constraints 
If power loss is not taken into account, the constraints of 

generation dispatch include power balance constraint, reserve 
constraint and generators output constraint. 

i) Power balance constraint 
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ii) Reserve constraint 
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iii) Generators output constraint 
min maxi i iP P P≤ ≤                                (4) 

where PL is load demand, PR is the total reserve requirement, 
Pimax is the upper generation limit of the ith generator. 

III.  SPINNING RESERVE DETERMINATION  

A.  Modeling Uncertainties of Load and Wind Power 
In the conventional power dispatch model, the main 

uncertainty is load, which can be expressed in the form of 
load forecast error. Considering the load prediction error, the 
actual load PL can be expressed as [11] 

L L LP P P= + Δ                                 (5) 

where LP  is the predicted load, ΔPL  is the prediction error, 
which is generally considered as a normally distributed 
variable with  the mean of 0 and the standard deviation of σL. 

In a wind-thermal power system, the uncertainties come 
from both load and wind power. Same as load forecast, wind 
power is got through forecasting wind speed, then 
transforming to power. 

Suppose the actual wind speed v is expressed as [12] 

v v v= + Δ                                      (6) 
where v  is the predicted wind speed, Δv is the predict error 
which can be considered as normal distribution with the 
mean of 0 and the standard deviation of σv. The probability 
density function fv(), and probability distribution function 
Fv() of wind speed can be expressed as 
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Power output of a wind farm is determined by wind speed, 
types of wind turbines, the number of wind turbines, and 
wind turbines arrangement. In this paper, the following wind 
power output model of a wind farm is adopted [6]: 
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where PW is the output of a wind farm, pw is the output of a 
single wind turbine, NW is the number of wind turbines, pr is 
the rated power of a wind turbine generator, vin , vr, vout is the 
cut-in, the rated and the cut-out wind speed, respectively. 
The probability of the event PW=0 and the event PW=NWpr is 
calculated by 
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where Prob{·} is the probability of the occurrence of the 
event in the brackets. The mean output of a wind farm and its 
standard deviation are computed by  
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When 0<PW<NWpr, the probability density function fW(.) of 
wind farm output is 
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According to Eq. (10) to Eq. (14), the probability 
distribution function of wind farm output is 
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By comprehensive consideration of load prediction error 
and wind power prediction error, an equivalent power PZ is 
defined as 

Z W LP P P= − Δ                             (16) 
And the joint probability density function of PZ is 

calculated by Eq. (17). 
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where fL(.) is the probability density function of load 
prediction error. The probability distribution function of PZ is 
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B.  Up and Down Spinning Reserve Determination 
In a wind power integration system, due to wind power 

fluctuation and the difficulty to accurately predict wind 
power, it is necessary for the system to prepare more up 
spinning reserve, denoted by u

RP , and down spinning reserve, 
denoted by d

RP . u
RP  is used to fill power deficit when wind 

power output is lower than the predicted value. d
RP  is 

preserved to accommodate wind power in the maximum 
extend. When wind power penetration ratio is low, the 
system could accommodate all wind power, but with the 
increase of wind power penetration, the system may be 
difficult to accommodate all wind power due to the limit of 
available spinning reserve. The scheduling mode to wind 
power is as follows: 

1) When down spinning reserve is enough, all wind power 
is dispatched firstly. 

2) When down spinning reserve is insufficient, part of the 
wind power is abandoned according to d

RP [13]. 
Comprehensively considering the compromise between 

reliability and economy, we assume that u
RP  and d

RP  are 
determined under a certain level of risk, that is u

RP  and d
RP to 

meet a certain confidence level, which is defined by 

{ } 1
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where PWA  is the output of wind farm to be scheduled, β1 and 
β2 is the confidence level corresponding to up reserve and 
down reserve, respectively.  

According to Eq. (18) to Eq. (20), we can get Eq. (21) and 
Eq. (22). 
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FZ(.) is a monotonically rising function, so Eq. (21) and 
Eq. (22) can be solved by using dichotomy method. As a 
result, Eq. (21) and Eq. (22) becomes 

1
1(1 )u

WA R ZP P F β−− = −                       (23) 
1

2( )d
WA R ZP P F β−+ =                         (24) 

Formula (23) and (24) set up the relationship of spinning 
reserve and confidence level and the scheduled wind power. 
Base on the above statistical analysis to fluctuating wind 
power and load, given a pair of β1 and β2, there are 3 
variables, u

RP  , d
RP and PWA, but only two equations, so we 

cannot solve out u
RP  or d

RP . One variable is required to fix. In 
[7], the wind power forecast value is assigned to PWA, this 
kind of arrangement may result in unreasonable spinning 
reserve demand. In Eq. [11], the scheduled outputs of wind 
farms are set as optimization variables, and up and down 
spinning reserve are added into the objective function as a 
cost index. However, this method will increase the 
complexity of optimization problem, and when the wind 
farms and other generators belong to the same group, the 
method is difficult to apply. In this paper, the output of wind 
farms is determined according to available up and down 
spinning reserve. Assume there is proportional relationship 
between up and down spinning reserve, that is 

u
R
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R

P
k

P
=                                    (25) 

where k is the correlation coefficient of up and down 
spinning reserve. According to Eq. (23) to Eq. (25), the 
scheduled output of wind farms and total reserve capability 
can be got by 
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C.  Spinning Reserve Allocation among AGC Units  
The differences between the predicted values and the 

actual values of wind power and load are filled by AGC units. 
Thus, AGC units are acting as providing the spinning reserve 
which aims to cover the forecast error of wind speed and 
load. Assume the number of AGC units under real-time 
control is NG, and the ith AGC generator provides the 
amount of up and down regulation capacity, iP+  and iP− . The 
up and down spinning reserve constraints can be defined as 
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where miniP+ , maxiP+ are the minimum and maximum up 

regulation capacity of ith AGC unit, miniP−
maxiP− are the 

minimum and maximum down regulation capacity of the ith 
AGC unit. Eq. (29) and Eq. (30) will ensure rational use of 
the up and down regulation capacity. 

IV.  JOINT OPTIMIZATION MODEL FOR ACTIVE POWER AND 
AGC 

A.  Multiple scenarios division 
In the above Section III, the equivalent power PZ and its 

probability distribution has got, but it is a continuous 
stochastic variable, it is difficult to apply directly into the 
dispatch, so we take multi-scenario method to represent this 
continuous process. Figure 1 shows the probability density 
curve of stochastic equivalent power value PZ. Given a pair 
of confidence level β1 and β2, the possible variation range of 
PZ to be considered in the dispatch is [ u

WA RP P− ，

d
WA RP P+ ]. This range is then divided into L intervals with 

the same range by using the method of discretization. The 
two ends of the lth interval are Z

lP  and 1
Z

lP + , and each 
interval corresponds to a scene. Then the probability value pl 

and expectations PEl of the l-th interval are defined as 
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Z
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Z
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Fig. 1.  Sketch map of discretization of stochastic equivalent power PZ 

B.  AGC unit modification strategy 
The deviation between the predicting value and the actual 

value of wind power and load are adjusted by AGC units 
mainly. Thus, the actual outputs of AGC units may be 
different from the scheduled outputs. In order to make 
optimization results more accurately, the actual output of 

units should be applied in the calculation of fuel cost. In each 
scenario, the actual outputs of AGC units can be determined 
according to the modification strategy.  

There are some methods modifying AGC units’ output. 
This paper adopts the modification strategy given by Ref. 
[14]. Without considering the network constraints, the 
outputs of AGC units can be amended as follows: 

Step 1: Calculate the load extraction factor ki of the ith 
AGC unit, which formally as 

i
i
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P
k

P
=                                 (35) 

where Pi is the base point of the ith AGC unit output; 
Step 2: According to the scheduled value PWA and actual 

value PZA of the equivalent power, the deviation between 
them can be described as ΔPG= PWA–PZF; 

Step 3: Calculate the adjustable amount ΔPGi of the ith 
AGC unit, which can be expressed as 
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Step 4: Check whether all the AGC units satisfy Eq.(37). 
If satisfied, stop the calculation and output results. If not 
satisfied, AGC units which beyond limits are grouped as a 
set, namely A, and AGC units which still has spare regulation 
capacity are grouped as a set, namely B. Then modify the 
adjustable amount of the units in set A and set B, 
respectively, the adjustment methods are 
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     (39) 

where C
GnPΔ  is the adjustable amount of the nth AGC unit 

after checking. 
Step 5: Go to step 4. 

From Eq. (37), it can be seen that the actual output of 
AGC is not only related to its base point, but also to its 
regulation capacity iP+ or iP− . Therefore, how to rationally 
assign the regulation capacity of AGC units is a problem. To 
solve this problem, the regulation capacity of AGC unit is 
taken as decision variable in the joint optimization with the 
base points of all generators. 

C.  Objective Function 
At each scenario, the actual output of AGC unit is 

adjusted, which is a stochastic variable. Thus, Eq. (1) is 
changed into 



 5

1

1

( )
L

l l
l

L

l
l

p C
C

p

=

=

=
∑

∑
                           (40) 

where Cl  are the fuel cost at the lth scenario.  

D.  Constraints 
In the joint dispatch model for active power and AGC 

output, the constraints include power balance constraint 
shown in Eq.(41), reserve constraints shown in Eq. (29) and 
Eq. (30), and generator output constraints same as Eq. (4). 

,
1

0,     1, 2,...,
N

i l El L
i

P P P l L
=
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where Pi,l is the actual output of the ith generator in the lth 
scenario, LP  is the predicted load. 

V.  NUMERICAL EXAMPLES 
To verify the effectiveness of the proposed method, a 

system with 10 AGC units [10] and a wind farm is tested. 
The parameters of AGC units are given in Table I. There are 
100 wind turbine generators in the wind farm, and the rated 
power of each wind turbine generator is 2MW. The 
parameters of wind turbine are: the cut-in wind speed 
vin=4m/s, the rated wind speed vr=12m/s, and the cut-out 
wind speed vout=20m/s. The predicted load is 2000MW, and 
the standard deviation of load prediction error is 2% of the 
prediction value. The standard deviation of wind speed 
prediction error is 10% of the prediction value. The 
correlation coefficient of up and down spinning reserve k=1. 
When the predicted wind speed v  are 6m/s, 8m/s, 10m/s and 
12m/s, respectively. The relationship between scheduled 
output of wind farm and confidence level is shown in Fig. 2, 

and the relationship between total up/down spinning reserve 
and confidence level is shown in Fig.3. 

 

6v =

12v =

8v =

10v =

 
Fig. 2.  The relationship between scheduled wind power output and 
confidence levels β1 and β2 

6v =

8v =

10v =

12v =

 
Fig. 3.  The relationship between up/down spinning reserve demands and 
confidence levels β1 and β2 

TABLE I 
THE  PARAMETERS OF AGC UNITS 

Unit Pimin(MW) Pimax(MW) ai($/h) bi($/MWh) ci($/(MW)2h) di($/h) ei(rad/MW) P＋

max/P
－

max(MW) P＋

min/P
－

min(MW) 

1 10 55 1000.403 40.5407 0.12951 33 0.0174 10 4 
2 20 80 950.606 39.5804 0.10908 25 0.0178 10 4 
3 47 120 900.705 36.5104 0.12511 32 0.0162 20 8 
4 20 130 800.705 39.5104 0.12111 30 0.0168 20 8 
5 50 160 756.799 38.5390 0.15247 30 0.0148 20 8 
6 70 240 451.325 46.1592 0.10587 20 0.0163 30 12 
7 60 300 1243.531 38.3055 0.03546 20 0.0152 40 16 
8 70 340 1049.998 40.3965 0.02803 30 0.0128 40 16 
9 135 470 1658.569 36.3278 0.02111 60 0.0136 50 20 
10 150 470 1356.659 38.2704 0.01799 40 0.0141 50 20 

 
From Fig.2, it can be seen that the scheduled output of 

wind farm is different from the predicted wind power. When 
8v = m/s, the scheduled output of wind power is similar to 

the prediction value, which is 100MW. When 6v = m/s, the 
scheduled output of wind power is slightly larger than the 
predicting output, and with the confidence level increasing, 
the scheduled output of wind power becomes greater. 

When 10v = m/s or 12v = m/s, the scheduled output of wind 
power is slightly fewer than the predicting output, and with 
the confidence level increasing, the scheduled output of wind 
farm becomes smaller. Thus, the scheduled output of wind 
power is related to the confidence level and wind speed. As 
can be seen from Figure 3, for a given wind speed predicting 
value, with the confidence level increasing, the up and down 
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spinning reserve the system will also increase. When v = 
6m/s, 8m/s and 10m/s, for the same confidence level, with 
the predicting value of wind speed increasing, the up and 
down spinning reserve will also increase. When v  increases 
to 12m/s, the output of wind power is limited by rated power 
capacity, therefore, the up and down spinning reserve is 
fewer than the event  when v =10m/s . 
 

TABLE II 
THE SELECTED RESULTS OF UNITS IN DIFFERENT OBJECTIVES 

Unit 

Conventional 
dispatch model Joint dispatch model 

Base point of 
output 
(MW) 

Up/down 
regulation capacity 

(MW) 

Base point of 
output 
(MW) 

1 55 0 55 
2 73.0860 6.0052 73.9856 
3 75.2000 9.7189 76.5358 
4 65.8402 19.96 66.9045 
5 55.1060 0 55.6948 
6 70 0 70 
7 250.7110 28.0581 253.1866 
8 281.0098 38.0305 284.4907 
9 454.0470 20.0009 449.9606 
10 470 0 470 

Wind farm 150 -- 144.2474 
 

TABLE III 
Fuel cost in different scenarios by different model 

Scene Fuel Cost ($) 
Conventional dispatch mode Joint dispatch model 

1 104081.1177 104035.3975 
2 102674.3706 102643.9080 
3 101289.8263 101269.3273 
4 99920.4504 99913.9242 
5 98567.5314 98567.2766 
6 97227.7374 97228.6252 
7 95901.9092 95898.9175 
8 94590.9149 94578.7222 
9 93295.1441 93270.7067 
10 92015.1023 91977.9837 
 
The parameters of system are set as: β1=β2=0.99, k=1. 

When v =10m/s, the scheduled output value of wind farm is 
144.2474MW, both the up and down spinning reserve 
capacity are 121.7743MW. Thus the range of PZ is 
[22.4731MW ， 266.0217MW]. PZ is divided into 10 
segments. Differential evolution (DE) [15] is adopted to 
solve the joint dispatch model. The parameters of the DE are 
set as: the population size is 100, the largest number of 
iterations is 300, the mutation factor is 0.4, the crossover 
factor CR is 0.5. The dispatch result is shown in TABLE II 
and the expected value of fuel cost is 97681.8695$. To 
compare the proposed model with conventional active power 
dispatch model [7, 10], a simulation is conducted. When 
v =10m/s, the result of conventional generation dispatch 
model is also shown in TABLE II.  The result of 

conventional generate dispatch model is texted in the power 
dispatch considering the change of AGC unit output, and the  
expected value of fuel cost is 97692.0190$ which is 
10.1495$ higher than the result of joint optimization model. 
The fuel cost in different scenarios by the result of 
conventional dispatch model and by the result of joint 
dispatch model is shown in TABLE III. From TABLE III, it 
can be seen that the gap of fuel cost in different scenarios is 
large. This is because the actual output of AGC units is 
adjusted in each scene. Except scene 6, the fuel cost of 
conventional dispatch model is higher than joint dispatch 
model. 

 

VI.  CONCLUSIONS 
Considering generation dispatch and AGC reserve 

assigning, a joint optimization model for active power and 
AGC is established. An example of 10 units system 
containing a wind farm is analyzed, and the conclusions are 
as follows: 

1) According to the normal distribution of load and wind 
speed prediction error, a stochastic equivalent power is 
formed, which can describe the uncertainty of load and wind 
speed well. 

2) The scheduled output of wind power is related to some 
factors, such as the confidence level, wind speed, up and 
down spinning reserve. Thus, in the practical dispatch, the 
scheduled output of wind power should be arranged 
according to these factors. 

3) Several scenes are set up by discrete method, and then 
the outputs of AGC generators are adjusted according to 
modification strategy in different scenarios, which can 
describe the operation state more accurately.  

4) Compared to the conventional dispatch method, the 
joint optimization model can bring better economic benefits. 

In the future, unit forced outage and network constraints 
will be further considered in the model. 
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