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Abstract—This paper presents a wind farm aggregation 
method that is based on rescaling the output of a single wind 
turbine, and on an equivalent wind speed calculated as the 
average wind of the wind speeds for the individual wind 
turbines. The proposed aggregation method is simple and 
straightforward, whereas the effect of the wind distribution 
inside the farm is in focus. The wind farm aggregated model is 
built based on a simplified generic variable speed wind turbine 
model suitable for dynamic active power studies. The 
performance of the aggregated model is assessed in 
comparison with the detailed representation of the wind farm 
in terms of active power output. The results have shown that 
the use of the proposed aggregated wind farm model instead 
of the detailed model is meaningful, as it is a good 
approximation without compromising the accuracy of the 
results. 
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I.  INTRODUCTION 
In the past few years, the world energy scenery has 

changed radically. Renewable Energy Sources have been 
brought to the forefront of electricity production. Among 
them, wind energy remains one of the most promising 
technologies, by giving great opportunities for both onshore 
and offshore solutions. However, the increasing penetration 
of wind power plants in power systems creates new 
technical challenges. For studying the impact of the 
increasing wind power penetration, simple and generic wind 
farm representations suitable for power system studies are 
required. Even though a detailed approach, in which each 
wind turbine is considered individually, is the way to 
accurately study wind farm performance, complexity and 
large computation times prevent from implementing detailed 
models. On the contrary, aggregation methods which aim to 
a simpler wind farm representation are preferred. 

In literature, there are several studies regarding the 
development of wind farm aggregation methods with 
different approaches and serving different purposes. An 
overview of aggregation methods is included in [1], 
according to which the reduction to a simpler representation 
of a wind farm can be realized by rescaling the output of a 
single wind turbine; by grouping the wind turbines 
depending, for example, on wind speed input and 
aggregating each group separately; and by compound 
aggregation in which different parts of the wind turbine, 

mechanical part and electrical part, are aggregated 
separately. 

The study [2] presents a single-machine equivalent, 
when the operational points of the wind turbines are close, 
and a multi-machine equivalent in case of irregular wind 
distribution by grouping the wind turbines with same 
operational point. Studies [3] and [4] propose semi 
aggregated models in which either the mechanical model is 
aggregated and the electrical in full representation or the 
opposite, depending if the interest is in the wind conditions. 
In [5] the focus of the aggregation is on the electric circuit 
aiming to estimate the power losses in the different parts of 
the wind farm. Nevertheless, further research on wind farm 
aggregation methods is still necessary in order to enhance 
the accuracy of large wind farm representation. 

In this context, the present work intends to contribute 
with further studies for a better understanding and extensive 
quantification of wind farm aggregation methodologies 
which are able to reflect wind turbine dynamic features 
relevant for active power control studies. The aggregation 
method presented is based on rescaling the power output of 
a single wind turbine in order to fit the actual size of the 
whole wind farm. The aggregated wind farm model is 
assumed to encounter an equivalent wind calculated as the 
average of wind speeds for the individual wind turbines. The 
accuracy of the aggregated model is assessed by comparing 
its performance in terms of active power output to the 
detailed representation of the wind farm. The aggregation 
method proposed in this work has the advantage of being 
very simple and straightforward, whereas the effect of the 
wind distribution inside the farm is in focus. 

 
Fig.1. Wind Turbine Model 



 
Fig.4. Wind Farm Layout 

 

II. GENERIC WIND TURBINE MODEL 
The generic simplified model of a variable speed wind 

turbine (VSWT) used for the present investigation follows 
the basic structure of the standard IEC Type 4B model [6] as 
described in [7] in order to reflect dynamic features relevant 
for active power control studies. The wind turbine model, 
illustrated in Fig.1, consists of an aerodynamic model, a 
mechanical model, a pitch controller and an active power 
controller, getting its active power reference based on 
maximum power point tracking (MPPT) control strategy. 

The model and the characteristics of the different parts 
are described in [7] and [8] and briefly presented here: 

The pitch controller is in charge of changing the pitch 
angle of the blades to control the power output of the wind 
turbine. This control feature is active in high wind speeds 
when limiting the power output to its nominal value is of 
interest or when the power production is required to be 
reduced for providing power services to the system. 

A simplified aerodynamic model incorporates the 
aerodynamic characteristics of the wind turbine. It is based 
on a two-dimensional aerodynamic torque coefficient and it 
is sufficient to illustrate the effect of the speed and pitch 
angle changes on the aerodynamic power.   

A two-mass mechanical model is used to reflect the 
torsional shaft oscillation whenever there is a sudden 
imbalance in the mechanical system [9]. 

The maximum power point tracking (MPPT) block 
provides the optimal active power as a reference to the 
active power controller and it ensures that the maximum 
possible power output is achieved, a feature mainly 
applicable in low wind speeds. 

The active power controller ensures that the measured 
active power follows the reference power and it gives the 
reference current, and thus the active power output, as the 
voltage is assumed constant during the present investigation. 

III. WIND FARM MODELS 
In the present work, the wind farm is represented using 

two modeling approaches a Detailed Model (DET) and an 
Aggregated Model (AGG). The difference between the two 
methods lies on the level of the detail taken into account. 
However, the internal cabling and other losses are not 
considered in either of the methods, whereas the interest is 
given to the input wind. 

A. Detailed Model (DET) 
The Detailed Model depicts the detailed representation 

of the wind farm and it is presented in Fig. 2. Each wind 
turbine of the farm is simulated through a separate Wind 
Turbine Model which is provided with a unique set of 
stochastic wind speeds. The active power outputs of the 
wind turbines are then added to give the total power output 
of the wind farm.  

The stochastic wind speeds are introduced to the model 
as wind speed time series generated by the Correlated Wind 
(CorWind) simulation software, developed at DTU Wind 
Energy Department [10]. CorWind takes into account the 
spatial correlation between the wind turbines and aims to 
reproduce the wind distribution inside the wind farm. The 
generation of the wind speed time series in CorWind takes 
into consideration the location of the wind farm, the 

placement of the wind turbines inside the farm, the mean 
wind speed and the direction of the wind, without including 
dynamic phenomena as meandering wakes. 

 
Fig.2. Wind Farm Detailed Model 

B. Aggregated Model (AGG) 
The use of aggregation methods aims to decrease the 

number of repetitive components participating to the 
simulations and thus to simplify the process by reducing the 
complexity of the detailed representation and the 
computation time. The Aggregated Model investigated in 
this work is a single wind turbine representation of the wind 
farm, as illustrated in Fig. 3. Only one wind turbine is 
simulated with an input of an equivalent wind calculated as 
the average of the wind speeds for the individual wind 
turbines. The power output is then rescaled to fit the actual 
size of the Wind Farm. 

 
Fig.3. Wind Farm Aggregated Model 

IV. CASE STUDIES 
The wind farm used for the present investigation consists 

of 8 identical 2MW wind turbines with rated wind speed of 
11.8 m/s. The performance of the wind farm was 
investigated for different case studies concerning the wind 
farm layout and wind conditions. 

a) Wind Farm Layout 
Two different 

wind farm layouts 
were examined and 
are shown in Fig. 4. 
Firstly, the turbines 
were placed in a 
single row with South 
- North orientation, 
named as Class 1, and 
thereafter the wind 
turbines were equally 
distributed into two 
rows, named as Class 
2. The distance between the wind turbines inside the farm 
was according to 5-7 rotor diameters rule. The wind farm 
was assumed to be located in North Jutland, Denmark. 

b) Wind Conditions 
Regarding the wind conditions, two different wind 

directions – North “N” and West “W” – and mean wind 
speeds that covered the range 5...14 m/s were examined. The 
mean wind speeds were chosen to cover both power 
optimization and power limitation zone of the wind turbine 



 
Fig.6. Active power and error over the time for the case: Class 1, North 

wind direction, and mean wind speed of 7 m/s (0.59 pu) 
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operational zones, whereas great attention was given to the 
area close to the rated wind. 

Each wind farm layout was examined for two wind 
directions, and each wind direction for 12 mean wind speeds 
giving in total 48 case studies.  

V. SIMULATION RESULTS 
The case studies were examined for both modeling 

approaches, aiming to evaluate the accuracy of the 
aggregation method compared to the detailed representation 
of the wind farm. Two different operation scenarios were 
considered in this work. Firstly, the wind farm was 
simulated for normal operation, and thereafter, the ability of 
the wind farm to comply with specific power requirements 
of the system operator was studied by performing power 
setpoint changes to the wind turbines. Finally, based on the 
results of the simulations an attempt to further improve the 
performance of the aggregated model was made.  

Stochastic wind speed inputs 
Both wind farm operation scenarios took place under 

stochastic wind speeds which were introduced to the models 
as wind speed time series. Fig. 5 illustrates an example of 
the wind speed inputs over a period of 600 s, where the 
bolded line represents the aggregated wind. The aggregated 
wind depicts the average wind speed and it seems to follow 
the major trends of the wind speeds for the individual wind 
turbines. However, the details about the individual 
turbulence are lost, as the aggregated wind is smoother and 
its peaks are limited. 

 
Fig.5. Wind speed over the time for the case Class 1, North wind direction, 

and mean wind speed of 7 m/s (0.59 pu) 
 

In the following, the results of representative cases are 
presented and discussed. The comparison of the two models 
is based on wind farm active power output and the error in 
power that the aggregated model shows compared to the 
detailed model, as it is defined in eq. 1. In addition, for 
comparing the results of the different case studies the 
average absolute error of each case for the total simulation 
period was calculated as in eq. 2. 

𝑒𝑟𝑟𝑜𝑟 = (𝑃𝐴𝐺𝐺 − 𝑃𝐷𝐸𝑇)/𝑃𝐷𝐸𝑇 (1) 

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑒𝑟𝑟𝑜𝑟 =
1
𝑛�

|𝑃𝐴𝐺𝐺(𝑖) − 𝑃𝐷𝐸𝑇(𝑖)|
𝑃𝐷𝐸𝑇(𝑖)

𝑛

𝑖=1

 (2) 

where: PAGG is the active power of the aggregated model,  
PDET is the active power of the detailed model, and n is the 
number of recorded power values during the simulation 
period.  

A. Performance in normal operation  
The case studies were firstly simulated in normal 

operation under stochastic wind speeds, where the wind 
turbines operated according to the maximum power point 
tracking (MPPT) strategy.  

Fig. 6 shows the wind farm active power output of the 
two models and the error in power of the aggregated model 
for the case: Class 1, north wind direction, and mean wind 
speed of 7 m/s (0.59 pu). The aggregated model seems to 
follow fairly the detailed model. The absolute value of error 
doesn’t exceed 5.5%, and the aggregated model 
underestimates the active power output for the most of the 
simulation period.  

Fig. 7 shows the wind farm active power output and the 
error in power for the case: Class 1, north wind direction and 
mean wind speed of 11.5 m/s (0.97 pu). In this case, the 
aggregated model diverges more notably from the detailed 
model and in fact, in some periods, the aggregated model 
reaches the rated power, whereas the detailed model is more 
moderate. The absolute value of error doesn’t exceed 8.5%, 
and the aggregated model overestimates the active power 
output for the most of the simulation period 

Finally, Fig. 8a and Fig. 8b illustrate the average 
absolute error of the aggregated model for Class 1 and Class 
2, respectively. The average absolute error doesn’t exceed 
3.5% for all the cases considered. For both the Classes, 
mean wind speeds close to the rated wind, 11.5 and 12 m/s, 
give a greater average absolute error compared to the rest of 
the cases. This is due to the fact that in this range of wind 
speeds the relation between wind and power changes 
radically. Extreme wind speeds are able to affect the average 
wind used in the aggregated model, and as a result the 
average wind fails to predict the average power precisely. 
Regarding the wind direction, for Class1 the results are 
comparable for the two different directions. On the contrary, 
the wind direction seems to have an effect for Class 2, a fact 
that implies that in more complicated wind farm layouts, 
wind distribution play an important role. 
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Fig.7. Active power and error over the time in normal operation for the case 
Class 1, North wind direction, and mean wind speed of 11.5 m/s (0.97 pu) 

 

 
Fig.8a. Average absolute error of AGG for Class 1 in normal operation 

 

 
Fig.8b. Average absolute error of AGG for Class 2 in normal operation 
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In addition, the simulations have shown that the 
aggregated model presents certain trends in representing the 
power output depending on mean wind speed. For high wind 
speeds, 14 m/s, the aggregated model can estimate the 
power output without significant discrepancies. For lower 
wind speeds the results decline. In particular, for wind speed 
close to the rated wind, the aggregated model overestimates 
the power output, whereas in even lower wind speeds the 
aggregated model underestimates the power output. The 
turning point from underestimation to overestimation of the 
results was placed for mean wind speed between 10.5 and 
11 m/s. 

B. Performance under power setpoint changes 
The case studies were also investigated for changes of 

the wind turbine power setpoint in order to represent power 
services that the system operator requires from the wind 
farms connected to the grid, such as adjusting the power 
production to a certain level, balance control, or offering a 
reserve to the grid by a certain capacity below the possible 
power production capacity, delta control [11]. For 
simulating these services, the wind turbine model presented 
in Fig. 1 was slightly changed. The power setpoint (Pref in 
Fig.1) is no longer defined by the maximum power point 
tracking table, but additional blocks were connected which 
defined the power setpoint of the wind turbine as:  

Psetpoint = min ( (Pavail – Pdelta) , Pbalance ) 

where Pavail is the available active power with regards to 
input wind speed based on the characteristic power-wind 
curve, Pdelta is the power requirement for delta control, and 
Pbalance is the power requirement for balance control. 

The event sequence describing the power setpoint 
changes performed in the wind farm over the simulation 
time is: 

    0 - 100s: Available active power 
100 - 250s: Delta control 
250 - 350s: Delta control + Balance control 
350 - 500s: Delta control 
500 - 600s: Available active power 

Notice that the defined power setpoint for the wind farm 
was dispatched directly to power controllers of each 
individual wind turbine. For this reason, in the performed 
simulations it was ensured that the individual wind turbines 
had enough reserve to fulfill the power requirements. The 
adjustments of the wind farm power occurred with a rate of 
0.32MW/s. 

Fig. 9 shows the wind farm active power output and the 
error in power for the case: Class 1, north wind direction 
and mean wind speed of 11.5 m/s (0.97 pu). The figure 
shows both the available power and the power production 
including the adjustments of delta and balance control for 
the two models. The results of the two models are very 
close and the aggregated model in this case overestimates 
the output. The absolute value of error is less than 5% for 
most of the simulation period and some spikes are observed 
when the balance control is implemented or removed. 
These spikes are due to phase error between the power 
results of the models, coming from the fact that the starting 
or ending points differ for the two models while the level of 
balance control and the rate of change is the same. This 
creates a time difference in the realization of the balance 
control that results in spikes in error. In addition, the size of 

the spikes depends on the level that power is forced to align 
with. In particular, lower level of power in balance control 
results to bigger spikes. 

Finally, Fig. 10a and Fig. 10b illustrate the average 
absolute error of the aggregated model under power setpoint 
changes for Class 1 and Class 2, respectively. The results are 
consistent with the results shown for normal operation. The 
average absolute error is less than 3.5% for all the cases 
considered. Mean wind speeds close to the rated wind, 12 



 
Fig.9. Active power and error over the time under power setpoint changes 
for the case: Class 1, North wind direction, and mean wind speed of 11.5 

m/s (0.97 pu) 
 

 
Fig.10a. Average absolute error of AGG for Class 1 in power setpoint 

changes 
 

 
Fig.10b. Average absolute error of AGG for Class 2 in power setpoint 

changes 
 

0 100 200 300 400 500 600
5

10

15

20

time [s]

P
ow

er
 [M

W
]

Active Power versus Time in Power Setpoint Changes
Class: 1, Mean Speed: 11.5 m/s (0.97 pu), Direction: N

 

 

PDET

PavailDET
PAGG

PavailAGG

0 100 200 300 400 500 600
-5

0

5

10

time [s]

P
ow

er
 E

rro
r [

%
]

 

 
(PAGG-PDET)/PDET

4 5 6 7 8 9 10 11 12 13 14 15
0

0.5

1

1.5

2

2.5

3

3.5

Mean Wind Speed [m/s]

[ %
 ]

Average Absolute Error in Power

 

 

Class 1

North
West

4 5 6 7 8 9 10 11 12 13 14 15
0

0.5

1

1.5

2

2.5

3

3.5

Mean Wind Speed [m/s]

[ %
 ]

Average Absolute Error in Power

 

 

Class 2

North
West

m/s, give a greater average absolute error compared to the 
rest of the cases, whereas the wind direction seems to have 
an effect for Class 2. In addition, the simulations have 
shown that for low wind speeds the aggregated model 
underestimates the power output, whereas for higher wind 
speeds the aggregated model overestimates it. The turning 
point from underestimation to overestimation of the results 
was placed for mean wind speed between 10.5 and 11 m/s, 
as it was seen in the results for normal operation. For high 
wind speeds well above the rated wind the aggregated model 
can estimate the power output without significant 
discrepancies. 

C. Improving the Aggregated Model 
The simulations presented previously aimed to evaluate 

the performance of the proposed aggregated model in 
comparison to the detailed representation of the wind farm. 
Even though the aggregated model has proved to be a very 
good approximation, it is a challenge to determine ways to 
further improve the aggregation model and to enhance its 
accuracy. 

The idea was to improve the aggregation modeling and 
control approach aiming to counterbalance the 
underestimation or overestimation of active power output 
depending on the mean wind speed. This was implemented 
by introducing an adjustment factor to the aerodynamic part 
of the wind turbine model (fig. 1) that led to an indirect 
modification of the characteristic power – wind curve of the 
wind turbine. The new curve gives higher power output for 
low wind speeds and lower power output for wind speeds 
close to the rated wind.  

The factor used for improving the performance of the 
aggregated model was based on the average error results of 
normal operation scenario.  Notice that in this case the sign 
of the error – positive or negative – was taken into account 
for calculating the average, as it was of interest not only how 
much, but also in which direction the results differ. In 
particular, the adjustment factor was calculated as in eq. 3. 

𝑎𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟(𝑉) = 1 + 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟 (𝑉) (3) 
 

The adjustment factor was found for the mean wind 
speeds (V) studied previously and it was calculated for the 
whole range of wind speeds by cubic interpolation. This 
factor was introduced to the aerodynamic model as a look 
up table depending on the wind speed input and then it was 
multiplied by the aerodynamic power output. This process 
was repeated for each class and each wind direction and then 
the study cases were simulated for the adjusted Aggregated 
Model (AGG,adj) in normal operation. 

Fig. 11 shows the wind farm active power output and the 
error in power of the adjusted aggregated model for the case: 
Class 1, north wind direction, and mean wind speed of 11.5 
m/s (0.97 pu). The figure also shows the results of the 
detailed and the original aggregated model, for a better 
comparison. The power adjustment actually improves the 
accuracy of the aggregated model, as the results in this case 
are significantly closer to the detailed model. The absolute 
value of the error doesn’t exceed 5%.  

Finally, Fig. 12a and Fig. 12b illustrate the average 
absolute error for Class 1 and Class 2, respectively, for the 
adjusted aggregated model in comparison to the original 
one. After the power adjustment the average absolute error 
doesn’t exceed 2%. In addition, the absolute average error is 

decreased for almost all the cases compared to the original 
aggregated model. This decrease is more noticeable for the 
cases that the error was significant, for example for mean 
wind speed 11.5 and 12 m/s. Finally, for higher wind 
speeds, adjusting the power doesn’t seem to have an effect 
on the error, that it was anyway small for the original 
aggregated model. 

k 



 
Fig.11. Active power and error over the time of adjusted AGG in normal 

operation for the case: Class 1, North wind direction, and mean wind speed 
of 11.5 m/s (0.97 pu) 

 

 
Fig.12a. Average error of adjusted AGG for Class 1 in normal operation 

 

 
  Fig.12b. Average error of adjusted AGG for Class 2 in normal operation 
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VI. CONCLUSION 
The work presented in this paper involved the 

investigation of an aggregated model suitable for 
representing the wind farm behavior in dynamic active 
power studies. The aggregation method used was based on 
rescaling the output of a single wind turbine, and on an 
equivalent wind speed calculated as the average wind of the 
wind speeds for the individual wind turbines.  

Based on the performed simulations, the aggregated 
model can represent the performance of a wind farm without 
compromising the accuracy of the results, as it presented an 
average absolute error less than 3.5% for all the cases 
considered. A greater diversion in the results was observed 
for wind speeds close to the rated wind, coming from the 
difficulty to accurately model the wind turbine behavior in 
this range of wind speeds. In addition, for low wind speeds 
the aggregated model underestimated the power output of 
the wind farm, whereas for higher wind speeds but close the 
rated wind the aggregated model overestimated it. The 
attempt to further improve the performance of the 
aggregated model by controlling the power output based on 
the average error results was successful. The average 
absolute error became less than 2%. However, the 
methodology used is case-specific and the implementation 
requires the knowledge of how much the results of the 
aggregated model differ from the detailed representation of 
the wind farm. 

To conclude, the use of the proposed aggregated wind 
farm model instead of the detailed model is meaningful in 
power studies examined in this work. The aggregated model 
is a very good approximation of the wind farm performance, 
while the complexity and the time required for performing 
the simulations are reduced significantly. Further research 
might be directed towards analysis of the aggregation 
modeling approach when wakes and thus the interactions 
between the wind turbines are taken into account. 
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