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Abstract. The purpose of the study is to develop an approach based on online measurements and the theory 
of Ritta–Wu characteristic sets from the field of algebraic geometry and computer algebra to solve one of the main 
tasks of wind energy studies such “abandon wind” caused by wind gusts. The Ritt-Wu theory is effective in study-
ing polynomial systems and their solutions. To obtain an equivalent double-fed induction generator, the following 
basic steps are used: build the characteristic sets by modeling a wind farm; establish the polynomial rings based 
on the real-time aggregation data; derive  analytical expressions of a model of an equivalent double-fed induction 
generator; validate of the developed approach to modeling an double-fed induction generator using mathematical 
modeling in the PSCAD software environment and analysis of a combination of model data and telemetry data.  
A general solution procedure is used, which can be applied to obtain the analytical expressions of the inductance 
and impedance of an equivalent wind farm. The expediency and effectiveness of the developed approach is illus-
trated by the example of a real wind farm with a capacity of 50 MW with 34 double-fed induction generators. The 
simulation results demonstrate that the obtained parameters of an equivalent double-fed induction generator can 
accurately follow wind speed fluctuations with a lower error. Thus, this study presents a new effective method for 
estimating the exact equivalent parameters of a wind farm during wind gusts. The developed method is suitable for 
obtaining the analytical solutions of equivalent wind farm parameters in real time. Validation of the accuracy and 
speed of the author’s method has been carried out. Moreover, this study can be applied to any wind farms equipped 
with double-fed induction generators.
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Оценка эквивалентных параметров ветроэлектростанций 
с асинхронными генераторами во время порывов ветра:  

подход на основе анализа данных
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Резюме. Цель исследования – для решения одной из основных задач ветроэнергетики, связанной с поры-
вами ветра, разработать подход, основанный на онлайн измерениях и теории характеристических множеств 
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Ритта-Ву из области алгебраической геометрии и компьютерной алгебры. Теория Ритта-Ву эффективна при изу-
чении полиномиальных систем и их решений.  Для получения эквивалентного асинхронного генератора с двой-
ным питанием применяются основные шаги: построение характеристических множеств путем моделирования 
ветропарка; создание полиномиальных колец на основе  регистрации и обработки данных в режиме реального 
времени; вывод аналитических выражений модели эквивалентного асинхронного генератора с двойным пи-
танием; валидация разработанного подхода к моделированию асинхронного генератора с двойным питанием  
с помощью математического моделирования в программной среде PSCAD и анализа комбинации модельных 
данных и данных телеметрии. Использована общая процедура решения, которая может быть применена для 
получения аналитических выражений индуктивности и импеданса эквивалентной ветряной электростанции. 
Целесообразность и эффективность разработанного подхода проиллюстрирована на примере реального ветро-
парка мощностью 50 МВт с 34 асинхронными генераторами с двойным питанием. Результаты моделирования 
демонстрируют, что полученные параметры эквивалентного асинхронного генератора с двойным питанием 
могут точно следовать колебаниям скорости ветра с меньшей погрешностью. Таким образом, в данном иссле-
довании представлен новый эффективный метод оценки точных эквивалентных параметров ветропарка во 
время порывов ветра. Разработанный метод подходит для получения аналитических решений эквивалентных 
параметров ветропарка в реальном времени. Проведена валидация точности и быстродействия авторского 
метода. Более того, данное исследование может быть применено к любой ветроэлектростанции, использующей 
асинхронные генераторы с двойным питанием.

Ключевые слова: эквивалентный параметр, подход, основанный на данных, характеристическое множе-
ство, аналитическое решение, ветроэлектростанция
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INTRODUCTION
The wind gusts can disrupt the operation 

of wind farms and cause “wind abandon-
ment” due to sub-synchronous resonance 
(SSR) occurring between the feeder line and 
the wind farm, which has become a major ob-
stacle to further development of wind power 
in Northeastern China [1, 2]. To analyze the 
occurrence mechanism of SSR, wind farms 
with double-fed induction generators (DFIGs) 
can be modeled as a single DFIG using an 
equivalence method based on the output 
data of the wind farm [3]. For this purpose, 
two issues should be addressed: (1) Accu-
racy: the parameters of DFIG are constantly 
change due to dynamic changes in stator and 
rotor temperatures. (2) Efficiency: the equiva-
lent parameters of the wind farm under wind 
gusts need to be quickly evaluated as they 
are the basis for assessing wind farm insta-
bility. As discussed above, it is necessary to 
develop an approach that can accurately and 
efficiently estimate the equivalent parame-
ters of a wind farm when wind gusts occur.

In order to meet the demand for accurate 
and efficient suppression of SSR, the entire 
wind farm should be aggregated into a sin-
gle DFIG with online changing parameters. 
Investigation shows that, as shown in Table 

1, there are many suitable equivalent algo-
rithms for aggregating a wind farm which in-
cluding modeling type and structure of DFIG, 
power load flow calculations, aggregation of 
wind farm system, clustering algorithm, Prony 
algorithm, dynamic equivalence of hybrid 
farms and aggregation by frequency domain 
impedance, etc. These methods have been 
successfully applied and achieved corre-
sponding effects in practical examples. How-
ever, in order to overcome perturbed equiva-
lent parameters of the wind farm online. The 
emergence of the data-driven approach pro-
vides a solution to the negative effects of the 
wind gusts.

Currently, data-driven approaches have 
been seen as promising solutions for optimiz-
ing controlled plants under external pertur-
bations. As shown in Table 2, the data-driven 
approach can take different forms depending 
on a particular application. It consists of mod-
el-free adaptive control, model-free sliding 
control, virtual reference feedback tuning, it-
erative feedback tuning and, adaptive leaning 
control etc. These methods have demonstrat-
ed excellent performance and functionality in 
analyzing complex control system. However, 
considering the computation demand for the 
online estimation of equivalent parameters 
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during wind gusts, there is still a trade-off be-
tween accuracy and efficiency that needs to 
be addressed to fully utilize the potential of 
data-driven methods. 

Here we propose a data-driven approach 
to estimate the online equivalent parameters 
of a wind farm, which corresponds to the re-
al-time sampling data. The main contribution 
of this study is the development of a faster and 
more efficient algorithm for identifying chang-
ing parameters of the equivalent DFIG. We 
suggest the following algorithm: (1) Construct 
a characteristic set consisting of unknown 
equivalent parameters by modeling the wind 
farm; (2) Establish polynomial rings associat-
ed with real-time aggregation current, voltage 
and slip ratio; (3) Derive analytical expres-
sions for the inductance and impedance of 
the equivalent DFIG via zero decomposition 
of the characteristic set [18–25]; (4) Validate 
the equivalent DFIG using pseudo-residual 
analysis and simulation based on Power Sys-
tem Computer Aided Design (PSCAD). These 

steps are integrated into a general data-driv-
en procedure that can be used to obtain the 
equivalent parameters of a wind farm online. 
The feasibility and validity of the proposed 
approach are illustrated with a 50 MW wind 
farm that comprises 34 DFIGs connected to a 
35 kV distribution system. Simulation results 
show that the errors in the active power and 
reactive power between the equivalent DFIG 
model and the actual wind farm are less than 
5 and 10% respectively.

MODELING AND SOLVING WIND FARM 
PROBIEMS

In this paper, we use a wind farm with 
DFIGs as the research background to validate 
the proposed approach. As shown in Fig. 1, a 
50 MW wind farm consisting of 34 DFIGs has 
been considered. The capacity, frequency and 
pole pair number of each DFIG is 1.5 MW, 50 
Hz and 2 respectively. The detailed parame-
ters of a DFIG associated with Eq. (1) to (7) are 
given in Table 3.

Table 1. Wind farm aggregation algorithm
Таблица 1. Алгоритм агрегации ветроэлектростанции

Order Algorithm Ref Note

1 Modeling type and structure of DFIG [3] On-line?

2 Load flow calculation
Conventional load flow [4] ×
Equivalent wind load [5] ×
Probabilistic load flow [6] ×

3 Aggregation of wind farm system

Aggregation of wind speed [7] ×
Dynamic equivalent modeling [8] ×
Multi-machine equivalent model [9] ×
Layout design and yaw control [10] ×

4 Clustering algorithm
Custer power prediction [11] ×
Optimization of clustered wind [12] ×
Probabilistic clustering algorithms [13] ×

5 Prony algorithm Combined MEEMD-Prony [14] ×
6 Time-frequency-domain equivalent modeling [15]
7 Wind speed point-interval fuzzy forecasting [16] ×
8 Decoupled impedance modeling [17] ×

Table 2. Data-driven approach methods
Таблица 2. Методы, связанные с подходом, основанным на данных
Order Algorithm Accuracy Rapidity

1 Model-free adaptive control

Restrict and influence each other, it is hard to 
reconcile performance parameters

2 Model free sliding mode
3 Iterative feedback tuning
4 Adaptive learning control
5 Fuzzy neural networks
6 Virtual reference feedback tuning
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A.	 Analysis of characteristic set method
Accurate modeling and efficient solving of a 

wind farm are the basis for estimating its equiv-
alent parameters. To this end, the Ritt-Wu’s 
characteristic set method [24] has been used 
to derive an analytical solution for the equiva-
lent DFIG, which can serve as a foundation for 
the proposed general data-driven approach.

The characteristic set method was devel-
oped for ordinary difference polynomial sys-

tems [25]. This method includes fields, polyno-
mials, ascending chains, and Pseudo-remain-
ders analysis based on zero decomposition for 
difference polynomial systems. 

In order to use the characteristic set meth-
od to estimate the equivalent parameters of 
a wind farm, we need to check whether a co-
herent difference chain is proper irreducible. 
For this purpose, the following issues should 
be addressed:

Fig. 1. Transmission system topology of the wind farm with 34 DFIGs
Рис. 1. Топология системы передачи данных ветроэлектростанции с 34 асинхронными генераторами

Table 3.  Detailed DFIG parameters 
Таблица 3. Подробные параметры DFIG

Order Parameter Unit Note Order Parameter Unit Note

1 sR Ω Stator resistance 10 sQ kVar Stator reactive power

2 rR Ω Rotor resistance 11 GU V Terminal voltage

3 sL mH Stator inductance 12 dsψ Wb d-axis component of stator 
flux linkage

4 rL mH Rotor inductance 13 qsψ Wb q-axis component of stator 
flux linkage

5 mL mH Mutual inductance 14 drψ Wb d-axis component of rotor flux 
linkage

6 s – Slip ratio 15 qrψ Wb q-axis component of rotor flux 
linkage

7 /sd sqi i A Stator active/Reactive 
current 16 sω rad/s Synchronous angular velocity 

of DFIG

8 /rd rqi i A Rotor active/Reactive 
current 17 rω rad/s Rotor angular velocity of DFIG

9 sP / rP kW Active power of stator/
rotor 18 eT kNm Rotor torque of DFIG
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1)  determine the difference chain from the 
wind farm;

2)  extract the characteristic set based on 
modeling of the equivalent DFIG;

3)  construct polynomial ring 1 2{ , , , }nR K x x x=   
over K  by modeling the wind farm;

4)  obtain the analytical expressions of un-
known parameters by eliminating coupled vari-
ables of the characteristic set based on zero 
decomposition.

B.	 Data-driven approach based on char-
acteristic set 

To increase the system stability and extract 
maximum energy associated with the wind 
speed during wind gusts, the entire wind farm 
need to be aggregated as a DFIG. Fig. 2 shows 
the equivalent model of the wind farm corre-
sponding to Fig. 1. 

Fig. 2 shows that the calculation efficien-
cy will be improved rapidly due to the fact that 
the calculating nodes of the equivalent model 
have been significantly decreased.

The equivalent DFIG consists of a wound 
rotor induction generator and an AC/DC/AC 
IGBT-based PWM converter. The stator winding 
is connected directly to the 50 Hz grid while 
the rotor is fed at variable frequency through 
the AC/DC/AC converter.

Neglecting the electromagnetic transient, 
the steady-voltage equation for the equivalent 
DFIG can be represented as:

	 ;	 (1a)

	 ;	 (1b)

	 ;	 (1c)

	 .	 (1d)

Usually, there are following relationships in 
the framework of stator voltage reference: 

	 ;	 (2a)

	 ;	 (2b)
	

	 ;	 (2c)

	
.	 (2d)

Also, the d-q axis components of rotor cur-
rent can be represented as:

	 ;	 (3a)

	 .	 (3b)

Based on above formulas, the rotor active 
power can be written as:

	 .	

(4)

We select { , }W=   as the chain, where
{ , , , , , , , , }sd sd sq sq rd rd rq rqu i u i u i u i s= and
{ , , , , }s s r r mW R L R L L= .

Define the Eq. (1) and (4) as the character-
istic set. Corresponding polynomial rings can 
be written as following expressions:

	

 

;	 (5a)
	 ;	 (5b)
	 ;	 (5c)
	

 

;	 (5d)

	
.	 (5e)

And then by zero decomposing the polyno-
mial rings, based on eliminating the coupling 
variables, the equivalent parameters of the 
wind farm have been derived:

	 ;	 (6а)

	 ;	 (6b)

	 ;	 (6c)

	 ;	(6d)

	 .	(6e)

Fig. 2. Equivalent model of the wind farm with DFIG
Рис. 2. Эквивалентная модель ветроэлектростанции с асинхронными генераторами
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Where，the intermediate variable 1y  and 2y  
have the form:

	 ;	 (7a)
 

	
2 2 2 2 3 2

2 qr qs dr dr dr ds r qr qs qry i i u i i i P i i u= − − − .	 (7b)  

Since { , , , , , , , , }sd sd sq sq rd rd rq rqu i u i u i u i s=  
can be seen as known variables at every 
sampling period, the unknown variables 

{ , , , , }s s r r mR L R L L=  can be calculated online 
according to Eq. (6) and (7). Table 4 provides a 
summary of the results given above.

In Table 4, parameter   is a set of r-pols un-
der descending chain; 1 2, , , pA A A A=  is a finite 
sequence of nonzero r-pols; Zero( )  denotes 
the set of solutions of 0= ;B is characteristic 
set, . ( )C S= B  is a characteristic set of  .

ANALYSIS AND VALIDATION OF PROPOSED 
DATA DRIVEN APPROACH

In accordance with Fig. 1, a 50 MW wind 
farm has been considered, which is located in 
the northeastern China. The farm consists of 
thirty-four 1.5 MW DFIGs connected to a 0.69  
kV distribution system, which exports power to 
the 35 kV grid through a 15 km feeder line. 
The corresponding sampled data were mea-
sured by a phasor measurement unit (PMU).

A.	 Data driven approach analysis
Based on the sampled voltage, current, 

and wind speed from the farm the influence of 
wind gusts on the slip ratio, rotor current and 
torque is shown in Fig. 3–5.

Comparison of Fig. 3, 4 and 5 shows that 
there is relationship near time 0.05 s: wind 

Table 4. Data-driven algorithm procedure
Таблица 4. Порядок работы алгоритма, основанного на данных

1. Input: 
a finite set { , , , , , , , , }sd sd sq sq rd rd rq rqu i u i u i u i s=  of r-pols

  2. Output:

1 2 3 4 5{ , , , , } { , , , , }s s r r mW A A A A A R L R L L= =  which every element is coherent
proper irreducible difference chain and ( ) ( )

5

1

Zero Zero sat( )i
i

A
=

=

3. Begin:
Call Eq. (1) and (4)

( ) 1 2 3 4 5. , , , , ,C S B B B B B= =B B

If 1=B  then {1}W =
Else 

{ }prem( , ) 0 ( \ ) ( )f f B= ≠ ∈ ∪∆ B B ,
If =∅  then test 
Construct new characteristic set Eq. (6), repeat 3

4. Validate: 
Calculate Eq. (6) to (7) based on sampling 
Tested power -simulated power <δ? Where δ is the error
Yes, End the procedure
No, repeat 3
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Fig. 3. Wind speed and wind farm slip
Рис. 3. Скорость ветра и скольжение ветроэлектростанции
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gusts → perturbed slip ratio → resonant cur-
rent → disturbed torque which is also reflected 
by Eq. (1c) and (1d).

Fig. 6–10, corresponding to the set 
{ , , , , , , , , }sd sd sq sq rd rd rq rqu i u i u i u i s= , show the sampling 

voltage, current and active power associated 
with Eq. (1) and (4).

Fig. 6–10 show that there are remarkable 
perturbations at time 1t  and 2t  due to the influ-
ence of wind gusts. Contrarily, we can analyze 
the influence of wind gusts by analyzing the 
voltage and current of the equivalent DFIG.

Fig. 11–15, corresponding to the set 
{ , , , , }s s r r mR L R L L= , show the estimation param-

eters of the equivalent DFIG according to Table 
4. Due to Eq. (6), it makes the estimation pro-
cedure of Table 4 run with higher accuracy and 
higher efficiency.

Additionally, there are similar parameters 
perturbation near the time 1t  and 2t  which 
means that the equivalent parameters can 
be used to represent the influence of wind 
gusts.

Fig. 4. Instantaneous rotor current and wind farm slip
Рис. 4. Мгновенный ток ротора и проскальзывание ветроэлектростанции

Fig. 5. Instantaneous current and torque of the wind farm rotor
Рис. 5. Мгновенный ток и крутящий момент ротора ветроэлектростанции

Fig. 6. Stator voltage components of the equivalent DFIG in dq coordinate system
Рис. 6. Составляющие напряжения статора эквивалентного асинхронного генератора в системе координат dq
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Fig. 7. Stator current components of the equivalent DFIG in dq coordinate system
Рис. 7. Составляющие тока статора эквивалентного асинхронного генератора в системе координат dq

Fig. 8. Rotor voltage components of the equivalent DFIG in dq coordinate system
Рис. 8. Составляющие напряжения на роторе эквивалентного асинхронного генератора в системе координат dq

Fig. 9. Rotor current components of the equivalent DFIG in dq coordinate system
Рис. 9. Составляющие тока ротора эквивалентного асинхронного генератора в системе координат dq

Fig. 10. Rotor active power of the equivalent DFIG
Рис. 10. Активная мощность ротора эквивалентного асинхронного генератора
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Fig. 11. Stator inductance of equivalent DFIG by proposed method
Рис. 11. Индуктивность статора эквивалентного асинхронного генератора по предлагаемому способу

Fig. 12. Stator impedance of equivalent DFIG by proposed method
Рис. 12. Полное сопротивление статора эквивалентного асинхронного генератора по предлагаемому способу

Fig. 13. Rotor inductance of equivalent DFIG by proposed method
Рис. 13. Индуктивность ротора эквивалентного асинхронного генератора по предлагаемому способу

Fig. 14. Rotor impedance of equivalent DFIG by proposed method
Рис. 14. Полное сопротивление ротора эквивалентного асинхронного генератора в среде по предлагаемому способу
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Fig. 15. Mutual impedance of equivalent DFIG by proposed method
Рис. 15. Взаимное сопротивление эквивалентного асинхронного генератора по предлагаемому способу

The estimation parameters (average value) 
of the equivalent DFIG within the testing time 
are shown in Table 5.

B.	 Validation of data-driven approach
In order to validate correctness of the esti-

mation parameters of the equivalent DFIG with 
parameters shown in Table 5 and correspond-
ing to Fig. 1, the topology of the simulation 
model and the simulation model of the equiv-
alent DFIG has been proposed and shown in 
Fig. 16 and 17.

Fig. 17 shows a 50 MW equivalent DFIG 
connected to a 0.69 kV distribution system 
which parameters are exactly the same as 
shows in Table 5. Fig. 16 shows that this mod-
el consists of a wound rotor induction gener-
ator and an excitation converter. The stator 
winding is connected directly to the 50 Hz grid, 
while the rotor is fed at variable frequency 
through the AC/DC/AC converter. In this mod-
el, the wind speed is changed from 4.8 m/s  
to 6.0 m/s.

Table 5. Estimation parameters (average value) of equivalent DFIG
Таблица 5. Оценочные параметры (среднее значение) эквивалентного асинхронного генератора

Order Parameter Unit Estimation value Note
1 sR Ω 0.8380 Stator resistance
2 rR Ω 0.9859 Rotor resistance
3 sL mH 0.5134 Stator inductance
4 rL mH 4.1052 Rotor inductance
5 mL mH 4.5451 Mutual inductance

control

35 kV

rotor
drive
train

0.69 kV
0.38 kVturbine

equivalent DFIG

wind

converter

stator

stator

power distribution 
system transformer

 

 

Fig. 16. Topology of the simulation model of the equivalent DFIG
Рис. 16. Топология имитационной модели эквивалентного асинхронного генератора
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Fig. 18. Simulation of the equivalent DFIG based on PSCAD
Рис. 18. Моделирование эквивалентного асинхронного генератора в среде PSCAD

One of the challenges in establishing a 
model for the equivalent DFIG is that the sam-
pled data from Fig. 6 to 10 and the sampled 

wind speed data which has been imported into 
the proposed model were not theoretical but 
real-world data.
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Fig. 17. Simulation model of the equivalent DFIG based on PSCAD
Рис. 17. Имитационная модель эквивалентного асинхронного генератора в среде PSCAD
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The accuracy of the estimated parameters 
of the equivalent DFIG can be verified from two 
perspectives: 

1.  By comparing Fig. 18 to 19, it is clear 
that there are significant fluctuations of stator 
active power and reactive power of the DFIG 
due to wind gusts.

2.  The comparison between the simulated 
and actual power curves shows that the trend 
is consistent, although there are still some no-
ticeable errors during the simulation process.

The maximum errors between the simulat-
ed and tested power of the equivalent DFIG are 
shown in Table 6. It reveals that the maximum 
errors are less than 10% under wind gusts.

As discussed above, we have found that the 
accurate parameters of a wind farm can be de-
termined using the data-driven approach. The 
correctness and feasibility of this method has 
been demonstrated through both theoretical 
and simulated results.

CONCLUSION
This paper proposes a data-driven ap-

proach to estimate the real-time equivalent 
parameters of a wind farm during wind gusts. 
The main contribution of this study is the ag-
gregation of a wind farm with DFIGs into an 
equivalent generator. By using characteristic 
set analysis, analytical expressions for the 
parameters of the equivalent DFIG have been 
derived from the algebraic equations with vari-
able coefficients. Due to our study, the derived 

equivalent parameters of DFIG can accurate-
ly follow perturbations of the wind speed. The 
feasibility and validity of the proposed ap-
proach are illustrated with a 50 MW wind farm 
consisting of 34 DFIGs. This study provides an 
effective way for online suppression of the SSR 
in a real-life wind farm under wind gusts.

At the algorithm level, a data-driven pro-
cedure that is suitable for aggregating a wind 
farm with DFIGs has been developed. The main 
goal of this study has been to derive analytical 
solutions of the variable coefficient algebraic 
equations. 

The procedure consists of the following 
steps: selecting characteristic set by modeling 
the irreducible chains → zero-decomposing by 
solving the polynomial rings → validating the 
correctness by analyzing pseudo-residual.

This method is suitable for obtaining an-
alytical solutions of the online equivalent pa-
rameters of a wind farm. The accuracy and ra-
pidity of this data-driven procedure has been 
verified through simulations of a wind farm 
using PSCAD software.

At the engineering level, in order to suppress 
the SSR in a wind farm during wind gusts, we 
have developed a data-driven approach based 
on constructing a modeling-solving-validating 
research framework. This paper  provides a ref-
erence for the “abandonment of wind” caused 
by wind gusts. Moreover, this study can be ap-
plied to any wind farm that consists of DFIGs, 
based on making full use of sampled data.
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Fig. 19. Simulation of the equivalent DFIG based on PSCAD
Рис. 19. Моделирование эквивалентного асинхронного генератора в среде PSCAD

Table 6. Analysis of the maximum error between simulated and tested power of the equivalent DFIG
Таблица 6. Анализ максимальной погрешности между моделируемой и протестированной мощностью 
эквивалентного асинхронного генератора 

Order Parameters
Maximum error δ, %

аbsolute relative 
1 Active power, kW 28.588 4.52
2 Reactive power, kVar 48.896 9.42
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