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Abstract: The problem of subsynchronous oscillation (SSO) caused by large-scale wind
farm integration seriously poses a threat to the safe and stable operation of high-proportion
renewable energy power systems. To reduce the order of the system model and improve the
simulation efficiency, this paper puts forward an aggregation equivalence and evaluation
method of multiple doubly-fed wind farms for SSO characteristics analysis. Firstly, an
aggregation equivalence method for multiple doubly-fed wind farms is proposed. The main
influencing factors in the SSO analysis are taken as the clustering objects, and the
simulated annealing (SA) algorithm and fuzzy c-means (FCM) clustering algorithm are
combined to quickly obtain the wind farm clustering sets and equivalent model parameters.
Secondly, the evaluation index of the wind farm equivalent models is proposed. The
optimal equivalent scheme is selected by comparing the impedance characteristic curves of
the equivalent model with that of the detailed model. Finally, taking the actual project as an
example, the effectiveness of the proposed method for SSO characteristics analysis is
verified.

1. Introduction

As the proportion of renewable energy power generation in the power system gradually increases
[1], it brings about new changes to the stability characteristics of the power system [2]-[3].
Electromagnetic transient simulation is a fundamental approach for analyzing the stability issues of
renewable energy grid-connected systems. When it comes to the simulation modeling of renewable
energy stations, both precision and efficiency need to be taken into account, and equivalent
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processing is required. Common equivalent modeling methods include single-machine equivalence
and multi-machine equivalence based on unit clustering. The equivalent methods for renewable
energy stations, especially wind farms, have become one of the hot issues in related fields in recent
years. However, even when the single-machine equivalent method [4]-[6] is adopted to establish a
wind farm model, there may still be problems such as a large amount of calculation and low
simulation efficiency due to an excessive number of power electronic models.

Currently, the research on the aggregation equivalence of doubly-fed wind farms mainly focuses
on the units within the wind farms. However, few literatures have dealt with the aggregation
equivalence of multiple doubly-fed wind farms. Based on the assumption that the linearized models
of units within a wind farm are identical, Reference [4] proposed that a single-machine aggregation
equivalence can be adopted for grid-connected wind farms and that the influence of the collection
network can be neglected. Reference [5], on the basis of the single-machine equivalent aggregation
model, applied the selective modal analysis method to equivalent the doubly-fed wind farm to a
first-order model, effectively reducing the model order. Reference [6] took active power as the unit
clustering index for analyzing the oscillation characteristics within the doubly-fed wind farm and
recommended using the single-machine equivalent model to improve the simulation efficiency of
SSO. Reference [7] put forward a power aggregation algorithm and defined a quantitative index for
coherency discrimination based on the similarity in the oscillation modes among doubly-fed wind
turbines. The above studies can provide certain references for the aggregation equivalence of
multiple doubly-fed wind farms. However, Reference [8] pointed out that the impact of aggregation
equivalence between stations on the subsynchronous modal characteristics is greater than that of
aggregation equivalence within wind farms. Therefore, it is necessary to study how to conduct the
aggregation equivalence of multiple doubly-fed wind farms without affecting the accuracy of SSO
characteristics analysis, so as to further improve the simulation efficiency.

To solve this problem, this paper proposes an aggregation equivalence and evaluation method of
multiple doubly-fed wind farms for SSO characteristics analysis. The main contributions are as
follows:

1) The proportional gain and the integral time constan of the inner loop on the rotor side, and the
line equivalent inductance are selected as the clustering objects. The simulated annealing (SA)
algorithm and the fuzzy C-means (FCM) clustering algorithm are combined to conduct clustering
for multiple doubly-fed wind farms. In this way, the equivalent model parameters corresponding to
each clustering set and clustering center can be quickly determined, and then the equivalent model
can be obtained.

2) A comprehensive evaluation index based on numerical evaluation and correlation evaluation
is proposed, which comprehensively considers the overall error level and numerical similarity
between the equivalent model of the wind farm and the detailed model, and provides a theoretical
basis for the selection of the optimal equivalent scheme.

3) The established equivalent model takes into account both the analysis accuracy and the
simulation efficiency, and the effectiveness of the proposed method is verified by an actual project.

The rest of this paper is organized as follows: Section 2 proposes an aggregation equivalence
method for multiple doubly-fed wind farms; Section 3 presents the evaluation index of wind farm
equivalent model; Section 4 verifies the rationality of the proposed method for SSO characteristics
analysis using an actual project. Section 5 concludes the paper.

2. Aggregation Equivalent Method of Multiple Doubly-fed Wind Farms
2.1. Clustering objects
The modeling process of a single doubly-fed wind farm has been studied in detail in Reference
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[9], and thus will not be reiterated in this paper. The difference between the aggregation
equivalence of multiple wind farms and that of a single wind farm lies in the differences in unit
parameters among wind farms and in the electrical distances between wind farms and substations of
the power grid. Since the typical transmission structure of wind farms is that several stations are
connected to the same collection station via lines with lengths ranging from several kilometers to
hundreds of kilometers and then are connected to the power grid, this paper adopts the collection
station as the fundamental unit to conduct the aggregation equivalence of multiple doubly-fed wind
farms.

Regarding the dominant factors of the SSO characteristics for the doubly-fed wind farms
connected to the grid, Reference [10] analyzed the sensitivity of doubly-fed induction generator
(DFIG) parameters to wind turbine impedance, and the main influencing factors, namely Kpr and Tir
of the rotor-side converter (RSC), are considered. In addition, considering that the line equivalent
inductance Lvine Of the wind farm includes the step-up leakage inductance of the wind farm and the
line inductance leading to the collection station, and given that the step-up leakage inductance of the
wind farm is generally larger than the line inductance, Liine can effectively reflect the electrical
distance between the DFIG and the collection station.

In summary, this paper selects Kpr, Tir, and Liine as the clustering objects for multiple doubly-fed
wind farms.

2.2. Clustering of Multiple Doubly-fed Wind Farms

FCM clustering algorithm is a widely used clustering algorithm, but sometimes it may converge
to a local minimum and fail to obtain the global optimal solution. By establishing the objective
function of the SA algorithm based on the FCM clustering algorithm, the global optimal solution
can be quickly found and better clustering results can be achieved [11]. Therefore, the SA-FCM
clustering algorithm is adopted to conduct clustering for multiple doubly-fed wind farms.

Let the data sample set be X={xi (i=1,2,...,n)}, the clustering center set be V={vk (k=1,2,...,C)},
and the corresponding clustering set be A={A« (k=1,2,...,c)}. The fuzzy membership degree uik of
sample xi to class Ak and the clustering center vk are as follows:

Uy = Ji-l(dik/ dy) (1)

Vi = Zn:(uik )b X Zn:(uik )b
i=1 i=1 (2)

where dik represents the Euclidean distance, which is used to measure the distance between
sample xi and clustering center vg; b is the fuzzy weighting index, and b>1.

The FCM clustering method is utilized to determine the optimal clustering mode U, so that this
clustering mode can generate the minimum value of the objective function J», which can be
expressed as

n C
Jp(UV)=>> updi
i=1 k=1 (3)
where U=[uik] represents the fuzzy membership matrix; the smaller the value of J, the higher the
fitness f of the data samples, which indicates a better clustering result. We can take f=1/Jp.
For the three-dimensional data sample set {(Kpr.i, Tiri, LLinei)} composed of the clustering objects
of each doubly-fed wind farm under the same collection station, the equivalent model of multiple
doubly-fed wind farms can be established through the SA-FCM clustering algorithm. The steps of
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the method are as follows:

Step 1: Initialize the parameters, including the number of doubly-fed wind farms, the maximum
number of evolutionary iterations, the crossover probability, the mutation probability, the initial
annealing temperature, the temperature cooling coefficient, and the termination temperature Tend.

Step 2: Randomly initialize c clustering centers {(Kprk, Tirk, LLinek)}, and calculate the fitness f of
the data samples and the fuzzy membership degree to the clustering centers.

Step 3: Perform genetic operations such as selection, crossover, and mutation on the data
samples [12], and calculate the fitness f* of the modified data samples and the fuzzy membership
degrees to the newly generated clustering centers. If f">f, replace the old clustering centers with the
new ones; otherwise, accept the new clustering centers and discard the old ones based on the current
temperature T with a probability P = exp((f — *)/T).

Step 4: Loop through Step 3 until the maximum number of evolutionary iterations M is attained.
If T<Tenq, then end the calculation and return the global optimal solution, specifically, the clustering
centers and the corresponding clustering sets. Otherwise, we perform the temperature reduction
operation T’ = KT and return to Step 3.

Step 5: We establish the equivalent model of the doubly-fed wind farms for each clustering set.
The capacity of the equivalent model is the sum of the capacities of all wind farms in the clustering
set. The parameters of Kpr, Tir, and Line take the corresponding coordinate values of the clustering
centers, and other parameters take the typical values under the same capacity.

3. Evaluation Index of Wind Farm Equivalent Model

The accuracy of the impedance amplitude and phase angle data of the doubly-fed wind farm
equivalent model is evaluated from two aspects to select the optimal equivalence scheme, including
numerical evaluation and correlation evaluation.

3.1. Numerical Evaluation Index

The data sequences of the impedance characteristic curves before and after the equivalence of
the wind farm are respectively represented by {ym (m=1, 2,....p)} and {y'm (m=1, 2,...,p)}. The
residual similarity ¢ is adopted as the numerical evaluation index to reflect the overall error level of
the impedance characteristic curve after equivalence compared with that before equivalence [12],
which is defined as follows:

p
(p=£z ;/mzmjxloO%

] 4)
where
P
}/m = | ym | Z | ym |
~ (%)
Zm:1_|ym_yr;1|/max(|ym|,|yr%|) (6)

Here, ym represents the weight of the m-th data point, that is, the ratio of the amplitude of the m-
th data point to the sum of the amplitudes of all data points; zm represents the similarity of the m-th
data point.

85



3.2. Correlation Evaluation Index

The Theil inequality coefficient A [13] is adopted as the correlation evaluation index to measure
the similarity between the impedance characteristic curves before and after equivalence. The larger
the value of 4 is, the closer the impedance characteristics of the wind farm models before and after
equivalence are. When 1 is equal to 100%, it indicates that the impedance characteristics of the
equivalent wind farm model are completely consistent with those of the detailed model. 4 can be

expressed as:
2=1= D (Ym=Yn) /|2 Ym +,|2 Y [x100%
7

3.3. Comprehensive Evaluation Index

The comprehensive evaluation index D takes into account both numerical evaluation and
correlation evaluation to characterize the accuracy of the impedance characteristic curve of the wind
farm equivalent model, where:

Dza(p+(1—a)/1 ©)

Here, o represents the weight coefficient.

For each clustering set, there will be a pair of Da and Dy that respectively characterize the
numerical accuracy of the impedance amplitude and phase angle. Therefore, the minimum value of
the product of all clustering sets' Dak and Dok (k=1, 2,..., €) is taken as the comprehensive evaluation
index Fk of the wind farm equivalent model under the scheme. For different numbers of cluster
centers c, the clustering scheme and the corresponding Fk are different. The equivalent scheme with
Fi>90% and the smallest c is selected as the optimal equivalent scheme. Fk can be expressed as:

4. Case Analysis

Figure 1 presents the schematic diagram of a large-scale wind power integration system.
Specifically, seven doubly-fed wind farms are connected to Collection Station 1, three to Collection
Station 2, and four to Collection Station 3.

For the groups of doubly-fed wind farms under each collection station, the clustering of multiple
doubly-fed wind farms based on the SA-FCM algorithm is carried out respectively. For different
numbers of clustering centers c, different equivalent schemes can be obtained, and then the
equivalent models of doubly-fed wind farms under each equivalent scheme are established. Taking
Collection Station 1 as an example, the clustering results of c=3 are depicted in Figure 2, where the
symbol "o’ represents the wind farms to be clustered, the symbol "V" indicates the clustering centers,
and the symbol *' in different colors represent different clustering sets. It can be observed that the
seven wind farms under Collection Station 1 are clustered into three sets {1, 6, 7}, {2,4} and {3,5}.

For different equivalent schemes, the comprehensive evaluation index Fk is adopted to evaluate
the accuracy of the impedance characteristic curves of the wind farm equivalent models to select the
optimal equivalent scheme. Here, « is set as 0.5. The calculated results of F« for the three collection
stations under different numbers of cluster centers ¢ are presented in Table 1. The larger the value
of c is, the closer F« is to 100%. The scheme with Fi>90% and the smallest ¢ under each collection
station is selected as the optimal equivalent scheme. That is to say, the optimal numbers of
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clustering centers for the three collection stations are 3, 1 and 2 respectively, and the corresponding
clustering sets are {1,6,7}, {2,4}, {3,5}, {8,9,10}, {11} and {12,13,14}. Under this optimal
equivalent scheme, the comparison results of the overall impedance characteristic curves of the
wind farms connected to the power grid are presented in Figure 3. The impedance characteristic
curves before and after equivalence are relatively close in the subsynchronous frequency band,
indicating that the method proposed in this paper can be used for the reduced-order calculation for
SSO characteristics analysis, improving the simulation efficiency while ensuring the calculation
accuracy.
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Figure 1: Schematic diagram of large-scale wind power integration system.
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Figure 2: Clustering results of multiple doubly-fed wind farms under Collection Station 1.
Table 1: Calculation results of comprehensive evaluation index under different number of clustering

centers.

c Collection Station 1 Collection Station 2 Collection Station 3
1 70.9% 90.2% 86.8%

2 81.4% 94.3% 92.6%

3 90.5% 100% 96.4%

4 92.7% — 100%

5 95.1% — —

6 97.9% — —

7 100% — —
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Figure 3: Comparison results of impedance characteristic curves of the wind farms connected to the
power grid.

5. Conclusions

This paper proposes an aggregation equivalence and evaluation method of multiple doubly-fed
wind farms for SSO characteristics analysis. The multiple doubly-fed wind farm aggregation
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equivalence method based on the SA-FCM clustering algorithm takes the main influencing factors
for SSO characteristics analysis as the clustering objects and quickly determines the equivalent
model parameters corresponding to each clustering set and clustering center. The comprehensive
evaluation index of the wind farm equivalent model combining numerical evaluation and
correlation evaluation is used to determine the optimal equivalent scheme by evaluating the
accuracy of the impedance amplitude and phase angle of the wind farm equivalent model compared
with those before equivalence. The effectiveness of the method has been verified by practical
engineering cases. The method can also be applied to different types of wind farms or scenarios
with lower renewable energy penetration rates. In the future, the applicability of the method for
supersynchronous and medium-to-high frequency oscillation characteristics analysis will be further
evaluated.

Acknowledgements

This work was supported by Science and Technology Project of State Grid Corporation of China
(5100-202355409A-3-2-ZN).

References

[1] Sun, H.D., Xu T, Guo Q, Li Y.L, Lin W.F., Yi J and Li W.F., C.N. (2019). Analysis on blackout in great Britain
power grid on august 9th, 2019 and its enlightenment to power grid in China. Proceedings of the CSEE, 39(21), 6183-
6191.

[2] Xie X.R., He J.B., Mao H.Y., and Li H.Z., C.N. (2021). New issues and classification of power system stability with
high shares of renewables and power electronics. Proceedings of the CSEE, 41 (02), 461-475.

[3] Liu F., Liu W., Wang H.D., Li Y., and Xu Y.Y., C.N. (2022). Review on oscillation mechanism and analysis methods
of high proportion renewable energy power system. High Voltage Engineering, 48(01), 95-114.

[4] Dong W.K., Du W.J, and Wang H.F., C.N. (2021). Dynamic equivalent model of a grid-connected wind farm for
oscillation stability analysis. Proceedings of the CSEE, 41(01), 75-87+399.

[5] GuT.Y,, Yang Q.J., Lin C.H., Liu M.S., Gu W., Wu H.W, Zhang Y., and Li Y.J., C.N. (2020). A wind farm equivalent
modeling method based on single-machine equivalent modeling and selection modal analysis. Power System Protection
and Control, 48(01), 102-111.

[6] Zhou P.P., Sun H.D., Xiang Z.T., Guo J.B., Liu M.S., and Zhang J., C.N. (2023). Research on model structures and
modeling methods of renewable energy stations for large-scale power system simulation (1), electro-magnetic
transient models. Proceedings of the CSEE, 43(08), 2990-3000.

[7] Zhu L., Wang B., Chen D., and Zhang J., C.N. (2018). Research on doubly-Fed wind farm polymerization based on
similar coherency. Electric Power Construction, 39(07), 89-96.

[8] Tan S.C., C.N. (2023). Research on the influence of the aggregated equivalent of the direct-driven wind farm on the
characteristics of the subsynchronous oscillation of grid-connected system. North China Electric Power University.

[9] Liu HK., Xie X.R, Zhang C.Y., Li Y., Liu H. and Hu Y.H., C.N. (2017). Quantitative SSR analysis of series-
compensated DFIG-based wind farms using aggregated RLC circuit model. IEEE Transactions on Power Systems,
32(01), 474-483.

[10] Chen F.H., Yang J.W., Liao Kai, and He Z.Y., C.N. (2017). Sub-synchronous control interaction analysis in
doubly-fed induction generator based on frequency scanning. Power System Protection and Control, 45(24), 84-91.
[11] Bai L.Y., Hu S.Y. and Liu S.H., C.N. (2005). A Fuzzy clustering algorithm based on simulated annealing and
genetic algorithm. Computer Engineering and Applications, 9, 56-58.

[12] Jia X.D., Li G.Y., Zhao C.Y., Xiao X.N., Han W.Q., and Guo Q, C.N. (2010). Study of the credibility evaluation
method for the power system simulation. Proceedings of the CSEE, 30(19), 51-57.

[13] He R.M., C.N. (2002). Power system dynamics monitoring and management system. Automation of Electric Power
Systems, 5, 1-4+59.

89





