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Abstract: In order to solve the coordination problem between the economy and the stabilization effect of energy 
storage system, a capacity optimization model based on energy storage to suppress the violent fluctuation of wind 
power is proposed, and a multi-objective function with the maximum wind power dissipation capacity and the 
minimum operating cost of energy storage system is established. Considering the average annual cost and penalty 
cost of the whole life cycle, an evaluation index with correlation coefficient as the fitting degree is proposed, and 
the reference power of wind farm grid connection is optimized by particle swarm algorithm. Using the operation 
data of Qidong Wind Farm in Jiangsu Province, the theoretical validity is verified, the coordination is improved 
to the greatest extent, and the capacity demand for energy storage system is reduced. 
Keywords: Power fluctuation; Energy storage; Capacity optimization. 
 
 
1.Introduction 
 

The additional energy storage system can improve the power fluctuation of wind turbines and improve the power 
quality and wind power acceptance capacity. However, the economy of energy storage is negatively related to the 
energy storage capacity. The larger the capacity, the better the stabilization effect of wind power fluctuations and 
the worse the economy. The balance between energy storage economy and power stabilization effect is the most 
important reason that restricts the improvement of the energy storage system from the stabilization effect of wind 
power fluctuations. Therefore, it is necessary to adopt the optimization algorithm and establish a multi-objective 
capacity optimization model. 

 
2. Economic analysis 
 
2.1 Life cycle average annual cost model 

The life cycle cost of energy storage system refers to the cost of investment, maintenance and replacement of 
energy storage equipment during its life cycle [1]. Energy storage system mainly includes energy conversion 
system(PCS) and battery energy management system(BMS)[2]. Therefore, the initial total input cost (TCC) of the 
energy storage system includes the cost of the power electronic converter (PCS) and the energy management 
system and the total cost of the energy storage unit. Maintenance costs consist of battery and super capacitor 
operating and maintenance costs per kilowatt per year. When calculating the replacement cost, the super capacitor 
is not considered, but only the annual replacement cost of the battery and the annual replacement cost per unit 
capacity of the battery unit are calculated. Through the above calculation, the average annual cost model for the 
whole life cycle of the hybrid energy storage system can be finally obtained. 

 
𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝑂𝑂𝑂𝑂𝑂𝑂 + 𝐴𝐴𝐴𝐴𝐴𝐴                                                               (1) 

  
In the formula (1), quantities are defined as: ACC is annual initial installation cost of energy storage system; OMC 
is annual maintenance and maintenance cost of energy storage system; ARC is energy storage system replacement 
cost. 
 
𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑇𝑇𝑇𝑇𝐶𝐶𝑏𝑏 + 𝑇𝑇𝑇𝑇𝐶𝐶𝑐𝑐                                                                      (2) 

�
𝑇𝑇𝑇𝑇𝐶𝐶𝑏𝑏 = 𝐶𝐶𝑖𝑖−𝑝𝑝 × 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝐶𝐶𝑖𝑖−𝑒𝑒 × 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝜂𝜂𝑏𝑏

𝑇𝑇𝑇𝑇𝐶𝐶𝑐𝑐 = 𝐶𝐶𝑗𝑗−𝑝𝑝 × 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐶𝐶𝑗𝑗−𝑒𝑒 × 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝜂𝜂𝑐𝑐

                

(3) 

 
where, TCCb is the initial installation cost of the battery; TCCc is initial Installation Cost of Capacitor; 𝐶𝐶𝑖𝑖−𝑝𝑝,𝐶𝐶𝑗𝑗−𝑝𝑝 
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are the unit power cost of the battery and the capacitor device is yuan / kW respectively; 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 are the 
powers of that battery and the capacitor device, respectively; 𝐶𝐶𝑖𝑖−𝑝𝑝,𝐶𝐶𝑖𝑖−𝑒𝑒 are the unit capacity cost of battery and 
capacitor unit, yuan / kWh respectively;  𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ,𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  are capacities of energy storage device; 𝜂𝜂𝑏𝑏 ,𝜂𝜂𝑐𝑐   are the 
conversion efficiency of that battery and the capacitor device, respectively. 
 
𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑇𝑇𝑇𝑇𝑇𝑇 × 𝐶𝐶𝐶𝐶𝐶𝐶                                                                        (4) 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑖𝑖𝑟𝑟(1+𝑖𝑖𝑟𝑟)𝑍𝑍

(1+𝑖𝑖𝑟𝑟)𝑍𝑍−1
                                                                           

(5)
 

𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑇𝑇𝑇𝑇𝐶𝐶𝑏𝑏 × 𝐶𝐶𝐶𝐶𝐹𝐹𝑏𝑏 + 𝑇𝑇𝑇𝑇𝐶𝐶𝑐𝑐 × 𝐶𝐶𝐶𝐶𝐹𝐹𝑐𝑐  
= (𝐶𝐶𝑖𝑖−𝑝𝑝 × 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝐶𝐶𝑖𝑖−𝑒𝑒 × 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝜂𝜂𝑏𝑏
) × 𝑖𝑖𝑟𝑟𝑟𝑟(1+𝑖𝑖𝑟𝑟𝑟𝑟)𝑍𝑍𝑏𝑏

(1+𝑖𝑖𝑟𝑟𝑟𝑟)𝑍𝑍𝑏𝑏−1
+ (𝐶𝐶𝑗𝑗−𝑝𝑝 × 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐶𝐶𝑗𝑗−𝑒𝑒 × 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝜂𝜂𝑐𝑐
) × 𝑖𝑖𝑟𝑟𝑟𝑟(1+𝑖𝑖𝑟𝑟𝑟𝑟)𝑍𝑍𝑐𝑐

(1+𝑖𝑖𝑟𝑟𝑟𝑟)𝑍𝑍𝑐𝑐−1
          (6)                                                        

                                                                         

  
 
where, ACC is annual initial installation investment cost; CRFb, CRFc are the cost recovery coefficient of that 
energy storage battery and the super capacitor respectively. 
 
𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑂𝑂𝑀𝑀𝑏𝑏 × 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝑂𝑂𝑀𝑀𝑐𝑐 × 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐                                                         (7) 

 
where, OMb, OMc are the average annual operating and maintenance cost per kilowatt of battery and super 
capacitor is yuan / kW respectively.  
  
𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐴𝐴 × 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝜂𝜂𝑏𝑏
                                                                          (8) 

 
where, A is average annual replacement cost per unit capacity of battery cell. To sum up, the average annual cost 
model for the whole life cycle of the energy storage system is: 
 
Csum=(Ci-p×PbESS+Ci-e× EbESS

ηb
)×CRFb+(Cj-p×PcESS+Cj-e× EcESS

ηc
)×CRFc+OMb×PbESS+OMc×PcESS+A× EbESS

ηb

    

(9) 
 
Can be simplified to: 
 
𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  × �� 𝐶𝐶𝑖𝑖−𝑝𝑝𝑀𝑀𝑀𝑀𝑀𝑀𝑏𝑏

+𝐶𝐶𝑖𝑖−𝑒𝑒𝜂𝜂𝑏𝑏
� × 𝐶𝐶𝐶𝐶𝐶𝐶𝑏𝑏 + 𝐴𝐴

𝜂𝜂𝑏𝑏
+ 𝑂𝑂𝑂𝑂𝑏𝑏

𝑀𝑀𝑀𝑀𝑀𝑀𝑏𝑏
� + 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × �� 𝐶𝐶𝑗𝑗−𝑝𝑝𝑀𝑀𝑀𝑀𝑀𝑀𝑐𝑐

+
𝐶𝐶𝑗𝑗−𝑒𝑒
𝜂𝜂𝑐𝑐
� × 𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 + 𝑂𝑂𝑂𝑂𝑐𝑐

𝑀𝑀𝑀𝑀𝑀𝑀𝑐𝑐
�             (10) 

 
where, 𝑀𝑀𝑀𝑀𝐷𝐷𝑏𝑏 = 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏⁄ ,

 
𝑀𝑀𝑀𝑀𝐷𝐷𝑐𝑐 =EcESS/PcESS are the maximum discharge duration of the energy storage 

battery and the super capacitor respectively; CRFb, CRFc are cost recovery factor, reference to relevant data and 
practical engineering application. 

Therefore, the variables that affect the average annual cost of the energy storage system are the rated capacity 
and rated power of the energy storage system. 
 
2.2 Mathematical model of penalty cost 

Due to the limitation of the maximum charge, discharge power and capacity of the energy storage system, it is 
still difficult to alleviate the power fluctuation in the complex wind power climbing scene after the energy storage 
system acts, and the resulting loss is called penalty cost. Including the cost of abandoning the wind and the penalty 
cost of not achieving the expected stabilization effect. Therefore, 

 
𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ = 𝐶𝐶𝑢𝑢𝑢𝑢 + 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑                                             

                         (11) 

Cup=β⋅ ∑ SLOWE(t)T
t=1 {PB( t ) Δ t - [ EbESSN - EbESS( t - 1)]}+ β·∑ SLOWE(t)T

t=1 {PC( t ) Δ t - [ EcESSN - EcESS( t - 1)]}
  

 

                                                                                        (12) 

𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝑡𝑡) = �1  𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 < 0𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝛥𝛥𝛥𝛥 > 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑡𝑡 − 1)
0  𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒

                               
(13)

  
where, PB, PC are the throughput power command values of batteries and super capacitors; EbESSN, EcESSN are the 
maximum capacity of that battery and the sup capacitor respectively; 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑡𝑡 − 1) ,𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡 − 1)  are the 
remaining capacity of the battery and the super capacitor at the last moment respectively; 𝛽𝛽 is cost coefficient of 
unit air abandonment capacity; 𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝑡𝑡) is boolean quantity. 

10

Advances in Sciences and Engineering 11:1 (2019)



Cdown=α×∑ SLOWE(t){PB(t)Δt-[EbESSN-EbESS(t-1)]}+α×∑ SLOWE(t){PC(t)Δt-[EcESSN-EcESS(t-1)]}          T
t=1

T
t=1 (14) 

 
where, 
 

𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝑡𝑡) = �1 𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 > 0𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝛥𝛥𝛥𝛥 > 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑡𝑡 − 1)
0 𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒

  
where, 𝛼𝛼 is the operating cost of insufficient energy. 
 
3. Capacity optimization configuration model and evaluation index 
 

The objective function is to find the relationship between energy storage economy and stabilization effect, 
reduce wind abandonment, and improve the grid's acceptance of wind power [3]. The objective function of wind 
reception capacity 𝑓𝑓1 and the total economic cost of energy storage 𝑓𝑓2 are as follows: 

 

𝑆𝑆∗𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝑡𝑡) = �1 𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 > 0𝑜𝑜𝑜𝑜𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 < 0𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝛥𝛥𝛥𝛥 > 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑡𝑡 − 1)
0 𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒

              
(15)

 
�
𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓1 = �1 − ∑ 𝑆𝑆∗𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝑡𝑡)𝑇𝑇

𝑡𝑡=1 {𝑃𝑃𝐵𝐵(𝑡𝑡)𝛥𝛥 𝑡𝑡 −[𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 −𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑡𝑡 −1)]}+∑ 𝑆𝑆∗𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝑡𝑡)𝑇𝑇
𝑡𝑡=1 {𝑃𝑃𝐶𝐶(𝑡𝑡)𝛥𝛥 𝑡𝑡 −[𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 −𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡 −1)]}

∑ 𝑃𝑃𝑊𝑊(𝑡𝑡)𝛥𝛥𝛥𝛥𝑇𝑇
𝑡𝑡=1

� ∗ 100%

𝑚𝑚𝑚𝑚𝑚𝑚𝑓𝑓2 = 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ

  

(16)

 

 
The constraint conditions include the power fluctuation constraint of the combined output of the wind storage 

system, the power and capacity constraint of the energy storage battery, and the power and capacity constraint of 
the super capacitor. 

By optimizing the particle swarm optimization algorithm, the expected output power satisfying the constraints 
can be fitted to the predicted power as much as possible [4]. The output of the energy storage device is the 
difference between the expected output power and the predicted power, so the smaller the difference, the smaller 
the minimum capacity of the energy storage device and the lower the fixed cost. The expected output objective 
function is: 

 
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑖𝑖) = 𝑚𝑚𝑚𝑚𝑚𝑚∑ (𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟( 𝑖𝑖) − 𝑃𝑃∗(𝑖𝑖))𝑇𝑇

𝑖𝑖=1
2

                                                      
(17) 

 
where, Pref is Grid - connected Reference Power Satisfying Wind Power Fluctuation Constraints; 𝑃𝑃∗ is Predicted 
wind power; 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is Optimized wind power grid-connected reference value. 

This paper puts forward the evaluation index of correlation coefficient. The evaluation index can be used to 
describe the degree of approximation between the reference wind power grid-connected power and the actual wind 
power stabilized by hybrid energy storage. The formula is as follow: 

 

𝑟𝑟 =
∑ |𝑃𝑃𝑂𝑂(𝑖𝑖)−𝑃𝑃𝑂𝑂||𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑖𝑖)𝑁𝑁
𝑖𝑖=1 −𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟|

�∑ |𝑃𝑃𝑂𝑂(𝑖𝑖)−𝑃𝑃𝑂𝑂|2𝑁𝑁
𝑖𝑖=1 �∑ |𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑖𝑖)𝑁𝑁

𝑖𝑖=1 −𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟|2

                                                      

(18)

 
 

where, 𝑃𝑃𝑂𝑂 is Wind - storage combined output power; 𝑃𝑃𝑂𝑂 is Average output power of combined wind and storage; 
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is Reference value of grid-connected power of wind farm; 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  is Reference average of grid-connected 
power of wind farm. 
 
4. Optimal capacity allocation based on particle swarm optimization algorithm 
 

Particle Swarm Optimization (PSO) can realize the global optimal solution with faster calculation speed and is 
more suitable for optimization in dynamic and multi-objective optimization environment [5]. The global optimal 
particle is searched in the solution space by following the current optimal particle.  

In a wind farm, a multi-objective function can be changed into a single objective function by adding a weight 
coefficient to the objective function. The dimension and importance of the function are unified by increasing the 
weight coefficient. The original multi-objective function can be transformed into a single objective function as 
follows: 

 
𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓 = 𝑚𝑚𝑚𝑚𝑚𝑚( 𝜆𝜆(1 − 𝑓𝑓1) + 𝑓𝑓2)                                                              (19) 
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where, 𝜆𝜆 is weight coefficient. 
The specific process of the basic particle swarm algorith [6] is: 

1) Initialization of particle swarm, including swarm size v, position 𝑥𝑥𝑖𝑖 and speed of each particle. 
2) Calculation of fitness value of each particle. 
3) Comparing the fitness value of each particle with the individual extreme value, if 𝐹𝐹𝐹𝐹𝐹𝐹(𝑖𝑖) > 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑖𝑖),so 

replacing 𝐹𝐹𝐹𝐹𝐹𝐹(𝑖𝑖) with 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑖𝑖). 
4) Comparing the fitness value of each particle with the global extreme value, if 𝐹𝐹𝐹𝐹𝐹𝐹(𝑖𝑖) > 𝑔𝑔𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑖𝑖),so  replacing 

𝐹𝐹𝐹𝐹𝐹𝐹(𝑖𝑖) with 𝑔𝑔𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑖𝑖). 
5) Updating the position and speed of particles. 
6) Exit if the end condition is met, i.e. the error is good enough or the maximum number of cycles is reached, 

otherwise return to (3). 
 
5. Analysis of simulation results of an example 

This example selects the wind power operation data from January 1, 2011 to December 31, 2011 from 0: 00 to 
24: 00 in Qidong Wind Farm in Jiangsu Province, and solves the multi-objective function proposed in this paper 
through particle swarm optimization algorithm, limited to the one-year operation time of the hybrid energy storage 
system. Fig.1 shows the relationship between the capacity of energy storage systems and their operating costs. 
Total cost𝑓𝑓2 = 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ, with the increase of energy storage capacity, 𝑓𝑓2 has a minimum value, and point 
A in the figure is the minimum value point. When the energy storage capacity is 25 MWh, the total operating cost 
of the energy storage system is the smallest. 

 

                     
               Fig.1 The relationship between the economy and the capacity of the energy storage 

 
As shown in Fig.2, the relationship between wind power reception capacity and energy storage capacity, the 

larger the energy storage capacity, the stronger the wind power reception capacity, and the higher the energy 
storage system cost. 

 

 
Fig.2 Relationship between wind power and capacity of energy storage 
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The purpose of this example optimization algorithm is to find a harmonious relationship between wind energy 
reception capacity and energy storage economy. Specific optimization results are shown in table 1. 

 
Tab. 1. Capacity optimization of hybrid energy storage system in wind farm 

 ESSNE   bESSNE   cESSNE    f 1     f 2   sumC  punishC             r  
24.8 20.12 4.68 99.6% 156.246 55.045 101.201 0.982 

 
According to the optimization results, when the wind farm is equipped with 24.8 MW / h energy storage capacity, 

the wind power acceptance capacity is 99.6 %, and the total operating cost of the hybrid energy storage system is 
156.246. The similarity between the wind power curve after climbing control by the hybrid energy storage system 
and the expected output wind power reference value is 0.982. 

Fig.3 shows the relationship between grid-connected power and actual wind power after wind power fluctuation 
is controlled by energy storage assistant. 

Figs. 4 and 5 are diagrams of comparison. The variable is to use energy storage system to assist control wind 
power fluctuation. Fig.4 compares the fluctuation rate of wind power in one minute time scale, and Fig.5 compares 
the fluctuation amplitude of wind power in 30 minutes time scale.  

 

 
Fig.3 Diagram of wind power and the actual power connected with grid 

 

 
Fig.4 Comparison of PRR before and after optimization 

 

 
Fig.5 Comparison of PR before and after optimization 
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From fig. 3, fig. 4 and fig. 5, it can be seen that hybrid storage system can effectively mitigate wind power 
fluctuation.   

As can be seen from fig. 6, the actual grid-connected power is highly fitted with the optimized reference output 
power curve, which can reduce the capacity requirement of the energy storage system. However, due to the 
limitation of charge and discharge power and residual energy state of the energy storage system, air abandonment 
and overdischarge also resulted in some deviations at points 288, 576, 1008 and 1200. 

As shown in fig. 7, the output power curves of the supercapacitor and the battery are respectively controlled by 
the low-pass filtering algorithm. The low-frequency component is suppressed by the battery, and the high-
frequency component is suppressed by the supercapacitor. In fig. 7, it can be seen that insufficient power is 
suppressed at points 576 and 1008. At points 288 and 1200, the charging power reached its maximum and the 
phenomenon of wind abandonment occurred. 

As shown in fig. 8, the SOC of the battery changes under the control strategy based on the scene switching 
system. After the scene switching system is activated, the battery does not appear to be deeply charged and 
discharged in most cases, effectively protecting its service life. However, due to the drastic fluctuation of leeward 
electric power in extreme weather, the battery tends to be overcharged and over discharged as shown at sampling 
points 216, 648, 936, etc. in the figure, damaging the battery. 

 

 
Fig.6 The fitting degree of the actual power connected with the grid and the reference output power 

 

 
Fig.7 Power allocation of hybrid energy storage system 

 

 
Fig.8 The SOC of battery based on SSA 
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Fig. 9 shows the energy state of the battery after the air discarding method is combined, the overcharge 
phenomenon of the battery is effectively relieved, and the damage to the battery life is reduced. 
 

 
Fig.9 The SOC of battery with the means of abandoned wind 

 
6.Conclusions 
 

To sum up, economy and capacity should be considered comprehensively when suppressing wind power 
fluctuation with energy storage, and the two are not completely independent and cannot be directly related. The 
optimization algorithm and capacity optimization model proposed in this paper can find out the extreme point of 
operating cost, reduce the burden of energy storage system to a certain extent, fit the actual power, and achieve 
the coordination of wind power acceptance capacity and energy storage system economy. 
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