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Abstract: In order to solve the problem of energy shortage, renewable energy such as wind power has developed rapidly
worldwide. However, due to its time-varying and uncertain nature, wind power is prone to local fluctuations and operational
safety hazards when connected to the power grid. In response to the stable grid connection problem of wind power generation,
a hybrid energy storage system is proposed A method was proposed to achieve smooth power fluctuations in wind power
generation using a model, and a charging and discharging control and allocation method for energy storage was proposed. Firstly,
the preliminary power of hybrid energy storage was obtained using the model predictive control method, Then, an adaptive
variational mode decomposition method was used to achieve energy distribution between batteries and supercapacitors. Finally,
the measured data of a 100MW wind power plant in Xinjiang was analyzed as an example. The proposed method has been
validated to not only achieve reasonable power allocation between hybrid energy storage systems, but also effectively reduce the
impact of wind power generation on the power grid, achieving long-term safe operation of hybrid energy storage systems.

Keywords: Mixed Energy Storage; Model Predictive Control; Variational Mode Decomposition; Wind Power Stabilized;
Wind Power Consumption.

phenomenon of pattern mixing in the empirical mode

1. Introduction decomposition method, which often requires secondary

The development and utilization of renewable energy from allocation of power. Zhang Baoming [10] and Zhang Peng [11]
wind energy and solar energy is an effective way to solve the used an allocation method based on wavelet packet
energy problem. However, due to the influence of weather, decomposition to suppress the frequency division of wind
climate and terrain, wind energy has strong time variability power generation power, gnd comb}ned W}th fuzzy cpntrol
and does not have damping characteristics [1-2]. With the ~ methods to develop charging and discharging strategies for
continuous growth of the grid connected capacity of wind energy storage systems. Jiang Xiuming [12] uses a first-order
power and the continuous growth of the grid connected low-pass filtering method to suppress wind power
capacity of wind power, it is easy to cause adverse effects fluctuations, and designs a cloud model controller to adjust
such as local fluctuations and operation safety hazards when the filtering time constant TO in real-time to control the output
connecting to the grid [3]. The real-time charging and power of tk‘le' energy storage system. Chi Yongxin[1‘3] uses an
discharging characteristics of energy storage are used to solve average sliding filtering method to smooth the wind power
the fluctuation of wind power and reduce the impact of grid ~ curve, After filtering the interference power, the frequency
voltage and frequency changes caused by wind power division power is determined th‘rough empirical mode
integration [4]. Using energy storage to enhance the stability decomposition method, and the high and low frequency
of wind power output is of great significance for the stable power is respectively allocated to flywheel energy storage and
grid connection of wind power [5]. lithium ‘pattery energy storage. The. above filtering methqu

At present, there has been a lot of discussion and research are relatively common and easy to implement. Not sensitive
on the suppression of wind power generation both to ﬂucmathns in wind power generathn, .an.d .real-tlme
domestically and internationally. In terms of energy storage, control of wind power generation has certain limitations
the most commonly used method is to combine power-based In view of th? above pr.obléms, the author proposes a wmd
energy storage with energy-based energy storage, using power ﬂuctuatlop stabilization strat’eg'y based on hybrld
power-based energy storage to suppress high-frequency and energy storage. F1rst}y', t‘he model predictive control algorithm
low amplitude fluctuations with low energy and rapid changes, is used as the stabilizing gontrol method, and the energy
and utilizing energy-based energy storage. It is achieved by storage output and charge discharge balance are taken as the
suppressing low-frequency and high-amplitude fluctuations obj ectives. Under. the condlt.lon of meeting the fluctuation rate
with high energy and slow changes, fully compensating for of wind power grid connection, the state of charge and charge
the shortcomings of a single type of energy storage, and discharge power of energy storage are considered to real.lze
achieving better smooth performance of wind power the .r.eal-.nme optimization of wind _power fluctuation
generation [6-8]. There are various wind suppression power stablhzatlor} and rgduce the impact of grid connected power.
control algorithms and strategies for energy storage. Zhang Secondly, in the 1nt§mal energy management and power
Qing [9] and others used the sliding average filtering method al.l()'C?tIOIl of the h)_’b_rld energy storage systgm, the frequency
to obtain the initial power of energy storage, and then division of the initial power of the hybrid energy storage
decomposed the frequency division points of composite system is realized by the adaptive reconstruction of ‘the
energy storage through empirical mode decomposition, cqmponents throygh the Varlat1oqa1 mode decomposition.
aiming to achieve the highest net efficiency and achieve wind Finally, the fea.s1b111ty and effectlveness of the proposed
power suppression fluctuations. However, there is a method are verified by analyzing the measured data of a
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100MW wind farm.

2. Construction of a Model for
Suppressing Fluctuations in Wind
Storage Systems

A wind power hybrid energy storage and generation system
is composed of two parts: a wind power generation system
consisting of a doubly fed wind turbine and its converter, and
a hybrid energy storage system consisting of supercapacitors,
batteries, and control systems. The grid connection structure
diagram is shown in Figure 1, It can be seen that the wind
power ultimately integrated into the power grid is determined
by the power output of the wind power generation system and
the output of energy storage that is integrated into the AC bus.
In the selection of hybrid energy storage systems, both lead-
acid batteries and supercapacitors are connected in parallel to
the DC/DC converter and connected to the DC bus, improving
the reliability of the system.
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............... G

Electric grid

Storage H
battery H

| | bC
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Fig 1. Grid connection structure diagram of wind storage hybrid
system

After adding energy storage to the wind farm, when the
actual wind power of the wind power system is surplus, the
energy storage system can absorb power and store it in the
energy storage system to reduce wind power. When the wind
power is insufficient, the energy storage system can release
power to increase wind power, reducing the fluctuation rate
of wind power before and after grid connection, making wind
power more stable and integrated into the grid, avoiding local
fluctuations in the system.

The storage capacity of batteries is high and the cost is low,
but the response speed of batteries is slow and not suitable for
fast charging and discharging and frequent state transitions,
making them more suitable for bearing low-frequency power
fluctuations in energy storage systems. And supercapacitors
have fast response speed and their service life is not affected
by frequent charging and discharging. However, their low
storage capacity and high cost make them more suitable for
bearing low-frequency power fluctuations in energy storage
systems. The hybrid energy storage system combines the
respective advantages of batteries and supercapacitors, and
achieves internal energy distribution through converter
control to jointly complete the task of suppressing
fluctuations, which can improve the system's economy and
enhance the response effect of suppression.
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3. Optimal Control of Energy Storage
to Suppress Fluctuations

Consider the prediction error of wind power before
conducting energy storage to suppress fluctuations. After
compensating for the wind power, perform flattening
processing to obtain the relationship between the wind power
before flattening and the state of charge of energy storage.

| B (k)= P, (k)|

Po(k) o

SOC. (k) = SOC(k - 1)+ )

where, P (k) represents the predicted power of the wind

Tx B (k)
E

farm at that time; P, (k) represents the actual power of the

wind farm at that time; ¢ is the allowable prediction error for
wind farms; SOC, (k) is the state of charge when
compensating for prediction errors in energy storage at time
k; SOC(k) represents the state of charge during the joint
optimization of energy storage at time k; T represents the
control period of energy storage; B(¢) is the power of energy

storage compensation prediction error; g is the rated

capacity of energy storage.

The relationship between the grid connected power of wind
power and the power before wind farm suppression, energy
storage power, and state of charge is as follows:

P(k+1) = By (k) — P, (k) 3)
SOC (k) = SOC, (k) (4)
SOC(k+1) = SOC(k)+%2(k) (%)

where, P(k-+1) is the grid connected power at time k+1;

P, (k) is the wind power after the wind farm compensates

for the prediction error at time k; P, (k) is the charging and

discharging power for energy storage to suppress fluctuations;
SOC(k+1) is the state of charge at time k+1.

3.1. Suppression based on Model Predictive
Control

The model predictive control algorithm predicts the future
state in advance based on the current state and input of the
energy storage system during each optimization cycle, and the
rolling optimization of future energy storage generates power
to achieve real-time control of wind power.

3.1.1. State Space

Objective function:

The objective function is to optimize the energy storage
output and charge discharge balance in the future time domain.
The expression of the objective function is as follows.

M= M
J=min Y P (k+i)+ SOC; (k+i) (6)
i=0

where, the two terms in the equation are the sum of squares
of the energy storage output and the offset of the energy
storage state of charge, M is the predicted time length.

Constraints:

After establishing the objective function, it is necessary to
consider the charging and discharging capacity of energy
storage, set charging and discharging power constraints,
consider preventing the charging and discharging of energy

i=1



storage from exceeding its actual capacity, set capacity
constraints for energy storage, and consider grid connection
requirements to set fluctuation rate constraints. Finally, the
solution is combined with constraint conditions.

~P,..  SP(k+i)< P, @)
SOC,;, <SOC,(t) < SOC,,,, (8)
|P(k+z+1)-P(k+z)|S5 )

P

rate

where, P

max

is the maximum allowable charging and
discharging power of the energy storage system; P, is the

rated capacity of wind power; J is the limit value for the
fluctuation rate of wind power grid connection.
Set state variables x, (k) as grid connected power P(k) ,

x,(k) as energy storage to suppress state of charge
SOC, (k) , control quantity u(k) is the energy storage
charging and discharging power P, (k), wind farm actual
power P, (k) as disturbance r(k) .The state space equation of

the wind power system containing energy storage is:
%x&k+D] [0 0] | ! 1
= + 7 |uk)+| (k)
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3.1.2. MPC based Control Process

According to the state space model in 2.1.1, model
predictive control is applied to the wind storage joint system.
The rolling optimization process is shown in Figure 2, with
the following steps:

Step 1: Initialize the parameters and verify that the length
of the selected optimization interval is 5.

Step 2: Based on the objective function (6) and constraint
conditions (7), (8), and (9), iteratively optimize the hybrid
energy storage control instructions within the future
optimization time interval, and solve for the corresponding
optimal energy storage control sequence.

Step 3: Apply the first value of the optimal energy storage
sequence to the hybrid energy storage system.

Step 4: Scroll to the next moment, update the system status,
including SOC state variable values and grid connected power
values, and then repeat the above steps.

Power after
compensation A

(10)

Be written as:

MPC rolling prediction

|

Fixed non field predicted power

v
Take the first value of the control
sequence
Theoretical power of energy
storage

Wave constraint
Power constraint
SOC constraint

Theoretical suppr i power

Fig 2. MPC Rolling Optimization Diagram

4. Energy Management of Energy
Storage Systems

Variational modulus decomposition is a signal
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decomposition and estimation method [14]. By iteratively
searching for the optimal solution of the variational model,
the frequency center and bandwidth of each component can
be determined during the process of obtaining decomposed
components, thereby achieving adaptive frequency domain
division of the signal and effective separation of each
component [15].

U(t)=R(t)+ P (1) (1)
< LJ —jot |2
max{ufr}lf{i:}{él\a[(é(t)+m u,((z)} j Hz}
N
st D ut)=U() (12)
k=1

where, U(¢) represents the total charging and discharging
power of the original energy storage to be decomposed,
{u ) ={upuy,u,} Ao} ={o,0,,.. o} , The
superscripts and subscripts in || ||; represent the square and

L2 norm, respectively.

In order to stabilize the super capacitor with high frequency
and low amplitude fluctuation and the battery with low
frequency and high amplitude fluctuation, an adaptive
reconstruction method of VMD component is proposed. That
is, during VMD component reconstruction, different
reconstruction ranges are selected for each component at each
time. Where k represents the number of components required
to reconstruct low-frequency components. In the
reconstruction process, if the amplitude of the high-frequency
component is greater than that of the low-frequency
component, the K value is increased. The formula of high and
low frequency reconstruction is:

u ()= u, (t) (13)
k=1
N

uy (=Y w (1) (14)
k=K+1

where, u, () is the k-th component of the compensation
power decomposed by VMD at time t, u,, (¢) u,(t) are the

high and low frequency components of the compensation
power for initial reconstruction at the time.

However, the above VMD component reconstruction
method is not accurate because the inaccurate selection of
VMD decomposition quantity N can lead to excessive
decomposition of the original signal, and the sum of the high
and low frequency components reconstructed by VMD
components is smaller than the amplitude of the original
signal. However, these reconstructed high and low frequency
components are multiples of the mixed energy storage
capacity. As a basis for the value, if the decomposition is not
accurate and the energy storage capacity configuration is not
accurate, it cannot -effectively suppress wind power
fluctuations. Therefore, the reconstruction process is adjusted
to: If excessive decomposition occurs, adjust the high-
frequency component value to the same value as the original
signal width, and reconstruct the VMD component by
subtracting the adjusted low-frequency component of the
adjusted high-frequency component from the original signal
to solve the problem of different widths from the original
signal.

P(0) = 2 u (PO =2 u (0= X, w(0) = U0 (1)
k=1 k=1

k=K+1

(15)



Py () =uy, (1) (16)

where, u,,(¢) isthe adjusted high-frequency component;
P, (¢) is the low-frequency component of the compensated
power at time t; P, (¢) is the high-frequency component of
the compensated power at time t.

5. Example Analysis

Select the measured wind power data of a 100MW wind
power plant in Xinjiang in 2019, and select the day with the
highest standard deviation of volatility for sampling. The
sampling period is 15 minutes. Figure 3 shows the actual
power of the wind power plant in one day and the power

predicted through neural networks.
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—— Actual power
—— Predicted power
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40 60
Time/15min
Fig 3. One day power curve of wind farm

80 100

According to the constraints of equations (1) and (9), set
the target prediction error to be less than 10% and the target
volatility to be less than 3%. The theoretical rated capacity of
energy storage is 48MW - h, with an upper limit of 0.9 and a
lower limit of 0.1 for the SOC state of energy storage. Based
on the above model parameter settings, the quadratic
programming method of MATLAB is used to optimize the
MPC objective function and constraint function determined
by equations (6) - (10) within each control cycle. Through this
optimization process, the effect of hybrid energy storage on
compensating error scope, suppressing fluctuation scope, and
the total scope of the combination of the two is obtained.

[—=— Compensation error output
—=— Stabilize output
|—— Joint output

Power /MW

0 20 40 60
Time/15min

Fig 4. Energy storage scope

80 100
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From Figure 4, it can be seen that the output power curve
of the hybrid energy storage system frequently fluctuates
around 0. If a single lead-acid battery is used for energy
storage, frequent charging and discharging may shorten the
battery's service life. Adding supercapacitors to the hybrid
energy storage system can assist in absorbing high-frequency
fluctuations in wind power.

The initial scope of energy storage obtained is allocated to
the battery and supercapacitor through adaptive variational
mode decomposition. Figure 5 shows the IMF obtained
through VMD decomposition, and Figure 6 shows the final
frequency division result adjusted by adaptive variational
mode decomposition.
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Fig 5. IMF obtained from VMD decomposition
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Fig 6. Frequency division power obtained by VMD
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In order to verify the superiority of VMD algorithm, it was
compared with traditional low-pass filtering algorithm in
energy allocation of hybrid energy. Comparing the power
allocation results in Figure 6 and Figure 7, the low-pass
filtered power instructions in Figure 6 indicate that the battery
is basically in a stationary state. The initial power command
value of the supercapacitor far exceeds the power command
value decomposed by VMD in Figure 7, which means that the
output command of the supercapacitor exists throughout the
entire frequency band. If the cut-off frequency of the low-pass



filter is incorrectly selected, hysteresis phenomenon will
occur, leading to long-term overcharging or discharging of the
supercapacitor, greatly reducing its efficiency, because it
cannot achieve good economic benefits.
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Fig 7. Frequency division power obtained by LPF
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On the other hand, the energy storage power output
decomposed by VMD in Figure 6 conforms to the
performance characteristics of battery and super capacitor:
battery energy storage is suitable for suppressing power with
low frequency and high amplitude, and super capacitor is
more suitable for withstanding power fluctuations with high
frequency and low amplitude in the system.

By mixing the total charging and discharging power of
energy storage, the wind power curve is flattened, and the
flattened wind power effect is shown in Figure 8.
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Fig 8. Actual wind power and grid connected power
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From Figure 8, it can be seen that the maximum fluctuation
rate of the flattened grid connected power curve is 3%.
Compared with the fluctuation rate of the original wind power
curve, the flattened grid connected fluctuation rate has
decreased by 13%.

6. Conclusion

When wind energy is integrated into the power grid, its
randomness and variability pose safety hazards to the stability
and reliability of the grid operation. Energy storage systems
can compensate for fluctuations and intermittency in
renewable energy generation such as wind energy, in order to
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facilitate power adjustment and control, and reduce the
impact on the power quality of the grid.

Taking a 100MW wind farm as an example, the initial
scope of energy storage is determined by combining
prediction error and fluctuation rate limitations. The energy
storage power is decomposed into low-frequency and high-
frequency parts through adaptive VMD algorithm to achieve
reasonable allocation of battery and supercapacitor power.
The energy storage control sequence command is obtained by
combining the model predictive control algorithm to suppress
wind power. The proposed control method has been validated
through MATLAB simulation to reasonably allocate the
power of hybrid energy storage, suppress the output power of
wind farms, and reduce the impact of wind power on the
power grid. Further research will be conducted on the
capacity and power configuration of energy storage devices
that meet economic operation indicators.

Acknowledgments

Fund projects: Electric Youth Top Talent Fund of NEPU
(DQKY202303).

References

[1] Huang Bibin, Zhang Yunzhou, Wang Caixia. Research on the
Development of New Energy in China's 14th Five Year Plan
and Issues to Pay Attention to [J]. China Electric Power,

2020,53 (01): 1-9.

Li Jianlin, Yuan Xiaodong, Yu Zhenggang, et al. A review of
research on improving power quality in power grids using
energy storage systems [J]. Automation of Electric Power
Systems, 2019,43 (08): 15-24.

[3] Xue Yusheng, Lei Xing, Xue Feng, et al. Comments on the
impact of wind power uncertainty on power system [J].
Chinese Journal of Electrical Engineering, 2014,34 (29): 5029-

5040.

Li Shujuan, Li Aikui, Huang Jiyuan, et al. Application and key
technologies of energy storage in high proportion renewable
energy systems [J]. Power Supply and Consumption, 2020,37
(02): 3-7+40.

Xu Guodong, Cheng Haozhong, Ma Zifeng, et al. Overview of
the operation and configuration of energy storage systems for
smoothing wind power output [J]. Power System Technology,
2017,41 (11): 3470-3479.

[6] Yuan Y, Sun C , Li M ,et al. Determination of optimal
supercapacitor-lead-acid battery energy storage capacity for
smoothing wind power using empirical mode decomposition
and neural network[J].Electric Power Systems Research, 2015,

127(0ct.):323-331.

Hu Luping, Hu Zijie, Zhang Zhen, et al. Optimization
configuration method for hybrid energy storage capacity
considering battery service life [J]. Electrical and Energy
Efficiency Management, 2016, No.505 (16): 83-88.

[8] SunY,ZhaoZ, Yang M ,et al. Overview of energy storage in
renewable energy power fluctuation mitigation[J].CSEE

Journal of Power and Energy Systems, 2020, 6(1):160-173.

[9] Zhang Qing, Li Xinran, Yang Ming, et al. A hybrid energy
storage capacity configuration method for suppressing wind
power fluctuations with the greatest net benefit [J]. Journal of

Electrical Engineering Technology, 2016,31 (14): 40-48.

Zhang baoming, Chen Jie, Fu Juxia, et al. Wind power
fluctuation control strategy based on wavelet packet hybrid
energy storage system [j]. motor and control applications,
2020,47 (03): 75-80+94.



[11] Zhang Peng, Zhang Feng, Liang Jun, et al. Optimal allocation
of wind turbine energy storage using wavelet packet
decomposition and fuzzy control [J]. high voltage technology,
2019, 45 (02): 609-617.

[12] Jiang Shuiming. Research on Control Strategy of Wind Power
Storage Device for Stabilization [D]. Nanjing: Nanjing Normal
University, 2018.

31

[13] Chi Yingxin. Research on control strategy and economy of
energy storage configuration in wind power system [D]
Shenyang: Shenyang Institute of engineering, 2021.

[14] Dragomiretskiy K, Zosso D.Variational Mode Decomposition
[J]. IEEE Transactions on Signal Processing, 2014, 62(3):531-
544.

[15] Ma L, Xie L, Ye L ,et al. A wind power smoothing strategy
based on two-layer model algorithm control[J]. Journal of
Energy Storage, 2023.



