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ABSTRACT Energy storage systems used for the flexible grid connection of wind farms in terms of
minute time-scale usually consist of batteries. Due to the capacity constraints of batteries, when wind
energy fluctuations exceed limits continuously, this type of energy storage system topology cannot present
good performance. To solve this problem, this paper introduces a hybrid energy storage system (HESS)
topology consisting of batteries and a hydrogen conversion system (HCS). To achieve a flexible wind
farm grid connection with a minimum energy loss, a HESS control strategy is proposed to make full
use of the advantages of the HCS capacity and battery energy conversion efficiency. The optimization
goal is to minimize power fluctuations, battery life consumption, and energy loss. The energy conversion
characteristics of the flexible wind farm grid-connection system are also analyzed. The simulation results
show that compared with other strategies using only batteries, the operating strategy using the HESS with
the same cost can combine the advantages of the battery efficiency and HCS power continuity to achieve a
balance between the controlling energy loss and smoothing power fluctuations.

INDEX TERMS Hydrogen conversion system, smoothing power fluctuations, hybrid energy storage system,

flexible wind farm grid-connection.

I. INTRODUCTION

Wind power has been widely used due to its clean and envi-
ronmentally friendly characteristics. However, the stochas-
tic volatility characteristics of wind power lead the power
fluctuations of wind power to exceed the grid-connection
regulations. If the wind power is not flexibly connected to
the grid, the power system dispatching and safe operation will
be threatened [1], [2]. Regulations of power connected to the
power grid are published in many countries. The Irish ESB
company [3] advises that the active power output change limit
is 5% of the installed capacity within arbitrary 15 minutes
when the installed capacity is less than 100 MW, 4% when
the installed capacity is less than 200 MW, and 2% when the
installed capacity is greater than 200 MW.
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With the continuous development of energy storage tech-
nology, research on the use of energy storage systems in
conjunction with flexible grid-connected control schemes has
yielded many fruitful early results. As shown in [4] and [5],
a hybrid energy storage system is proposed, consisting of a
super capacitor and a hydrogen storage device, which are
used to stabilize the grid-connected power of wind power and
DC bus voltage fluctuations on the second-level timescale.
Reference [6]-[8] has proposed to decompose wind power
fluctuations on two different timescales: second-level and
minute-level. Then, a hybrid energy storage system consist-
ing of super capacitors and batteries is used to stabilize power
fluctuations on two timescales. In addition, some literature
focus on grid-connected fluctuation power on the minute-
level timescale, and battery life is also considered. As shown
in [9], the model predictive control idea is used to control the
battery to participate in the flexible grid-connection on the
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minute timescale. As shown in [10], to prevent the battery
from over charging and discharging, the state of charge (SOC)
feedback regulates the charging filtering parameters of the
battery. The battery output is reduced to prevent overcharging
when the SOC is too high. The reference [11] expounds
the concept and structure of wind-hydrogen coupled power
generation and demonstrates the feasibility of a hydrogen
storage system participating in the flexible wind farm grid-
connection at the minute timescale.

The above-mentioned research lays a solid foundation for
wind farm power fluctuation suppression and energy stor-
age system control strategies. However, the above-mentioned
research has not considered the following two aspects: first,
in terms of the energy storage structure, the above-mentioned
research mainly uses a single battery or hydrogen energy
storage device to suppress the power fluctuation in a minute
timescale. However, the control ability of the battery for flex-
ible wind farm grid-connections is limited by the SOC when
the budget is limited, so it is difficult to meet the needs of
continuously increasing or decreasing wind power. When the
cost of the hydrogen storage system is fixed, the capacity of
the hydrogen storage unit can be allocated reasonably. Then,
the hydrogen storage capacity can be considered to be enough
to meet the dispatching requirements within 24 hours of the
intraday dispatching period, and the flexible grid-connection
problem caused by the capacity limits can be well solved.
However, compared with batteries, the energy conversion
efficiency of hydrogen storage devices is relatively low, and
the cost is relatively high [11], [12]. To solve the above-
mentioned problems and by considering the energy storage
system structure commonly used in wind farms, the hybrid
energy storage system is composed of a hydrogen storage
unit and batteries. The former can be considered to have an
unlimited capacity in the intraday dispatching timescale, and
the latter has a low energy conversion loss. In this way, the
round-the-clock and highly efficient flexible grid connection
of wind power is achieved. Second, in terms of the operational
control objective, the above-mentioned studies mainly focus
on how to maximize the smooth grid-connected power of
wind power without optimizing the energy loss generated by
the energy storage system in the process of energy conversion.
This loss is only considered in modeling the energy storage
system. In this way, it is difficult to globally optimize the
output smoothing index and the operating cost of the energy
storage system. Therefore, the ideal effect of balancing the
output fluctuation control effect and the cost of energy con-
version are hard to achieve.

Therefore, this paper studies the topology of a battery-
hydrogen hybrid energy storage system. By constructing a
comprehensive objective function that considers the fluctu-
ation of grid-connected power, the smoothness of the energy
storage output and energy loss, a flexible grid-connected
control strategy of wind power is proposed. This strategy
effectively improves the continuity of the power supply by
using a hydrogen energy storage system in the timescale of
intraday dispatching, and a model for evaluating the energy
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FIGURE 1. Wind-battery-hydrogen system control block.

conversion characteristics of energy storage is established.
Then, this paper quantitatively evaluated the overall energy
conversion characteristics of the hybrid energy storage sys-
tem after the implementation of the control strategy. The
effects of the energy storage system ratio and the penalty
factor on the control results are studied. Both the theoretical
analysis and case study prove the effectiveness and superior-
ity of the proposed system scheme, optimization model and
energy consumption evaluation model.

Il. SYSTEM MODELING

Fig. 1 shows the topological structure of the wind-storage-
hydrogen co-generation system. Let 7 be any time in the
operation cycle. Pw(?) is the original active power output by
wind turbines. P(¢) is the grid-connected power of the com-
bined system. Pg(#) represents the charging and discharging
power of the battery, and it is recorded as Pg(f) < 0 when
charging and Pg(7) > O when discharging. Py(¢) represents
the charging and discharging power of the hydrogen energy
storage system. Py(t) < O represents the electrolytic cells
absorbing the active power. Py(t) > 0 represents the fuel
cells releasing active power. The real-time balance expression
of the active power of a wind farm is shown in (1).

P(r) = Pw(t) + Pg(t) + Pu(1) ey

A. HYBRID ENERGY STORAGE MODULES
1) SYSTEM CHARACTERISTICS MODELING

The residual energy Eg(f) of the battery is shown in (2), and
the SOC of the battery is shown in (3).

En(r) = Eg(t — At)—Pg(t) - At -nge, Pp(t) <0 @
BT | Ear — A—Py(t) - At/na,  Pa(t) > 0
Ssoc(t) = 231,0 ) 100% 3)

where At is the dispatching period, that is, 15 minutes, 1pc
and npq represent the charging and discharging efficiencies
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FIGURE 2. The volume of hydrogen on four typical days.

of the batteries, respectively, which are 90%, and Epp, is the
rated capacity of the batteries.

Hydrogen production AWy by a water electrolysis hydro-
gen plant under standard conditions and the input electric
quantity of the water electrolysis device [13] are shown in

.

AWy = Py(1) - At - nHce @
_ Nu, out - HuHv )
Py + chll(1 - TO/TS) + QH20(1 - TO/TS)

where ny. represents the electro-hydrogen conversion ratio
of the electrolytic device, Py represents the operating power,
and Hypy represents the calorific value of hydrogen, which
is 284.7 kJ/mol. Nu2,out represents the rate of hydrogen pro-
duction, that is, 0.05 mol/s, nioa represents the heat energy
provided by the external heat source, that is, 0.23 kJ/s, and
OH,0 represents the energy required to heat water, that is,
0.47 kJ/s. Tp and Ty represent the ambient temperature and
the temperature of the heating source, respectively, that is,
298.15 K and 873.15 K, respectively.

When the mass of hydrogen AWy is known, the total
energy released by the hydrogen fuel cell G3000 [14] can be
calculated by (6):

Hc

ooUn
PPcsA

where npq represents the hydrogen-to-electricity conversion
ratio of the fuel cell, and Ug represents the output voltage of
the fuel cell, that is, 500 V. p and pg represent the hydrogen
gas density at 273 K/81.04 MPa and standard conditions,
respectively, which are 38 g/L and 0.0899 g/L. p.s represents
the number of single cells in the stack cells, that is, 640. The
coefficient A is 0.42.

By using the measured data of a 100 MW wind farm (with
10 MW batteries) in China, replacing its batteries with a
hydrogen energy storage system of the same rated power [8],
together with the current control strategy for smoothing fluc-
tuations, the curves of the hydrogen volume under standard
conditions on 4 typical days of 4 different seasons are shown
in Fig. 2.

As shown in Fig. 2, the maximum possible value of hydro-
gen produced in one day is less than 1600 m? for the wind
farm mentioned above. Meanwhile, a unit volume (1 m3) of

Py(t)- At =nuda - AWH, nHa = AWy (6)
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a hydrogen storage tank under an 81.04 MPa pressure can
accommodate 400 m> hydrogen under standard conditions.
To draw a conclusion from Fig. 2, a hydrogen storage tank of
4 m?3 capacity is able to meet the hydrogen storage demand of
intraday dispatching for a wind farm of installed capacity no
more than 100MW. As for the case study in Section IV, the
capacity of the wind farm exactly matches the above example
wind farm. Therefore, the hydrogen tank of 4 m? is sufficient
enough to satisfy the adjusting requirement. Thus, in the fol-
lowing, a hydrogen storage tank of a 4 m® capacity is adopted.
By this arrangement, the upper limit of the hydrogen reserve
tank does not need to be considered specifically because the
installed capacity of the investigated wind farm in the section
of the case study is no more than 100MW (exactly equal to
100 MW).

2) ECONOMIC ANALYSIS OF THE HYBRID ENERGY STORAGE
SYSTEM

At present, the control strategy used to suppress wind power
fluctuations mainly acts on the battery. Whereas, the control
strategy proposed in this paper acts on the hybrid energy
storage system, including the battery and hydrogen energy
storage device. To make the control effect more convincing,
the two kinds of energy storage systems should have the
same allocation cost. Ref. [15] points out that for 100 MW
wind farms, it is recommended to use batteries with a rated
power of 10 MW and a rated capacity of 10 MWh. The
cost of this recommended system is approximately 26 million
yuan. Ref. [16] points out that the cost per unit power of the
hydrogen storage system is approximately twice that of the
battery. The cost of a hybrid energy storage system consisting
of a 6 MW battery and 2 MW hydrogen storage equipment
is the same as that of the above-mentioned pure battery
energy storage system. In addition, after inquiry, the cost of a
4 m? hydrogen storage tank is approximately 160,000 yuan.
Therefore, the cost of the energy storage system consisting of
6 MW batteries and 2 MW hydrogen storage equipment is the
same as that of 10 MW batteries. The following discussion is
based on the above-mentioned allocation.

B. HYBRID ENERGY STORAGE CONTROL MODULE

By using the rolling optimization idea of the predictive con-
trol model, the latest ultra-short-term wind power forecasting
data, the grid-connected power of a wind farm and the energy
state of the hybrid energy storage system acquired in real-
time are input into the hybrid energy storage control mod-
ule. The finite time-domain optimization problem defined
in Section III is solved online to obtain the charging and
discharging power of the hybrid energy storage system in this
dispatching period, and only the results of the first step are
output. Then, the whole system loops again.

C. WIND POWER FORECASTING MODULE

The data of the wind farms described in Section A are
obtained. The wind power forecasting algorithm described
in reference [17]-[20] is used to forecast wind power with
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timescales of 15 minutes and 3 hours. The forecasting results
are normalized and evaluated. The extreme learning machine
(ELM) algorithm with slightly better evaluation results is
selected, and the forecast period is 3 hours and updated with
time. The sampling timescale and scheduling timescale of
hybrid energy storage are set to 15 minutes.

Ill. POWER FLUCTUATION SUPPRESSION STRATEGY OF
HYBRID ENERGY STORAGE

A. DEFINITION OF THE EVALUATION INDEX

1) OVER-LIMIT INDEX OF THE POWER FLUCTUATION IN THE
GRID-CONNECTION

The over-limit amplitude A P; of the active power fluctuation
in the wind farm grid-connection is shown in (7)

T/At—1
APs =[ Y (max{AP(t + kAt) — De;, 0})?
k=1
+ (min{AP(t + kAt) + D, 0)?1'/? (7
AP(t) = P(t) — P(t — At) ®)

where T is the operation period, set as 3 hours, and Dg; is
the allowable value of the fluctuating power for the grid-
connection, set as 2 MW.

2) TOTAL CHARGE AND DISCHARGE INDEX OF BATTERIES
The aging condition of a battery [21] when it irregularly
fluctuates with the wind farm grid-connected power can be
expressed as

3 T z
_ . |Pp(t + kAL)| - At
5= e (Z Us(r + kAT) ) ©)

i=1 k=1

where ¢; is a constant representing the characteristics of the
batteries, T is the total time of charging and discharging the
batteries, and Ug is the working voltage of the batteries. It can
be seen that the smaller the total charge and discharge power
in the whole life cycle, the lighter the life aging status of the
batteries. To reduce the life cycle loss, the total charge and
discharge index of the battery is set up as shown in (10):

T/At—1

Z (At - Pg(t + kA1))2 (10)
k=1

Spg =

The maximum discharge depth also affects the life of the
battery. Therefore, the maximum discharge depth is set as a
constraint in this paper, which can be seen in Part B.

3) ENERGY LOSS INDEX

When the wind power is sharply increasing, the wind energy
curtailment AEjgis(¢) is obtained by integrating the wind
power curtailment with time, as shown in (11).

AEgis(t) = At - max{AP(t) — D, 0} (11)

There is an energy conversion loss in the charge-discharge
process of hybrid energy storage systems. The energy conver-
sion losses of batteries AEg(f) and hydrogen storage systems

79350

AEy(t) are shown in (12) and (13).

AEg(r) = —Pg()- At-(1 —nge), Pp)<0 12
Pg(t)- Ar-(1/npa — 1), Pp() >0

AEn(r) = —Py(t) - At - (1 —nue), Pu(t) <0 13
PH(t) < Af - (l/an - 1), PH(t) >0

The energy loss index AE(?) is shown in (14).
T/At—1
AE@W =1 ) (AEas(t + kA0 + AEg(i + kAD)
k=1
+ AEu(t + kA2 (14)

B. MODELING THE HYBRID ENERGY STORAGE CONTROL
SYSTEM

1) OBJECTIVE FUNCTION

The penalty coefficients « and 8 are used to convert the three
optimization objective functions shown in (7), (10) and (14)
into a single objective optimization problem. The objective
functions are listed as follows:

minJ = APs + adp, + BAE (15)

2) CONSTRAINTS

The charging-discharging power and residual energy of bat-
teries satisfies the constraints (16) and (17).

Pem < PB([)SPBdm (16)
Epmin < EB(t) < Epmax (17)

where Ppcm and Py are the maximal charging and discharg-
ing power of the battery. Ey, iy and Ep max are the SOC limit of
the battery, which represent the limit of the charge/discharge
depth of the battery.

The charging/discharging power of the hydrogen storage
system and capacity of the hydrogen tank satisfy the con-
straints (18) and (19), respectively.

PHem < PH(t) < PHdm (18)
Wa() = 0 (19)

where Pycm and Phgnm are the rated charging and discharging
power of the hydrogen storage system, that is, 2 MW.

3) SOLUTION

The optimization problem is a nonlinear quadratic program-
ming problem, which can be solved by the YALMIP toolbox
in MATLAB and the CPLEX solver [22]. The flow chart of
the processing is shown in Fig. 3.

C. ENERGY LOSS EVALUATION MODEL OF HYBRID
ENERGY STORAGE

For the energy storage system, a more intuitive evaluation
index of the energy storage system is defined concerning to
the energy conversion efficiency. In the execution process of
the control strategy, which is carried out in a flexible wind
power grid-connection auxiliary system, the sum of the wind
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FIGURE 3. The flow chart of the processing.

power fluctuation energy, which exceeds the limit from the
initial state, is defined as the cumulative energy Eap of the
over-limit power fluctuation, as shown in (20).

T /At
Exp = At ) max{(APmax(t + kAt) = Dey), 0}

k=1
+min{APmax(f + kAf) + Det, 0} (20)

The energy change of the hybrid energy storage system
after charging and discharging from the initial state is defined
as Eag. The energy storage system has two kinds of energy
storage (only the battery and only hydrogen energy storage)
to collaborate with three kinds of working modes, as follows.
The first mode is when the Eap value is small, in which
case the control strategy generally uses only the battery or
two kinds of energy storage units together. As the Eap value
increases, the control strategy uses only the hydrogen storage
energy after the battery is full. The battery works alone and
corresponds to the maximum value of the energy change
Eas n. The second mode is when Ep is not higher than the
charging energy, corresponding to the rated capacity Epy of
the battery, in which Eag 1, is equal to the battery conversion
power. When Eap > FEpm/nBc, the battery is full, and the
hydrogen storage system starts to work. Eas_p is equal to the
rated capacity of the battery plus some electricity consumed
by the hydrogen storage unit, as shown in (21). The third
mode is on the contrary: if the mode in which two kinds of
energy storage units work at the same time is adopted in the
early stage of the fluctuations, the larger the power ratio of the
hydrogen storage system, the higher the energy conversion
loss. When the hydrogen storage system is charged at the
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rated power, this situation corresponds to the minimum value
Eas 1 of the energy change. When the battery is not full, the
two kinds of energy storage units work at the rated power.
Eap is allocated according to the power ratio of the two kinds
of energy storage units, and Eas | is calculated according to
the conversion efficiency of the two kinds of energy storage
units. When the battery is full, the hydrogen storage unit
works alone. Exs | is equal to the total converted power of
the previous process plus the electricity consumed by storing
hydrogen, as shown in (22).

nBc - Eap,  EaP =< Ebm/nBc

Eom + 7Hc - (EaP — Ebm/7Bc)s (21)
Eap > Epm/nBe

ne-Eap,  Eap < (Ebm + Ehm)/Mt
Epm~+Enm+1He - (EAp— (Eom+Emm)/n0), (22)
Eap > (Eom + Ehm)/mt

Eas h =

Epns =

The comprehensive energy conversion efficiency 7al of
the energy storage system is Eas/Eap, which indicates the
efficiency to consume the total energy when the power fluc-
tuations of the energy storage system exceed the limit.

IV. CASE STUDY

A. STRATEGY COMPARISON AND SIMULATION SCENARIO
To verify the effectiveness of the wind power flexible
grid-connected auxiliary system and its optimization model
(called Scheme 1), this paper compared it with the control
effect of the wind farm grid-connected fluctuation smooth-
ing method [8] (called Scheme 2) by using a battery on a
timescale of 15 minutes. The control method of Scheme 2 is
as follows: based on the wind power forecasting information,
the model prediction method is used to control the power fluc-
tuation of the battery system at the 15 minutes timescale. The
objective function includes the optimization of the deviations
from ideal SOC values, battery power and grid-connected
power fluctuations.

The hybrid energy storage system consists of a 6 MW
battery and 2 MW hydrogen storage energy, and the cost is
approximately the same as that of Scheme 2 with a 10 MW
battery. The total installed capacity of the wind farm is
100 MW. The continuous battery discharge time is 1 h at
the rated power, and the initial SOC is set as 30%. Due
to the flexible grid connection, reducing fluctuations is the
optimization focus of this paper. The penalty coefficient is
temporarily set as 0.5 [8]. In practice, it is changed according
to the different operational requirements and the tendency of
the different indexes.

B. EXECUTION RESULTS OF THE OPTIMIZATION MODEL
AND DISCUSSION

1) ANALYSIS OF THE POWER FLUCTUATION SMOOTHING
EFFECT

To describe the fluctuation smoothing effect more com-
prehensively, the number of times that the wind power

79351



IEEE Access

T. Wen et al.: Research on Modeling and the Operation Strategy of a Hydrogen-Battery HESS

TABLE 1. Effects of the different strategies.

Typical days Scheme APs/MW  Nover  pout/%  AE/(MW-h)

No control 22.32 23 23.96 23.24

1 @ 8.05 4 417 7.71
@® 3.21 2 2.08 7.27

No control 36.91 31 32.29 39.32

2 @ 9.75 5 5.21 7.83
@® 2.15 3 3.13 7.18

No control 27.98 29 30.21 28.48

3 @ 8.02 5 5.21 3.82
® 2.7 1 1.04 3.39

No control 37.12 33 34.38 36.86

4 ® 17.23 9 9.38 15.62
@ 11.29 6 6.25 15.06

fluctuation exceeds the limit Noyer and the time ratio poye of
the over-limit time are set as two indexes, as shown in (23)
and (24).

T/At—1
Nover = ) S(max{AP(t + kAt) — Der, 0))
k=1
+ S(min{AP(t + kAt) + De, 0}) (23)
Pout = At - Nover/T x 100% (24)
[La#0
where S(a) = 0.a=0

The optimization model of the wind power flexible grid-
connection auxiliary system is implemented on 4 typical days
of 4 seasons. The amplitude AP of the over-limit fluctua-
tions, the number of over-limit times Ngyer, the over-limit time
ratio pout, and the energy loss index AE of the four typical
days are listed in Table 1.

It can be seen from Table 1 that the fluctuation smoothing
effect of Scheme 1 is much better than that of Scheme 2,
and the energy loss of Scheme 1 is smaller too. The average
difference between the energy loss indexes of Scheme 2 and
Scheme 1 of the four typical days is approximately 0.5 MWh.
The wind farm is in the Class II resource area. The current
pool purchase price is 0.52 yuan/(kWh). Since 360 days are
operationally effective in 1 year, Scheme 1 obtained 93,600
extra yuan of annual grid-connection profit on the energy
loss index. The grid-connection power fluctuating curve, the
charge/discharge power of the hybrid energy storage system,
and the battery SOC curve of typical day 1 are shown in
Fig. 4 - Fig. 6, respectively. From these figures, the mecha-
nism of the hybrid energy storage system can be illustrated
clearly. For instance, in Fig. 4, it can be observed that the
wind power drops down (corresponding to a negative value)
sharply at time 20 hour due to an unsatisfactory wind condi-
tion. To keep the grid-connection power as stable as possible,
the battery immediately releases a large amount of power to
compensate the decrease of wind power output, as seen in

79352

T T
Wind power

——  Scheme IT

L —— Schemel

15 -

SRRV b

-5

Power fluctuation/MW

15 . . . . .
Time/h

FIGURE 4. The fluctuation of the wind power when connected to the grid.

—Scheme I
5+ —Scheme IT

Power/MW

0 4 8 12 16 20 24

Time/h

(a) Battery power

3

[ —— Schemel

er/MW

Pow,

Time/h

(b) Power of the hydrogen energy storage device

FIGURE 5. Power of the hybrid energy storage system.

—Scheme I
|~ Scheme II

80

SOC%

40 1

Time/h
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the Fig. 5(a). Meanwhile, the SOC of the battery decreasing
sharply is observed, as seen in Fig. 6.

2) ANALYSIS OF THE EFFECT OF THE GRID-CONNECTION
AUXILIARY SYSTEM IN EXTREME CASES

The control effect analysis is carried out by selecting the
extreme case where the wind power continuously declined
from 80 MW to 20 MW within 2 h. The original power of
the wind farm is shown in Fig. 7. The power fluctuation of
the grid is shown in Fig. 8. The corresponding over-limit
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TABLE 2. Control effect as the wind power sharply declines.

Scheme AP/MW Pout/% AE/(MW:h)
Wind power 37.91 49.42 0.84
Scheme @ 16.75 18.98 5.58
Scheme @ 10.15 12.01 7.94

Wind power/MW

Time/h

FIGURE 7. Wind power decline.

5

Wind power
_ \
Scheme I \/
— Scheme IT '

Power fluctuation/MW
b

Time/h

FIGURE 8. Wind power fluctuation.

fluctuation amplitude, the index APs, the over-limit time ratio
Pout> and the energy loss index AE are shown in Table 2.

It can be seen from Table 2 that in the case where the wind
power sharply declines in the short-term, the grid-connection
fluctuation of the wind power in Scheme 1 is minimal, and
the best flexible grid-connection function is realized.

C. ENERGY CONVERSION PERFORMANCE AND
DISCUSSION

Under the typical days and extreme scenarios, the superi-
ority of Scheme 1 for achieving wind power flexible grid-
connection control has been proved. Furthermore, based
on the comprehensive energy conversion efficiency index
defined in Section III, the performance of the wind power
grid-connection system is analyzed.

Fig. 9 is obtained according to Section III, and the blue
area indicates the operating range of the hybrid energy storage
system under different operating conditions.

The curve shown in Fig. 9 is divided into two working
areas, A and B, according to the comprehensive efficiency.
Point a corresponds to Scheme 1 switching from the battery
to the hydrogen storage unit in the maximum efficiency mode.
Point b corresponds to the case where the battery of Scheme 2
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FIGURE 9. The energy conversion efficiency of strategies I and II.

is full. Point ¢ corresponds to point when the critical value
indexes of Schemes 1 and 2 are the same. In Area A, the
hydrogen storage system of Scheme 1 may partially bear the
charge/discharge energy of the batteries in Scheme 2, so the
comprehensive conversion efficiency and the energy variation
of Scheme 1 are not higher than those of Scheme 2. In Area B,
the SOC of the batteries in Scheme 2 exceeds the limit, and
it no longer participates in dispatching. In the same situation,
the hydrogen storage unit in Scheme 1 continues to work, so
the convertible energy is large than that in Scheme 2. The
difference between the comprehensive conversion efficiency
and energy variation of the two schemes sharply increases
with the increase in Eap. The superiority of the hybrid energy
storage system for the wind power flexible grid connection
control is obvious.

When the two schemes work at a position near point
¢ on typical days, the energy conversion efficiency of the
two schemes are close. In the extreme scenario where the
wind speed drops continuously, Scheme 1 works in the c-
e section of area B, and the hybrid energy storage unit is
turned on at the same time. Although the energy loss is higher
when the hydrogen energy storage system participates, the
hydrogen energy storage system also improves the power
supply continuity of the hybrid energy storage system, which
improves the energy conversion efficiency. Therefore, the
hybrid energy storage system of Scheme 1 has obvious advan-
tages in improving the reducing wind energy curtailment
when the continuous output is needed in extreme scenarios.

To verify the conclusion drawn from Fig. 9, quantitatively
analysis of ) is carried out: Four typical days the same
as those in table 1, which have different Eap, are adopted
as input to figure out corresponding Eas and na), and the
results are presented in Table 3.

As shown in Table 3, as for typical day 1, the energy
conversion efficiency of scheme 2 seems better than scheme 1
since Eap is less than 12MWh in this case, while the
energy conversion efficiency of scheme 1 will be superior
to scheme 2 for the else three days, among which Eap is
greater than 12MWh. It implies that the continuous support
from energy storage system is necessary in these cases. By
this means, the advantage of the hybrid energy storage system
can be presented clearly. By the way, it can be seen that the
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TABLE 3. Energy conversion efficiency comparison between two schemes.

TABLE 5. Control effect influenced by the penalty factors.

Typical days Schemes Enr/MW Eas/MW Mol a B AP/MW AE/(MW-h)
Scheme 1 10.7 8.8 82% 0.5 0.8 3.89 6.93
Typical day 1
Scheme 2 10.7 10.7 100% 0.5 0.5 3.21 7.27
Scheme 1 238 17.5 73.5% 0.5 0.2 2.99 7.76
Typical day 2
Scheme 2 23.8 9.9 41.6% 0.8 0.5 3.01 7.58
Scheme 1 16.9 10.9 65.1% 0.2 0.5 3.97 6.86
Typical day 3
Scheme 2 16.9 9.9 58.6%
Scheme 1 25.6 12.5 48.8%
Typical day 4 .. .
Scheme 2 25.6 9.9 38.7% storage system is increased, on the one hand, the wind energy

TABLE 4. Effect influenced by the configuration ratio of the hybrid energy
storage system.

Battery/MW Hydrogen storage /MW APs/MW AE/(MW-h)
10 0 8.05 7.71
6 2 3.21 7.27
4 3 4.83 7.19
2 4 6.12 7.46

energy conversion efficiency of both schemes are quite low
in typical day 4. The reason is that the main functionality
of the installed energy storage system is not collecting the
abandoned wind power and feeding back to the main grid.
The main functionality is to suppress the fluctuation of wind
power. Therefore, the index of energy conversion efficiency
is not the main concern. In fact, the goal of high energy
conversion efficiency like else typical days always can be
achieved as soon as enlarging the scale of energy storage
system enough. Obviously, it is not economic. Enlarging the
scale of energy storage system unreasonably to collect minor
electricity does not fit the original purpose to install this
system, that is, suppress the fluctuation of integrated wind
power.

D. FURTHER DISCUSSION OF THE IMPACT OF THE
ENERGY STORAGE SYSTEM RATIO AND THE VALUE OF
THE PENALTY FACTOR ON THE PERFORMANCE OF THE
OPTIMIZATION MODEL

As previously discussed, when the energy storage system
battery/hydrogen storage ratio and the value of the penalty
factor are fixed, this paper studies the characteristics and
performance of flexible grid-connection auxiliary systems for
wind farms. In fact, different energy storage system ratios and
penalty factors may affect the performance of the optimiza-
tion model. This section quantitatively analyzes this.

By selecting the wind power output data on the typical
day 1, this paper changes the battery/hydrogen storage ratio
of the hybrid energy storage system to run the simulation. The
evaluation indexes are shown in Table 4.

It can be seen from Table 4 that the configuration ratio
selected in this paper is optimal in terms of the grid-
connection over-limit power fluctuation index. In terms of the
energy conversion loss, when the proportion of the hydrogen
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curtailment will be reduced due to the improvement in the
power supply continuity. On the other hand, the energy con-
version loss of the hydrogen storage system is higher. Under
the combined effects of the two factors, the energy conversion
loss index is the smallest when the battery/hydrogen energy
storage ratio is 4 MW/3 MW. In practice, according to dif-
ferent control needs, the battery/hydrogen storage ratio of the
hybrid energy storage system can be flexibly selected.

Similarly, the wind power output data of the typical day 1
are selected. The value of the penalty factor is changed under
the condition of the 6 MW battery and 2 MW hydrogen stor-
age system, and the corresponding control strategy evaluation
indexes are listed in Table 5.

It can be seen from Table 5 that when B increases or «
decreases, the control strategy will use the battery to smooth
the fluctuation as much as possible, reducing the energy loss
from the hydrogen storage energy. In this way, the hydrogen
amount is reduced, causing a continuous reduction in the
power supply when the wind power continuously goes down.
Meanwhile, the power fluctuation smoothing effect is weak-
ened. When $ decreases or « increases, the control strategy
will more often use the hydrogen storage system to smooth
the fluctuations, and the hydrogen amount increases, improv-
ing the power supply continuity. Meanwhile, the power fluc-
tuation smoothing effect is slightly enhanced. In summary,
if the requirements for the hybrid energy storage system
focus on the fluctuation smoothing function, then 8 can be
appropriately reduced or o can be increased. If the require-
ments focus on reducing the energy loss and improving new
energy utilization, then we can appropriately increase  or
decrease o.

V. CONCLUSION
To deal with the existing problem of wind farm oriented
energy storage device arrangement, a hybrid energy storage
system composed of a battery and a hydrogen energy storage
device to smooth the fluctuations of wind power effectively is
proposed. The energy conversion characteristics of the hybrid
energy storage system to achieve flexible wind power grid-
connections and the efficient operation of energy storage
systems is also discussed. Some conclusions can be drawn
according to the results of theoretical analysis and case study:
i) The proposed hybrid energy storage system can realize
the flexible grid-connection function of the wind farm, which
is superior to that of the single battery energy storage system.
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ii) This system also has the advantage of improving the
wind power flexible grid-connection control continuity and
improving the wind energy utilization rate.

iii) After increasing the ratio of the hydrogen storage
system in the hybrid energy storage system, the over-limit
fluctuation index and the energy loss index both decrease first
and then increase. Meanwhile, the value of the penalty factor
also affects the control result. In the follow-up study, specific
optimization strategies for the above-mentioned parameters
will be further explored.
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