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ABSTRACT This paper proposes a novel optimal control method for integrated systems of Wind farms
(WFs) and hydrogen production systems (HPSs). Green hydrogen production via renewable power genera-
tion (RPG), such as wind power generation, is a promising technology to overcome environmental problems.
RPG has the potential to become more widespread if we can produce hydrogen in an HPS using the output
fluctuation and the output surplus of RPG, which cause power outages due to supply-demand imbalances.
The proposed optimal control maximizes the capacity factor of HPS while producing hydrogen constantly
and satisfying the technical requirement related to the output fluctuation of the WFE. The proposed control is
also easy to implement and needs no WF output forecast. We demonstrate the effectiveness of the proposed

optimal control through simulated comparative analysis with conventional methods.

INDEX TERMS Electrolyzer, output smoothing, hydrogen production, wind generation.

I. INTRODUCTION

Hydrogen is an essential energy source in many applica-
tions, such as fuel cell vehicles, hydrogen-powered heavy-
duty trucks, household and industrial fuel cells (FCs) [1],
[2], [3]. Moreover, valuable chemicals such as methane can
be generated by blending hydrogen with carbon dioxide [4].
Thus, hydrogen is frequently credited as an alternative source
to fossil fuels.

Green hydrogen production via renewable power gener-
ation (RPG), such as photovoltaic and wind power gener-
ation, is a promising technology to prevent environmental
problems, as hydrogen can be produced without carbon diox-
ide [5], [6]. For green hydrogen production, there are two
types of systems consisting of RPG and hydrogen produc-
tion systems (HPSs): stand-alone systems [7], [8] and grid-
connected systems [9], [10], [11], [12]. In the grid-connected
systems, power can be supplied to the grid while produc-
ing hydrogen in the HPS. Moreover, RPG has the potential
to become more widespread if we can produce hydrogen
in the HPS using output fluctuation and output surplus of
RPG, which cause power outages due to supply-demand
imbalances [9], [10], [11], [12].
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In grid-connected systems, it is important to mitigate RPG
output fluctuation, produce hydrogen constantly, and main-
tain a high capacity factor of HPS. To achieve these purposes
simultaneously, some methods have been proposed. In [13],
an output smoothing method for RPGs by combining HPSs
and FCs was proposed. In [14] and [15], a system composed
of HPSs, FCs, and super-capacitors was proposed. Since the
HPS produces hydrogen by consuming electrical power and
the FC generates power by consuming hydrogen, the combi-
nation of HPSs and FCs can operate like a battery and smooth
the RPG output. However, the energy conversion between
hydrogen and electricity in the combination of HPSs and FCs
induces the loss [10]. In addition, it is difficult to store hydro-
gen for applications such as fuel cell vehicles if the hydrogen
itself is used to mitigate RPG output fluctuation. In [16],
the output smoothing of wind turbines was investigated by
utilizing wind power forecasting in a system composed of
HPSs, FCs, and batteries. This method can also smooth wind
turbine output. Nevertheless, no discussion has been found
about constant hydrogen production and improvement of
the capacity factor of HPS. Optimization methods based on
model predictive control for a microgrid containing RPG,
HPSs, FCs, and batteries were proposed in [17] and [18]. The
components in the microgrids optimally operates based on
the model predictive control, minimizing the operation cost.
However, these methods require high calculation power for
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online complex optimization. In addition, the initial costs are
high, and the energy conversion loss is inevitable since they
utilize batteries and FCs [17] and [18].

Smoothing control methods using HPSs for RPG without
batteries or FCs were investigated in [9], [10], and [12].
In [9] and [10], controllers based on the low-pass filter (LPF),
which is usually used in energy storage systems (ESSs), were
proposed. Nevertheless, their controllers cannot mitigate the
output fluctuation of the RPG sufficiently since the HPS
cannot discharge, unlike the ESS. Moreover, it is difficult to
increase the capacity factor of HPS and produce hydrogen
constantly with the methods in [9] and [10] since they produce
hydrogen utilizing only the output fluctuation of the RPG and
require a high rated power of the HPS to consume the large
output fluctuation. In other words, these two methods cannot
produce hydrogen when the output of the RPG is constant.

To overcome these disadvantages in the methods proposed
in [9] and [10], we proposed a coordinated control method
for an integrated system of wind farm (WF) and HPS [12].
Virtual discharge in the HPS and kinetic energy control of the
WF enable us to smooth the output fluctuation of WF suffi-
ciently while maintaining a high capacity factor of HPS [12].
However, the performance of HPS and WF is limited because
the controller uses an LPF which is a type of linear control.
In other words, there is room for improvement in the effi-
ciency of WF and capacity factor of HPS.

This paper proposes a novel optimal control for integrated
systems of the WF and the HPS. Specifically, we focus
on wind power generation due to advantages such as
cost-effectiveness and power generation during the day or
night [4], [19]. In the proposed optimal control, kinetic
energy of wind turbines is utilized to smooth the output
fluctuation [12]. The proposed optimal control maximizes the
capacity factor of HPS while producing hydrogen constantly
and satisfying the technical requirement related to the output
fluctuation of the WF. Moreover, the proposed controller is
easy to implement, and requires no WF output forecast.

The contributions of this paper are summarized as follows:

1) The proposed optimal control enables us to produce
more hydrogen in an HPS with lower-rated power than
conventional methods. The technical requirement can also be
handled directly as a constraint. Consequently, the proposed
approach can achieve constant hydrogen production, mitiga-
tion of the output fluctuation of WF, and high capacity factor
of HPS.

2) No high-grade computation device is required in the
proposed optimal control since the optimal references of the
HPS and the WF can be calculated without any complex
algorithm. In addition, no design parameters are included in
the proposed controller. Thus, it can be easily implemented.

3) The conservativeness in a linear control is mitigated in
the proposed control since no LPF is included in the proposed
controller. Therefore, the proposed control can improve the
efficiency of WF and the capacity factor of HPS although it
is inevitable to degrade the efficiency of WF when kinetic
energy is used to smooth output fluctuations.
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TABLE 1. Notations.

WG and WF

P WG output

Pwr (= Z?:l Pz) WF output

pt MPPT output reference
Py(= Pwr — Pu) Power supplied to grid

P Captured wind power

p (=~ 1.225kg/m?3)  Air density

R Blade radius

\% Wind speed

Cp Power coefficient

B Blade pitch angle

A Tip speed ratio

w Rotor angular frequency

Hj (=35s) Inertia constant

HPS

Py Power supplied to AC-DC converter
Py Consumed power in HPS

H Hydrogen gas flow rate

n Overall converter efficiency

Ve Output voltage in DC-DC converter
Iac Output current in DC-DC converter
Subscripts

pu Per-unit

i=1,2,...,n Number of WG

Superscripts

ref Reference

n

Rated value

We demonstrate the effectiveness of the proposed optimal
control through comparative analysis with the methods pro-
posed in [9], [10], and [12] via simulations.

The rest of this paper is organized as follows: Section II
describes the system configuration, wind turbine model, elec-
trolyzer (ELZ) model, and technical requirement. Section III
presents the proposed optimal control for an integrated sys-
tem of the WF and the HPS. Section IV demonstrates the
effectiveness of the proposed optimal control through sim-
ulations, and lastly, section V concludes this paper.

II. PRELIMINARIES

Table 1 lists the main notations used in this paper. The
continuous-time signal x(¢) and discrete-time signal x[k] are
simply denoted by x when it is clear from the context.!

A. SYSTEM CONFIGURATION

Fig. 1 shows the system configuration addressed in this paper,
and Fig. 2 shows its block diagram. We assume that the
wind generator (WG) is composed of a variable speed wind
turbine, such as a permanent magnet synchronous genera-
tor. The HPS is connected to the grid through AC-DC and
DC-DC converters. As listed in Table 1, for example, pref,
Ppu i = 1,2,...,n), and P} (i = 1,2,...,n) are the
reference power for the AC-DC converter in the HPS, the per-
unit power of the i-th WG, and the rated power of the i-th
WG, respectively. In the Optimization block shown in Fig. 2,
Pl?ef (i=1,2,...,n) and Pf_‘;'f are generated to operate the
WGs and the HPS optimally. The dynamics of the AC-DC and
DC-DC converters can be ignored since their response speed

IFor simplicity, x[k] = x(kTs) where k is the sample number and Ty is the
sampling period.
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FIGURE 2. System block diagram.

is sufficiently fast [10], [15]. Namely, we assume Pﬁf ~ Pq.
Note that the efficiency of the converters is denoted by 7,
as shown in Fig. 2. The positive sign of Py represents power
consumption.

B. WIND TURBINE MODEL

We briefly describe the wind turbine model used in this paper
(See [12] and [20] for more details).

The output characteristics of i-th i = 1,...,n) WG is
given by
P; = EPﬂR Vi Coi(Bis M), (1)
116 =2t
Coi(ri, Bi) = 0.5176 z 4B —5])e* 4+ 0.0068%;,
i
2
1 1 0.035
= -, 3)
Ai Ai + 0.088; B +1
p= OF 4
i = v, ,
dwipy 1 .
wipuT = 2H, Pzpu - Pipu» ©)
(i=1,...,n).
In this paper, we assume P;ef ~ P;(i = 1,...,n) to

shorten the simulation time. This assumption is valid since
the response speed of the back-to-back converter in the WG
is sufficiently fast [12]. Moreover, a pitch angle control sys-
tem [21] is used in this model.

The i-th (i = 1, ..., n) output reference PJr at maximum
power point tracking (MPPT) and its per-unit value are given,
respectively, by

T_l 2 ( R T 3
Pl = SomR (u) Clo ©)
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T P 5
Pipu IT; - wipu’ (7)
(i=1,...,n),
where AT = 81, ¢l = 048 and PP =
%anz (%) Cp(0")®. From (7), the MPPT is achieved

when Pl = Pl (i=1,....n).

Variable speed wind turbines store (release) kinetic energy
in the rotor by adjusting Plr.ef (i = 1,...,n). For instance,
the rotor accelerates (decelerates) when P;ef < P}L (P;ef >
P;r) (i =1, ..., n). The output fluctuation of the WF can be
mitigated by utilizing the kinetic energy [22], [23]. The output
reference of the WG to utilize kinetic energy is given by

(i=1,....n), ®)

where Pi.( (i = ., n) is the kinetic output reference to
store (release) kinetic energy in the rotor. It is clear from (8)
that the output fluctuation of the WG can be smoothed by
adjusting P}‘ (i = 1,...,n), although the WG operates off
the MPPT. Note that the WG stops when the excess kinetic

Pref PT Pi'(

energy is released. To prevent this, we limit Pi.( (i=1,...,n
as follows:
0<P <Pl (i=1,...n). )
The WF kinetic output reference Pl\‘NF given by
n
P = ZP?. (10)

From (9), P]f,VF is also limited as follows:

k T
0 < Pyp < Plyps (11)

n
where PIVF = Z P}L is the WF output obtained by the MPPT.

=1
To evaluate the efficiency of WF as it utilize kinetic energy,
we define the efficiency of WF as

fOTR Pwgdt

Efficiency =
T PI,VF dr

x 100%, (12)

where TR is the evaluation period.

C. ELECTROLYZER MODEL
HPSs are composed of ELZs. We briefly describe the ELZ
model used in this paper (See [12], [24], [25] for details).
Fig. 3 shows the electrical ELZ model, composed of one
diode, one resistor Ry, and one internal voltage Eq [25]. Fig. 4
shows the characteristics of a single ELZ module, as used
in this paper. Table 2 lists the specifications of the ELZ
module. With a simple calculation using Figs. 3 and 4, we
obtain a simplified megawatt-scale HPS model constructed
by connecting modules of the ELZ in series and parallel as
follows [12], [26]:

H= (13)

HY (HT >0),
0 HT<0),

122003



IEEE Access

K. Koiwa et al.: Optimal Hydrogen Production and High Efficient Output Smoothing in Wind Farm

1 dc
R
DC-DC v 0
Converter de
LT
Tt ELZ
FIGURE 3. Electrical ELZ model.
13 o Measured Vg, vs. I 10
— Simplified model of Vy. vs. Iy
120 AMeasured H vs. Tge G 18
= Simplified model of H vs. Iy A- -A =
= 1107 .Y P 16 o
= e R g
Si0p oo -3 AR I, &
LK” =
90r 2
80 0

100 150 200 250 300 350 400 450 500
Idc [A]

FIGURE 4. Characteristics of a single ELZ module [24].

—Eo+,/E§ + 4Ro (i—f)

2Ronp

where

H =ngnynp| 0.019 -0.29],

(14)

and 13H = nPy as shown in Fig. 2. In (14), ng is the
number of cascaded ELZ modules in an HPS, and n,, is the
parallel number of the cascaded ELZ modules in the HPS, and
np, is the number of HPSs connected in parallel. From (13)
and (14), we can calculate H from Py. Note that Py is limited
since the HPS only consumes power, which is described by

0 <Py <Pl (15)

To evaluate the performance of HPS, we define the capac-
ity factor of HPS as

SR H di

fOTR o x 100%. (16)

Capacity factor =

D. TECHNICAL REQUIREMENT
The fluctuation ratio of Py in an h-second window is defined
as [27], [28]
max P — in P,
t—h<t<t g(r) tfriflslgst g(r)
AF,(t; h) = P . a7
WF

Some countries have issued technical requirements for this
fluctuation [27], [28], [29]. Fig. 5 illustrates an example. The
technical requirement is given by

AFy(t; h) < yp, (18)

where y;, > 0 denotes the allowable fluctuation level in the
h-second window. In (18), & and y}, are given by the technical
requirement [27]. For example, if # = 300 s and y;, = 0.1,

122004

TABLE 2. Specifications of a single ELZ module.

Rated power 44.075 kW
Rated voltage 107.5V
Rated current 410 A
Rated gas flow rate 7.5 Nm3/h
Ry 0.03 Q

Ey 95.2V

Th

Power [p.u.]

t—nh t
Time [s]

FIGURE 5. Technical requirement [28].

the error between the maximum and minimum WF output in
a period of 300 s must be suppressed within 0.1 p.u. to satisfy
the technical requirement.

In discrete time, (17) and (18) can be rewritten, respec-
tively, as follows [27], [28]:

max Pg[xk] — min Pglk]
~ k—h<k<k k—h<k <k
AFylk: b} = === . (19
WF
and
AFglk; h] < yi, (20)
where h = [h/Ts] is the total number of samples in the

h-second window. Note that 75 is determined such that
Ts < h. In subsequent discussion, we rewrite (20) as
follows:

Llk: b, ynl < PYyplk] + Pulk] < Tlks byl 2D
See Appendix A for T[k; &, y4], T[k; h, yz], and (21).

Ill. PROPOSED OPTIMAL CONTROL METHOD
We present a novel optimal control method for the integrated
system of the WF and the HPS. The aim of the proposed
control is to generate the references of power for the AC-DC
converter in the HPS and the WF kinetic output, i.e., Pﬁf and
PSVF such that the following performances are simultaneously
achieved:

A-1) constant hydrogen production in the HPS,

A-2) high capacity factor of HPS,

A-3) improvement of the efficiency of WF as it utilizes

kinetic energy, and

A-4) guarantee of the technical requirement given by (18).

We derive the optimal HPS and WF kinetic output refer-
ences at k that achieve A-1) to A-4), denoted by Pﬁfopt[k]
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and P%VF’ opt [k], respectively, as the solution of the proposed
following constrained optimization problem:

(P oK1, Py oK) = argmin  J(P[K], Pyglk]) (22)
PRIk, PYyplk]
subject to
0 < Pplk] < Pl (23)
0 < PE[k] < P, (24)

Clk; h, yu) < Pplk]+ P k1 <T[k; A, yal. (25)

where

J(PEL PYp) = (P — PR + (PYyp)?. (26)
In the first term on the right-hand side of (26), A-1) and
A-2) are considered. Meanwhile, A-3) is taken into account
in the second term where the kinetic output reference is
evaluated. The constraints represented by (11), (15), and (21)
related to A-4) are also addressed by (23), (24), and (25),
respectively, in the optimization problem.

Fig. 6 shows the three-dimensional plot of (26), and
Fig. 7 shows its contour. In Fig. 7, the dashed lines L and
L are described, respectively, as

F 4 Pref

L:P ; 27
L Pk WE + Pref

(28)

Moreover, the shaded region in Fig. 7 shows the region sat-
isfying (23), (24) and (25). From Figs. 6 and 7, the tuple of

(Pﬁfopt [k], P WF opt [k]) is glven by
(ngopt (K1, PIGVF, opt [k])

(PY, Lk by yul — PY) (P < DIk; b, yi),

Py Ck; b, yn] < Py
_ @ (Llk: b, ya) < 29)
< Tk; h, ya)),
(T'lk; h, yrl, 0) (Ulks h, ynl < PRp).
Once PWF Opt[k] is available, the i-th (i = 1,2,...,n) WG

kinetic output reference Pl “opt [k] is given as follows [23]:

T
P;lk] .
P okl = =P\ okl (i=1,2,....,n). (30)

WF

It is clear from (29) that the proposed control can eas-
ily find the optimal references that achieve A-1) to A-4)
without any complex calculation. In addition, the proposed
method is free from tuning parameters such as LPF time
constants and weights in typical optimization problems. Con-
sequently, the proposed method has significant advantages
for constant hydrogen production, capacity factor of HPS,
efficiency of WF, WF output fluctuation mitigation, and
implementation.
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IV. SIMULATION

We validate the proposed optimal control method by com-
paring it with our previous method [12] and the conventional
methods proposed in [9] and [10] via simulations. The system
includes a WF (500 MW) composed of five WG groups, and
each group contains 20 WGs (5 MW/WG). We assume that
the WGs involved in each group operate under the same wind
conditions [30]. The actual wind speed data measured at a
WF in Hokkaido, Japan are used. Specifically, five hard case
scenarios are selected from the available wind speed data.
Fig. 8 shows one scenario, and Table 3 lists the data of WF
output obtained from all five. In the comparative analysis,
n = 0.85. According to the technical requirement [31], we set
yn = 0.1 and h = 300 s in (18). The simulation is performed
on MATLAB/Simulink 2022 and the evaluation period set
to TR = 3600 s. In the simulation, we use the base value
Py = 500 MW in p.u. Note that the time responses for
scenarios 2 to 5 are not included in this paper due to page
limitations.
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FIGURE 8. Wind speed (scenario 1).

TABLE 3. Scenario data.

Scenario 1 2 3 4 5

Mean of Pyyr [MW] 275.5  311.5 220.5 324.5 280.0
4SD of Pywr [MW] 45.5 62.5 69.0 68.0 37.5
Max. AFyg [%] 50.58 44.76 45.49 4855 39.42

4 SD: Standard deviation

TABLE 4. HPS specifications and controller parameters.

Pro. and [12] 9] [10]
P [MW] 165.9 185.3 233.5
15{‘[(: nPg) [MW] 141.0 157.5 198.5
Number of ELZ modules 64 and 50 84 and 50 90 and 50
(ns, Mp, Mh) (16,4, 50) (21,4,50)  (30,3,50)
H™ [Nm3/h] 24000 31500 33750
Ry [Q] 0.120 0.158 0.300
Eg [V] 1523.2 1999.2 2856.0
T [s] 350 350 350
Tw [s] - - 700

Table 4 lists the HPS specification for the proposed and
conventional methods (See Appendix B for the design of HPS
with the proposed control method). In Table 4, Pro. stands for
the proposed optimal control, 7 and Ty, are controller param-
eters for the conventional methods. For a fair comparison,
the HPS specifications in the conventional methods are best
determined by trial and error (See [12] for the detailed design
process).

The same HPS specifications are used for the proposed
method and our previous one in [12].

Fig. 9 shows the WF output and the power supplied to the
power system. Figs. 9a and 9b show that the upper part of
the fluctuation of the WF output is mitigated in the proposed
optimal control and our previous one in [12] because both
methods utilize kinetic energy in the WGs. The upper part
fluctuation (P{‘NF A Pywp — Pwr) mitigated by the proposed
optimal control shown in Fig. 9a is smaller than that by our
previous one in [12] shown in Fig. 9b. Thus, the efficiency
of WF is increased by the proposed method since the kinetic
energy is evaluated explicitly in (22). The conventional meth-
ods in [9] and [10] cannot satisfy the technical require-
ment as described later though these methods can smooth
the WF output.

Fig. 10 shows the fluctuation ratios. From Fig. 10, we
can observe that the proposed method and our previous one
in [12] can satisfy the technical requirement, while the con-
ventional methods in [9] and [10] cannot guarantee it. The
proposed method achieves WF output mitigation without any
controller parameter tuning since it can handle the technical

122006

0 | | | ‘
0 600 1200 1800 2400 3000 3600
Time [s]

(a)Proposed optimal control method.

1 ‘ T T T T T

P\J(\'F —Pyr _Pg

0 600 1200 1800 2400 3000 3600
Time [s]
(b)Method in [12] (our previous method).
1 . . . . .

—0.8
=
£0.6
e
204
]
~0.2+ :
O _RVF _Pg 1 1 1 1
0 600 1200 1800 2400 3000 3600

Time [s]
(¢c)Method in [9].

1 T T T T T

—0.8
=
£0.6
o)
=04
]
~0.2F ]
. | | | |
0 600 1200 1800 2400 3000 3600

Time [s]
(d)Method in [10].

FIGURE 9. WF output and power supplied to power system.
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FIGURE 10. Fluctuation ratio AFg.

requirement directly in synthesis. As a result, the proposed
method can accomplish the performance of A-4.

Fig. 11 shows the consumed power in the HPSs. As shown
in Figs. 11c and 11d, the HPSs with the conventional methods
in [9] and [10] operate intermittently and require large-rated
power to absorb the WF output fluctuations. This implies
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TABLE 5. Simulation results.

Scenario 1 Scenario 2
Pro. [12] 9] [10] Pro. [12] [9] [10]
Max. AFy [%] 10 9.01 19.73 11.19 10 7.50 20.12 7.01
Technical requirement v v Unsatisfied ~ Unsatisfied v v Unsatisfied v
Mean of Py [MW] 112.0 123.5 235.0 190.0 164.9 152.0 265.0 210.0
Hydrogen gas [Nms} 22642 20495 5655 12350 20580 21145 6600 14850
Capacity factor [%] 94.3 85.4 18.0 36.6 85.8 88.1 21.0 44.0
Scenario 3 Scenario 4 Scenario 5
Pro. [12] [9] [10] Pro. [12] [9] [10] Pro. [12] [9] [10]
10 5.34 15.96 7.25 10 8.10 23.83 17.40 10 5.96 14.96 6.28
v v Unsatisfied v v v Unsatisfied ~ Unsatisfied v v Unsatisfied v
59.35 62.5 182.5 135.0 149.2 167.0 275.0 231.5 114.5 122.5 243.5 200.0
22694 21410 5235 12370 23318 20860 6975 13520 23155 21265 5015 11505
94.6 89.2 16.6 36.7 97.2 86.9 22.1 40.1 96.5 88.6 15.9 34.1
0.5 — %10
—0.4F 1 é 23 [~Proposed —Method [12] —Method [9] Method [10]
= —
E0.3F 2 2
i 1.5
%0.2 3 o 1
£o1t 1 &
£05
0 L L L L L —O
0 600 1200 1800 2400 3000 3600 =0
Time [s] 0 600 1200 1800 2400 3000 3600
. Time [s]
(a)Proposed optimal control method.
0.5 FIGURE 12. Hydrogen gas produced in HPS.
—0.41 1
= 100
%0.3 . mProposed mMethod [12]
%oz 2 X 98
ot 1 & 96
0 | | | | | .g 94
0 600 1200 1800 2400 3000 3600 &
Time [s] B 92
(b)Method in [12] (our previous method). %0 1 2 3 4 5 Average
0.5 Scenario
;0.4 FIGURE 13. WF efficiency in (12).
£0.3
Eog from Figs. 11a and 11b, it can be observed that the proposed
£o.1 method achieves a higher capacity factor of HPS than our
0 previous one in [12] since the proposed method optimizes
0 600 1200 1800 2400 3000 3600 the capacity factor of HPS. Thus, the performance A-2 is
Time [s] .
. achieved by the proposed method.
(¢)Method in [9]. Fig. 12 shows the hydrogen gas produced in the HPSs.
03 As shown in Fig. 12, the HPSs with the proposed method can
;0-4 1 produce more hydrogen gas than those with the conventional
=03 1 methods. Fig. 12 also demonstrates that the proposed method
%0-2 can produce hydrogen gas constantly. In other words, the
0.1 / proposed method can achieve the performance of A-1.
0 : ‘ : ‘ The proposed method and our previous one in [12] utilize
0 600 1200 1800 2400 3000 3600 L . -
Time [s] the kinetic energy in the WGs. Therefore, the efficiency of

(d)Method in [10].

FIGURE 11. Consumed power in HPS Py,.

that the low capacity factor of HPS is inevitable. By contrast,
Figs. 11a and 11b demonstrate that the proposed method and
our previous one in [12] can achieve a higher capacity factor
of HPS than the conventional ones in [9] and [10]. Moreover,
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WF in the two methods decreases slightly. Fig. 13 shows the
efficiency of WF for each scenario and the mean. It is clear
from Fig. 13 that the mean of efficiency with the proposed
method is 97.17%, about 1.56 point higher than that with
our previous one in [12]. This evaluation implies that the
proposed method can achieve the performance of A-3.

Table 5 summarizes the performance indices of the sim-
ulation results for all scenarios. The hydrogen gas obtained
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TABLE 6. Mean value of simulation results and performance indices of
system.

Pro. [12] [9] [10]
Mean of Py [MW] 274.2 270.0 2825 2825
Mean of Py [MW] 120.0 125.5 240.0 190.0

“ Power ratio of Py 1 1.05 2.00 1.58
P [MW] 165.9 1659 185.3  233.5
b Power ratio of P} 1 1 112 141
Hydrogen gas 22478 21035 5900 12920
¢ Hydrogen gas ratio 1 0.94 0.26 0.57
Capacity factor [%] 93.7 87.6 18.7 38.3
4 Capacity factor ratio 1 0.93 0.20 0.41

__ Mean of Py obtained with conv. controller

" Mean of Py obtained with pro. controller *

Pﬁ of HPS with conv. controller

Pj; of HPS with pro. controller *

Hydrogen gas produced by HPS with conv. controller

Hydrogen gas produced by HPS with pro. controller *
éapacily Tactor of HPS with conv. controller

Capacity factor of HPS with pro. controller *

¢ Power ratio of Py

b power ratio of Pi =

¢ Hydrogen gas ratio =

4 Capacity factor ratio =

with the proposed method is the highest among the control
methods. Moreover, the proposed method can achieve the
highest capacity factor of HPS among the control methods.
The proposed method and our previous one in [12] also
satisfy the technical requirement for all scenarios without
high-rated-power HPSs, as listed in Table 5. Furthermore,
the WF operated by the proposed method can achieve higher
efficiency than that by our previous one in [12]. The mean
of P, obtained by the proposed optimal control method
is smaller than that obtained by the conventional methods.
Nevertheless, the proposed method allows us to introduce
a large-scale WF to power systems because it satisfies the
technical requirement.

From the simulation results, it can be concluded that the
proposed optimal control method can produce hydrogen con-
stantly, keeping the high capacity factor of HPS, achieving a
high efficiency of WF utilizing kinetic energy, and satisfying
the technical requirement.

V. CONCLUSION

In this paper, we proposed a novel optimal control method
for the integrated system of WF and HPS. Optimal output
references to increase the capacity factor of HPS and the
efficiency of WF can be obtained by the proposed method
without complex calculation.

Comparative simulation analysis with the proposed and
conventional methods showed that the proposed method
could satisfy the technical requirement by smoothing WF
output fluctuations sufficiently while keeping a high capacity
factor of HPS. It was validated from the simulation results
that the proposed method was significantly effective for the
integrated system of the WF and the HPS.

APPENDIX
A. DERIVATION OF (22)
We define a[k; h] and a[k; k] as follows:

alk; il = max  Pglk], (31)
k—h=<k <k

afk; k] = min Pgl«]. (32)
k—h<k<k
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FIGURE 14. Maximum of AFg vs. P"_}.

From (19), (20), (31), and (32), we obtain

max(Pg[k], @lk; ) — min(Pg[k], alk; h) < yn - Pg.
(33)

Considering «[k; il] — afk; fz] < Y- P"WF and alk; fz] >
afk; h], we can rewrite (33) as

(Pylk] = @lk: hY),
(alk; i] > Pglk]).

Polk] — alk; k] < yi - Pip

Pelkl (34)
alk; h] — Polk] < yn - Phg

We define I'[k; ft, yn] and Tlk; iz, yn] as follows:

ks by vl = Phglk] — vi - Pyyp — alks Bl (35)
ks by vl = PLglk] + vi - Py — @lks Bl (36)

From (34) and Py &~ Pl — PX,p. — Py, we obtain (21).

B. DESIGN OF HPS

We investigate P}y with which the HPS can smooth the WF
output sufficiently. Fig. 14 shows the maximum AF vs. P}
Note that the base value is Py = 500 MW in p.u. It is
clear from Fig. 14 that the grid code (AFy < 10 %) is
satisfied when Pﬁ > 0.3. In our previous method [12], the
technical requirement is satisfied when P}; > 0.33. For a
fair comparison, as listed in Table 4, P’III is shared with our
previous method [12].
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