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Abstract: Hydrogen production by wind and solar hybrid power generation is an important means to solve the
strong randomness and high volatility of wind and solar power generation. In this paper, the permanent magnet
direct-drive wind turbine, photovoltaic power generation unit, battery pack, and electrolyzer are assembled in the
AC bus, and the mathematical model of the wind-solar hydrogen storage coupled power generation system and
the simulation model in PSCAD/EMTDC are established. An energy coordination control strategy is designed.
After simulation, the proposed control strategy can effectively reduce the rate of curtailment of wind and solar
power, and stabilize the fluctuation of wind and solar power generation. It verifies that the established model is
correct and the control strategy is effective and feasible.
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1. Introduction

In recent years, the environmental problems caused by the large-scale use of fossil energy are becoming more
and more serious And, fossil energy is a non-renewable energy, the massive use of fossil energy has gradually
brought about a global energy crisis. New energy power generation technology has the advantages of clean and
renewable [1], the research on new energy power generation technology has been widely concerned and highly
valued by countries all over the world. Wind energy and solar energy are the two main technologies for new energy
power generation, however, due to the strong randomness and volatility of wind and solar energy, high rate of
abandonment of wind and light. Consume excess wind power and photovoltaics by electrolyzing water to produce
hydrogen, and use batteries to make up for the lack of wind power and photovoltaic power generation is an
important meansto solve the strong volatility of wind power and photovoltaic power generation [2].

There have been many studies on hydrogen production from wind power and photovoltaics. Reference [3]
reviewed the system composition and energy management strategies of wind-solar-hydrogen coupled power
generation. Cai et al. [4] proposes a grid-connected power generation system in which wind power, photovoltaics,
hydrogen production, and supercapacitors are assembled on the DC bus, and proposes corresponding control
strategies according to four operating scenarios, which can suppress short-term wind and light energy fluctuations
and reduce waste. Kinoshita et al. [5] proposed to electrolyze the excess power of wind power to produce hydrogen,
which greatly reduces the wind curtailment rate, but the control strategy of the electrolyzer switch limits the power
generation efficiency of the wind farm. Abdelkafi and Krichen [6] proposes a power generation system that
combines wind power to produce hydrogen with fuel cells and supercapacitors, and adjusts the power generation
according to the energy storage level to adapt to the load. This control strategy significantly improves the power
generation efficiency and reliability of the system. Lu et al. [7] proposes an energy management strategy for a
wind-hydrogen coupled power generation system, which uses the fast response capability of supercapacitors to
make up for the shortcomings of the slow response speed of electrolyzers and fuel cells. Zhang et al. [8] proposes
an energy coordinated control strategy for wind-hydrogen coupled power generation under three operating
conditions, and introduces super capacitors to reduce the voltage change at the grid connection point, which
verifies the effectiveness of its control strategy. Maamouri et al. [9] studied the proton exchange membrane
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electrolyzer and its converter, and proposed a control method of electrolyzer operation, and verified its control
strategy through simulation.

The above studies are mainly focused on wind power hydrogen production systems, and most studies use
supercapacitors to make up for short-term power shortages [10]. In order to make full use of wind energy and solar
energy and stabilize long-term wind and wind fluctuations, this paper constructs a structure in which permanent
magnet direct-drive wind turbines, photovoltaic power generation units, storage batteries, and proton exchange
membrane electrolyzers are collected on the AC bus through the converter. This paper firstly establishes the
mathematical model of each module in PSCAD/EMTDC software, and considers the hydrogen storage state of the
hydrogen storage tank and the output characteristics of the battery, and designs a set of energy management
strategies for the coupling system of wind power, photovoltaic, hydrogen production and energy storage and its
various the module inverter control strategy makes the output of each module complementary and controllable,
and stabilizes the fluctuation of wind and solar output. Finally, the effectiveness and feasibility of the control
strategy are verified by simulation.

2. Model Building
2.1 Wind Turbine Modeling

A wind turbine is a component in a wind power system that converts wind energy into mechanical energy, the
wind power equation is [11]:

1
P, = EApv‘f,Cp()l, 0) (1)

In the above formula: Pw is the mechanical power extracted from the wind turbine; Cp is the power coefficient
with respect to 4 and 6; 4 is the tip speed ratio; 0 is the pitch angle; 4 is the area (m?) covered by the blades of a
wind turbine as they rotate; p is the air density; v,, is wind speed.

First, the d,; coordinate system is constructed. The central axis of the magnetic field N pole generated by the
rotor magnetic pole of the synchronous motor is taken as the d axis, and the position of the electric angle 90° ahead
of the straight axis is defined as the q axis. The intersection of the two axes is the origin of d, coordinate system.
In the d, coordinate system, the voltage equation of the permanent magnet synchronous generator (PMSG) is [12,
13]:

. dig .
Uwd =—Rsig —Lg ?+ a)Squq
) 2)
di (
. q .
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The shafting model of PMSG is:

do
JTt’” =T, - T, - Bay, (3)

In the above formula: 7), is the mechanical torque of the fan; 7, is the electromagnetic torque; J is the moment
of inertia of the permanent magnet machine rotor; @, is the wind turbine speed; B is the viscosity coefficient.

2.2 Modeling of Photovoltaic Power Generation Units

The mathematical model of photovoltaic power generation unit is:

U-dU
I=N,le.-41-C {exp(—)—l}}+dl 4)
P { CNUpe
In the formula:
1 U
G =(1--"1)-exp(———71—) (5)
Ise CUpe
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In the above formula: U, is the open circuit voltage of photovoltaic modules; /. is the short-circuit current of
photovoltaic modules; U, is the maximum power point voltage of photovoltaic modules; /,, is the maximum power
point current of the photovoltaic module; G is the solar radiation intensity;a is the current temperature variation
coefficient; f is the voltage temperature variation coefficient; 7, is the ambient temperature; ¢, is the temperature
variation coefficient of photovoltaic modules; R; is the series resistance of the component; N, is the parallel number
of modules in the PV array; Nsis the serial number of modules in the PV array.

2.3 Battery Modeling

The battery mathematical model is:

- KSOC

- _ 1
0 S0C - NQ, [fim dT (10)

In the formula:
t
NszQn - fg i(T) dt
SOC = X 100% (1D
NoN,Qn ’

E = Aexp(—Bf(t)i(r)dr+Cb) (12)
Cy = Co(T, — 25) (13)

In the above formula: Eyis the initial potential; K is the polarization voltage constant; Ny is the number of
batteries in series; N, is the number of parallel battery packs; 4 is the voltage variation coefficient; B is the capacity
change coefficient; O, is the rated capacity of the battery; SOC is the state of charge; i(, is the charge and discharge
current; Cy is the polarization effect coefficient; 7 is the battery temperature.

2.4 Electrolyzer Model

This paper chooses to model the Proton Exchange Membrane Electrolysis (PEMEL) cell. Proton exchange
membrane electrolyzer has high current density, good safety of alkaline free solution, rapid startup and shutdown,
high hydrogen production purity, and a certain overload range. It can be used in combination with natural random
wind power and photoelectric. The PEMEL mathematical model is [14]:

Vete = Eele + Vel,act + Vel,ohm

1
AGy  RT, In Py, Po,?
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In the above formula: Ve is the cell voltage; E.. is the open circuit voltage; Ve . is the activation polarization
voltage; Ve onm is the ohmic polarization voltage; F is Faraday's constant; R is the gas constant; Gy is Gibbs free
energy; Te is the temperature of the electrolytic cell; A, is the water content of the membrane; i is the current
density; ipis the exchange current density; o is the membrane conductivity; « is the transfer coefficient.

The hydrogen production rate of the electrolyzer is:

. Nel
Vh, = n(Tel'])ﬁIel
a; +asTy  ay +asTy (15)
. +t—)
]

N(TewJ) = ay exp(

In the above formula: vy, is the hydrogen production rate; j is the current density; /. is the electrolyzer current;
a is the Faraday efficiency coefficient; N, is the number of electrolyzers in series.

2.5 Hydrogen Storage Tank Modeling

In this paper, the high-pressure gas pipe is used to store hydrogen, and the hydrogen storage tank is modeled
from the aspects of hydrogen storage capacity and gas tank pressure. The mathematical model of the hydrogen
storage tank is:

t2
MHZ = f Uszt + ns(tg)
f (16)

RT,
VSS (MHZ)

P, =

In the above formula: P is the pressure of the hydrogen storage tank; My is the hydrogen storage capacity of
the hydrogen storage tank; 7 is the temperature of the hydrogen storage tank; R is the gas constant; n(#y) is the
hydrogen storage amount at #y, Vs is the volume of the hydrogen storage tank; #; and ¢, are the beginning and end
time of hydrogen storage and hydrogen intake.

3. System Coordination Control

The structure of the wind-solar hydrogen storage coupled power generation system is shown in the Figure 1.
Wind turbines, photovoltaic arrays, batteries, and electrolyzers are collected on the AC bus through the converter,
and then the electric energy is fed into the power grid through the AC bus. The hydrogen produced by the
electrolyzer is fed into the hydrogen storage tank through the pipeline for nearby hydrogen energy loads. The
system utilizes the surplus power generation when wind and light are abundant to produce hydrogen, reducing the
rate of abandoning wind and light. The battery pack is responsible for supplementing the lack of power when wind
and photovoltaic power generation is insufficient, and absorbing part of the surplus wind power and photovoltaics.
The battery pack is connected to the AC bus through the inverter, which is composed of bidirectional DC converter
and grid connected inverter.

3.1 Energy Control

The system power balance objective function is:

{Pwp+Pbat:Pld+Pel (17)

Pwp = Pwind +va

In the above formula, P,,ixq is wind turbine output power; P,, is output power for PV array; Py is charging and
discharging power for battery; P, is demand power for grid loads; P.; is Power consumption for the electrolyzer;
P,,, is the sum of the output power of wind and photovoltaic power generation units. In addition to considering the
rated power of each unit to limit its output, this paper also considers the battery state of charge, the terminal voltage
limit, and the upper and lower limits of the hydrogen storage tank pressure.

The constraints of battery operation are:

Umin <Upat < Umax (18)
15% < SOC <£90%
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In the above formula, Uy, is the battery terminal voltage; U,.x is the lower limit of the battery terminal voltage;
Unpnax 1s the upper limit of the battery terminal voltage; SOC is the battery state of charge.
The operating constraints of the hydrogen storage tank are:

Pmin < Ban < Bmax (19)

In the above formula, P, is the pressure of the hydrogen storage tank; P, is the lower limit of the pressure of
the hydrogen storage tank; Py is the upper limit of the pressure of the hydrogen storage tank.

The system power coordination control method is shown in Figure 2. The energy management strategy in this
paper is divided into 13 working conditions.
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Figure 1. Structure of wind-solar hydrogen storage coupled power generation system
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(1). When the output power of wind power and photoelectric power is greater than or equal to the grid side load;
The pressure of hydrogen storage tank is less than the upper pressure limit; The rated power of the electrolytic cell
is greater than that of wind power and photoelectric power; And make the reference power of the electrolytic cell
equal to the power generated by wind power and photoelectric less the grid side load.

(2). When the output power of wind power and photoelectric power is greater than or equal to the grid side load;
The pressure of hydrogen storage tank is greater than the upper pressure limit; The rated power of electrolytic cell
shall not be greater than the power generated by wind power and photoelectric power; The terminal voltage of the
storage battery is greater than or equal to the upper voltage limit; The reference power of the storage battery is 0,
and the reference power of the electrolytic cell is equal to the rated power.

(3). When the output power of wind power and photoelectric power is greater than or equal to the grid side load;
The pressure of hydrogen storage tank is greater than the upper pressure limit; The rated power of electrolytic cell
shall not be greater than the power generated by wind power and photoelectric power; The terminal voltage of
storage battery is less than the upper limit of voltage; The rated power of the battery pack is greater than that of
the wind power and photoelectric power minus the grid side load power minus the rated power of the electrolytic
cell; The reference power of the storage battery is equal to the wind power and photoelectric power minus the grid
side load power minus the rated power of the electrolytic cell, and the reference power of the electrolytic cell is
equal to the rated power.

(4). When the output power of wind power and photoelectric power is greater than or equal to the grid side load;
The pressure of hydrogen storage tank is greater than the upper pressure limit; The rated power of electrolytic cell
shall not be greater than the power generated by wind power and photoelectric power; The terminal voltage of
storage battery is less than the upper limit of voltage; The rated power of the storage battery shall not be greater
than that of the wind power and photoelectric power minus the grid side load power minus the rated power of the
electrolytic cell; Make the reference power of the battery pack equal to the rated power of the battery pack and the
reference power of the electrolytic cell equal to the rated power.

(5). When the output power of wind power and photoelectric power is greater than or equal to the grid side load;
The pressure of hydrogen storage tank is greater than the upper pressure limit; The terminal voltage of the storage
battery is greater than or equal to the upper voltage limit; The reference power of the electrolytic cell is 0 and the
reference power of the storage battery is 0.

(6). When the output power of wind power and photoelectric power is greater than or equal to the grid side load;
The pressure of hydrogen storage tank is greater than the upper pressure limit; The terminal voltage of storage
battery is less than the upper limit of voltage; The rated power of the storage battery is greater than that of the wind
power and photoelectric power minus the load power at the grid side; The reference power of the battery is equal
to the power generated by wind power and photoelectric power minus the grid side load power, and the reference
power of the electrolytic cell is 0.

(7). When the output power of wind power and photoelectric power is greater than or equal to the grid side load;
The pressure of hydrogen storage tank is greater than the upper pressure limit; The terminal voltage of storage
battery is less than the upper limit of voltage; The rated power of the storage battery is less than or equal to the
wind power and photovoltaic power minus the load power at the grid side; Make the reference power of the battery
equal to the rated power of the battery.

(8). When the wind power and photoelectric power are less than the grid side load; The pressure of hydrogen
storage tank is greater than the lower pressure limit; The terminal voltage of storage battery is less than the lower
limit of voltage; Let the reference power of the battery set be 0 and the reference power of the electrolytic cell be
0.

(9). When the output power of wind power and photoelectric power is less than the grid side load; The pressure
of hydrogen storage tank is less than or equal to the lower pressure limit; The terminal voltage of the storage
battery is greater than or equal to the lower voltage limit; The rated power is less than or equal to the absolute
value of the wind power and photovoltaic power minus the grid side power; Make the reference power of the
storage battery set equal to the absolute value of the wind power and photovoltaic power minus the grid side power;
Make the reference power of electrolytic cell 0.

(10). When the wind power and photoelectric power are less than the grid side load; The pressure of hydrogen
storage tank is less than or equal to the lower pressure limit; The terminal voltage of the storage battery is greater
than or equal to the lower voltage limit; The rated power is less than or equal to the absolute value of the wind
power and photovoltaic power minus the grid side power; Make the reference power of the battery set equal to the
rated power of the battery set, and make the reference power of the electrolytic cell 0.

(11). When the output power of wind power and photoelectric power is less than the grid side load; The pressure
of hydrogen storage tank is greater than the lower pressure limit; The terminal voltage of the storage battery is less
than that of the storage battery; The reference power of the storage battery is 0.

(12). When the wind power and photoelectric power are less than the grid side load; The pressure of hydrogen
storage tank is greater than the lower pressure limit; The terminal voltage of the storage battery is less than or
equal to that of the storage battery; The rated power of the storage battery is less than or equal to the absolute value
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of the wind power and photovoltaic power minus the power at the grid side; The reference power of the battery
pack is equal to the rated power of the battery pack.

(13). When the wind power and photoelectric power are less than the grid side load; The pressure of hydrogen
storage tank is greater than the lower pressure limit; The terminal voltage of the storage battery is greater than that
of the storage battery; The rated power of the storage battery is less than or equal to the absolute value of the wind
power and photovoltaic power minus the power at the grid side; The reference power of the battery is equal to the
absolute value of the wind power and photoelectric power minus the power at the grid side minus the rated power
of the electrolytic cell.

Kpas 18 the battery switch; Kee is the electrolytic cell switch; K, is the switch of hydrogen storage tank; Pparrer
and P are the battery reference power and the electrolytic cell reference power respectively; Pran, Pelen are
the rated power of the battery and the rated power of the electrolytic cell, respectively.

3.2 Inverter Control Strategy

The energy management center feeds back the reference value according to the operation of each output unit,
and coordinates and controls the output of each unit. The control equation of the inverter on the side of the
permanent magnet wind turbine:

k1 ki . .
_(kp1+ ;JKkp2+ ;](Pref —Pgen ) ~ig } —igasLyq +og¥ f
Mg = 0
. ¢ (20)
i3\ . .
—(kpb"";j(’dref —ig )+ ’qa)stq
Mg = Uy
C

In the above formula, M, is the fan g-axis control pulse; Wy, is the control pulse of the d-axis of the fan; &, and
ki are the proportional coefficient and integral coefficient, respectively, and the following are similar; iy is the d-
axis current; i, is the g-axis current; P, reference power for wind turbines; Peg., is the actual power of the wind
turbine; L,y is the d-axis filter inductance; L., is the g-axis filter inductance; Uy is the DC link voltage. Since the
d-axis current is related to reactive power, iz/=0 is set in the control process.

The control equation of the grid-side converter of the permanent magnet fan is:

ki ). . .
(kp4+ ?j(quref —igl )+ igioL+Ugo
M =
wgl Uge o
ki5 \/. . .
(k p5+;j(ldlref ~ig1 )+ Uqa —igiol
Myyq1 = Uy
c
In the formula:
: Ki6
Idlref = (kp6+%j(Udcref _Udc) 22)

iqlref =0

In the above formula, iy, ia1, U2, Uaz are the components of the grid-side current and voltage on the g-axis and
the d-axis, respectively; M,1, M.q1 are the control pulses of the g-axis and d-axis of the grid-side converter of the
fan respectively. Since the reactive power output of the grid-side converter can be controlled by controlling the g-
axis current, and the DC-side voltage can be stabilized by controlling the d-axis current, the grid-side converter is
set to i41-/=0, and iusreris obtained from the DC link voltage through the PI controller. The control equation of the
photovoltaic unit DC/DC converter is:

k.
[kﬂ*fjj(Umppt ~Upy )+ Upy ~Uc
Mpv = (23)

k;g
[kp8+ ;j(Umppt ~Upy)+Upy
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In the above formula, U, is the maximum power tracking voltage of the photovoltaic unit; U,, is the output
voltage of the photovoltaic unit; M, is the control pulse of the photovoltaic unit.
The control equation of the photovoltaic grid-connected inverter is:

(k p9+k;'9j(iq,ef ~ig ) +igolL

Mpvq = Uge o8
[kp10+kf?)j(idref ~ig)+Uq —igol

Mpvd = Uge

In the above formula, igs, iy, iders, ia are the g-axis current reference value, q-axis current, d-axis voltage reference
value, and d-axis current respectively; My, My are the trigger pulses of the g-axis and d-axis of the grid-
connected inverter of photovoltaic units, respectively. The battery pack adopts a bidirectional DC/DC converter.
When the converter is in Buck mode, the control equation is:

ki1 \[ Binre . ki12
Mpatbuck = Kkpl 1+1Tj (’b—tf —Upat J K7 —ipgt }(kpu + IT (25)
a

When the converter is in Boost, the control equation is:

ki13 [ foutref . k
Mpatboost = Kkpw"‘l_){—_l]dcbat —ipat || kp1a+

i14 ] X 26)
S

s ibat

In the above formula, Poures, Pinrer are the reference power of battery discharge state and charge state; U, is the
battery terminal voltage; Ugsesa is the DC link voltage of the battery; Mpamuck s the charging control pulse; Myamoos:
is the discharge control pulse. When the battery pack inverter is running in Buck mode, it is charging, and Boost
is discharging [15].

The control equation of the grid-connected inverter of the battery pack is:

Ug —(—iq)(kp15+kislsj+ide
Mbatq = > Udcbat
27
{(Udcbatref ~Udcbat )(kp16+ ki;6 ] —id }(kpﬂ + le17] +Ug +igol
Mpatg =2 Un

In the above formula, U, and Uy are the g-axis and d-axis voltages; Mpay, Mpaa are the control pulses of the g-
axis and d-axis of the battery grid-side converter.
The control equation of the DC/DC converter of the electrolyzer is [14]:

kil . kil
Mg :HkaS“‘ngJ(Pelref _Pel)_lel}(kpw"' : 9) (28)

N

In the above formula, M,; is the control pulse of the electrolytic cell converter; Pe.rand P are the reference
power and actual power of the electrolyzer respectively; i is the actual value of the current of the electrolytic cell.
The control strategy of the grid-connected inverter of the electrolyzer is the same as that of the grid-connected
inverter of the battery, and will not be repeated here.

4. Simulation Study

Build the wind power/photovoltaic/hydrogen production/battery grid-connected power generation system as
shown in PSCAD/EMTDC to simulate the weather conditions at dawn, the wind speed is 8m/s in the first 4s,
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12m/s in 4s, 8.7m/s in 7s, and 10m/s in 10s and maintained for 15s; In the first 10s, the light intensity was OW/m?,
and the temperature was 28°C, In 10s, the light intensity was changed to 1200W/m? and kept until 15s, and the
temperature remained unchanged. The simulation time is 15s. System parameters see Table 1. Simulation control
parameters see Table 2 [16-20].

According to the scenario set in this paper, the operation of the wind turbine is shown in the Figure 3.

The per-unit value of the fan speed remains 0.48, 1, and 0.63 in the four-stage wind speed change, and the per-
unit value of the mechanical torque is 0.6, 1, and 0.8, respectively. The electromagnetic torque follows the
mechanical torque fluctuation. The actual output power of the wind turbine is 300kW, 900kW, 400kW, 600kW,
the actual output power is similar to the reference power, and the error is within a reasonable range. In this paper,
IMW direct driven fan is selected, which can not only effectively use wind energy but also operate at full load.

The operation of the wind turbine generator side is shown in the Figure 4.

Due to the control strategy in this paper, the d-axis reference current is set to 0. It can be seen from the figure
that the d-axis current is basically consistent with the d-axis reference current, and the error is within a reasonable
range. The g-axis current fluctuates reasonably with the g-axis reference current when the wind speed changes
stepwise.

The operation of the wind turbine grid-side converter is shown in the Figure 5.

The g-axis current and d-axis current of the grid-side converter fluctuate closely with their reference values, and
the fluctuation range is less than 0.01kA, which can verify that the control parameters are reasonable. The grid-
side DC link is always maintained at around 0.9kV, which is consistent with the reference value of the DC link,
which can verify that the grid-side converter is normally turned on.

Table 1. Simulation system device parameters

Device name Parameter name Numerical value
Rated capacity/kW 1000
Rated wind speed/(m/s) 12
Rated frequency/Hz 50
Air density/(kg/m?) 1.22
PMSG Wind turbine radius/m 7.2
Number of pole pairs np 30
Moment of inertia 2H/s 0.02
Viscosity coefficient B(pu) 0.0001
Magnetic field strength(pu) 1.0
The number of components in series Ns 22
Number of components in parallel Np 250
Current temperature coefficient of variation a/(A/°C) 0.001
Reference light intensity Gret/(W/m?) 1000
PV array Reference temperature Tret/°C 25
Open circuit voltage Uoc/V 45
Short circuit current Ipvse/A 5.5
Maximum power point voltage Ump/V 36
Maximum power point current Imp/A 5
Voltage Temperature Variation Coefticient f/(V/°C) 0.000 5
Standard/kV 0.6
Rated capacity/(kA h) 100
Capacity loss per hour at nominal current (%) 35
Battery pack initial state of charge Initial SOC (%) 50
Number of batteries in series 50
Terminal voltage Unax/kV 0.62
Terminal voltage lower limit Unmin/kV 0.58
Rated power Peien/kW 200
Rated current /nom’kA 1.5
Serial number Nei 100
Electrolyzer Te/K 335
PEMEL Hydrogen pressure PHz/atm 3
Oxygen pressure PO2/atm 3
Current density i(A/cm?) 0.78
Transfer coefficient a 0.0008
AC current density io(A/cm?) 0.4
Hydrogen storage at time #/mol 90000
Hydrogen storage tank volume Vs/m3 12
Hydrogen storage tank Hydrogen storage tank temperature 7s/K 301.15
Upper pressure limit Pmax/Mpa 2.52
Lower pressure limit Pmin/Mpa 2.48
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Table 2. Simulation control parameters

Control parameter Numerical value Control parameter Numerical value
PMSG q-axis current control Battery pack discharge current control integral
. . 10 . 0.01
proportional coefficient kp1 coefficient kpi2
PMSG g-axis current integral .
coefficient control kit 0.02 Battery pack adjustment factor K1 0.08
PMSG active power control kp2 5 Battery p ack charging current control 5
proportional coefficient kp13
PMSG active power control kiz 0.01 Battery pack charging current control integral ’
coefficient ki3
PMSG d-axis current control .
proportional coefficient kys 4 Battery pack adjustment factor K2 0.01
PMSG d-axis current control integral Battery voltage control proportional coefficient
. 0.04 8
coefficient ki3 kpia
PMSG grid side g-axis current control . . }
proportional coefficient kps 1.5 Battery voltage control integral coefficient ki4 0.02
PMSG grid side g-axis current control Battery pack DC voltage control proportional
f . 0.01 h 4
integral coefficient kis coefficient kp1s
PMSG grid side d-axis current control Battery pack DC voltage control integral
. . 5 . 0.025
proportional coefficient kps coefficient kiis
PMSG grid side d-axis current control d-axis current control proportional coefficient kpi6
; . 0.01 . 10
integral coefficient kis on the battery grid side
PMSG DC voltage control 5 Integral coefficient kiie for d-axis current control 0.08
proportional coefficient kps on battery grid side '
PMSG DC voltage control integral g-axis current control proportional coefficient kp17
. 0.05 L 7
coefficient kis on battery grid side
Photovoltaic DC voltage control Integral coefficient kii7 for gq-axis current control
. ; 0.5 Ly 0.05
proportional coefficient kp7 on battery grid side
Photovoltaic DC voltage control Electrolyzer active power control proportional
. . 0.2 . 200
integral coefficient ki7 coefficient kpis
Photovoltaic d-axis current control Electrolyzer active power control integral
. . 0.15 . 0.01
proportional coefficient kps coefficient kiis
Photovoltaic d-axis current control Electrolyzer current control proportional
. . 0.08 . 0.1
integral coefficient kig coefficient kp19
Photovoltaic g-axis current control Electrolyzer current control integral coefficient
. . 0.15 0.005
proportional coefficient kpo kito
Photovoltaic g-axis current control Electrolyzer DC voltage control proportional
. . 0.08 : 4
integral coefficient kig coefficient kpo
Photovoltaic reactive power control Electrolyzer DC voltage control integral
. . 0.3 . 0.21
proportional coefticient kpio coefficient kizo
Photovoltaic reactive power control 0.02 d-axis current control proportional coefficient kp21 25
integral coefficient kio ’ on the grid side of the electrolyzer
Battery pack DC voltage control 6 Integral coefficient ki21 for d-axis current control 055
proportional coefficient kp11 on the grid side of the electrolyzer )
Battery pack DC voltage control 0.03 g-axis current control proportional coefficient kp22 10
integral coefficient ki1 ’ on the grid side of the electrolyzer
Battery pack discharge current control 15 Integral system of g-axis current control on the 048

proportional coefficient kii2

grid side of the electrolyzer kiz

The output of photovoltaic power generation unit is shown in the Figure 6.

The temperature is set at 28°C unchanged, the light intensity is 0OW/m? for the first 10s, and the light intensity
becomes 1200W/m? in 10s. The power of the photovoltaic power generation unit is 0 for the first ten seconds. At
ten seconds, due to the change of the light intensity, the power of the photovoltaic power generation unit becomes

0.3MW.
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(a) Wind turbine reference power and output power
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Figure 4. Operation of wind turbine side converter
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Figure 5. Operation of wind turbine grid side converter
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Figure 6. Illumination change and photovoltaic power generation unit power output
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Figure 7. Photovoltaic characteristic curve
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Figure 8. Operation of the inverter of the photovoltaic power generation unit

Figure 7 presents the photovoltaic characteristic curves of the photovoltaic cells used in this paper. In this paper,
the maximum power point tracking control method is adopted to ensure that photovoltaic cells are always close to
the maximum power. The maximum power point is marked in the figure.

The operation of the photovoltaic converter is shown in the Figure 8.

In the first 10s, since the output power of the photovoltaic power generation unit is 0, the d-axis current and g-
axis current of the inverter are both 0, and the inverter is turned off. At 10s, the photovoltaic power generation unit
emits power, the reference current of the d-axis of the inverter is -0.4kA, the reference value of the g-axis current
is 0.4kA, and the actual values of the d-axis and g-axis current fluctuate around the reference value, which can
prove that the photovoltaic power generation unit is replaced. The flow device is turned on and off normally, and
the control parameters and control strategies are reasonable and effective.

The output of the battery pack is shown in the Figure 9.

For the first 4s, the battery pack is in a discharge state, and the output power is 200kW to supplement the load
demand. Since the battery pack is already running at rated power, the lack of power is supplemented by the grid.
During 4-7s, the battery is working in the charging state, consuming 100kW of surplus wind power, and the rest
of the wind power is consumed by the electrolyzer. During 7-10s, the battery is in discharge state, and the power
shortage is 200kW.
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Figure 10. Operation of the battery pack converter
The operation of the battery pack converter is shown in the Figure 10. The switching of different states of the

battery pack is determined by whether its rated power is greater than the difference between wind power,
photovoltaic and grid side loads. For details, see the energy management strategy section above.
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The d-axis and g-axis currents of the battery converter are both maintained at around OkA, which is consistent
with the reference value, and the fluctuation level is small. Between 1.1kV and 0.9kV, it can be verified that the
battery converter operates normally.

The operation of the electrolyzer and hydrogen storage tank is shown in the Figure 11.
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(c) Pressure change of hydrogen storage tank
Figure 11. Operation of electrolyzer and hydrogen storage tank

The 0-4s and 7-10s systems have no surplus power, and the electrolyzer does not produce hydrogen. The 4-7s
and 10-15s electrolyzers consume 200kW of surplus power and produce 1.4mol/s of hydrogen. The initial pressure
of the hydrogen storage tank is about 2.49483Mpa, and hydrogen is added at 4s-7s and 10-15s, and the pressure
of the hydrogen storage tank remains unchanged for the rest of the time. The action of the electrolyzer and the
hydrogen storage tank is consistent, which can verify the normal operation of the control of the hydrogen
production and hydrogen storage systems.

The operation of the electrolytic cell converter is shown in the Figure 12.

The electrolytic cell was opened and operated at 4-7s and 10-15s. During the operation, the d-axis current and
the g-axis current followed the reference value, and the inverter control was operating normally.

The power coordination control of the system is shown in Figure 13.
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Figure 13. Coordinated operation of system power

In the first 4s of the system, the output power of the wind turbine is 300kW, the photovoltaic has no output, and
the rated power of the battery is 200kW, and the insufficient part is supplemented by the grid. The 4-7s wind
turbine runs at the rated wind speed, the output power is 900kW, the battery consumes 100kW of surplus wind
power, the electrolyzer consumes 200Kw of surplus wind power, and the photovoltaic has no output. The output
power of the 7-10s wind turbine is 400kW, the battery supplements the shortfall power of 200kW, the photovoltaic
has no output, and the electrolyzer does not operate. The output power of the 10-15s wind turbine is 600kW, which
has met the load demand of the grid. The photovoltaic power generation is 300kW, and the electrolyzer consumes
the surplus photovoltaic power generation of 200kW, and the battery consumes the surplus photovoltaic power
generation of 100kW. It can be seen from Figure 13 that the energy conversion efficiency of the system established
in this paper is high. Wind energy and solar energy can be better converted into electric energy, with less wind and
light discarded. It can be fully consumed when wind energy and solar energy are abundant, and can be
supplemented by the battery pack when wind power and photoelectric power are few.

4. Conclusion

In this paper, the mathematical model of the power generation system of wind power/photovoltaic/ hydrogen
production/battery with common AC bus is constructed, and the energy coordination control strategy and the
control strategy of each part of the converter are designed. Finally, the model is built in PSCAD/EMTDC, and the
proposed simulation is verified. Based on the above theory and simulation results, the following conclusions can
be drawn:

(1) The model constructed in this paper is reasonable and available. When the wind and photovoltaic power
generation is surplus, the battery and electrolyzer run in time to absorb excess wind power and photovoltaic
power generation, smooth the fluctuation of wind power generation and photovoltaic power generation, and
verify the effectiveness and feasibility of the control strategy.

(2) Compared with the existing research, the research in this paper does not use a single wind power generation
or photovoltaic power generation combined with energy storage to produce hydrogen, but uses wind and
photovoltaic complementary power generation to produce hydrogen, which makes the advantages of the two
energy sources complementary and better to ensure the stability of new energy power generation.
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(3) In the follow-up research of this paper, fuel cells can be added, which can realize the power generation and
utilization of hydrogen energy, and enhance the toughness of the system in the case of a large shortage of
wind energy and light energy. Super capacitors can also be added to enhance the short-term power control
capability of the system and improve the system robustness.
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