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Abstract: With the large-scale integration of intermittent renewable energy generation presented
by wind and photovoltaic power, the security and stability of power system operations have been
challenged. Therefore, this article proposes a control strategy of a hydrogen production system
based on renewable energy power generation to enable the fast frequency response of a grid. Firstly,
based on the idea of virtual synchronous control, a fast frequency response control transformation
strategy for the grid-connected interface of hydrogen production systems for renewable energy power
generation is proposed to provide active power support when the grid frequency is disturbed. Sec-
ondly, based on the influence of VSG’s inertia and damping coefficient on the dynamic characteristics
of the system, a VSG adaptive control model based on particle swarm optimization is designed.
Finally, based on the Matlab/Simulink platform, a grid-connected simulation model of hydrogen
production systems for renewable energy power generation is established. The results show that the
interface-transformed electrolytic hydrogen production device can actively respond to the frequency
disturbances of the power system and participate in primary frequency control, providing active
support for the frequency stability of the power system under high-percentage renewable energy
generation integration. Moreover, the system with parameter optimization has better fast frequency
response control characteristics.

Keywords: hydrogen production system; fast frequency response; virtual synchronous control; VSG
adaptive control; particle swarm optimization

1. Introduction

With the large-scale grid connection of intermittent renewable energy generation
presented by wind power and photovoltaics, system operation risks have emerged, along
with the frequent absence of wind and sunlight [1,2]. On the one hand, the intermittent,
random, and volatile nature of renewable energy power generation increases the flexible
regulation demand of the power system. The system needs to configure additional regula-
tory resources to increase the absorption capacity of renewable energy. On the other hand,
renewable energy power generation serves as a power electronic interface for power sup-
ply, which does not possess the inertia, damping, and primary frequency control support
capabilities of traditional synchronous generators under conditions of disturbance.

Hydrogen energy, as a widely available, clean, carbon-free, flexible, and application-
rich secondary energy source, is an essential carrier for supporting energy transformation
and in building a modern energy system. We can realize the full utilization of renewable
energy and alleviate the phenomenon of abandoned wind and abandoned light by closely
integrating the hydrogen production strategy through electrolysis with the fluctuation of
renewable energy output. Secondly, electrolytic hydrogen production serves as a flexi-
ble load regulation and storage solution, providing high-quality resources with flexible
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adjustments for new power systems. The hydrogen production device can serve as an
energy storage carrier for renewable energy conversion. Combining electrolytic water
with renewable energy generation can store excess electrical energy as chemical energy in
hydrogen, thereby stabilizing renewable energy power fluctuations, increasing absorption
capacity, and promoting clean energy.

There has been preliminary progress in the research of hydrogen generation from
renewable energy power generation, both domestically and internationally. In ref. [3], to
address the issues of wind turbine and photovoltaic power fluctuation, a grid-connected
structure with an electrolyzer and supercapacitor assembled on a DC bus is constructed.
A coordinated control model for the hybrid system is established, and the accuracy and
effectiveness of the wind/PV/hydrogen production/supercapacitor grid-connected system
model and control strategies are verified through Simulink simulations. In ref. [4], a
refined model of electrolyzer participation in grid frequency control isestablished, and
the fast frequency response capability of the electrolyzer is studied. In ref. [5], combining
wind turbines with batteries and alkaline electrolyzer, a comprehensive control scheme
for effectively managing the operation of the hydrogen generation system is proposed. In
ref. [6], a virtual inertia and droop characteristic mechanism of the wind-storing hydrogen
station is proposed to simulate a synchronous unit, followed by the establishment of a
mathematical model for an alkaline electrolyzer, analyzing the matching between different
energy storage devices and their synergistic effects in grid frequency control. In ref. [7],
the authors compare the regulatory characteristics of alkaline electrolyzers and proton-
exchange membrane (PEM) electrolyzers, and propose a dynamic power-allocation-control
strategy for a hybrid system of both types of electrolyzers. In ref. [8], a comparative
evaluation of fast active power-regulation-control strategies implemented on megawatt-
scale controllable electrolyzers is presented, with the goal of achieving enhanced frequency
support during large active power imbalances that lead to main low-frequency deviations.
In ref. [9], the authors studied the coupling structure of wind turbines and electrolyzers, and
compared the response characteristics of four different electrolyzer models under variable
wind speed and grid fluctuation conditions. In ref. [10], a control strategy for a photovoltaic
energy-storing grid-connected system based on a virtual synchronous generator has been
proposed, which effectively suppresses the output power fluctuations of the photovoltaic
inverter by coordinating the control of the energy storage unit. The above examples of
the literature have demonstrated that controlling the electrolytic hydrogen system can
stabilize the grid-connected power fluctuations of renewable energy sources. However,
most of these studies consider using dispatch instructions to make the electrolytic hydrogen
production device operate passively, without fully utilizing the inherent characteristics of
the system. There is therefore a lack of active regulation capability for grid frequency.

In order to enable a renewable energy power-generation hydrogen production system
to have a primary frequency-control active-response characteristic, the VSG control strategy
is combined with the renewable energy power-generation hydrogen production system.
The VSG control technology simulates the rotor motion characteristics of traditional syn-
chronous generators and introduces a virtual inertia coefficient and damping coefficient
into the control system through algorithms, thereby improving the system’s frequency and
voltage-regulation capabilities [11]. Compared with traditional synchronous generators,
virtual synchronous generators are more flexible because they can change control parame-
ters. During operation, changing control parameters to achieve a more stable performance
and response speed greatly increases the flexibility of VSGs. The adaptive control method
of rotor inertia and damping coefficient is based on this idea [12]. In ref. [13], a control
strategy based on adaptive rotational inertia for VSGs has been proposed, which, compared
with the traditional VSG method, has better stability, a faster response speed, and a smaller
overshoot. In ref. [14], a VSG-coordination adaptive control strategy for rotational inertia
and damping coefficient has been proposed, which effectively improves the dynamic regu-
lation performance of the entire system. However, the above articles do not consider the
impact of initial rotational inertia and damping coefficient on the system.
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This paper uses the particle swarm optimization to optimize the initial damping coeffi-
cient and rotational inertia of the VSG, thus improving the dynamic response characteristics
of the VSG. When combining the renewable energy power-generation hydrogen production
system with it, the entire system can not only alleviate the phenomenon of abandoned
wind and sunlight, but also actively provide frequency support for the grid.

2. Model of Electrolytic Hydrogen Production Systems
2.1. Principle of Electrolytic Hydrogen Production

Electrolytic hydrogen production is a mature technology for hydrogen production
within the industry. It involves the supply of electrical energy to enable the electrochemical
reaction of water molecules in the electrolytic cell, resulting in the decomposition of hydro-
gen and oxygen. The water decomposition reaction primarily consists of two half-reactions:
hydrogen evolution at the cathode and oxygen precipitation at the anode. The reaction
equations are presented as follows [15]:

Anode: 2H2O – → 4H+ + O2 + 4e .
Cathode: 4H+ + 4e → 2H2 .
Total: 2H2O – → 2H2 + O2 .
Hydrogen production systems that utilize renewable energy for power generation not

only makes the electrolytic hydrogen production process more energy-efficient and environ-
mentally friendly, achieving “zero carbon emissions”, but also transform intermittent and
unstable renewable energy into stable and easily stored chemical energy. This approach
solves the imbalance between long-term power supply and consumption, alleviates the
limitation of grid output capacity on renewable energy power-generation systems, and
realizes more effective development and utilization of renewable energy.

2.2. Simulation Model
2.2.1. Model of PEM Electrolyzer

The electrolyzer is a device that uses electrical energy to split water into hydrogen
and oxygen through electrochemical reactions. The structural principle is illustrated in
Figure 1. The electrolyzer comprises multiple independent electrolyzer cells connected
in series or parallel. This article initially calculates the working voltage required for each
electrolyzer cell, as well as the hydrogen and oxygen production rates generated by the
electrolyzer [16].
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Figure 1. Electrolyzer basic structure. 

Studying the I–V characteristics of an electrolyzer can significantly enhance the effi-
ciency of gas production. From an electrical circuit perspective, an electrolyzer is equiva-
lent to a voltage-sensitive, nonlinear DC load. After connecting to a power supply, the 
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Figure 1. Electrolyzer basic structure.

Studying the I–V characteristics of an electrolyzer can significantly enhance the effi-
ciency of gas production. From an electrical circuit perspective, an electrolyzer is equiv-
alent to a voltage-sensitive, nonlinear DC load. After connecting to a power supply, the
electrolyzer is linked to the DC bus via a DC/DC converter. The current and voltage
characteristics of the electrolytic device are determined by the working temperature of the
electrolyzer. Given the high nonlinearity of the current and voltage characteristics, curve
fitting methods are commonly employed to simulate them. Considering its applicability
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in the field of electrical engineering, the voltage equation of a single electrolyzer is as
follows [17]:

Vcell = E + Vel,act + Vel,ohm (1)

where E is open circuit voltage, Vel,act is activation polarization voltage, and Vel,ohm is ohmic
polarization voltage.

Open circuit voltage is defined as the Nernst Equation:

E = E0 +
RTel
2F

[
ln
(

PH2 P0.5·O2

αH2O

)]
(2)

E0 = 1.229 − 0.009(T − 298.15) (3)

where E0 is the standard cell potential, R is the universal gas constant, Tel is the cell
temperature, αH2O is the water activity between anode and electrolyzer (for simplicity, it is
assumed here to be 1), PH2 is the cathode hydrogen pressure, P0.5·O2 is the anode oxygen
pressure, and F is the Faraday constant.

The activation polarization voltage is obtained as follows:

Vel,act =
RTel
2αF

ln
(

i
i0

)
(4)

where α is the charge transfer coefficient, i is the current density, and i0 is the exchange
current density.

The ohmic polarization voltage is calculated as follows:

Vel,ohm = iRel,ohm (5)

where Rel,ohm is the membrane resistance.
When combining multiple electrolysis cells in series and parallel to form an electrolysis

tank stack, the total power consumption and terminal voltage of the entire system are
calculated as follows: {

Pel = Nb · Vel · Icell
Vel = Nc · Vcell

(6)

where Icell is the electrolytic current; Nb and Nc are the parallel and series numbers of the
electrolytic unit, respectively.

The current and voltage characteristics of an electrolyzer are dependent on its oper-
ating temperature. According to Faraday’s law, the generation rate of hydrogen in the
electrolyzer is directly proportional to the rate of electron transfer at the electrode.

nH2 =
nF · Icell · Nc · Nb

2F
(7)

where nH2 is the output hydrogen flow; nF is the Faraday efficiency.
The ratio between the actual and theoretical maximum hydrogen gas amounts in an

electrolyzer is called the Faraday efficiency. At a working temperature of 80 ◦C for the
electrolyzer, the Faraday efficiency is as follows:

nF = 96.5 · exp(0.09/Icell − 75.5/I2
cell) (8)

2.2.2. Model of Hydrogen Storage Tank

When temperature changes during hydrogen charging and discharging are not con-
sidered, the storage capacity can be expressed as follows:

nsto(t1) = nsto(t0) +
∫ t1

t0

vsto(t)dt (9)
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where nsto(t0) and nsto(t1) are the hydrogen storage capacities of the hydrogen storage tank
at moments t0 and t1, respectively; vsto(t) is the net intake rate of the hydrogen storage
tank at time t.

The hydrogen storage tank pressure is as follows:

Psto =
RTsto

Vsto
nsto (10)

where Psto is the hydrogen storage tank pressure, R is the gas constant, Tsto is the gas
thermodynamic, and Vsto is the hydrogen storage tank capacity.

2.2.3. Electrolyzer Dynamic Characteristics

Figures 2 and 3 illustrate the dynamic response characteristics of the electrolyzer,
demonstrating that hydrogen production varies with the changes in input current.
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3. Objective of Fast Frequency Response Control
3.1. The Principle of Frequency Response

The principle of primary frequency control in power systems is illustrated in Figure 4.
When the balance of active power within the grid becomes disturbed, leading to a deviation
in the grid’s frequency from its rated value, the regulation systems of the parallel operating
generating units or other frequency adjustment devices rapidly adjust their active power
output according to their individual speed-regulated static and dynamic characteristics to
swiftly restore the grid’s active power balance.

As illustrated in Figure 4, PG( f ) and PD( f ) represent the frequency characteristics of
the generator set and the total load, respectively. The system initially operates at point
A, where at PG = PD, a power balance is maintained, and the frequency stays stable at
the rated frequency f1. When the system load increases by ∆PD0, the load’s frequency
characteristic shifts to P′

D( f ), resulting in a disruption of power balance. If left uncontrolled,
the grid frequency will continue to decline. To mitigate the frequency drop, the generator set
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increases its output of active power ∆PG to maintain the system’s power balance, ultimately
stabilizing the grid frequency at point f2.
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3.2. Control Objectives of Primary Frequency Control

Figures 5 and 6 depict schematic diagrams illustrating the fast frequency response
and active-frequency droop characteristics of wind farms and photovoltaic power stations,
respectively. The renewable energy power generation system utilizes corresponding active
control strategies and adds independent control devices to complete the active-frequency
droop characteristic control, enabling it to have fast adjustment capabilities for participating
in grid frequency regulation at the grid connection point. When the frequency at the grid
connection point exceeds the frequency regulation dead zone, the frequency regulation
control function is activated. Based on the active-frequency droop characteristic of the
VSG, the active target value is calculated, and the control instructions are distributed to the
DC/DC converter connected to the electrolytic hydrogen production device according to the
active control strategy. Through the adjustment of the duty cycle, the voltage and current
of the hydrogen production device are altered, thus changing the power consumption and
efficiency of hydrogen production, and ensuring the grid frequency remains stable near the
rated value.
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4. Strategy of Fast Frequency Response Control
4.1. System Structure

The typical structure of a renewable energy power-generation hydrogen production
system is illustrated in Figure 7. This system utilizes a hybrid AC/DC structure, as
described herein, with wind turbines and photovoltaic modules functioning as power
generation units that operate in MPPT mode by default. These units are connected to
the DC bus via AC/DC and DC/DC converters. The electrolysis hydrogen production
module serves as the energy storage unit, connected to the DC bus via a DC/DC converter
and linked to the load and the grid via the grid-side converter. The grid-side converter
employs VSG control to impart inertia and fast frequency response characteristics to the
entire system, facilitating friendly grid connection. The electrolysis hydrogen production
module serves as power support for VSG’s primary frequency response, aiming to maintain
the stability of the DC bus voltage.
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4.2. DC/DC Converter Control Strategy on the Electrolyzer Side

The excellent regulatory capabilities of the hydrogen production equipment by elec-
trolysis provides favorable conditions for its participation in grid frequency regulation and
improvement of the phenomenon of abandoned wind and solar energy generation systems.
The electrolysis hydrogen production equipment is connected to the DC bus through a
DC/DC converter. On the one hand, a stable power supply is essential for the smooth
progress of the electrolysis process; on the other hand, the electrolysis hydrogen produc-
tion equipment ensures system power balance via the converter, thereby maintaining DC
bus voltage stability. Figure 8 illustrates the control strategy of the electrolysis hydrogen
production equipment. The renewable energy generation system and VSG provide inertia
and damping support for the grid. When the balance of DC side power and inverter output
power changes, the DC bus voltage is disturbed. The electrolysis hydrogen production
equipment promptly adjusts its own operating power to maintain a stable DC bus voltage,
close to the reference voltage.
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smooth progress of the electrolysis process; on the other hand, the electrolysis hydrogen 
production equipment ensures system power balance via the converter, thereby maintain-
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4.3. DC/AC Converter Control Strategy on the Power Grid Side

The grid-side converter adopts VSG control, which involves embedding the mathe-
matical model of a synchronous generator into the control algorithm of the converter. This
technology emulates a rotating motor by considering the static power electronic device to
be a rotating machine. By emulating the primary frequency and voltage regulation of a
synchronous generator, VSG equips the device with functions such as damping voltage
and frequency fluctuations, automatic power allocation, and synchronous grid operation.

Figure 9 illustrates the structure and control block diagram of the virtual synchronous
generator [18]. By embedding the synchronous generator equations in the converter control
system, VSG can achieve power exchange between the DC power supply and the system
according to the characteristics of the synchronous generator. When viewed from a system
perspective and disregarding the high-frequency components caused by the switching
action of power electronic devices, VSG is analogous to a synchronous generator. In a
synchronous generator, both the mechanical shaft and winding are crucial in providing the
necessary inertia and damping for the system’s stable operation. For VSG, it is imperative
to consider the establishment of virtual inertia and damping coefficients.
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The VSG rotor motion equation incorporates the second-order model of a traditional
synchronous generator into the control mechanism, and Equation (11) demonstrates the
inertial and damping characteristics of VSG [19].{

ω = dθ
dt

Pm−Pe
ωn

− D(ω − ωn) = J dω
dt

(11)

where J is the virtual inertia coefficient, D is the virtual damping coefficient, ω is the rotor
angular velocity, ωn is the rated rotor angular velocity, Pm is the VSG theoretical output
active power, and Pe is the VSG actual output active power.

VSG emulates the P-f droop characteristic of synchronous generators, thereby enabling
the grid-side converter to achieve primary frequency control performance in grid-connected
mode. Upon a disturbance in the grid frequency, the actual grid frequency calculated is
compared with the reference value of the grid frequency, and the output power needed
by the converter side is obtained according to the P-f droop characteristic to regulate
the frequency disturbance, thus fulfilling the primary frequency control function. The
expression is as follows:

Pm = −Kp( f − fn) + Pre f (12)

where Pre f is the active power reference value, Pm is the VSG theoretical output active
power, Kp is the primary frequency modulation coefficient, f is the grid actual frequency,
and fn is the grid reference frequency.

5. Fast Frequency Response Control Parameters on Regulation Performance
5.1. The Impact of System Control Parameters on Regulation Performance

Virtual rotational inertia and virtual damping coefficient constitute the core control
parameters of the VSG control system. Therefore, based on the small-signal model of VSG
active power, the transfer function is established as Equation (13) to study the influence of
these two parameters on the system’s dynamic characteristics [20].

G(s) =
1

Jω0
EU
Z

s2 +
(

D
J + Kω

Jω0

)
s + 1

Jω0
EU
Z

(13)

The natural oscillation frequency ωn and damping coefficient ξ of the corresponding
second-order model can be obtained according to Equation (13). ωn =

√
EU

Jω0Z

ξ = D
√

ω0Z
4JEU + Kω

√
Z

4Jω0EU

(14)

Assuming the system is in an underdamped status, and selecting an error band
∆ = 2%, the overshoot and adjustment time of the system are, respectively, as follows:

σ% = e−πξ/
√

1−ξ2 × 100% (15)

ts =
3.5
ξωn

= 3.5/
(

D
2J

+
Kω

2Jω0

)
(16)

Figure 10 illustrates the output power and frequency waveforms of the converter
under different virtual inertia coefficients; Figure 11 illustrates the output active power and
frequency waveforms of the converter under different damping coefficients. Upon analyz-
ing the simulation diagrams in conjunction with Equations (15) and (16), it is observed that
when the virtual damping coefficient is constant, an increase in the virtual rotational inertia
results in greater output overshoot and a more pronounced oscillation; with the virtual
rotational inertia remaining constant, a decrease in the virtual damping coefficient leads to
greater overshoot, extended regulation time, and a more pronounced system oscillation.
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5.2. Establishment of Control Parameter Optimization Model

The core of VSG technology lies in the introduction of a simplified synchronous
generator model into the converter control, enabling it to mimic synchronous generator
characteristics. However, in comparison with actual synchronous generators, VSG is more
flexible due to its ability to alter control parameters. Based on the analysis in the previous
section, utilizing the particle swarm optimization algorithm to optimize the rotational
inertia and damping coefficient of VSG facilitates more stable performance and faster
response speed. The ITAE (Integral Time Absolute Error) index serves to establish the
optimization objective function, as shown in Equation (17). The ITAE index may serve as a
representative parameter for overshoot and regulation time, exhibiting minimal transient
response oscillation.

ITAE =
∫ t

0
t · | f − fn|dt (17)

where t is the simulation time, f is the grid actual frequency, and fn is the grid reference
frequency.

5.3. Establishment of Adaptive Control Parameter Model

When power fluctuations occur during the grid-connection process, the system fre-
quency experiences decaying oscillations at the moment of fluctuations, and the overshoot
and regulation time of the oscillations are key indicators for assessing the stability of
the system frequency. The power angle characteristics and the angular velocity curve
of synchronous generators are illustrated in Figures 12 and 13. The decaying oscillation
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process can be divided into four stages. The first stage system power increases from P1 to
P2, resulting in a sudden increase in frequency. The angular velocity of the VSG is higher
than the rated angular velocity of the grid, which is ∆ω > 0, and will continue to increase,
dω/dt > 0. Therefore, it is necessary to increase the virtual inertia and damping coefficient
to suppress dω/dt and reduce the deviation of the angular frequency. In the second stage,
system power increases from P2 to P, during which ∆ω > 0, dω/dt < 0 need to reduce the
virtual inertia to accelerate the adjustment of ω, stabilizing its curve to the rated angular
velocity, while appropriately reducing the damping coefficient. The third and fourth stages
are similar to the first and second stages [21].
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According to the above analysis, the selection principles of inertia and damping
coefficients under different conditions are shown in Table 1. Combining the optimized
initial inertia and damping coefficients based on the particle swarm optimization, an
adaptive control strategy is designed as Equations (18) and (19).

J =


J0

∣∣∣ dω
dt

∣∣∣ ≤ MJ

max(J0 + A
∣∣∣ dω

dt

∣∣∣+ B|∆ω|, J0 + J1) ∆ω · dω
dt ≥ 0 ∩

∣∣∣ dω
dt

∣∣∣ > MJ

min(J0 + C
∣∣∣ dω

dt

∣∣∣+ D|∆ω|, J0 − J2) ∆ω · dω
dt < 0 ∩

∣∣∣ dω
dt

∣∣∣ > MJ

(18)

D =


D0

∣∣∣ dω
dt

∣∣∣ ≤ MJ

max(D0 + E
∣∣∣ dω

dt

∣∣∣+ F|∆ω|, D0 + D1) ∆ω · dω
dt ≥ 0 ∩

∣∣∣ dω
dt

∣∣∣ > MJ

min(D0 + G
∣∣∣ dω

dt

∣∣∣+ H|∆ω|, D0 − D2) ∆ω · dω
dt < 0 ∩

∣∣∣ dω
dt

∣∣∣ > MJ

(19)

where J0 and D0 represent the initial inertia coefficient and damping coefficient of the VSG
after particle swarm optimization, MJ is the dω/dt transformation threshold, A-D and E-H
are the adjustment coefficients for the moment of inertia and damping coefficient, and J1, J2,
D1, and D2 are the support coefficients for the moment of inertia and damping coefficient.
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Table 1. Principles for selecting J and D in different situations.

Phase Variation Change Rate J D

A ∆ω > 0 dω
dt > 0 Increase Increase

B ∆ω > 0 dω
dt < 0 Reduce Reduce

C ∆ω < 0 dω
dt < 0 Increase Increase

D ∆ω < 0 dω
dt > 0 Reduce Reduce

5.4. The Process of Parameter Optimization

Through the introduction of an optimization model for control parameters and an
adaptive control parameter model, we have established a method for optimizing the
parameters of a combined particle swarm optimization and adaptive VSG control strategy.
The specific optimization process proceeds as follows:

(a) Initialize particle parameters.
(b) Calculate the ITAE value based on the VSG output frequency.
(c) Update the individual best values and the global best solution based on the individual

and overall ITAE values, finding the most suitable J and D for this iteration.
(d) Modify the J and D of the VSG based on the particle swarm’s individual update

formula.
(e) After 20 iterations, calculate the ITAE value to complete optimization, and display the

optimized J and D.
(f) Conduct a grid-connected simulation using the optimized J0 and D0.
(g) Monitor the VSG output angular frequency and angular frequency rate changes

during operation.
(h) Determine if the VSG output angular frequency rate exceeds the threshold.
(i) If the threshold is exceeded, adaptively adjust the VSG’s moment of inertia and

damping coefficient online, based on the designed VSG control parameters.

6. Case Study
6.1. Case Description

To verify the effectiveness of the control strategy of hydrogen production systems
based on renewable energy power, a system simulation model was built on the Mat-
lab/Simulink platform, as illustrated in the structure in Figure 7. In this system, the rated
capacity of the photovoltaic power generation is 1.22 MW, the rated capacity of the wind
power generation is 1.06 MW, the rated capacity of electrolytic hydrogen production equip-
ment is 1.2 MW, and the DC bus voltage is 2500 V. The system connects to a public grid
with a rated frequency of 50 Hz.

6.2. Simulation of Coordinated Control Strategy

Based on the above system, two disturbance events were established to analyze the
electrolytic hydrogen production device’s ability to actively adjust the hydrogen production
power when there is an excess of electricity in renewable energy. The specific process is
as follows:

(1) When t = 1.5 s, the light intensity increased from 800 W/m2 to 1000 W/m2.
(2) When t = 3 s, the wind speed increased from 10 m/s to 12 m/s.

Figures 14 and 15 illustrate the results of the grid-connected simulation of the hydrogen
production system based on renewable energy power. It can be seen that at t = 1.5 s, the
illumination intensity increased from 800 W/m2 to 1000 W/m2, and the photovoltaic
output power increased from 0.98 MW to 1.22 MW; at t = 3 s, the wind speed increased
from 10 m/s to 12 m/s, and the wind turbine output power increased from 0.61 MW
to 1.05 MW. The output power limit at the grid connection point is 1 MW. When there
was excess electricity in renewable energy, the electrolysis hydrogen production power
increased by 0.24 MW at t = 1.5 s and 0.39 MW at t = 3 s, respectively.
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6.3. Simulation of Fast Frequency Response Control Strategy

Based on the above system settings, we analyzed the rapid frequency response capa-
bility of the grid connection interface of hydrogen production system based on renewable
energy power generation. The specific process is as follows:

(1) When t = 1.5 s, disturbance in the external power grid leads to an increase in system
frequency of 0.15 Hz;

(2) When t = 3 s, restore the system frequency to its rated value;
(3) When t = 4 s, the output power limit of the grid connection point has been increased

from 1 MW to 1.2 MW.

Figures 16 and 17 illustrate the simulation results of the renewable energy power-
generation hydrogen production system participating in the primary frequency control
of the power grid. Figure 16a illustrates the output frequency of VSG, and Figure 16b
presents the hydrogen production rate. Figure 17 presents the output power of wind
turbines, photovoltaic cells, electrolyzers, and VSGs. It can be seen that the output power
of photovoltaic cells and wind turbines remains constant at 1.22 MW and 0.61 MW, respec-
tively. At t = 1.5 s, due to the disturbance of the external power grid, the system frequency
increases by 0.15 Hz. VSG controls the DC/AC converter on the grid side according to its
active power droop characteristic, reducing the output power from 1 MW to 0.855 MW.
The electrolytic hydrogen production system quickly increases the hydrogen production
power to 0.823 MW. At t = 3 s, the system frequency returns to the rated frequency of 50 Hz,
and the output power of VSG also returns to 1 MW. The electrolytic hydrogen production
system quickly reduces the hydrogen production power to 0.66 MW. At t = 4 s, the output
power limit of the parallel point increases from 1 MW to 1.2 MW, resulting in a 0.142 Hz
output frequency disturbance of VSG. However, under the action of adaptive VSG control
parameters, the frequency quickly returns to the rated frequency of 50 Hz, avoiding a
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long frequency recovery event. The electrolytic hydrogen production device adjusts the
hydrogen production power to 0.43 MW. Throughout the process, the electrolytic hydrogen
production system actively responds to the frequency disturbance of the power system
and participates in the primary frequency control of the power system. The hydrogen
production rate also continuously varies with the electrolytic power.
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Figure 18 illustrates the DC bus voltage waveform. It can be seen that at t = 0 s,
t = 1.5 s, t = 3 s, and t = 4 s, the system experiences power imbalance and brief disturbances.
However, due to the power support provided by the electrolytic hydrogen production
system, the DC bus voltage remains close to the set value of 2500 V.
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6.4. Comparative Analysis of Parameter Optimization

To demonstrate the superiority of combining the particle swarm optimization algo-
rithm with adaptive VSG control strategy, frequency and power curves obtained from
simulations under identical working conditions for varying inertia and damping coeffi-
cients are illustrated in Figure 19. Mode 1 adopts the traditional VSG control strategy;
Mode 2 employs the VSG adaptive control strategy without particle swarm optimization;
Mode 3 initializes the rotational inertia and damping coefficients via the particle swarm
optimization algorithm, without the use of an adaptive algorithm; Mode 4 combines the
particle swarm optimization algorithm with adaptive control parameters.
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To study the advantages of the control strategy proposed herein, a comparison was
conducted with traditional control strategies based on a fixed moment of inertia and
damping coefficients. As illustrated in Figure 19a, at t = 2.5 s, a fluctuation in the VSG
output power was observed. Under the traditional control strategy with fixed moment
of inertia and damping coefficients, the overshoot of VSG output power was 1.6%, with
a regulation time of 0.246 s. As illustrated in Figure 19b, the frequency fluctuation was
50.186 Hz. In contrast, under the adaptive control strategy proposed in this paper, the
overshoot of VSG output power was reduced to 0.58%, with a regulation time of 0.187 s.
Additionally, from Figure 19b, the frequency fluctuation was measured to be 50.143 Hz.

To highlight the importance of particle swarm optimization in determining the initial
moment of inertia in this paper, a comparison was made with the VSG adaptive control
strategy proposed in this paper alone. As illustrated in Figure 19, it can be observed that
from t = 1 s to t = 2 s, the VSG participated in primary frequency regulation of the grid.
Compared to the control strategy before optimization, the application of particle swarm
algorithm to optimize the initial damping coefficient and moment of inertia resulted in
an increase of 0.31 MW in the primary frequency regulation power, indicating a stronger
primary frequency regulation capability.

At t = 2.5 s, fluctuations in VSG output power were observed. Under the VSG adaptive
control strategy without particle swarm optimization, the overshoot of VSG output power
was 0.88%, with a regulation time of 0.225 s, and a frequency fluctuation of 50.171 Hz.
In the adaptive control strategy proposed in this paper that incorporates particle swarm
optimization, the overshoot of VSG output power decreased by 0.3%, the regulation time
reduced by 0.038 s, and the frequency fluctuation decreased by 0.028 Hz.

7. Conclusions

This article addressed the issue of the lack of autonomous frequency regulation ca-
pabilities in renewable energy power-generation systems. A structural model of coupling
renewable energy power-generation systems with electrolytic hydrogen production sys-
tems to participate in rapid frequency response of a grid was established, and the dynamic
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regulation characteristics of the electrolysis hydrogen production system were verified
through a Simulink simulation. When the power conversion of the renewable energy
system and the grid frequency fluctuated, the electrolysis hydrogen production system was
able to adjust its operating power accordingly, thus actively maintaining the system power
balance and the stability of the DC bus voltage as well as participating in primary fre-
quency control of the grid. Additionally, aiming at solving the problem of fixed inertia and
damping coefficient in traditional VSG control strategies, a Simulink simulation was built
to compare the influence of different control parameters on a system’s active power and
frequency. A VSG control strategy that combines particle swarm optimization and adaptive
control parameters was proposed to enhance the primary frequency control capability of
the entire system and improve the response characteristics of system frequency and output
active power. This paper, by incorporating control strategies, transformed the electrolytic
hydrogen production device from a simple power load into a flexible regulation resource
in the power system, supporting grid frequency disturbances at the millisecond timescale.
It also addressed the issue that renewable energy generation, serving as a power electronic
interface, lacks the inertia, damping, and primary frequency control capabilities of tradi-
tional synchronous generators under disturbance conditions. However, current research
only focuses on single-machine systems, and future studies will investigate the consistency
of fast frequency response control for multiple renewable energy generation and hydrogen
production systems, considering the uncertainty of communication environments.
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