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Abstract

Large-scale photovoltaic (PV)-hydrogen production systems are increasingly regarded
as a promising solution for mitigating renewable energy curtailment and supporting the
transition toward low-carbon energy systems. However, when connected to weak grids,
such systems often suffer from insufficient voltage—frequency support capability and
pronounced Direct current (DC) bus voltage fluctuations, which limit their operational
stability and practical deployment. To address these challenges, this paper proposes a dual
virtual motor coordinated control strategy for PV-based hydrogen production systems,
integrating a grid-forming virtual synchronous generator (VSG) with a virtual DC motor
(VDCM). By exploiting the complementary dynamic characteristics of grid-side converters
and hydrogen production loads, the proposed approach enhances grid support capability
while simultaneously providing inertia and damping to the hydrogen production DC
bus without relying on additional physical energy storage. Dynamic response analysis is
conducted to investigate the influence of virtual inertia and damping parameters on system
stability. Simulation results under weak-grid conditions demonstrate that the proposed
strategy effectively improves frequency and voltage support performance and significantly
suppresses DC bus voltage fluctuations during load and power disturbances. The proposed
control framework offers a practical and scalable solution for improving the operational
robustness of PV-hydrogen production systems, contributing to the reliable integration of
renewable energy and the development of green hydrogen infrastructure.

Keywords: PV-hydrogen production system; grid-connected VSG; virtual DC motor;
moment of inertia; dual virtual motor control

1. Introduction

Amid the global energy transition, hydrogen has emerged as a pivotal component
in future power systems due to its high energy density and clean, pollution-free advan-
tages, holding strategic importance in international energy strategies. However, renewable
hydrogen production systems connected to power grids through converters face limita-
tions: lacking synchronous components like conventional generators, they cannot provide
grid inertia support under traditional control strategies, resulting in weak active grid
regulation capabilities. Their large-scale integration poses challenges to power system
stability [1]. In contrast, electricity-based hydrogen production demonstrates significant
potential as a controllable load for mitigating renewable energy fluctuations and enhancing
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grid coordination [2]. Optimizing control strategies to maximize the regulation capacity of
renewable hydrogen systems is crucial for improving grid compatibility and advancing
sustainable energy development. Currently, researchers worldwide have made substantial
progress in developing innovative control approaches for renewable hydrogen systems.
Document [3] integrated wind turbines, lead-acid batteries, and alkaline electrolyzers to
develop a comprehensive control scheme for effective management of hydrogen production
systems. Document [4] constructed hybrid systems coupling wind turbines, electrolyzers,
fuel cells, and supercapacitors to DC busbars, analyzed operational characteristics and
different modes of wind-hydro hybrid systems, and proposed corresponding energy man-
agement strategies to enhance wind power integration capabilities and grid-connected
quality. Document [5] combined PV systems, fuel cells, and electrolyzers, proposing an
energy management strategy for hydrogen-PV hybrid power supply systems based on dual
Buck converters to improve solar power utilization efficiency. Document [6] developed
an energy management strategy for hybrid systems integrating PV, hydrogen subsys-
tems, and battery banks, extending battery lifespan while meeting load power demands.
Document [7] coordinated power generation across PV, electrolyzer, fuel cell, and super-
capacitor systems connected to DC busbars. Document [8] proposed a two-level control
strategy for renewable energy systems combining PVs, wind turbines, electrolyzers, fuel
cells, and energy storage. Document [9] designed a hybrid system architecture integrating
wind turbines, PVs, electrolyzers, and supercapacitors, proposing control strategies for
wind/PV /hydrogen/supercapacitor grid-connected systems under four operational modes
to achieve smooth grid-connected power and DC voltage stability. Reference [10] proposed
a coordinated control strategy for electro-hydrogen coupling systems based on model pre-
dictive control to optimize power balance regulation. Both the renewable energy generation
system and the electrolytic hydrogen production system are connected through power
electronic converters. While these converters exhibit rapid response characteristics, they
lack the damping and inertia support mechanisms found in synchronous generators [11].
Transient voltage and current surges caused by wind power fluctuations and abrupt load
changes directly impact system stability [12], reducing hydrogen production efficiency and
potentially leading to electrolysis equipment shutdowns. To improve the grid-connected
performance of renewable energy systems through converters, scholars worldwide have
developed virtual synchronous generator (VSG) technology. This approach enhances grid
compatibility by enabling converters to possess inertia, damping, and frequency/voltage
regulation capabilities through control algorithms [13,14]. Traditional VSG control schemes
typically rely on auxiliary energy storage devices and reserved generation capacity to
provide power support for VSG inertia and primary frequency regulation. However, the
auxiliary energy storage approach increases system investment and operational costs, while
the reserved generation capacity solution sacrifices maximum renewable output power,
reducing energy utilization efficiency. Moreover, insufficient VSG reserve capacity in these
control schemes often leads to excessive responses and DC bus voltage instability during
prolonged high-power disturbances, resulting in suboptimal control performance. Al-
though the VSG and VDCM controllers are implemented on different converter interfaces
and have different local control objectives, they are not independent in the system-level
sense. Their coordination is realized through the shared DC-link power balance of the
integrated PV-hydrogen production system [15]. Specifically, the VSG mainly regulates
Alternating current (AC)-side power exchange and weak-grid support, whereas the VDCM
mainly improves DC-side voltage stability and load-side dynamic buffering [16]. Therefore,
the proposed method is locally decoupled in implementation but coordinated in the overall
dynamic function.
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To further clarify the position of this work relative to existing studies, Table 1 summa-
rizes representative research from the perspectives of system architecture, control target,
DC bus stabilization capability, and weak-grid support. As can be seen, existing stud-
ies have mainly focused on either renewable hydrogen energy management, AC-side
VSG/Grid-forming (GFM) support, or DC-side stabilization of hydrogen-coupled systems.
In contrast, the present work emphasizes an explicitly coordinated AC/DC dual virtual
motor framework for weak-grid PV-hydrogen production systems.

Table 1. Comparison of representative studies and the present work.

AC-Side DC Bus Weak-Grid Small-Signal
Study Main Focus VSG/GFM Dynamic Parameter
. Focus .

Support Shaping Analysis

Valdes et al. (2013); Renewable hydrogen
Tang et al. (2024);  system operation and Limited Partial Limited No
Fang etal. (2024)  energy management
DC bus voltage
Cheng et al. control in Not . .
(2025) wind-solar-hydrogen primary focus Yes Not emphasized Limited
system
Coordinated control of

Yuan et al. (2025)  renewable hydrogen Yes Limited Partial Limited

system based on VSG
Dual virtual Not focused on
motor-related PV weak-grid
He et al. (2025) .. Related Yes Point of com- Partial
stabilization in mon coupling
wind-hydrogen system (PCC) support
Coordinated AC/DC
dynamic support for
This work weak-grid Yes Yes Yes Yes

PV-hydrogen
production system

Based on the above comparison, the novelty of this work does not lie in introducing
VSG or VDCM as isolated concepts, but in establishing a coordinated AC/DC control frame-
work for a weak-grid PV-hydrogen production system. In this framework, the grid-side
converter adopts VSG control to enhance voltage-frequency support and grid adaptability,
while the electrolyzer-side converter adopts VDCM control to provide virtual inertia and
damping for the hydrogen production DC bus. Therefore, the main contribution of this
paper can be summarized in terms of architecture, control law, and dynamic performance
improvement under weak-grid and source-load disturbance conditions.

In view of the above challenges, this paper investigates a grid-connected PV-hydrogen
production system under weak-grid conditions and proposes a dual virtual motor coor-
dinated control strategy. On the AC grid side, a virtual synchronous generator (VSG)
control is introduced into the grid-side converter to improve inertia emulation, damping,
and voltage-frequency support capability. On the DC hydrogen production side, a vir-
tual DC motor (VDCM) control is applied to the electrolyzer-side converter to provide
virtual inertia and damping for the DC bus and suppress voltage oscillations caused by
source-load power mismatch [16]. Through coordinated AC-side and DC-side control,
the proposed strategy enhances both grid adaptability and hydrogen production stability
without requiring additional physical energy storage.
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2. Topology of Hydrogen Production System from Renewable
Energy Sources

2.1. System Topology

As the core part of the renewable energy water electrolysis hydrogen production
device, the characteristics of the hydrogen production power supply have a great impact on
the purity of hydrogen production, hydrogen production efficiency, and Proton-exchange
membrane (PEM) electrolyzer service life.

Hydrogen production power sources can be categorized into two types based on their
electrical energy sources. For DC power from PV systems, DC-DC converters are required
to supply power to electrolyzers. Conversely, AC power from grids or wind turbines
necessitates AC-DC converters to convert alternating current into direct current for elec-
trolyzer operation [17]. As shown in Figure 1, DC-DC converters can be further classified,
according to their topology, into isolated and non-isolated types. Currently, non-isolated
DC-DC converters predominantly adopt Buck circuits as their foundation. However, due
to inherent structural limitations of Buck circuits, most non-isolated converters exhibit
significant current ripple, making them suitable only for hydrogen production scenarios
with minimal voltage ratio variations and no electrical isolation requirements [18]. In
contrast, isolated DC-DC converters incorporate high-frequency transformers that not only
reduce secondary-side voltage but also provide electrical isolation between primary and
secondary circuits.

DCDC
comverter
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Figure 1. Types of DC-DC converters.

As shown in Figure 2, hydrogen production power sources with isolated converters
can be categorized into single-stage, two-stage, parallel, and multi-port configurations [19],
with their circuit topologies illustrated in Figure 2.

2.2. Topological Structure Analysis of New Energy Hydrogen Production System

The unique climatic conditions in northwest China, such as high sunshine hours and
strong wind energy resources, provide distinctive advantages for the efficient utilization of
renewable energy [20]. Based on these characteristics, we propose an innovative control
strategy for renewable hydrogen production systems aimed at maximizing the conversion
and utilization of these energy sources to enhance hydrogen production efficiency and
system economics.
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Figure 2. Topological classification of DC-DC converters. (a) non-isolated type; (b) single-pole type;
(c) bipolar type; (d) multi-port type; (e) parallel type.

In the proposed system, the grid-side converter and the hydrogen production converter
are dynamically coupled through the common DC-link energy balance. As a result, AC-side
power regulation and DC-side bus stabilization should not be considered as completely
isolated control tasks. This coupling provides the basis for introducing a coordinated dual
virtual motor control strategy.

As shown in Figure 3, advanced PV power generation technology is employed along-
side high-performance water electrolysis technologies (such as proton-exchange membrane
electrolyzers) to achieve efficient energy conversion. On the grid interface side, the con-
verter performs DC-AC conversion to connect the DC bus to the utility AC grid, whereas
the electrolyzer-side converter regulates the DC voltage and current supplied to the hydro-
gen production unit. Considering solar irradiance fluctuations, as illustrated in Figure 4,
the hydrogen production power source operates in four modes. In summary, the designed
hydrogen production power source, based on the renewable energy features of northwest
China, not only considers the efficient conversion and utilization of energy but also fully
addresses system reliability and economic viability [21].

Figure 3. Hydrogen production system and control strategy of renewable energy.
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Figure 4. Grid-forming hydrogen production model. (a) renewable energy hydrogen production
mode; (b) renewable energy + charging mode; (c) battery hydrogen production mode; (d) battery
grid connection mode.

It is expected to play a pivotal role in advancing green energy transition and hydrogen
economy development across northwest China and beyond.

3. Research on Control Strategy of Network-Type Converter
3.1. Principle and Limitations of Droop Control

Droop control is the most common and simplest control strategy among all kinds of
grid-forming (GFM) control strategies [22]. The droop control characteristic expression for
frequency is given by Equation (1).

w = wy+ Kp(Py — P)
_ )
6 = [ widt

where w and 6 are output values of angular frequency and power angle, respectively; wy is
the reference value of angular frequency; P is the reference value of output power; P is
the detection value of output power; Kp is the droop coefficient; t is the running time. The
difference between the reference active power and the measured active power, multiplied
by the droop coefficient, determines the frequency adjustment term.

The droop control block diagram is shown in Figure 5, where Aw is the Laplacian
operator. The advantages of droop control are simple structure and control and fast
response speed, but the converter under this control mode does not have the inherent
inertia and damping characteristics of synchronous generator operation [23].
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Figure 5. Droop control.

3.2. Virtual Synchronous Machine Control

Virtual synchronous generator (VSG) technology plays a pivotal role in renewable
hydrogen production systems, providing a stable and controllable power interface for elec-
trolysis processes utilizing high-proportion renewable energy sources. In scenarios where
fluctuating power sources like wind turbines and PV systems directly drive electrolyzers,
VSG effectively mitigates power fluctuations through multi-dimensional control mecha-
nisms, ensuring safe and efficient operation of hydrogen production systems. The core
principle of VSG control lies in simulating the electromagnetic and mechanical transient
characteristics of synchronous generators during their operational phases [24], enabling
converters to exhibit inertial and damping properties comparable to those of actual syn-
chronous generators.

At the electromagnetic transient level, VSG suppresses voltage spikes at grid connec-
tion points through virtual impedance—excitation coupling, preventing protection tripping
in electrolyzers caused by transient overvoltages. Its current differential feedforward
mechanism enhances traversal capability against grid short-circuit faults [25], significantly
improving the continuous operational reliability of hydrogen production systems during
grid disturbances. At the electromechanical transient scale, VSG provides virtual inertia
and damping by simulating rotor swing equations. This enables rapid power release or
absorption during frequency fluctuations, mitigating the impact of renewable energy power
fluctuations on electrolysis processes, thereby maintaining power stability and efficiency of
hydrogen production facilities.

The VSG achieves primary frequency regulation and automatic reactive power dis-
tribution through active-frequency/reactive-voltage droop control, coordinating power
sharing among multiple hydrogen production converter units without requiring additional
communication, adapting to various operating conditions, including off-grid and weak-
grid scenarios. To mitigate the risk of subsynchronous oscillations caused by fluctuations
in wind and solar resources, the VSG incorporates a narrowband chopper to suppress
resonance in specific frequency bands, while maintaining system dynamic response consis-
tency through an energy-preserving discretization algorithm [26]. During faults, the VSG
switches to current-limiting mode to protect power components in the hydrogen converter
from overcurrent damage.

The P-f control branch of the VSG simulates primary frequency regulation and rotor
motion, as shown in Figure 6, to characterize P-f droop characteristics. The mathematical
expression is

w= %(Dpwo—w)wp(z)o—m) @)

where is the moment of inertia; specifically, | is the moment of inertia and D is the damping

coefficient. The simplified form of (3) can be obtained as

Kp
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Figure 6. VSG control P-f loop.

Comparing Equation (1) with Equation (3), the VSG control strategy can be understood
as adding a damping inertia component to the droop control strategy. This means VSG
control not only simulates the regulation characteristics of primary frequency and voltage
control but also incorporates the inertia and damping properties of synchronous generators
through the introduction of rotational inertia and damping coefficients. VSG technology can
comprehensively simulate the dynamic behavior of synchronous generators on millisecond-
to-minute time scales, providing essential inertia and damping support for renewable
hydrogen production systems while significantly enhancing their grid adaptability and
operational resilience. This makes it a key enabling technology for achieving large-scale
green hydrogen production and grid integration [27].

4. Consider the Optimization of Control Strategy for Hydrogen
Production Load Characteristics

4.1. Hydrogen Production Load Characteristics

The electrolyzer is one of the key pieces of equipment in hydrogen production [28],
and its simplified equivalent circuit is shown in Figure 7. In this paper, the electrolyzer
is approximated as an equivalent resistive load around a nominal operating point for the
purpose of control-oriented analysis. This approximation is reasonable when the elec-
trolyzer operates near a stable working condition and when the thermal and pressure
dynamics are much slower than the converter control dynamics. Under these conditions,
the voltage—current relationship of the electrolyzer can be linearized, and a simplified equiv-
alent resistance model can be used to describe its external electrical behavior. Nevertheless,
this is a simplified model rather than a complete physical representation. Under large-
signal transients, temperature variation, pressure change, and nonlinear electrochemical
polarization effects, the electrolyzer exhibits more complex nonlinear behavior. Therefore,
the resistive-load assumption adopted here is mainly intended for small-signal dynamic
analysis and controller design.

Figure 7. Electrolytic cell.
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Where U, is the cell voltage, Uy, is the reversible voltage, R, is the equivalent
resistance, and P and I are the current flowing through the equivalent resistance. Electrical
external characteristics can be expressed as

ucell(T/ P) = Urev(T/P) + IRohm(T/ P) (4)

In the formula, T and P represent temperature and pressure, respectively. As shown
in Equation (4), when temperature and pressure remain constant, the voltage across the
electrolytic cell maintains a linear relationship with the current flowing through it, indi-
cating that the cell behaves as a resistive load. Therefore, under these stable conditions, a
definite correlation exists between the input power and current of the electrolytic cell [29].

4.2. Virtual DC Motor Control for Hydrogen Production Load

In order to improve the dynamic response capability of the DC bus of the hydrogen
production system, the mechanical equation and electromotive force balance equation of
VDCM are introduced into the DC/DC converter [30] of the energy storage system. See
Figure 8 for the specific control block diagram.

Figure 8. VDCM control block diagram.

The strategy includes voltage outer-loop control, VDCM control, and current inner-
loop control. Bus voltage U, is equivalent to the DC generator terminal voltage U,, output
current i, is equivalent to the DC generator armature current i,, so that the energy storage
DC/DC converter has external characteristics similar to the DC generator [31].

The electric balance equation is

E, = U, +i,R, 5)

where E, is armature voltage, E; = Ct®w, Cr is the torque coefficient, ¢ is magnetic flux,
w is the DC generator mechanical angular velocity, U, is the virtual generator terminal
voltage, and R, is armature resistance.

The mechanical equation of the DC generator is

dw
E:Tm—Te—D(w—wo) (6)

VDCM mechanical power and electromagnetic power are expressed as

(7)

Py, = Thw = Tywy
P, = Tow = Ejiy

Compared with conventional DC bus control schemes, the main advantage of the
VDCM strategy in this study is that it introduces a virtual electromechanical inertia-
damping mechanism into the DC/DC converter control process. As a result, the converter
exhibits a dynamic buffering effect similar to that of an electromechanical energy conver-
sion unit, which helps suppress abrupt bus voltage variations during renewable power
and load disturbances. In addition, this approach can improve transient damping without
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relying solely on a large physical DC capacitor. However, the present study does not
claim that VDCM is universally superior to all advanced control methods. Rather, it is
shown to be an effective and practically attractive solution for the considered PV-hydrogen
production scenario.

4.3. Small-Signal Analysis

To improve the rigor and clarity of the modeling process, the small-signal model of
the VDCM-controlled subsystem is derived step by step from the electrical equation and
mechanical equation of the virtual DC motor. First, the nonlinear-state equations are estab-
lished. Then, small perturbations are introduced around the steady-state operating point.
By neglecting higher-order perturbation terms and applying Laplace transformation, the
corresponding small-signal transfer relationship is obtained. All variables and parameters
involved in the derivation are explicitly defined below.

Based on the electrical balance equation and mechanical equation of the VDCM,
the nonlinear dynamic model of the controlled subsystem can first be expressed in state-
space form. Let the steady-state operating point be denoted by wy, and define the small
perturbation variables as

Aw =w —wy (8)
. C29? C2P%A
HAG = Ty — 1= 40 212729 by — wy) ©)
R, R,
5,1
H=Jwi— (10)
Sn

The disturbance term is added to Equation (9)

: ‘ .. CZ2o? Cz ¢?
H(Aw + AD) = (Tyy + Tyy) — L0 _ =T
R, R,

(Aw+ @) — D(Aw + Ad) (1)

After separation and perturbation, we can get

., CR?
HAG =Ty, — 1T< Aw — DAG (12)
a
Variable substitution has
: C2.9?
HAG = Ty, — 1T2 Aw — DAw (13)
a

The virtual DC motor small-signal model can be obtained by Laplace transform

1
C2o
R,

Gg(s) =

= (14)
Hs —

2
+D

The virtual DC generator [32] can be approximated as a first-order inertial element
containing an energy storage component, with its time constant corresponding to that of the
first-order inertial element. This virtual DC generator functions as a variable-capacitance
“virtual capacitor” connected in parallel to the output of the DC/DC converter. By adjusting
the parameters of the virtual DC generator [33], its capacitance value can be modified,
thereby enabling the DC bus voltage to exhibit a certain degree of “inertia”. This effectively
suppresses and buffers disturbances to the DC bus voltage, maintaining its stability and
improving power quality.

From Equation (14), we can get

U = Crdw — IR, (15)

https:/ /doi.org/10.3390/ cleantechnol8040098
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According to Equation (15), the relationship between voltage deviation and angular
velocity deviation is

5, = Cre (16)

Therefore, the small-signal model of the virtual DC generator is shown in Figure 9.

AP, 1 | AT A AU
AU > Pl > UZru/ ‘ —> w_ “ G (s) @ > 2—U
_ 0 @

>

Figure 9. Small-signal model of the virtual DC generator.

From Figure 9, the transfer function between the DC converter port output voltage
deviation AU and DC bus voltage deviation Al in virtual DC generator control technology
can be obtained as follows:

urefCT(DRa (kPS + kl)

Gg(s) = 17
c(s) HRqwps? + (C3®%wq + DRywy)s 17

Select parameters are shown in Table 2. Substitute the parameters and plot the Bode
diagram and root locus diagram of the system [34] when the inertia time constant [ and
damping coefficient D change, as shown in Figures 10 and 11.

Table 2. Base electrical and controller parameters used for the revised analytical study.

Category Symbol Value Unit
AC base Up 6.6 kV
Power base Sg 1 MVA
Base current Ig 87.48 A
Filter resistance R 0.05 Q
Filter inductance Ly 4.0 mH
Filter capacitance Cr 10.0 uF
Nominal frequency fn 50 Hz
Angular frequency wo 314.16 rad/s
Reactance magnitude Xy 1.2566 (@)
Filter impedance magnitude V4 1.2576 O
Filter impedance angle o 87.72 deg
Control delay Ty 1 s
Droop /synchronization parameter ) 0.02 -
VSG inertia Josg 3.0 -
VSG damping Dysg 15.92 -
VSG active-power gain kg 25.46 -
Auxiliary voltage u 380 \Y
Internal EMF amplitude E 594 A%
Derived coupling coefficient K 179,622.27 -
DC input voltage u; 600 A%
Nominal DC output voltage Uyut 300 \Y%
Virtual back-EMF constant K. 1.2 -
Virtual resistance R, 5 (@)
Nominal virtual speed Wy 80 rad/s
Outer-loop PI gains kpu, ki 2.0, 80 -
Inner-loop PI gains kpi, kii 02,8 -
VDCM inertia Hy 0.10 -
VDCM damping Dy 30 -

https:/ /doi.org/10.3390/ cleantechnol8040098
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Figure 10. Bode diagram of the VDCM-controlled loop. (a) effects of different inertial time constants;
(b) effects of different damping coefficients.
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Figure 11. Pole migration of the VDCM-controlled loop. (a) effects of different inertial time constants;
(b) effects of different damping coefficients.

The closed-loop transfer function poles of VDCM are located on the left side of the
real axis, and the poles gradually move away from the imaginary axis with the increase in
moment of inertia ], so that the system stability margin increases, the overshoot decreases,
and the recovery time decreases.

The quantitative pole locations and corresponding time constants are reported in
Table 3. The nominal choice Hy = 0.10 and Dy = 30 provides a compromise between
response speed and damping.

Table 3. Quantitative pole migration of Equation (16) for representative virtual inertia and
damping values.
Case Hy Dy Finite Pole pf (s71)  Time Constant tf (ms) Interpretation

A 0.05 30 —605.76 1.65 Fastest response

B 0.10 30 —302.88 3.30 Nominal compromise

C 0.20 30 —151.44 6.60 Slower due to larger Hv

D 0.10 10 —102.88 9.72 Low-damping case

E 0.10 50 —502.88 1.99 High-damping case

https:/ /doi.org/10.3390/ cleantechnol8040098
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When the damping coefficient D gradually increases, the system poles gradually
approach the imaginary axis, the overshoot increases, the oscillation increases, and the
recovery time becomes longer. To sum up, inertia | and damping coefficient D have great
influence on the dynamic response of the system. In order to ensure the stability and
dynamic performance of the control strategy, it is necessary to select the values of inertia |
and damping D reasonably [35]. The dynamic performance of the proposed control strategy
is strongly influenced by the parameters of the virtual electromechanical model and the
outer-loop controllers. In general, the virtual inertia ] mainly affects the equivalent inertial
response and transient speed, while the damping coefficient D mainly affects oscillation
suppression and damping performance. In addition, the proportional and integral gains
of the voltage/current loops determine the loop bandwidth and dynamic interaction. A
practical tuning procedure is to first tune the inner current loop, then the outer voltage
loop, and finally adjust | and D according to the desired trade-off between response speed
and damping. Excessively large inertia may lead to slower recovery, whereas insufficient
damping may increase oscillatory behavior.

5. Case Analysis
5.1. VSG Active Support Verification Under Frequency Variation

To evaluate the proposed strategy more rigorously, the case studies in this section
consider both waveform-based observation and quantitative transient-performance indices.
In addition to conventional control, representative baseline methods such as double closed-
loop DC bus control and droop-based regulation are discussed for comparison where
applicable. In the light-hydrogen-storage system, variations in illumination directly affect
the system’s output power [36].

To verify the power support capability of the grid-connected VSG (virtual synchronous
generator) under illumination changes for the electro-hydrogen production system, we
introduced a disturbance at 0.6 s and gradually restored rated operation at 1.2 s. As shown
in Figures 12 and 13, the power, voltage, and current remained stable with frequency and
active power maintained at constant levels. The system demonstrated significant inertia,
effective grid integration, and minor fluctuations in the PCC current and voltage.
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Figure 12. VSG frequency variation.

https:/ /doi.org/10.3390/ cleantechnol8040098


https://doi.org/10.3390/cleantechnol8040098

M W

hm

\|l |

N'

i

@ U””MW M i UW It

[S]

The stability of the DC bus is critical for hydrogen production systems. Traditional
ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

cause significant DC bus current surges, leading to voltage fluctuations and even

After adopting the virtual DC motor (VDCM) control strategy, as illustrated in


https://doi.org/10.3390/cleantechnol8040098

Clean Technol. 2026, 8, 98

15 of 18

153
1520 ]
1510- .
>
= 1500 W AWM
\
1
1490, ]
|
1480 8
147 ; ‘ ‘ : ‘ ‘ : ‘ ‘
0 02 04 06 08 1 12 14 16 18 2
t/s
Figure 16. Double closed-loop control bus voltage.
200 ; : L —
S = ey iy | b i s G
150 F/"‘ —UL
>
5 100 T
50
0 Il L L L Il L Il
0 02 0.4 0.6 08 1 12 14 16 1.8 2
40 ‘ ‘ N — =
30 —IL -
<20 1
0f 1
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2
t/s
Figure 17. VDCM control voltage current.
1800 ‘
— Ude

1600

unv

1400

1200

1000
0 0.2 04 0.6 0.8 1

t/s

Figure 18. VDCM control bus voltage.

1.2

14 1.6 1.8

This is due to the DC/DC converter simulating the mechanical inertia and damping

characteristics of the DC generator, resulting in a lagging electrical current dynamic.

To make the comparison less purely visual, Table 4 summarizes approximate transient
metrics read from the waveform plots. Although these values are not produced by a
dedicated automated post-processing routine, they are sufficient to reveal the dominant

trade-off between aggressive tracking and disturbance buffering.

Table 4. Approximate transient metrics read from the simulation traces in Figures 14-18.

Conventional Double

Metric Closed-Loop Proposed VDCM Interpretation
Voltage peak/steady value (approx.) 450 V/200 V 190 V/190 V Reduced overshoot
Current peak/steady value (approx.) 90 A/40 A 40 A/40 A Reduced current stress
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Based on the approximate readings in Table 4, the proposed VDCM strategy suppresses
the DC bus overshoot from about 125% to nearly zero and reduces the peak current from
about 90 A to 40 A, i.e., by roughly 55.6%. The cost is a slower but smoother response.
Therefore, within the scope of the present study, the main demonstrated advantage of the
VDCM is not the fastest tracking but reduced DC bus stress and improved disturbance
buffering. A broader benchmark against droop-only control, more severe weak-grid cases,
and parameter uncertainty is an important next step and is now acknowledged explicitly
in the revised paper.

This characteristic effectively suppresses severe fluctuations in bus current and voltage,
significantly enhancing the operational stability and robustness of the hydrogen production
system’s DC side. It should be emphasized that the AC-side VSG and the DC-side VDCM
are dynamically coupled through the shared DC-link power balance. Therefore, AC-side
active power regulation and DC-side voltage stabilization are not completely independent.
In principle, inappropriate parameter matching may introduce adverse interaction or
coupled oscillation. In the proposed framework, this risk is mitigated by assigning different
dominant control objectives to the two interfaces and by ensuring sufficiently fast inner-
loop damping. Under the selected parameter settings and studied disturbances, no harmful
coupled oscillation is observed in the simulation results.

6. Conclusions

To address challenges in weak-grid-connected PV-hydrogen—storage systems—
including limited voltage/frequency regulation capabilities and system instability caused
by hydrogen production system inertia/damping deficiencies—this study proposes a
grid-connected virtual motor control strategy to enhance stability.

Key findings are as follows: (1) During active power fluctuations, the grid-connected
VSG strategy rapidly compensates for power deficits while maintaining system fre-
quency within normal ranges. For reactive power fluctuations, it optimally distributes
active/reactive power and stabilizes PCC voltage, ensuring reliable frequency/voltage
support. (2) Compared to traditional control methods, the VDCM strategy provides inertial
damping support to hydrogen production DC busbars, effectively preventing voltage spikes
during load switching and ensuring system stability. With large-scale renewable energy
integration and rapid hydrogen production system development, PV-hydrogen-storage
systems are poised to become a cornerstone of future energy grids, making coordinated
stability control research particularly crucial. This study establishes theoretical founda-
tions for large-scale renewable hydrogen production and efficient PV-hydrogen-storage
system operation.
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Abbreviations

The following abbreviations are used in this manuscript:

PV Photovoltaic

VSG Virtual Synchronous Generator

VDCM Virtual DC Motor

PEM Proton-Exchange Membrane Electrolyzer
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