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ABSTRACT This article introduces a novel control approach to obtain higher grid reliability using power-
to-gas (P2G) conversion systems. The proposed control method named multiparallel vector current control
is a variant of virtual synchronous machine (VSM) applied to the multiparallel inverter system (MPIS).
It takes on the good qualities of VSM control, such as offering inertia, voltage support, the ability to
operate in standalone mode, and strong performance in weaker grids. Moreover, this concept boasts swift
current set-point tracking abilities and enhanced synchronization properties. Integration of the P2G system
involves an MPIS that transforms ac power from renewable sources into usable dc power, along with an
electrolysis device. The later utilizes dc power source to generate hydrogen and oxygen by decomposing
water. This integration strategically prevents grid-induced overvoltage or undervoltage from affecting the
electrolysis device. This protects it from malfunctions or damage while keeping the voltage and frequency
within the normal range. The efficacy of the proposed control method is rigorously substantiated through
analytical models, time-domain simulations, and experimental validation in real-world applications. This
comprehensive validation process underscores its viability and robustness in ensuring grid stability while
facilitating efficient P2G conversion operations.

INDEX TERMS Grid stability, multiparallel inverter, power-to-gas (P2G) systems, renewable energy integra-
tion, virtual synchronous machine.

NOMENCLATURE

Acronyms Symbols

P2G Power-to-Gas. Pe(t)/(P5(t)) Active power absorbed/reference by MPIS.
VSM Virtual synchronous machine. Pr(1) Output power of renewable sources.
MPIS Multiparallel inverter system. Po Operational threshold power of RES.
MP-VCC Multiparallel vector current control. Pg Grid’s power demand.

RES Renewable energy sources. Py (1) Active power command value.

ZSCC Zero-sequence circulating current. VE(t)/Ig(t)  Substation voltage/current.

GC/SA Grid connected/Standalone. Fs(t)/Vgllg  Frequency/voltage/current of the grid.
vOC Virtual oscillator control. VR/IR Output voltage/current of RES.

PLL Phase-locked loop. Vp Voltage at general load connection point.
EMF Electromotive force. Vi, Voltage drop/current in transmission line.
PCC Point of common coupling. Rp /X7, Resistance/reactance of transmission line.
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(AVL) Transmission line voltage drop.

(AV,R)  Transmission line voltage drop due to resistance.
(AVpX) Transmission line voltage drop due to reactance.
Ve Converter voltage.

welw, Rotational frequency of converter voltage/PCC voltage.
Vg Point of common coupling (PCC) voltage.

M Virtual inertia.

kplkc Damper winding/Droop constants.

Py Power set-point.

Wset Angular frequency set-point.

P, Output power.

X Converter filter reactance.

0./04 Phase angle of converter voltage/PCC voltage.

I. INTRODUCTION

A. MOTIVATION

The integration of renewable energy sources (RESs) into
power systems represents a transformative shift towards sus-
tainable energy production and has prompted the need for
efficient energy storage solutions, among which power-to-gas
(P2G) technology stands out [1], [2], [3], [4], [5]. How-
ever, this transition brings forth a host of challenges, notably
impacting the stability of the grid. With RES penetration
reaching unprecedented levels, concerns surrounding system
inertia reduction and uncertainty in system capacity have es-
calated to the forefront of discussions among researchers and
industry experts [6], [7]. P2G facilitates the conversion of sur-
plus electricity from renewable sources into chemical energy
carriers, such as hydrogen or synthetic natural gas. In P2G
systems, inverters play a crucial role in converting electrical
energy to a form suitable for electrolyzers or other conversion
processes. However, the effective control of these inverters
in distributed P2G systems poses significant challenges due
to the dynamic nature of renewable energy generation and
varying demand patterns. The increasing penetration of RESs
has led to intermittent power generation, causing fluctuations
in grid voltage and frequency. This variability necessitates
advanced control strategies for inverters to maintain grid sta-
bility and ensure efficient energy conversion in P2G systems.
In addition, the decentralized nature of P2G installations in-
troduces complexities in coordinating multiple inverters to
optimize system performance while mitigating potential grid
disturbances. Consequently, there is a pressing need for novel
control approaches tailored specifically to address the unique
requirements of distributed P2G systems, ensuring seamless
integration with RESs while maintaining grid stability under
varying operating conditions.

B. LITERATURE REVIEW

Recent research endeavors have underscored the pivotal role
of controlling inverter-interfaced energy resources in bolster-
ing transient stability, particularly within microgrid contexts
[8], [9], [10]. Various control strategies have emerged as
promising approaches to support grid stability by effectively
harmonizing voltage magnitude and frequency variation.
Among these strategies, the main ones are droop control,
VSM, and virtual oscillator control (VOC), each offering
unique advantages and challenges.
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kppi/kip Proportional/integral gain of PLL.

s nc/};sync Proportiopal/integral gain of synchronization control.
kw/ykv Droop gain for frequency/voltage.
iyliy Real/imaginary-axis current reference.

K Proportionality constant.

Gy Frequency droop control gain.
Gave(5) Transfer function of the automatic voltage restorer.
valvg Real/imaginary-axis voltage.

Vs Sensed voltage.

iqliy Real/imaginary-axis current.

iq filig tf Real/imaginary-axis current feedforward.
comp Compensation gain.

a/B Predetermined constants for power command.

n Number of parallel inverters.

Droop control presents a decentralized approach that en-
ables distributed generation units to share load without the
need for extensive communication protocols. However, its
efficacy is hindered by limited virtual inertia, which can pose
challenges in balancing power-sharing with voltage stability,
particularly in standalone (SA) mode where grid support is
absent [11], [12].

In contrast, VSM control represents a digital emulation of
synchronous generator dynamics, boasting improved virtual
inertia and self-synchronization capabilities without neces-
sitating a phase-locked loop (PLL) [13], [14], [15], [16].
Despite its promise, there remains a notable gap in under-
standing how VSM strategies can be effectively applied to
multiparallel inverter system (MPIS), which are increasingly
relevant in modern grid architectures.

The VOC control concept introduces a nonlinear time do-
main controller that exhibits a faster primary control response,
particularly advantageous in islanded microgrid scenarios.
However, difficulties with secondary regulation and grid syn-
chronization prevent the widespread adoption of VOC con-
trol, which restricts its practical application [17], [18], [19],
[20], [21].

C. OBJECTIVE

The aim is to present a comprehensive solution that not only
mitigates ZSCC and cross-circulating current issues but also
enhances the overall performance and stability of MPIS for
P2G integration. Although previous studies have focused on
specific aspects of control or modulation techniques to ad-
dress these challenges [22], [23], [24], this article takes a
holistic approach by integrating advanced control algorithms
with innovative hardware design considerations. By combin-
ing sophisticated control strategies with optimized hardware
configurations, the proposed method seeks to achieve superior
performance in terms of current sharing accuracy, dynamic
response, and system reliability. Through rigorous analytical
modeling, simulation studies, and experimental validation,
this research aims to provide conclusive evidence of the ef-
fectiveness and practical feasibility of the proposed solution in
real-world P2G applications. In addition, this article intends to
offer insights into the underlying principles and mechanisms
driving the proposed control scheme, thereby contributing to
the broader understanding of inverter control strategies for
renewable energy integration and grid stability enhancement.
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D. CONTRIBUTIONS —
Given the aforementioned challenges and opportunities, this Load Grid

article introduces a novel control approach designed to im-
prove grid stability using P2G conversion systems. The
following novelties are the main contributions of this research.

1) This article suggests a new way of controlling multi-
parallel inverters, a variant of VSM control strategy,
that offers a multifaceted solution. It inherits the benefi-
cial characteristics of VSM control, such as providing
inertia, voltage support, the ability to operate in SA
mode, and robust performance in weaker grids. This is
designed just for MPIS and can easily switch between
grid-connected and SA operations.

2) Combining PLL and angle-synchronization loop to em-
ulate the swing equation in the proposed MP-VCC
scheme is a key part of this new approach. The goal is to
make the inverter more stable and ensure that the ac-bus
voltage stays stable in a range of operating conditions,
with a focus on the use of P2G systems.

3) In addition, this concept features swift current setpoint
tracking abilities and enhanced synchronization prop-
erties. A current compensation algorithm that prevents
cross-circulating currents between parallel modules is
included in MP-VCC, and its impact can be verified in
SA operation.

Through these advances, the proposed control method aims
to address critical challenges associated with grid stability
and pave the way for widespread adoption of renewable en-
ergy integration in modern power systems and enabling green
hydrogen production.

E. LIMITATIONS

The concept proposed in this research suggests a paradigm
shift in MPIS operation. Traditionally, such devices relied on
external power management systems to regulate key parame-
ters, such as the voltage of the grid and the frequency. This
regulation is typically achieved by absorbing active power
through internal switching components, which are controlled
by the external power management device.

However, the innovation introduced by this research lies in
the MPIS’s newfound ability to autonomously manage its op-
erations. This means that it can regulate voltage and frequency
without external intervention, thus reducing the dependence
on external control systems.

The current implementation and validation are focused on
specific MPIS configurations, necessitating further research
to ensure scalability for larger and more diverse systems. In
addition, although the control strategy performs well under
tested conditions, its robustness under extreme dynamic load
variations requires additional investigation.

The transition from traditional control systems to the pro-
posed autonomous MPIS operation also poses integration
challenges with existing grid infrastructure and power man-
agement systems. By addressing these limitations through
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FIGURE 1. Structure of a typical P2G system.

future research, the proposed approach can be further opti-
mized and applied to a broader range of renewable energy and
P2G applications.

By implementing this concept, the MPIS gains the agility to
respond quickly to variations in grid frequency and voltage.
This is a significant advancement, as it enables the device
to dynamically adapt to changing grid conditions, ensuring
stability and efficiency even in fluctuating environments.

In essence, this research presents a transformative approach
to power conversion, where devices are empowered to control
their operations, leading to improved performance, respon-
siveness, and overall grid stability.

The rest of this article is organized as follows. First, Sec-
tion II describes the configuration and mathematical model of
the presented system. Then, Section III discusses the control
concept proposed in this article. The practical performance of
the proposed control method is verified through experimental
tests in Section IV. Finally, Section V concludes this article.

Il. SYSTEM CONFIGURATION AND OPERATION REVIEW

Fig. 1 represents a schematic of a typical P2G system accord-
ing to an embodiment of this research. The P2G system is
installed between a RES and an adjacent substation. Hereafter,
the substation is also referred to as the grid-connected system.
The P2G system comprises an MPIS, an electrolyzer, and
a power management device. In addition, the P2G system
may include a hydrogen storage device and a monitoring
device, which might also be situated externally to the P2G
system, according to the embodiment. Normally, the MPIS
converts ac power from the grid, received at the substation
(also known as grid connection point A), into usable dc power
for the electrolyzer. The electrolyzer receives power from the
MPIS and utilizes it to electrolyze water, producing hydrogen
and oxygen. Conventionally, the power management device
controls the MPIS, the electrolyzer, and the monitoring
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device. The monitoring device is linked to the power man-
agement device and measures substation voltage, substation
current, and grid frequency, relaying this information to the
power management device. It is important to note that the
actual grid voltage and grid current measured in the grid at the
grid connection point might differ from the substation voltage,
substation current, and grid frequency measured by the mon-
itoring device. Moreover, substation voltage and substation
current serve as information for the power management device
to detect changes in the grid measured at the grid connection
point A. The power management device instructs the MPIS to
supply the electrolyzer with excess active power that the grid
cannot accommodate when the grid frequency rises. Similarly,
when the grid frequency decreases, the power management
device continuously reduces the operating active power of
the MPIS to zero to avoid grid-related incidents. The power
management device determines the command value for MPIS
to absorb the active power from the RES based on the output
power of the RES and the substation voltage. When exceeds
the specified operational threshold power of the RES, this
control helps to stabilize the substation voltage and the grid
frequency by absorbing the excess active power of RES using
the MPIS

P (t) = a x (Pg(t) — PO). (1)

Furthermore, when the output power of the RES is be-
low the operational threshold but exceeds the grid’s power
demand, the power management device can utilize a known
value () to determine the minimum for MPIS using conven-
tional control techniques

Py(t) = ve x B x (ir(1) — ig(t)). 2

Consequently, the MPIS operates according to the control of
the power management device, stabilizing the grid’s voltage
and frequency by absorbing active power through the oper-
ation of internal switching components. The flowchart that
mentions the step-wise implementation of the existing control
commands is given in Fig. 2. However, with the proposed
control concept in this research, the MPIS can manage its
operations without depending on the power management de-
vice. This results in fast response to frequency and voltage
variations.

Each inverter of MPIS, (cf., Fig. 3), consists of a filter
section, a switching section, and a dc-link section. The fil-
ter section suppresses reflected waves transferred to the grid
system by the switching operation. The switching section
is a three-phase, three-level topology that converts ac to dc
based on the substation voltage command, substation current
command, and switching patterns instructed by the power
management device controller, outputting the required volt-
age and current for the electrolyzer power conditioning unit.
The dc-link section stabilizes the momentarily varying dc
voltage during the switching operation. Moreover, the mon-
itoring device may communicate with nearby RES to receive
information regarding their output power, output voltage, and
current and relay this data to the power management device as
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FIGURE 3. Module configuration in MPIS.

required. The battery guarantees stable P2G system operation
and protects its internal components during grid disturbances.
Its primary function is to safeguard against fluctuations in
RES output connected to the MPIS, ensuring they do not
impact system performance. In addition, it provides essen-
tial power for the electrolyzer, or MPIS, during grid faults.
Controlled by the PMS, the battery can safely shut down the
system if power becomes unavailable during operations, like
a grid fault, while the MPIS is active.

Fig. 4(a) illustrates the connection point (A) of the P2G
system is located between the RES and the ac grid system.
Fig. 4(b) depicts the relationship between the output voltage
of the RES, the substation voltage, and the voltage at the
general load connection point (B).

The voltage fluctuation in the transmission line connected
to the RES includes a voltage drop due to the resistance com-
ponent of the transmission line and a voltage fluctuation due
to the inductance of the transmission line [25], [26], because
the transmission voltage is very high and the resistance value
of the transmission line is low, the effective voltage drop
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due to the transmission line is very minimal. Hence, there
exists a relationship between the output voltage of the RES
and the voltage at the general load connection point (B), as
represented by the equation as follows:

7L = —Ry +iXy 3)
V=1L xZp

= Iy X (=R +iX)

= —AVig +iAVLx 4)
Vp=Vr+ WL

= Vg — AVig + iAVpx. (5)

The voltage at the general load connection point (B) usually
remains stable within a certain range due to the grid intercon-
nection conditions. Normally, when the output power from the
RES increases, the current flowing through the grid should
also increase proportionally to the voltage at the general load
connection point (B). However, as the grid current increases,
the voltage drop across the transmission line also increases.
This means that the output voltage from the RES injected into
the grid to supply power would logically be higher than the
voltage at the general load connection point.

Furthermore, the output power from the RES must have an
equivalent phase to the output voltage at the grid intercon-
nection point (A). In addition, the phase of the output voltage
from the RES should reflect the voltage variation across the
transmission line. As a result, the effective output of the RES
becomes lower than the actual output. The above description
can be represented mathematically, as shown in the following
equations:

PRZVRXIL
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FIGURE 5. Equivalent models of (a) MPIS with grid-following control and
(b) MPIS with grid-forming control.

= Vg xIg xcosh, (0 <cosh <1) (6)
Py =Vy x Iy. (7

The MPIS between the RES and the load connection point (B)
should exhibit a voltage drop due to the transmission line (L1)
that is lower than the total voltage drop at the load connection
point (B). Consequently, the voltage supplied by the MPIS
to the grid should be higher than that at the general load
connection point

Ve > Vp. (8)

As shown in the vector diagram in Fig. 4(b), the relationship
described above can be extended to the expression (10)

Ve =V + Vo )
Ve =Vr + VL1

=Vr+ (VL — Vi)

=Vp+ Vpo. (10)

IIl. CONTROL ARCHITECTURE DERIVATION

A. CONCEPT FORMULATION

Fig. 5(a) represents the equivalent models of MPIS with tradi-
tional control methods, and Fig. 5(b) is the equivalent circuit
model after implementing the proposed control method. The
proposed concept comprises two functional control elements
on each module: an indirect voltage control for a virtual volt-
age source inverter operating in parallel with multiple virtual
current sources inverters, as illustrated in Fig. 5(b). The mas-
ter control, which does not have any appropriate switching
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FIGURE 6. Control concept structure for MPIS.

module emulates the properties of the swing equation and
governor using PLL, thus forming MP-VCC concept. The
primary control mechanisms are the governor and automatic
voltage restorer (AVR). They produce current references for
the virtual current controllers of parallel inverter modules. The
structural control concept of MPIS is given in Fig. 6.

The mechanical input power supplied to the proposed MP-
VCC consistently originates from the power management
device. Consequently, the system operates like virtual current
sources in a stable condition. Moreover, it actively injects
reactive power and aids in maintaining the bus voltage magni-
tude during steady-state operation. However, during transient
intervals, the mechanical input power experiences brief fluc-
tuations referred to as inertial power variations. The overall
MP-VCC concept proposed for MPIS is given in Fig. 7.

B. SWING EQUATION

The swing equation links the frequency change of the back
EMF to the machine’s output power [27]. For a VSM with-
out virtual stator impedance, the converter voltage matches
the back EMF of the virtual machine. The converter filter
impedance corresponds to the stator impedance of the virtual
machine, and the PCC voltage matches the stator voltage of
the virtual machine [28], [29]. The converter voltage rotates
at a frequency that emphasizes its equivalence to the virtual
rotor frequency. Similarly, the PCC voltage, or virtual stator
voltage, also rotates at this frequency. The swing equation
represents the dynamic behavior of synchronous generators
in power systems and is given by

dw,
dt

-M = P, + kp(we _a)g)

(1)

— Pyet + kg (we — wsey).
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In the quasi-steady state, the output power is given by the
angle difference between the virtual back EMF and the PCC
voltage across the converter filter reactance

3
P, = 225 gin (0, — 0,). (12)

2 X
According to Narula et al. [27], the swing equation is formally
equal to the PLL combined with the governor term. Equiv-
alency between the PLL and the swing equation of a virtual
synchronous generator is a concept used in power systems to
model the behavior of inverters in current research

sin (6, — 6g) ~ (0, — 0,) (13)
s - sin (0, — 6) = (we — wg). (14)
Equation (11) can be rewritten as
dw, 1 3 vevg 1
= ————=(6,—0y) — —kps(0, — 0
dr M2 X (0 g) MDs(e g)
1
+ — Py — —kg(we — wser). (15)

M M

The PLL and angle synchronization are control systems used
in power converters to synchronize their output voltage with
the grid voltage. The mathematical representations of their
dynamics are (15) and (17), respectively

kipnt
We = (k,,pu + %) Vg g (Be — 6,)

= (kppu + %) Vg sin 6, (16)
0, = / wdt (17)
W = (k,,sync + k%) ©, — 6,) (18)
6 = / wudt. (19)

The dynamics of angle synchronization are the same as the
swing equation’s dynamics. This equivalence helps the power
converter behave like a synchronous generator and contributes
to grid stability. The relationship between the rotor angle and
the PLL phase angle in a virtual synchronous generator can
be established using control techniques, which may involve
PLL algorithms or synchronization methods [30]. The exact
mapping between the swing equation and PLL may vary based
on the control strategy and specific system characteristics

dw
dl‘e =(s- kpsync + kisync)(ee — )
=S kpsync(ee - eg) + kisync (0, — Gg) (20)
1
kpsync = _M kp (21)
1 3 v
kisync - _M : E : ;g (22)
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FIGURE 7. Proposed control concept for MPIS.

In practice, the PLL is used to control the behavior of power
converters to emulate the inertia and synchronization charac-
teristics of synchronous generators, by fine-tuning the PLL
gains.

C. VECTOR CURRENT CONTROL
The speed governor and AVR control loops within the VSM
generate supplementary current references for the virtual cur-
rent source, enabling the adjustment of reactive power and
mechanical input power to regulate voltage and frequency,
respectively. This system operates through two primary func-
tional control loops. 1) Frequency adjustment concerning
active power: Changes in active power prompt adjustments in
frequency. 2) Voltage adjustment concerning reactive power:
Variations in reactive power result in voltage adjustments.
The droop expressions (23) and (24) encapsulate the above
ideas

Aw AP
= kp(s) - — (23)

Wset) Pyey

Av AQ
— = ky(s) - . 24)

Uset Oset

In addition, the speed governor in synchronous generators and
the AVR play crucial roles. They function to generate the
current references, iy ; and iy 4> by continually adjusting and
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maintaining the power equilibrium during steady-state opera-
tion. Expressions (25) and (26) represent the current control
loop

i:; = :—d < (Pset + G (fset — fm)) (25)
it = £  (Oset + Gavr () (Vser — Vy)) . (26)
77 0

IV. VALIDATION

A. EXPERIMENT SETUP

In this study, a 300 kW MPIS was employed for verifica-
tion, utilizing three parallel modules. The experimental setup
was meticulously designed to comprehensively evaluate the
performance of the proposed control concept under various
operational conditions.

On the ac side, all inverter modules were integrated with
LCL filters to mitigate harmonic distortion and improve grid
compatibility. These modules were connected to the grid
via a delta-wye transformer, facilitating grid integration, and
voltage transformation. Notably, the voltage sensor for each
module was strategically positioned at the ac coupling point
post-LCL filter, deviating from conventional capacitor voltage
sensing methods. This strategic placement ensured accurate
voltage measurement and enhanced control performance.
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FIGURE 8. Typical MPIS for experimental validation. (a) Environment picture. (b) Single line diagram.
Similarly, on the dc side, all modules were interconnected  TABLE 1. Specifications for One (1) Module in MPIS
to ensure synchronized operation and efficient power sharing.
This interconnected configuration facilitated coordinated con- Symbol Quantity Value | Unit
trol and optimal utilization of resources within the MPIS. -
. PN Nominal Power 100 kW
To assess the efficacy of the proposed control concept in SA
operation scenarios, a 300 kW dummy load was connected to VN Nominal Voltage 380 v
the ac terminals of the MPIS. This dummy load setup enabled In Nominal Frequency 60 H
rigorous testing under varying load conditions, allowing us to Liy Inverter Side Inductance 150 uH
ga}ilge system stability and performance in isolation from the Ly, Grid Side Inductance 100 uH
grid. i .
.. . C Filter Capacitance 100 F
In addition to the dummy load setup, a photovoltaic (PV) ! P "
simulator was incorporated to emulate the characteristics of fsw Switching Frequency 5 kH.
RESs. This PV simulator was intricately coupled with the ka Frequency Droop Control 32 pu
grid, as depicted in Fig. 8, replicating real-world scenarios M Inertia Coefficient 8 pu
and ephancmg the experiment’s realism. By simulating the Kep i Proportional Gain (PLL) Se-4 pu
behavior of RESs, we could evaluate the MPIS’s response .
. . . . ki pul Integral Gain (PLL) 0.11 pu
to fluctuations in renewable energy generation and assess its ’
ability to maintain grid stability under dynamic conditions. kp,syne | Proportional Gain (SYNC) 10 pu
ki, sync Integral Gain (SYNC) 10 pu

1) MPIS SPECIFICATIONS

The hardware parameters of the MPIS, and control parame-
ters were meticulously documented and provided in Table 1.
Each module of the MPIS is equipped with multi-parallel
vector current control inverters, offering a rated power of
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100 kW per module. The MPIS operates with a dc volt-
age of 700 V and converts it to an ac output voltage of
380 V at a frequency of 60 Hz, achieving an efficiency of
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97%. The control strategy employed is a variant of the VSM
control, which provides several protective features, including
overvoltage, undervoltage, overcurrent, and overtemperature
protections. This comprehensive dataset facilitated accurate
replication and analysis, ensuring robustness and reliability
in the experimental results. We could reference this docu-
mentation to validate experimental setups, verify simulation
models, and compare results across different studies, fostering
transparency and reproducibility in research findings.

2) OPERATION MODES

The MPIS operates in three primary modes to adapt to vari-
ous grid conditions and operational needs. In grid-connected
mode, the MPIS synchronizes with the grid, offering volt-
age support, frequency support, and inertia while facilitating
seamless power transfer between P2G and the main grid. In
SA Mode, the MPIS operates independently from the grid,
supplying power directly to local loads. This mode is particu-
larly crucial during black-start operations and grid failures.
The transition mode allows the MPIS to switch between
grid-connected and SA operations, ensuring an uninterrupted
power supply and maintaining stability during grid distur-
bances.

3) ACTUAL FUNCTIONS

The MPIS performs several key functions to enhance grid
stability and efficiency. The main feature is to harvest the
excess power from renewable sources and send it to elec-
trolysis system. It ensures synchronization, aligning voltage,
frequency, and phase with the grid. The system provides in-
ertia by emulating the behavior of synchronous generators,
which is essential for grid stability. Voltage and frequency are
maintained within prescribed limits, assisting in stabilizing
grid voltage and frequency during fluctuations. The MPIS
also features a current compensation mechanism to prevent
cross-circulating currents between parallel modules, ensuring
stable and efficient operation. In addition, it manages dynamic
load conditions by adjusting power output to maintain balance
among modules, adapting to changing load demands. Table 2
includes the MPIS input and output data that it processes
to ensure a clear understanding of its role in enhancing grid
stability through efficient P2G operations.

B. EXPERIMENTAL RESULTS

In this section, we dive into the empirical results of the imple-
mentation of the proposed MP-VCC concept on the MPIS in
a P2G system.

1) ANGLE SYNCHRONIZATION OF MODULES

Fig. 9(a) shows the phase angles exhibited by the parallel
modules prior to the synchronization process. The experimen-
tal results reveal significant differences in the phase angles
among the modules, indicating a lack of coordination and syn-
chronization. These disparities can lead to inefficient power
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TABLE 2. MPIS Input and Output Data

Parameter Input Data Output Data
Excess Renewable Source DC Power Output:
Power Power Input: Variable Variable

Battery Power Input: AC Power Output:
DC Power . .

Variable Variable

VSM Control Signals,

Synchronization Com-

Control Si Inverter Status, Volt-
ontrol Sig-
£ age and Current Feed-

nals
mands back
Environmental | Temperature, Humid- Operational Status,
Data ity, Grid Status Fault Alarms
Inertia Requirements, Inertia Provision, Volt-
Performance
. Voltage and frequency age and support Sup-
Metrics .
Levels port Metrics
4 -
B 6-Unit 1
3 I 6-Unit 2
= , N 6.Unit 3
s 2
il
%; 1
= 0
o
-1
< -2
-3
-4
0 5 10 15 20 25 30 35 40 45 50
Time [ms]
(@)
4 -
I 6-Unit 1
3 I 6-Unit 2
N .U nit 3

0
o
i, J) NS SR SN S __ |
R | -
4
0 5 10 15 20 25 30 35 40 45 50
Time [ms]
(b)

FIGURE 9. Phase angle of units in MPIS (a) before synchronization and (b)
after synchronization.

transfer, increased losses, and potential stability issues within
the power system.

Following the synchronization process, Fig. 9(b) illustrates
the harmonization of phase angles among parallel modules.
Experimental data demonstrate a notable reduction in phase
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angle disparities, indicating successful synchronization or-
chestrated by the synchronization signal transmitted through
the eCAN communication bus. Harmonized phase angles en-
able efficient power sharing and enhance system stability,
improving overall performance and reliability.

The high-speed eCAN communication bus plays a crucial
role in transmitting synchronization signals from the central
controller to the local controllers. Experimental results high-
light the effectiveness of the communication bus in facilitating
rapid and accurate synchronization, despite potential chal-
lenges such as signal delays and noise. The reliability and
efficiency of the communication bus contribute significantly
to the successful coordination of parallel modules, enhancing
the resilience of power systems.

2) BLACK START SCENARIO

During black start operations without angle synchronization
of modules, the MPIS experiences high starting and cross-
circulating currents, leading to challenges in initiating system
operation. Experimental data, as illustrated in Fig. 10, indi-
cate erratic behavior in the output power of each module,
output voltage, and phase currents, respectively. They reflect
the difficulty in achieving stable operation without the angle
synchronization of modules. These findings underscore the
limitations of the MPI system in autonomously initiating grid
restoration under black start conditions without proper syn-
chronization mechanisms.

Following the angle synchronization of modules, the MPI
system successfully initiates SA operation, as evidenced by
the experimental results. Fig. 10(a) demonstrates consistent
output power from each module, indicating synchronized
operation and effective coordination between system com-
ponents. Similarly, Fig. 10(b) illustrates stable load voltage,
and Fig. 10(c) shows well-balanced phase currents for each
module during SA operation with a 300 kW load connected to
the ac terminals. These results highlight the critical role of an-
gle synchronization of modules in overcoming the challenges
posed by high starting and cross-circulating currents during
black start scenarios, ensuring reliable system operation and
grid restoration.

3) TRANSIENT SCENARIO

The test results depicted in Figs. 11 and 12 compare the power
and current characteristics of the MPIS before and after imple-
menting the current compensation concept. In Test Scenario 1,
a full load step test was conducted utilizing the proposed MP-
VCC concept without current compensation. Att = 0.05 s (see
Fig. 11), the load transitioned from 0 to 300 kW. However,
the output power for each module exhibited instability, indi-
cating an inability to balance currents without compensation.
Notably, even before the load step, cross-circulating currents
were observed at no-load conditions. In Test Scenario 2, the
same full load step test was repeated, but this time incorpo-
rating the current compensation method. At t = 0.05 s (see
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FIGURE 10. Black start operation (a) MPIS output power for each module,
(b) MPIS output voltage, and (c) MPIS output phase currents for each
module.

Fig. 12), the load transitioned from 0O to 300 kW. In contrast
to the previous scenario, the output powers of all modules
were balanced, and cross-circulating currents among parallel
modules were effectively eliminated.

4) GRID SYNCHRONNIZATION SCENARIO

The amplitude of the inverter output voltage is usually con-
trolled to match the grid voltage amplitude during synchro-
nization. This ensures a smooth transition when connecting
the inverter to the grid. The frequency of the inverter output
voltage gradually adjusts to match the grid frequency. This
process is essential for achieving synchronization between
the inverter and the grid. The inverter adjusts its output volt-
age (blue), frequency and phase to synchronize with the grid
voltage (green) as can be seen in Fig. 13. This synchroniza-
tion process ensures that the inverter operates in harmony
with the grid. The load current waveform represents the
current flowing from the inverter into loads during synchro-
nization. Proper synchronization ensures that the load current

VOLUME 5, 2024



IEEE Open Journal of

= Industry Applications

140
P _Modulel ‘

—P Module2
—P_Module3

Power (kW)
—

D B N0 O N

SSc&85383

(=]

1
S

IS
S

0 0.02 0.04 0.06 0.08 0.1

Time (s)

(a)

400
300

—Va
—Vb
—Vc

o]
(=1
o

—
(=
(=]

Voltage (V)
)
S o

-200
-300
-400

0 0.02 0.04 0.06

Time (s)
(b)

0.08 0.1

600

—Ial —Ibl —Icl
—1Ia2 b2 —Ic2

B
(=3
o

< 200 | Ia3 —Ib3 —Ic3
g 0
G -200
-400
-600
0 0.02 0.04 0.06 0.08 0.1
Time (s)

(©)

FIGURE 11. Load step test scenario before adding a current compensation
loop (a) MPIS output power for each module, (b) MPIS out voltage, and
(c) MPIS output phase currents for each module.

is in phase with the grid voltage, minimizing reactive power
exchange and maximizing power transfer efficiency. During
the synchronization period, the inverter continuously adjusts
its output voltage frequency and phase based on feedback
from the grid voltage, and the synchronization signal triggers
when the process completes. This iterative process ensures
precise alignment between the inverter and the grid, enabling
seamless integration of MPIS and maintaining grid stability.

5) UNPLANED BLACK-OUT SCENARIO

The scenario depicted in Fig. 14 illustrates a critical black-
out situation within the power grid. This occurrence occurs
abruptly during normal operation when the grid voltage is
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unexpectedly severed. Despite this disruption, the loads con-
nected to the ac terminal continue to receive power, albeit
intermittently, thanks to the MPIS and the proposed MP-VCC
concept. The graph portrays this transition with clarity: both
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FIGURE 15. Inertial response. (a) PV output power versus load power for
5 min. (b) Line frequency for three test scenarios, and electrolysis power
(Px2) and battery power (Pgar)-

the inverter output voltage (depicted in blue) and the grid
voltage (in green) overlap until the blackout, indicated by the
disconnection signal (in pink). The load current (in yellow)
maintains a consistent level both before and after the blackout,
emphasizing the system’s resilience despite the sudden loss of
grid connectivity. This scenario underscores the importance
of robust backup systems, such as MPIS in ensuring uninter-
rupted power supply during unforeseen grid disturbances.

6) INERTIAL RESPONSE AND GRID SUPPORT
Impact of Renewable Energy Integration:

Experimental studies in Fig. 15 have shown that the fluctu-
ation of RES, such as wind and solar energy, can significantly
reduce system inertia due to their inherent intermittency.
However, innovative control strategies, such as the proposed
virtual inertia and synthetic inertia emulation provided by
MPIS, have demonstrated promising results in compensating
for the loss of natural inertia by supporting the power system.
These experiments emphasize the importance of developing
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grid support mechanisms tailored to the characteristics of re-
newable energy resources.

Effectiveness of energy storage systems (battery and hydro-
gen storage systems):

Energy storage systems have been subjected to extensive
experimental testing to evaluate their effectiveness in pro-
viding rapid response during grid disturbances. Experimental
results in Fig. 15 have highlighted the ability of ESS to
augment inertial response by injecting or absorbing power
instantaneously, thereby stabilizing frequency deviations. The
battery and hydrogen storage systems have been used not only
to challenge the issues related to the limited energy storage
capacity and degradation over time but also to challenge the
climate change issue by producing green hydrogen.

Role of advanced control strategies:

Advanced control algorithms, such as droop control, and
current control have been investigated through experimental
validation to confirm the contribution of the proposed control
method and to enhance the coordination of MPIS. Experi-
mental findings in Fig. 15 have demonstrated the efficacy of
the proposed MP-VCC scheme implemented in improving the
overall stability and resilience of power systems, particularly
under dynamic operating conditions. Moreover, the integra-
tion of the current compensation technique for MPIS control
modeling and synchronization control has shown promising
results in optimizing grid support mechanisms based on real-
time data.

Following the implementation of the proposed control con-
cept, the test results in Fig. 15, Case 1 witnessed a remarkable
reduction in line frequency fluctuation, with a staggering
93.4% decrease compared to the worst-case scenario (Case 3),
where only PV generation was considered. This significant
improvement underscores the effectiveness of the proposed
method in stabilizing frequency fluctuations. In contrast,
Case 2, employing droop-based current control, achieved a re-
duction of 54.7% in frequency deviation. While this reduction
is notable, it pales in comparison to the remarkable efficacy
demonstrated by the proposed control concept in Case 1.
These findings underscore the superiority of the proposed
method in mitigating frequency fluctuations and ensuring grid
stability.

V. CONCLUSION
The novel control approach presented in this article, derived
from VSM control and tailored for MPIS, offers a compre-
hensive solution to enhance grid stability in P2G conversion
systems. Leveraging the inherent advantages of VSM control,
including inertia provision, voltage support, and autonomous
operation capabilities, the proposed methodology demon-
strates remarkable performance in various grid conditions,
including weak grids and SA operation scenarios. Through
rigorous experimentation and validation, the efficacy of the
proposed control strategy has been substantiated.
Experimental results illustrate the successful implemen-
tation of modules angle synchronization, enabling seamless
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coordination among parallel units. Furthermore, during black-
start operations, the MPIS system exhibits resilience, initi-
ating SA mode without issues, even in the absence of grid
synchronization. In addition, steady-state operation demon-
strates the effectiveness of the implemented current compen-
sation algorithm in mitigating cross-circulating currents, thus
enhancing system stability and efficiency.

Transient tests confirm the capability of the proposed
MP-VCC concept, with and without current compensation,
to maintain balanced output powers among parallel mod-
ules, even during abrupt load transitions. Moreover, grid
synchronization experiments highlight the MPIS’s ability to
seamlessly integrate with the grid, ensuring precise alignment
of voltage, frequency, and phase for efficient power transfer.

In critical blackout scenarios, the MPIS demonstrates ro-
bustness, providing uninterrupted power supply to connected
loads despite sudden grid disconnections. This resilience un-
derscores the importance of backup systems, such as MPIS, in
ensuring grid stability and reliability.

In general, the experimental findings validate the efficacy
and robustness of the proposed control method, positioning
it as a promising solution to improve grid stability while fa-
cilitating efficient P2G conversion operations. Future research
avenues may explore the further optimization and scalability
of the proposed approach for broader applications in renew-
able energy integration and improved grid stability.
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