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Abstract: The transition to inverter-dominated power systems with novel control strategies
has created weak grid scenarios, prompting extensive research into grid-forming (GFM)
converters and advanced GFM control schemes. This study evaluates two GFM control
strategies for their stabilizing effects in weakly interconnected and islanded power systems:
the established Virtual Synchronous Machine (VSM) control and the newly developed
Phase-Restoring Principle (PRP). The evaluation is conducted using a real-time electromag-
netic transient (EMT) simulation testbed with Hardware-in-the-Loop (HiL) capabilities.
The system includes a multi-terminal medium-voltage (MVDC) and high-voltage direct
current (HVDC) network weakly coupled to a network equivalent, represented by a scaled
synchronous machine (SynM) to replicate grid inertia. Modular multilevel converters
(MMCs) model the converters, while Power Hardware-in-the-Loop (PHiL) experiments
integrate real power hardware. Dynamic interactions, including islanded conditions, are
emulated to assess the performance of GFM controls and their interactions in HV/MV and
AC/DC systems. The results demonstrate the compatibility of diverse GFM schemes with
grid-following controls and synchronous machines, emphasizing their positive contribu-
tions to system stability. This modular demonstrator, as a realistic prototype of future power
systems, provides a flexible platform for testing emerging GFM strategies and hardware,
supporting the development of robust and stable inverter-based grids.

Keywords: grid-forming; grid-following; islanding; HVDC; MMC; MVDC multi-terminal;
microgrid laboratory; real time; PHiL; phase-restoring principle; virtual synchronous machine

1. Introduction

The need for swift decarbonization is driving the rapid increase in renewable energy
adoption. In particular, wind and solar power are expanding due to their widespread avail-
ability. However, integrating these intermittent renewables poses necessary requirements
such as energy storage, new market models, and improved grid control. Traditionally,
synchronous machines (SynMs) have provided stable voltage sources in power systems,
but as more inverter-based generation is added, issues with conventional grid frequency
and voltage control can arise. These problems are especially prevalent in island or weak
power systems where the large grid impedance can lead to instability. This instability may
stem from interactions between inverter phase-locked loops and current controllers and the
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characteristics of power systems with high levels of conventionally controlled wind, pho-
tovoltaic (PV), and battery energy-storage systems (BESSs) [1-4]. While mainland power
systems may experience localized issues in areas with abundant PV and wind capacity;, is-
land power systems can face system-wide sub-synchronous control oscillations [5]. Similar
challenges could potentially affect large interconnected power systems if inverter-based
resources reach sufficiently high levels, since they have the primary control objective of
injecting current into the grid. Their control stability relies on the grid to provide a strong
voltage source, and hence they are referred to as grid-following (GFL) inverters.

Grid-forming (GFM) control is emerging as a pivotal solution to address dynamic
challenges in weak power grids and to offer essential ancillary services. It represents
an innovative frontier within modern power electronics, tailored to the needs of power
systems increasingly characterized by a high penetration of renewables. These low inertia
systems necessitate novel approaches. Current research on GFM inverters primarily focuses
on developing advanced and effective control strategies, with comprehensive evaluations
often conducted using offline simulation [6]. However, less attention has been given to
larger, heterogeneous systems analyzed in the electromagnetic transient (EMT) domain.
Investigating the interaction between different GFM inverters, GFL inverters, and SynMs is
critical to understanding their performance in complex systems. According to [7-9], the
main research directions in the field of GFM inverters are frequency and voltage control,
as well as topics related to system strength. In the context of frequency control, it is
particularly important to evaluate how effectively GFM inverters can regulate frequency
in heterogeneous systems that also include GFL inverters and SynMs. The test system
presented here incorporates such a heterogeneous setup, comprising two different types
of GFM controls (VISMA, PRP), a grid equivalent with a scaled SynM, and GFL inverters.
This configuration enables variation in system strength via the grid equivalent while also
allowing for an analysis of the influence on the exciter of the SynMs. The newly developed
GFM concept, called the Phase-Restoring Principle (PRP), represents a novel approach in
this domain. Characterized by its PT1 behavior, global stability in inductive systems and
limited vector shift, PRP has shown promise in small-scale studies [10,11]. A comparison
of PRP with other GFM methodologies has yielded promising results [12]. However, it
has not yet been tested in larger systems, making further research essential to evaluate its
applicability and performance in complex and heterogeneous grid environments.

MVDC systems represent a new application for GFM control. In [13], it is suggested
that a fast rollout of renewables such as wind in Northern Germany is facilitated by using
£55 kV MVDC grids to collect the power from several wind farms and feed it in dedicated
head station to the transmission grid. In order to enhance the stability of the connected
AC system, a GFM control behavior is proposed instead of conventional GFL control, also
incorporating BESSs on the DC side [14]. Due to the elimination of skin and proximity
effects and reactive power losses associated with AC transmission, MVDC systems can
significantly reduce transmission losses and extend the supply range due to lower voltage
drops at the same power level [15]. Also, higher insulation-withstanding voltages and
lower overvoltages in case of the DC operation of conventional AC transmission lines and
cables allow for higher phase-to-ground RMS voltages, resulting in a significant increase in
power transmission capacity and better utilization compared to AC operation [15-17].

The flexible-load flow control capability of DC systems enables the precise and op-
timized control of hybrid AC and DC systems. This allows DC technologies to support
curative system operations through both load flow control and the provision of system
services [18].

Reinforcing existing radial, open-loop distribution grids with MVDC, whether as
back-to-back converters or DC links, can overcome operational limitations in integrating
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distributed generation. Additionally, it enhances operational flexibility, prevents AC fault
propagation, and improves grid stability and voltage quality [19-21]. In other cases, it is
advantageous to convert existing AC lines for DC operation, as in the project Angle DC [22],
connecting the Isle of Anglesey with the mainland of North Wales.

These advantages make MVDC a valuable option for application areas such as distribu-
tion systems, rail systems, isolated shipboard systems, and offshore and onshore collection
grids. Furthermore, there are suggestions to interconnect HV and MVDC systems through
DC-DC converters in order to enable more power transfer flexibility [23].

To address all the aforementioned stability and conceptual challenges, this article demon-
strates a future use-case scenario based on the MVDC system incorporating GFM control.
The experiments presented here utilize real-time EMT simulations enhanced with a Power
Hardware-in-the-Loop (PHiL) setup. This allows the dynamic interactions between the
inverters and the power system to be observed without putting the real power system at
risk. The ability to use real hardware reduces the reliance on computer model approxi-
mations and provides significantly more reliable insights into controller and equipment
behavior [24-26]. Up to now, empirical field experiments and real-time simulations remain
limited in this area, underscoring the need for the further exploration and validation of GFM
concepts. In [27], investigations and performance comparisons are conducted for various
prototype converters with GFM control using PHiL. The converters are appropriately scaled
up and integrated into the IEEE 9-bus system to examine frequency stability in a low-inertia
system. In [28], it is demonstrated how PV and battery converters can be designed for a
microgrid using PHiL. The combination of renewable resources and GFM storage systems to
so-called hybrid power plants is becoming increasingly important to provide inertia. The study
in [29] builds upon [28] by validating a GFM hybrid power plant, consisting of a 430 kW
PV system and a 1 MW battery with centralized park control, using PHiL. An important
contribution is made in [30], which investigates a GFM PV inverter in the MW range within a
large and realistic real-time power system model of Maui island. This work provides practical
evidence that GFM inverters can stabilize the grid and highlights their real-world applicability.
Unlike typical PHiL setups, which are often confined to smaller power ranges and small-scale
power system models, this study validates GFM behavior at a much larger scale. The paper
presented here follows a slightly different approach: rather than focusing on performance
comparisons of various control schemes, the emphasis is placed on the systemic interaction of
different GFM controls with GFL inverters and SynMs. This is investigated using a hybrid
AC/DC test system and aligns with the research goals identified in [7-9] to extend studies
to heterogeneous systems. Control-Hardware-in-the-Loop (CHiL) and PHiL studies have
additional significance in the light of various national efforts of GFM in bulk power grids.
The integration of GFM into bulk power systems will proceed gradually with the demonstra-
tion of key functionalities of this technology [8]. The plans outlined in the System Stability
Roadmap by the German government are particularly ambitious, aiming to gain substantial
experience with GFM by 2027 and making GFM a key contributor to provide system stability
in Germany by 2030 [31]. According to [24,32], real-time simulation-based testing is highly
suitable both in the implementation and prototyping phases as well as during the rollout
phase of new technologies. HiL is therefore an ideal tool to gain the necessary experience with
this technology and serves as a de-risking measure before the widespread integration of GFM
inverters in bulk power systems.

This experimental result represents a significant step towards ensuring the system
stability of converter-dominated power systems, in particular HVDC or MVDC, PVs, wind
generation, and BESSs. The work describes the main motivation for such a demonstration,
providing an accurate analysis of the technical characteristics. It also proposes a detailed
description of each installation and the results obtained or expected. The responses of
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the demonstrators are evaluated, marking their analogies and differences of the control
concepts, trying to chart the development trajectory of these new technologies to the power
system, and suggesting some future developments for experimental tests on pilot systems.

The structure of this article is as follows. Section 2 describes the hybrid HVDC/MVDC
test bench and associated details. Section 3 provides insights into the design and control
implementation of the GFL converters and DC-DC converters. The utilized and incorpo-
rated GFEM control schemes are described and discussed in Section 4. Section 5 analyzes the
complete test setup under various futuristic and challenging scenarios. The demonstration
of the overall setup, its capabilities, and the results provided are discussed. Based on the
outcome of the work, Section 6 provides a thorough discussion of the methodology and
approach, addressing limitations and offering a reflective analysis. Additionally, it outlines
future topics that merit further exploration. Finally, Section 7 concludes the work.

2. Hybrid HVDC/MVDC Test Bench

The simulation and hardware test bench setup are presented in this section, which
describes the hybrid HVDC/MVDC test bench with the integrated GFM controls and its
interconnection to the Microgrid-Laboratory. An overview of the system topology is given
in Section 2.1, followed by a description of the modeled DC-DC converters in Section 2.2
and the basic design of the modeled MVDC MMC converters, used as head stations,
in Section 2.3. In Section 2.4, the multi-terminal (MT) control of the HVDC/MVDC test
bench is briefly described. At last, in Section 2.5, the interconnected Microgrid-Laboratory
is presented.

2.1. System Topology

The MVDC/HVDC test system presented here is an essential part of a larger real-time
test platform, the so-called Kopernikus ENSURE Co-Demonstration Platform [33]. This
platform enables the integration of the MVDC/HVDC test system, or parts of it, into power
system models based on real-life data, such as ENTSO-E TYNDP or Day-Ahead Congestion
Forecasts data. Additionally, distributed real-time simulation via VILLASnode [34] allows
for coupling different laboratories for joint simulations. The following investigations focus
exclusively on the actual MVDC/HVDC test system to study the interaction of the various
control systems. However, reference is made to [35], where part of the test system has been
integrated into a larger transmission system model of Northern Germany.

Figure 1 displays the hybrid HVDC/MVDC test bench. The main parts of the test
system are a Microgrid-Lab (see Section 2.5), a simulated dynamic PV plant, loads, and
a MTDC system consisting of a MVDC and HVDC. Both DC systems are designed as
cable based symmetrical monopoles and are operated at £320 kV (HV) and +55 kV (MV).
An interconnection with a MV /HV DC-DC converter allows for power exchange between
the voltage levels. In addition, a BESS is connected centrally into the MVDC using an
MV/MV DC-DC converter. Both DC-DC converters are described in Section 2.2. MT
operation is possible with droop control described in Section 2.4. The HVDC system
is interconnected with 320 kV XLPE cables with parameters derived from [36]. For the
interconnection of the MVDC system, the concept of using conventional 20 kV MVAC
cables for DC operation is adopted from [13], the feasibility of which is based on research
of [37-40]. Related studies have demonstrated that commercial 12/20 kV XLPE AC cables
can be utilized for DC operation at voltage levels of up to £55 kV. As stated in [37], the DC
power transmission capacity is determined using (1).
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Figure 1. MVDC-HVDC test system.
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For bipolar operation (m = 2), with Ipc = Ipnc, Upc = £55 kV and Upc =20 kV,
a significantly higher DC power transmission capacity—approximately 350%—can be
calculated for typical values of cos @ between 0.85 and 0.95 [37,38]. In the test bench,
three parallel XLPE cables of type 1 x 240/25 are used for each pole, resulting in a power
transport capacity of 150 MW. An overview of all cable data is presented in Tables 1 and 2.
Table 1. Cable parameters for HVDC cable (based on Submarine XLPE HVDC cable [41]).

. Radial Thickness e Relative Relative
Layer/Material (mm) Resistivity p ((Qm) Permittivity e, Permeability i,
Core (Copper) 24.9 22 x 1078 1 1
Screen (Semi-cond. polymer) 1 - - -
Insulation (XLPE) 18 - 25 1
Screen (Semi-cond. polymer) 1 - - -

Sheath (Lead) 3 2.2 x 1077 1 1
Inner Jacket (Polyethylene) 5 - 2.3 1
Armour (Steel) 5 1.8 x 1077 1 10
Outer Cover (Polypropylene) 4 - 1.5 1

Table 2. Cable parameters for MVDC cable (based on MVAC cable NKT NA2XSY 12/20 [42]).

. Radial Thickness P Relative Relative
Layer/Material (mm) Resistivity p ((0m) Permittivity e, Permeability p;
Core (Aluminum) 9.05 2.82 x 1078 1 1
Screen (Semi-cond. polymer) 0.3* - - -
Insulation (XLPE) 5.5 - 2.3 1
Screen (Semi-cond. polymer) 0.3* - - -

Screen (Copper) 1.85 1.68 x 1078 1 1
Sheath (Polyvinyl chloride) 2.5 - 8 1

* Thickness of semi-conductive screen taken from N2XS2Y of [43].
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The focus of the investigation presented in this paper are two different GFM control
schemes and their interoperability via the MVDC system. The Microgrid-Lab (dotted green
in Figure 1) is linked to the real-time simulation model via a linear power amplifier, at the
star point of common coupling (PCC2) of AC Grid 2 on the right side. The Phase-Restoring
Principle (PRP)-based GFM control scheme (see Section 4.1) is implemented at a converter
source with sufficient headroom via a coupling transformer. The PRP and the simulated
aggregated dynamic PV are also connected to PCC2.

As described in Section 4.3, an MVDC converter terminal that includes the GFM
scheme based on VSM is integrated via a coupling transformer at the node named PCC1
and has a power rating of £100 MW, and Q = +30 MVAr.

The test bench also includes Thévenin equivalents as external grids connected to the
HVDC terminals. In AC Grid 1, however, a rotating grid equivalent with typical generator
controls is chosen to demonstrate the grid forming and supporting capabilities of the VSM
control of the MVDC terminal TIMV. The grid parameters of the grid equivalent are listed
in Table 3. The controllers IEEEG1, EXST1, and IEE2ST are designed according to [44-46].

Table 3. Parameters of the rotating-grid equivalent—AC Grid 1.

Parameter Value
Sgen,r 1220 MW
Uacr 15/400 kV
H 47s

S, 3.18 GVA
Govenor type IEEEG1
Excitor type EXST1
PSS type IEE2ST

The HVDC terminals are based on the MMC topology and its design parameters are
based on the Inelfe project [36]. For high-power converters used in high and medium voltages,
the MMC topology is the state-of-the-art converter type. To the authors’ knowledge, no design
parameters for MMCs with a DC side voltage of 110 kV have been published yet. Therefore,
a basic design of the MV MMC is carried out based on HV MMC as described in Section 2.3.

The common time step, which is also applied in this work, is 50 ps, but the power
electronic components (e.g., converters) are implemented in substep with a time step of 5 ps.

2.2. HVDC/MVDC Interconnection and Battery Storage Integration via DC-DC Converters

The coupling converter, connecting the MVDC and HVDC grid, is based on [47].
As the topology, an isolated MMC DAB with front-to-front configuration is chosen as
depicted in Figure 2. The design parameters are derived from [47], specified in Table 4,
with a rated power of 200 MW and a frequency of 150 Hz at the front-to-front AC link.

& ”

“ &

Figure 2. Dual-active-bridge DC-DC converter with front-to-front MMC topology.



Electronics 2025, 14, 730 7 of 36

Table 4. Design parameters of MV /HV DC-DC Converter.

Parameter Value
P, 200 MW
Upc,av 640 kV
uDC,MV 110 kV
fac 150 Hz
Unc v 377 kV
Uacmv 56 kV
Usy,av 2.0kV
CSM,HV 0.93 mF
NngM,HV 330
USM,MV 2.0kV
Commv 6.8 mF
nSMMV 51

For the BESS, a power rating of 55 MW is chosen and connected to the MVDC grid
via a multilevel three-phase dual-active-bridge (3p-DAB) converter. Its original design is
derived from [48] and slightly modified by lowering the secondary output voltage at the
battery rack connection point from the original 5 kV to 1 kV.

For the multilevel 3p-DAB converter, an input-series-output-parallel (ISOP) configura-
tion, as depicted in Figure 3, is used, which consists of ngy; submodules (SM) connected in
series on the primary and in parallel on the secondary side. To achieve a total power of
55 MW, the parallel connection of 10 converters with associated battery racks, each with an
individual power of 5.5 MW, is assumed. The design parameters are listed in Table 5.

~ DAB \\ nS _”i} _"il}—"{‘_}—| .
= TP 3p-DAB T
v Iyu

Figure 3. 3p-DAB series-input-parallel-output multilevel DC-DC converter.

Table 5. Design parameters of MV/MV DC-DC converter with BESS.

Parameter Value
Py iot 55 MW
PrpaB3-sm 250 kW
UpripC 110 kV
usec,DC 1kV
fs 1 kHz
Ly 3.7 mH
DAB3—SM, per ISOP 22
MISOP—conv in parallel 10

To reduce computational power, the 3p-DAB is modeled with the least detailed mod-
eling type, the state-space averaging approach, as applied in [48-50].
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2.3. Basic Design of MVDC MMC

The basic design for the MVDC MMC is derived from MMC design parameters
of the HVDC project [36], under certain assumptions. The resulting design parameters
for the HVDC and MVDC MMC terminals are listed in Table 6. A rated power for one
converter terminal of 105 MVA with an operating range of £100 MW and £30 MVar is
chosen. Moreover, nominal voltage variations in the range of 0.90-1.1 pu at the AC side and
0.95-1.05 pu at the DC side are considered. The MVDC terminal shall be connected to the
high voltage grid. Based on typical transformer short-circuit impedances and no-load losses,
given for different rated power ranges in [51], the coupling transformer is parametrized for
a rated power of 105 MVA. The primary grid-side voltage is 400 kV, which is the typical
transmission grid voltage in Germany. The secondary converter side voltage is 60 kV.
This voltage guarantees that for all nominal AC and DC side voltages and power ranges
an amplitude modulation index below 2/ \/§ ~ 1.15 is fulfilled. This is the maximum
admissible value for the control voltage of a converter arm in case of a half-bridge-based
MMC, taking into account a third harmonic injection.

Table 6. Design parameters of HVDC and MVDC MMC terminals.

MVDC HVDC

SeMVDC 105 MVA 1000 MVA
Ug Ac v 400 kV 400 kv
Ue,acHV 60 kV 333 kV
Upc,pn 110kV 640 kV

nsm 59 280

sy 23kV 23kV
Csm 42 mF 8.5 mF
Larm,MVDC 8.6 mH 50 mH
Rarm MVDC 0.504 Q 157 Q

Further, a rated SM voltage of 2.3 kV is selected for both the HVDC and MVDC MMC,
with the use of 4.5 kV HV-IGBTs as deployed in HVDC projects of Siemens AG [52]. To
derive the necessary SM number per arm, the maximum necessary control voltage of the
converter in the presumed operating range and a SM redundancy of 10% is taken into
account. Additionally, to determine the required SM capacitor size, the power and current
equations, given in detail in [53], are applied and evaluated. The arm reactors connected in
series to the SMs in each converter arm are designed on the premise of limiting the rise in
current for a certain delay time of fault detection, and scaled for the MVDC system voltage
based on [47]. Since there is no grounding on the DC side in a symmetrical monopole,
a ground reference is introduced on the AC side using a star-point reactor.

2.4. DC-System Control

In principle, the power and voltage control in DC systems can be handled with
different DC controls, as the singular DC voltage control, formerly known as master-slave
control (controversial terminology), the voltage margin, and the voltage droop control [54].
For multi-terminal systems, however, the voltage droop control offers the most flexibility
and smoothest voltage-stabilizing effect. The droop control handles the voltage and power
control in a distributed way by assigning multiple converter stations a linear DC voltage-
dependent Ppc (Upc) setpoint curve. The implemented power droop control is depicted
in Figure 4. In the event of unforeseen outages and failures of converter stations or power
plants feeding into the DC system, or to cope with simple power fluctuations, each droop-
controlled station participates in stabilizing the DC voltage by adjusting its power setpoint.
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PDC.n A PDC PDC PDC ZDC,P—control
U U ’ kDroop > C t 11 >
DC,meas - DCn ontroller
Upcop PDC,OP Limiter

Figure 4. Power droop control for the voltage control of the HV and MV MTDC system.

In the implemented MVDC/HVDC test bench the station T2MV, both DC-DC con-
verters and both HVDC stations are equipped with droop controls with parametrizable
droop constants.

2.5. Real-Time Simulation and Low-Voltage Laboratory

The Low-Voltage Microgrid Laboratory (LV-Lab) is interfaced to the hybrid
HVDC/MVDC test bench, which is implemented on digital real-time simulators within
the Real-Time Simulation Laboratory. The LV-Lab integrates real power equipment, such
as battery storages, renewable energies, and loads, in combination with power amplifiers
for PHiL simulation to achieve a flexible and realistic testbed for the investigation of sus-
tainable energy supply. A scheme of both connected laboratories is depicted in Figure 5.
Xilinx’s aurora protocol-based communication via fiber-optical cables connects the RTDS
NovaCor Simulator of the Real-Time Simulation Laboratory with power amplifiers within

Lead-acid BESS Rooftop PV System

the Microgrid-Lab.
/ Real-Time Simulatiom

- Il Laborat
Utility Grid éz o avoraiory
| l Il a Real Time Simulators
S B ot
X X .
31 Li-Ion'BESS with DC/DC
converter integrated va a 2-level
" N - converter and a LabMMC
nm—2 3 — ——r t 3 LSV SUR — —
DA A A 4 AV B SN A P AV SN 4V SR 4V 4
[/A ? ™1 LU RV b 3 ? LN LI LS L) LI £
B e
3 3 T 3
J VY Y Yy S Y
[/ L1 L3 LI 15 VRN | SO £ 14 L5 e I e
P 2 2 R VO 2 O
Linear
CM ~ Switched-mode X A A Amplifier
~ amplifier %J Q"j ~
. — B LT I
Flexible Low Voltage . :
Loads Regulator :oooooooooool Fiber Optic Cables
X
I‘ t
Low Voltage Laboratory < /

Figure 5. Connection between Real-Time Simulation and Low-Voltage Laboratory.

A NovaCor Chassis from RTDS is utilized for the test bench. Three fiber-optical
cables connect the real-time simulator and a linear power amplifier (LPA). For the tests, a
Spitzenberger&Spies amplifier with one APS5000 system per phase is used (represented by
one linear amplifier in Figure 5). This allows for a four-quadrant-rated power provision
or consumption up to 5kVA per phase. The tests are performed with the amplifier in
voltage control mode with current limits. An enhanced ideal transformer method [55]
acts as the interface between the HV simulation and the LV-Lab. The scaling factor for the
feedback current and thus the power of the connected hardware is set to 1000 to match the
dimensioning of the simulated components. The real-time simulator sends voltage signals
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at a selected connection point and transfers the signals to the power amplifier. The power
amplifier sets an output voltage, which leads to a current flow with connected hardware.
The current is measured within the power amplifier and transferred back to the real-time
simulator by means of a current injection at the interconnection point. Different static and
dynamic power hardware of the Microgrid-Lab is interfaced with the HVDC/MVDC test
bench. These include a purely resistive three-phase heating load with a total loading of up
to 7 kW and a lithium-ion battery. The storage system is integrated parallel via a 2-level
converter and a laboratory-scale modular multilevel converter (LabMMC) (see Figure 5),
in which various GFL and GFM control schemes are implemented. These include setpoint
operation, various droop controls, and virtual inertia provision [56]. In the context of this
paper, only the LabMMC is considered, since 2-level converters inherently induce more
non-idealities, which subsequently are also scaled with the used interfacing method [55]
and thus would produce unrealistic load behavior in high-voltage applications, which
is the primary goal of this integration. The LabMMC has four half-bridge submodules
per converter arm. The rated apparent power of the LabMMC is 25kVA [57]. This work
considers the LabMMC in setpoint operation as a variable GFL load. The described lab setup
is depicted in Figure 6, including the LPA (a), the resistive load (b), and the LabMMC (c).

Figure 6. Connected hardware during PHiL-coupling: (a) power amplifier, (b) three-phase resistive
load, (c) LabMMC connected to the Li-ion storage.

Additionally, a virtual scaled and compressed photovoltaic plant based on the data of
the rooftop 17 kWp PV system is simulated in real-time simulation to ensure reproducibility
and dynamic behavior. The data are collected from three strings with east, south, and west
orientation, with two module types installed with a peak power of 285 Wp and 295 Wp,
respectively. The strings are connected to the LV-Lab via two different SMA inverters with
a rated power of 7 kVA and 9 kVA.

3. Control Design of Grid-Following Converters and DC-DC Converters
3.1. Control of Grid-Following MMCs

The converter head stations of the HVDC link and the head station T2MV are operated as
grid-following converters coupled to the DC systems with a DC voltage-stabilizing Ppc (Upc)
droop control. The control scheme, depicted in Figure 7, is set up as a cascade control. In the
upper level, it comprises the DC power droop control and controllers for total, horizontal,
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and vertical balancing. Since the DC power is specified by the droop control, the total
energy balancing is performed via the AC grid. The grid current control is a vector current
control operating in positive and negative sequence. The energy-balancing controllers provide
setpoints for the circulating-current control. The current controllers then provide reference
voltage components. The control of the GFL converters is described in [58].

o A
— \
«—
V,
2; AVM / SFM Lower level
A
uU/L,abc* I
Reference Voltage .
Merging l
“;,abcf Uy e f Cascade
Grid Cireulat control
) N t irculating
rid curren .
u PLL Opcc control current control I
abc,PCC _ ~ —
ig * *lg,W,m * L I
Energy balancing
B (Upe) = Droop-Cur (Wior via AC) Upper level

Figure 7. Hierarchical MMC control structure for grid-following operation.

3.2. Control of MV/HV DC-DC Converter

The MV /HV DC-DC converter, linking the MVDC and HVDC system:s, is formed by
connecting two MMCs at their AC side with a three-phase connection transformer, which is
necessary to step-up the voltage. The advantage of this configuration is that certain control
concepts, such as the vector current control and energy balancing within the converters,
can be adopted from conventional MMC converter control used in the head stations in the
HVDC systems. The control scheme of the MV /HV DC-DC converter is depicted in Figure 8.
The design parameters of the MVDC/HVDC DC-DC converter are listed in Table 4.

On the HV side of the AC link, the three-phase AC voltages are specified with rated
values and are used as synchronization references for the AC vector current control of the
counterpart MV MMC. Due to the necessity of power balance between both DC and AC
sides in a steady state, the power transfer of the DC-DC converter can be specified only on
one DC-side. In this setup, the DC power transfer is set on the MVDC side and determined
by a static power setpoint, together with a dynamic adaptation by means of a voltage-
dependent Ppc(Upc) droop control to take part in the voltage stabilization of the MVDC
grid. To balance the energy of both MMC converters, the total energy balancing of the
MVDC MMC is performed via the AC side, calculating a feed-forward signal for the AC cur-
rent i:LWmt and a feed-forward current for the DC side of the HVDC-side MMC il*DC—HV, ff Poc”
The total energy of the HVDC MMC, on the other hand, is balanced via the DC side to
allow for a smooth power transfer in the direction MVDC — MV /HV-AC — HVDC.
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Figure 8. Control structure of DC-DC-converter for the coupling of the MVDC and HVDC system.

3.3. Control of MV/MV DC-DC Converter of BESS

The control of the MV/MV DC-DC 3p-DAB SIPO (Serial Input, Parallel Output) con-
verter, interconnecting the BESS and MVDC system, consists of two cascaded stages as
depicted in Figure 9. In the upper layer, a Ppc(Upc) droop control is implemented provid-
ing a DC voltage-dependent power setpoint with an offset value as the operational setpoint.

Power Ctrl.
oc | N pesv | N s,SM
—> PDC(UDC)—Droop—Ctrl —> D ———> D
DC,meas
7 ?
g1 5, DA US filt
Current Ctrl.
0y (1) = Feedforward
Sk
s,SM e 2_17 _ 1= gcé[’onSM,:;p-DAB e
3 upmaT s,SM @ff
—
j = ?
s,SM

Figure 9. Control structure of MV/MV DC-DC converter based on 3p-DAB SIPO topology.
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Due to the cascaded structure of the SIPO converter, each SM would have its own
current control and the series connection of the SMs would require an additional balancing
control scheme in real applications, as suggested in [59]. For the 3p-DAB SIPO configuration
in this test bench, however, an average-value model representation of the SMs is assumed.
This implies that the SMs are ideally balanced, allowing for a single current control to be
applied across all DAB SMs. The power setpoint is translated into a DC current setpoint for
the secondary side of the DAB SM. The current control employs the phase-shift angle ¢,
which serves as the control signal, introducing a delay for the control impulses on the
secondary side, resulting in a corresponding delay of the controlled voltage relative to the
primary side. The lower-level current control uses the phase-shift angle ¢ as the control
signal, relying on the electrical steady-state relationships outlined in (2) and (3). They
describe how the secondary output current is g\ and the resulting secondary-side DC power
of one 3p-DAB SM depend on the primary and secondary SM voltages up sm/Ussm and
the phase-shift angle ¢. The control consists of a feed-forward term and a supplementary
integral controller.

. Upsm (2 ¢
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4. Grid-Forming Control Schemes
4.1. Phase-Restoring Principle

A novel control scheme called the Phase-Restoring Principle (PRP) is utilized. This
control scheme inherently achieves the post-disturbance operating point directly and
thus forms the grid. Figure 10 shows the block diagram of the controller. The control
scheme allows for nominal frequency to be restored following a disturbance by fixing
the measurement node voltage. Thus, the scheme provides the power system with an
equivalent qualitative response of a SynM with large inertia. The control scheme is not
based on a phase-synchronized coordinate system; rather, it transforms the phase to
participate in the power exchange caused by a disturbance. Hence, it rotates in the direction
opposite to the standard dq frame, as displayed in the phasor diagram of Figure 11.

e " L1 uci/U,
Y K Rz} psr A

¢ L2 uc/U,
mz e B

q l9n - lgdr

Re{z} - 1
Im{z} ‘ + ST s T

Figure 10. Block diagram of phase-restoring control scheme with active power control for
grid-forming converter control [11].



Electronics 2025, 14, 730

14 of 36

Figure 11. A phasor diagram interpretation of the phase drift 9, in af frame. The green line
represents an arbitrary measured voltage, dashed lines represent the fixed dq frame, and the blue
lines represent the new co-ordinate p4,.q, due to the frequency drift [10,11].

This control achieves initial synchronization by setting the converter voltage phase to
the measured voltage phase at control release. It continuously transforms the measured
voltage phase into a new reference frame, p;, t4,, and in the direction of the prospective
future stable operating point, thereby adjusting the output phase of the converter and fixing
the phase of the measured voltage. The frequency is contained in the control loop and
manifests at the systems’ steady state. Adding an active power-control loop responsible for
setpoint changes and power-dispatch capacity enhances the control concept. PRP with the
active power control displays a first-order system response as opposed to the second-order
swing equations of the synchronous machine. The addition of the active power-control
loop helps ease the constant frequency output of the control.

PRP is the lowest building block and is entirely GFM. The slower control dynamics are built
over it. It inherently prioritizes response to disturbances over setpoint changes and limits vector
shifts, as required by services mentioned in the NERC and UK Grid Codes [60,61]. Enhanced
PRP with active power control is compatible with other sources in the power system as a GFM
requirement, mentioned in [62]. It displays three essential aspects of GFM control requirements
mentioned by various grid codes—voltage source characteristic, priority of disturbances, and
active power control. Furthermore, the concept offers global stability with a suitable choice of
parameters. Further details on this work are available in publications [10-12]. This concept is
implemented in the real-time simulation test bench to demonstrate its GFM capabilities with other
sources, control interaction, and attaining stability in a converter-dominated network. Furthermore,
the response with PHiL is investigated.

4.2. Power-Forwarding Control

In Grid 2, the PRP-controlled converter is the only grid-forming converter and is
without further measures, compensating all power fluctuations introduced through the
simulated RES infeed, with the load steps performed at the Microgrid-Lab or in case of
power adaptations transferred through T2MV. Depending on the power changes, the PRP
converter could reach its operating limits unless additional measures are taken to partially
balance the connected components. Therefore, an additional slow control, referred to here
as the power-forwarding control, is added. It is a kind of slow secondary control, which
dynamically adapts the power setpoints of terminal T2MV of the BESS system, as well as
the terminal TIMYV, with the aim to relieve the PRP converter and increase its available
power range for incoming power imbalances in Grid 2. The control scheme is depicted
in Figure 12. It consists of two low-pass filters with different time constants; the upper
one has a larger cutoff frequency f.; than the lower one, with lower cutoff frequency f.
The measured power of the PRP-controlled converter is fed as input to the filters. The
task of the slower filter path is to retrieve the base loading of the PRP converter, and the
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upper filter path will only filter out fast power spikes. A sample-and-hold block makes it
possible to freeze the current base loading at a given time point after the ramp up of the
system. Changes in the power output from this base loading are then forwarded as setpoint
adaptations to the other converters to change the load flow and relieve the PRP. A switch
allows the power to be routed through T2MV to the BESS or to the other head-station TIMV.
If the sample-and-hold block is not activated, both filters will act as a band-pass filter and
forward power fluctuations in a certain frequency range.

B Fast PF-changes \
E)\ﬁ ! > AP T2MV

fa<feo - *
‘ C _1 / APTH\&V

LP —»{S/H .
_\ﬁ / o— AL ey

Slow PF-changes Trigger

Figure 12. Power-forwarding control structure for relief of the grid-forming PRP converter.

4.3. Control of Grid-Forming VSM MMC

The head-station TIMV is operated as GFM converter, adopting the VSM control
scheme described in detail in [63,64].

The VSM-based GFM control, depicted in Figure 13, is organized as cascaded control
with the VSM and energy-balancing control at the upper level followed by a circulating-
current control on the lower level. The VSM control forms the upper-level AC control part,
where the relative phase angle of the VSM and its amplitude in relation to the voltage
at the connection point determines the active and reactive power exchanged. This part
replaces the active/reactive power and AC-grid current control used for the traditional
grid-feeding MMC control. The total energy balancing is realized via the DC side to keep
the total energy of MMC and its SMs balanced.
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Figure 13. Hierarchical MMC control structure for VSM operation.
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Further, it has proven useful in the case of transients in the AC grid, leading to fast AC
power output changes, to introduce an additional feed-forward DC current ipc ¢, which is
calculated on basis of the measured and filtered AC power and AC/DC voltages.

In this VSM-controlled MMC, the circulating-current control is the only current control
implemented, to control the DC side and internal circulating currents. Both the VSM control
and circulating-current control provide reference voltage components, which are merged
and forwarded to the modulators of the converter arms.

The implemented VSM control structure is depicted in Figure 14 and is based on the
reduced second-order differential equation of motion of a SynM given in (4) and (5).

Jvsm - Ovsm = Tim — Tep — Kq - Oysm 4)
fyvsm = wysm 5)

Tm stands for the mechanical torque, T for the electromagnetic torque, and Ky
and Jygy for the parametrizable damping factor and virtual inertia constant, respec-
tively. The normalized values used for the further investigations are Hygy = 10s and
K4,pu = 120 pu, based on Sygm, = 100 MVA and fn = 50Hz. T, represents the torque
introduced by the power exchange with the AC grid and is determined by the division of
the measured power at the PCC with the current internal mechanical speed wygy. In the
case of an increased power exchange in the direction of the AC grid, the virtual machine is
decelerated, or in the case of a power reduction, it is accelerated. Since no real mechanical
drive system and power plant is involved, the mechanical torque Ty, is only a virtual signal,
which can be used to change the power setpoint P, of the VSM. It is derived by the division
of the power setpoint with the current internal mechanical speed.

The reference voltage of the VSM, which represents the synchronous internal voltage,
is calculated with a rotation matrix using the internal machine angle 6ygy and the virtual
excitation amplitude Uyspm.

Primary Control
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Figure 14. Control structure of virtual synchronous machine.

To prevent high reactive power exchanges with the external grid, the excitation value
should be aligned to the grid voltage when connecting the converter. Thus, it is initialized
with the measured voltage amplitude Upcc at the PCC during the synchronization pro-
cedure. Further, both integrators are initialized with 6pcc and the grid frequency wpcc,
which are measured by a phase-locked loop (PLL) to ensure a smooth transition during
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the connection. Afterwards, an additional dynamic offset value AU,y can be added to the
excitation to extend the VSM with a reactive power control or power system stabilizer (PSS).
In [63,64], a resistive and reactive virtual impedance is included to represent the stator
impedances of a machine. In the used implementation, these impedances are omitted since
the transformer of the MMC acts as coupling impedance.

5. Scenarios Under Investigation

Two main network scenarios are considered for evaluation. The first scenario or
scenario 1 (interconnected system) describes the complete, interconnected MVDC system
with the interactions of the different assets and GFM control schemes. Here, the grids AC
Grid 1 and 2 are operated with the MVDC link in full operation, allowing power to be
transferred between the two AC grids to enable voltage and frequency support. In the
second set of scenarios or scenario 2 (Islanded system), the focus is on the island operation
of AC Grid 2, with a focus on the GFM capability of PRP and its services.

The complete interconnected test bench described in Figure 1 is considered. The steady-
state operating points of the different assets under the various scenarios are summarized in
Table 7. The power flow orientation is as indicated in Figure 1. Distinct events are emulated
to assess the responses, the interactions, and the displaying of the various services of the
different assets to stabilize the grid.

Table 7. MVDC/HVDC test bench steady-state operating points.

OP Scenario (1a), (1b), (2a) (1c1), (1c2) (1d) (2b1)
Linear Power Amplifier OFF ON OFF OFF
Grid 1

PacTimv +60 +60 +40 +60
Pactomv +41 +41 +41 0
Const. Load * —100 —100 —60 —100
Grid 2
Conv PRP +61 +67 +61 +61
Sim. PV +20 +20 +20 +20
Const. Load * —40 —40 —40 —40
LabMMC 0 0 0 0
Heating loads 0 —6 0 0

* Note: Negative power indicates load operation or consumption.

5.1. Scenario 1a—Inertia Provision with VSM Converter in Interconnected Topology
5.1.1. Scenario Description

This case describes the combined MVDC system response with a load step increase in
Grid 1. Grid 1 and 2 are in steady-state operation. The progress of events are as follows:
Both the interconnected Grid 1 and Grid 2 are under regular operation. A load step increase
of 50 MW at load 1 of 50 MW is performed from its initial loading of 100 MW. The droop
constants of DC-DC converters connected between HV/MV DC grids and MV/MV BESS
are set to zero and hence do not participate in the DC voltage regulation with no power
exchange with the HVDC grid. Grid 1, VSM control, and PRP scheme respond to stabilize
the system. The responses of the GFM resources are monitored.

The PRP-interfaced GFM converter providing fast frequency response in coordination
with the VSM control’s inertial response is analyzed. The machine swing equation charac-
terizes the inertial response of the VSM control modeled and adopted at medium-voltage
Terminal 1 (T1IMV). The energy control of TIMV obtains necessary energy via the DC
network. MVAC Station T2 provides DC voltage support and draws power from MVAC
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Grid 2 and hence the PRP-based converter. The power difference caused by the load step is
eventually supplied by the generator grid equivalent in Grid 1.

5.1.2. Results and Inference

The plots displaying the response to the 50 MW load step are available in Figure 15.
In this scenario, the droop-based primary frequency control of the VSM is deactivated.
Thus, it does not contribute to the primary frequency control. It temporarily supports
the fast frequency or so-called inertial response after the load step. After applying the
load step, the VSM contributes with a fast frequency response to support and stabilize the
frequency deviation together with the generator network equivalent. The frequencies of
the generator network equivalent and the VSM change synchronously. The zoomed section
of Figure 15 (VIII) qualitatively displays the response of the VSM, stabilizing the voltage in
Grid 1 without any dips.

However, local-area oscillations are observed between the VSM-controlled converter
and the upscaled generator network equivalent with low system inertia. The energy pro-
vided for the inertial support is retrieved from the MMC terminal TIMV and its internal
energy, represented by ugy yo T1My, is balanced out via the DC side. The necessary bal-
ancing power is further retrieved from T2MV, which is balanced out via the AC side in
Grid 2, as is visible in Figure 15 (V). Oscillations can be observed in the DC side powers and
the internal energies of TIMV /T2MYV after the load step. These result from the oscillatory
control response of the total energy control and the DC current control of TIMYV in the
course of the sudden AC-side power retrieval. These oscillations are transmitted by T2MV
to Grid 2 due to its DC voltage stabilization. Although the exchanged AC power of TIMV
is measured and converted to a feed-forward reference of the DC current, the power mea-
surement requires sufficient filtering, which results in a delay of the energy compensation
leading to the oscillation. Although it is not analyzed in depth in this study, this observation
shows that the delays of power and SM voltage filtering should be optimized with respect
to power and SM voltage fluctuations. As the only GFM converter in Grid 2, the PRP-
controlled converter provides the forwarded short-term energy. The PRP GFM control
provides immediate fast frequency response to the event in coordination with the VSM
control until Grid 1 or the generator equivalent takes over the primary control, as displayed
in Figure 15. The stability of the interconnected networks is maintained, and the AC Grid 1
is supported with virtual inertia. Both VSM and PRP GFM control schemes return to their
pre-disturbance operating points.

5.2. Scenario 1b—Load Increase in AC Grid 2 in Interconnected Topology
5.2.1. Scenario Description

The scenario displays the performance and interaction of the complete system with a
focus on the control response of the PRP. The two networks, Grid 1 and Grid 2, with all
connected loads and sources, are interconnected and in a steady state with constant PV
infeed from Grid 2. A disturbance at Grid 2 is created by the connection and disconnection
of the heating loads, creating a step event. The LabMMC is offline in this scenario. The event
developments are described as follows. The LPA is initially offline. The three-phase heating
loads are interfaced via the LPA, switched on, and consequently switched off after 3 s by
disconnection of the LPA. The connection of the heating loads leads to the load step of
approx. 6 MW. This scenario focuses on the GFM capability of the PRP-controlled converter
in the course of sudden load steps. Hence, the converter’s response and other resources are
closely monitored.
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Figure 15. Scenario (la) Inertia provision by VSM converter in interconnected topology. (a) AC
powers of generator grid equivalent, load and TIMV in AC Grid 1. (b) Angular speed of generator
grid equivalent and TIMV VSM. (c¢) AC and DC powers of TIMV and T2MV. (d) DC powers of
DC-DC converters. (e) AC and DC powers of T2MV and PRP converter. (f) Average submodule
sum voltage of MMC converter arms of TIMV and T2MV. (g) Virtual torques of TIMV VSM. (h) AC
voltages at PCC1 in AC Grid 1.
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5.2.2. Result and Inference

The plots displaying the responses are visible in Figure 16. The load resulting from
the heating loads is stepped up by approx. 6 MW and stepped down by the same amount.
The PRP immediately responds to the disturbance by stabilizing the grid voltage and
frequency by taking over the entire load deviations of the power amplifier. The zoomed
region in Figure 16 qualitatively demonstrates the response and shows the stabilizing effect
without voltage dips. The measurement angle of the PRP is restored to its initial value before
the event, thus generating a nominal frequency. The PRP-based GFM converter source
supplies the power increase or decrease based on the load power variation, as represented
by Figure 16. Grid 1 does not participate during the event, as shown in Figure 16e. Both
controls of the LabMMC and the MVDC terminal T2MV remain in stable operation.
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Figure 16. Scenario (1b) Load increase in AC Grid 2 in interconnected topology. (a) AC power
of PRP converter. (b) AC powers of Microgrid-Lab and emulated PV. (¢) Measured frequency
AC Grid 2. (d) Voltage angle at node “meas” in AC Grid 2. (e) AC powers of TIMV and T2MV.
(f) AC voltages at PCC2 in AC Grid 2.
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5.3. Scenario 1c1—Power Forwarding for PRP Output Power Relief via DC-DC BESS
5.3.1. Scenario Description

This test case describes the response to a disturbance with additional setpoint adap-
tions applied to the interconnected system. The LabMMUC is switched in multi-step load
operation, with the entire system response evaluated for the step events. The actions in-
clude the following: The MMC is initially at 0 MW loading, with the heating loads at 6 MW
consumption and the PV at 20 MW constant infeed. The droop constants of the HV/MV
DC-DC converter and the MV /MV BESS DC-DC converter are zero with no participation,
while the T2MV has a non-zero droop factor, thus being the only DC voltage-stabilizing
converter in this scenario. Manual setpoint adaptations of the LabMMC via a Human-—
Machine Interface (HMI) are performed. The load step increase and decrease events are
applied at the LabMMC in the following sequence: 0 MW —3 MW —6 MW —3 MW —0 MW.
The T2MV and the BESS overtake power changes. T2MV reacts on behalf of the voltage
power-droop control, while the DC-DC BESS converter acts on behalf of the power setpoint
adaptations received from the power forwarding control. The active power loading is thus
forwarded to the DC-DC BESS unit.

5.3.2. Result and Inference

This scenario describes the power-relieving avenues, while PRP delivers the fast
frequency or inertial response. The power forwarding or overtake via the power setpoint
adaptation of the DC-DC BESS converter after a load step on AC Grid 2 assists in the
relief power infeed of PRP converter and increases the admissible power margin of the
associated converter. In case of load steps in Grid 2 without further measures (case 2),
the PRP-controlled converter provides fast frequency responses and permanently takes over
the load changes of the connected LabMMC. In scenario 1c, the PRP delivers the response
to the disturbance with temporary changes in the power output. However, the load steps
are forwarded by measuring the increase in the PRP converter power output and the power-
forwarding control to relieve the temporary power output of the PRP-based converter for
further power imbalances. In scenario 1c1, the retrieved power of the LabMMC is stepped
up and down, and both power setpoints of the terminal T2MV and the DCDC converter are
dynamically adapted in order to relieve the PRP converter and provide the power changes
via the BESS in the MVDC system. It can be seen that the original operating point of the
PRP is restored within 2 s after each load change. All the responses are visible in Figure 17.

5.4. Scenario 1c2—Power Forwarding for PRP Output Power Relief via TIMV
5.4.1. Scenario Description

This test case is amended to case 1c1 by replacing the source of power dispatch from
the DC-DC BESS unit to MVAC Grid 1 via TIMV. The rest of the procedure is identical.
An immediate setpoint change is applied to the active power infeed at the node-marked
PCC of Grid 2, which is forwarded as a setpoint change to T2MV and TIMYV of the
MVDC. The power setpoints of T2MV and TIMV are adapted synchronously by the power-
forwarding control structure. The setpoint change of the LabMMC is performed via HMI
while the setpoint adaptations of the other assets are derived from the measured power
of the PRP-controlled converter and the power-forwarding control structure. The power
dispatch is forwarded to MVAC Grid 1, relieving PRP’s contribution to the event.

5.4.2. Result and Inference

This scenario describes the power-relieving approaches while PRP delivers the fast
frequency or inertial response. The power forwarding or overtake via setpoint adaptation
of the VSM-controlled TIMV after the load step on AC Grid 2 assists to relief power
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infeed of PRP converter and increases admissible power margin. In this case, the power is
forwarded to AC Grid 1 instead of the BESS. The plots in Figure 18 describe the system
responses. The power output of the PRP is restored after each load step. It can, however,
be observed that the dynamics are slower compared to the power relief via the DC-DC
BESS of scenario 1cl, as seen in Figure 18. The control structure of the VSM control
explains this, since the power control of TIMYV is handled as virtual mechanical torque.
The power exchanged with AC Grid 1 is performed via its setpoint adaptation, which is
dynamically delayed and slower than fast frequency responses. The DC droop control
of T2MV counteracts its power setpoint adaptation until TIMV reaches its received new
power setpoint. Based on the observations, it is concluded that the power forwarding
to AC Grid 1 is functioning as expected with relatively fast power changes. However, it
cannot be tracked as rapidly as with the DC control of the BESS DC-DC converter due
to the high current and power control dynamics of the MV /MV DC-DC BESS converter.
Please compare the plots in Figure 17 versus Figure 18 for a better overview.
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Figure 17. Scenario (1c1) Power forwarding for PRP output power relief via DC-DC BESS. (a) AC
power of PRP converter. (b) AC power of T2MV. (c) AC power of Microgrid-Lab. (d) Measured and
setpoint DC power of DC-DC BESS converter. (e) AC power of generator grid equivalent and TIMV
in AC Grid 1.

5.5. Scenario 1d—Islanding of AC Grid 1
5.5.1. Scenario Description

To remain within the operational design limits of the VSM during the islanding,
the load connected at PCC 1 is reduced from 100 to 60 MW compared to reference case 1a.
The island scenario is created by isolating the generator representing the network equivalent
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from the remaining AC Grid 1 by disconnection via a breaker. Thus, creating an islanding
operation of the MVDC with VSM in GFM mode and Grid 2 with PRP scheme in GFM
control mode. The disconnection of the breaker performed is a dynamic event. The VSM
GEFM control provides inertial support. This event highlights the GFM capability of VSM
control with the interconnected MVDC with Grid 2.
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Figure 18. Scenario (1c2) Power forwarding for PRP output power relief via TIMV. (a) AC power of
PRP converter. (b) AC power of T2MV. (c¢) AC power of Microgrid-Lab. (d) DC powers of DC-DC
BESS converter. (e) AC power of generator grid equivalent in AC Grid 1. (f) Measured and setpoint
AC power of TIMV.

5.5.2. Result and Inference

This case demonstrates the GFM capability of the VSM control under the critical event
of islanding. The system responses are shown in Figure 19. In this case, the governor
or primary frequency control of the VSM is activated to stabilize the grid frequency and
voltage. The increased power infeed of the VSM ensures a further supply of the load after
the loss of the rotating grid equivalent, balanced out via the DC grid and further by the PRP-
controlled converter in AC Grid 2. The increase in power by the PRP and MVDC T2MV is
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visible in Figure 19b as a sudden energy variation introduced by the supply increase. These
oscillations are transferred to the AC Grid 2 responses. Similar to scenario 1a, the sudden
power change and the subsequent energy control action of TIMV causes non-negligible
power oscillations on the DC side, which are transferred to AC Grid 2. This leads to the
conclusion that the design of the total energy balancing control should be the subject of
future analysis.

The following scenarios describe the island creation and stabilizing of AC Grid 2.
With PRP as the only GFM source, its capabilities and services are demonstrated with the
other assets in continued operation.

60 T T T T T
z 40
@ S — Pgen Pacrivv [
g 920 _\ —— Pload,Grid1
Q.‘ 0 L1 1 1 1 1
0.5 1 1.5 2 2.5 3
110 — ; ; ; ;
= 90 ]
®) % 70 —/\/\/\ e — ettt
a, 90¢ |— Prcromv —— Pprp
30 ! ! ! I I
0.5 1 1.5 2 2.5 3
314.2 — : : :
% —— WysM
) £ 314.1 _L ]
=
3
314 ! ! ! ! !
0.5 1 1.5 2 2.5 3
80 T T T T T
= n
(d) E o —
= — PacTivmv Ppc,romv
A — - Ppcivv 1
1 1.5 2 2.5 3
z 400 |W ”IH ]VWHHHWH”UW‘ il . I ”Hm””l
o 2 50 il
a0l BN 0000000
o — — L ]
° _288 1“ li lumanannwﬁgml......; ............ AR A-amn- A i
S
0.5 1 0.4 1.5 025 2.5 V.99 3
tin s

Figure 19. Scenario 1d) Islanding of AC Grid 1. (a) AC powers in AC Grid 1. (b) AC power of T2MV
and Microgrid-Lab. (c¢) Angular speed of VSM TIMV. (d) AC and DC powers in MVDC grid. (e) AC
voltages at PCC1 in AC Grid 1.

5.6. Scenario 2a—Grvid Separation of DC System and PRP AC Island
5.6.1. Scenario Description

The island scenario is created by isolating the AC Grid 2 network by blocking station
T2MV of the MVDC as a dynamic event at 0.5 s. Both DC-DC converters, MV/MV
and MV/HY, take over the DC side power of MVDC terminal 1 (TIMV), which is still
transmitted to Grid 1. The PRP GFM control scheme provides inertial support or fast
frequency response and forms the AC network consisting of the Microgrid-Lab equipment
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and other simulated assets. The scenario description includes the initial steady-state normal
operation of Grid 1 and Grid 2 with sufficient headroom in the PRP-controlled source. This
scenario highlights the events in Grid 2 with PRP as the GFM asset. The GFM capability is
demonstrated in case of sudden critical events, such as the blocking of a large converter as,
e.g., terminal station T2MYV, after an internal station fault.

5.6.2. Result and Inference

The successful islanding scenario of Grid 2 is witnessed. The AC power retrieved
from T2MV drops rapidly at 0.5 s, leading to balancing reactions in the MVDC system
and AC Grid 2. Based on its inherent disturbance-prioritizing characteristics over setpoint
changes, PRP stabilizes the island, as visible in Figure 20c,d. It takes over the necessary
power sharing as well. The PRP control restores the phase at its local measurement node
measurement and grid frequency while maintaining a stable grid voltage with no visible
voltage distortion.
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Figure 20. Scenario (2a) Grid separation of DC system and PRP AC island. (a) AC and DC powers
at T2MV and PRP converter. (b) AC power of Microgrid-Lab. (c) Measured frequency AC Grid 2.
(d) Voltage angle at node measured in AC Grid 2. (e) DC powers in MVDC grid. (f) AC voltages at
PCC2in AC Grid 2.
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The Microgrid-Lab connected heating loads, the LabMMC, and the simulated PV thus
remain stable despite the sudden event. All assets in Grid 2 remain connected with the same
operating point, and the necessary plots are shown in Figure 20. On the DC side, the voltage
droop controls of both DC-DC converters, the HV/MYV converter and the MV/MV BESS
converter, take over the sudden loss of T2MV by replacing the lost power supply.

5.7. Scenario 2b1—Grid Forming Capability of PRP in Islanded Topology with Steps in Static
PV Infeed

5.7.1. Scenario Description

This test case is an addendum to Scenario 2a and displays additional disturbance in the
island scenario by switching on and off the heating loads with constant PV injection. The
successful creation and stabilization of the island Scenario 2a serves as the starting point for
the events in this case. Grid 2 is in island operation with T2MV in blocking mode, and the
heating loads are initially disconnected in the Microgrid-Lab. A steady-state operation of other
sources and loads is maintained. The heating loads interfaced via LPA are switched on at
approx. 1 s from the initially off position for approx. 3 s. It is then switched off at approx. 4 s.
The connection and disconnection lead to load steps of approx. 6 MW. The MMC is offline in
this scenario. PRP converter responds to the disturbance event, by a successive increase and
decrease in its power infeed due to the variation of load step. Steady-state frequency is obtained.
A stable operation of other elements on the island is witnessed.

5.7.2. Result and Inference

Scenario 2b1 focuses on PRP’s response and services in the islanded system under
disturbance. Providing an immediate response to the step event and restoring the phase,
thus, nominal frequency in the network is displayed. The system is at a steady state prior
to the event, and the initial power dispatches are seen in Figure 21. PRP provides a quick
damped response to disturbances by restoring the phase in the system and stabilizing
a prime differentiator of the control scheme, which is prominent with a small delay in
scenario 2b1, with the on/off switching event of the heating loads as displayed in Figure 21d.
After a small delay, the phase of the measurement voltage returns to its initial value after a
short jump in the opposite direction, corresponding to steady state frequency. The converter
equipped with the PRP control scheme has sufficient capacity and delivers adequate power
to increased and decreased loading. The power response in Grid 2, as described by
the active power trends in Figure 21a, is ripple-free due to blocked state of the MMC
and the absence of the modulated voltage signals resulting from the switching-function
MMC model during normal operation. Similar stable responses in island operation with
PRP forming the network and adjusting its power infeed depending on the network
requirements are displayed. The event responses are visible in Figure 21.
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Figure 21. Scenario (2b1) Grid-forming capability of PRP in islanded topology with steps in static
PV infeed. (a) AC powers at T2MV and PRP converter. (b) AC powers of Microgrid-Lab and
emulated PV. (c) Measured frequency AC Grid 2. (d) Voltage angle at node measured in AC Grid 2.

6. Discussion and Outlook
6.1. Comparative Analysis with the State of Research

A comparative analysis with recent scientific publications in the field of control in hybrid
AC/DC systems is presented below. This comparison focuses on studies examining GFM
control in such systems, emphasizing its contribution to overall system stability. In contrast
to research oriented towards secondary control, load flow management, or optimization,
the selected publications highlight the role of GFM in ensuring the stable and reliable operation
of hybrid AC/DC grids, underlining its potential to enhance system resilience.

The publications [28-30,35,65-68] represent significant contributions to GFM con-
trol in hybrid AC/DC networks. Their main focus is on optimizing control strategies,
evaluating performance, and analyzing system services in hybrid AC/DC systems. Partic-
ular emphasis is placed on modular modeling approaches, innovative control techniques,
and advanced converter technologies such as MMCs. These studies highlight that a key
objective of current research is to enhance system stability through frequency and voltage
support, thereby increasing the robustness of hybrid AC/DC grids, particularly under
dynamic and fault conditions.

Given the scope of this work, the following analysis concentrates on publications
using HiL setups to ensure comparability. Table 8 provides a summary comparing vari-
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ous publications in the field of GFM control in hybrid AC/DC systems using HiL setups.
The comparison distinguishes between the studied systems and the focus of the simula-
tion scenarios. The system descriptions categorize whether heterogeneous systems with
GFL, GFM, and SynM are studied, whether multi-terminal DC systems are analyzed,
and whether the AC grid models are based on extensive real-life networks. The simulation
scenarios indicate the emphasis on PHiL setups and system stability, as well as whether
interoperability and islanding are examined. This work is particularly distinct from other
publications listed in the table due to its extensive multi-terminal, voltage-level-spanning
MVDC/HVDC system and its focus on interoperability of various control strategies and
subsystems within the overall system. The simulation results demonstrate the interop-
erability of numerous actors instead of concentrating on a specific control optimization,
which is the primary focus of many publications in this area. A comparison of scenarios
and results between this work and these publications highlights the promising performance
of PRP control, even under extreme scenarios. It provides a rapidly damped response to
disturbances and demonstrates interoperability with other control strategies, suggesting
that further investigation into PRP is worthwhile.

Table 8. Focus areas of HiL investigations in various publications on GFM control in hybrid systems.

System Under Study Simulation Scenarios
. . . System . .
Heterogeneous System  DC Multi-Terminal Large AC System PHiL Stability Interoperability  Islanding

This paper XX XX - X XX XX XX

[28] - - X X X X

[29] X - - XX XX X -

[30] XX - XX XX XX - X

[35] XX - XX - X X

[66] - - - X X - XX

-: Not considered; x: Part of the investigations; xx: Main focus of the investigations

In addition, publications [65,66] underscore the importance of further exploration in
the area of small-signal stability in hybrid systems. While a small-signal stability analysis
for PRP control has been published in [10], such investigations are not conducted for the
hybrid AC/DC test system presented here. Against this backdrop, the publications [65,66]
are discussed in greater detail below. A hybrid system comprising HVDC and renewable
AC sources is investigated in publication [65]. While the general setup is comparable
to the present work, significant methodological differences exist, particularly the use of
small-signal stability analysis. This difference prevents a direct comparison at this stage but
underscores the relevance of the study, as small-signal stability is a critical aspect of system
stability and is planned for investigation in future work. Publication [66] implements a
dual-port GFM controller in a hybrid system with MMC converters, examining it through
both small-signal stability and HiL setups. The HiL configuration is significantly less com-
prehensive compared to this work. Nevertheless, it highlights the relevance of combining
analytical and experimental approaches to evaluate dynamic stability in hybrid AC/DC
systems. The dual-port GFM control approach, where one controller simultaneously forms
both AC and DC systems, represents an interesting application for the developed test
system in this paper.

6.2. Limitations of the Investigations and Outlook

This study focuses on investigating the interaction of different control strategies in a
heterogeneous grid, rather than comparing the performance of these strategies. The test
system is developed to validate a novel GFM control approach, the Phase-Restoring Prin-
ciple, using HiL. methods. One objective is to demonstrate that the PRP-based control
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can operate in parallel with a real GFL inverter, integrated into the setup via PHiL. Even
under extreme scenarios, such as an abrupt transition to islanded operation where the PRP
has to stabilize the entire grid, the laboratory inverter remains operational without any
disturbances. Of note, the laboratory inverter is designed for low-voltage applications and
scaled up to emulate higher voltage levels, a common practice in PHiL experiments [69-71].
While this scaling can reduce the plausibility of results for a PHiL setup, it is not a limiting
factor in this context because the LabMMC is not the device under test but the PRP control.
In fact, the results are conservative because, according to standards such as [72], low-
voltage converters typically have less stringent power-quality requirements (THD < 8%)
compared to high-voltage inverters (THD < 2.5%). For instance, high-voltage MMCs are
distinguished by a significantly greater number of levels, enabling them to deliver superior
power quality.

A variety of scenarios has been analyzed, including those with increased participation
of the HVDC system. However, only a selected subset of these scenarios is presented in
this paper. In all cases, a positive impact on system stability is observed. Nevertheless, no
scenarios have been conducted on PRP in parallel operation with the LabMMC in GFM
mode. Similarly, no tests have been performed on parallel grid operation with a PHiL
SynM. This has been investigated analytically and offline, but practical proof is still lacking.
In the meantime, the laboratory has been upgraded with a 45.2 kVA SynM, enabling such
validations in the future.

Also, no current-limiting functionality in both the VSM and PRP control is imple-
mented. This was an intentional choice to focus solely on analyzing the control behavior.
Research on current limiting for GFM controls is available in the literature [73-76], and a
specific current-limiting strategy for the PRP has been developed but not yet published.

In addition, the battery management system of the BESS is not modeled in the MVDC
circuit. Also, grid-protection mechanisms are not modeled and the test system is integrated
into simplified AC equivalents rather than larger networks. While these simplifications are
sufficient for the intended investigations, future research should focus on integrating GFM
controls into bulk power systems, evaluating system stability, and gaining operational
experience, particularly in conjunction with grid-protection systems.

As the next step, a GFM hybrid plant will be modeled in the test system, following
a similar concept as in [29]. The hybrid plant consists of a GFM battery with PRP control
and a dynamic PV infeed. A power-plant controller implemented on a SICAM A8000 will
coordinate the operation of the hybrid plant in a CHiL test setup. GFM hybrid power
plants remain a largely unexplored area in scientific research. While [29,77] provide some
insights on this topic, the practical application of PRP to a real inverter and its testing under
laboratory or field conditions remains pending.

Furthermore, the test system offers potential for future research in system theory and
stability analysis, including small-signal stability in DC grids. Studies [65,66] can serve as a
reference for this purpose.

In the long term, GFM controls such as PRP or VSM should be integrated into larger
real-life power system models (e.g., bulk power systems), assessed for their impact on
system stability, and tested alongside grid-protection schemes. The Kopernikus ENSURE
Co-Demonstration Platform [33] provides a suitable tool for these advanced investigations.

7. Conclusions

The transition to a converter-dominated power system, driven by the continuous
increase in inverter-based resources, introduces novel stability challenges to the grid.
The deployment of various GFM and GFL control strategies may lead to undesirable
interactions, potentially resulting in critical situations in weak-grid or islanding scenarios.



Electronics 2025, 14, 730

30 of 36

Moreover, emerging grid structures, such as MVDC networks, are expected to transform
future power systems into hybrid, interconnected systems.

In order to identify and address these challenges at an early stage, the extensive
testing of advanced control strategies under high-fidelity conditions is mandatory. This
research introduces a hybrid demonstrator designed for the modular evaluation of novel
GFM control strategies within hybrid AC/DC configurations across multiple voltage levels.
The demonstrator is implemented in a real-time EMT simulation environment, providing a
flexible PHiL interface for integrating real hardware.

In this work, two GFM control strategies are evaluated: the state-of-the-art VSM control
and the recently developed PRP control. These strategies are tested in the demonstrator
under weak-grid and islanding conditions, with the PRP response further validated in
a PHiL setup. The PRP control demonstrates its ability to respond to disturbances by
adjusting the setpoints, achieving nominal frequency with minimal phase shift at the
measurement node (¢Pmeas) and transitioning to a new operating point via a direct control
path. The VSM control is deployed at the MVDC terminal, leveraging its stabilizing
properties. This AC-side converter control emulates SynM dynamics, providing short-term
inertia to mitigate frequency deviations and optional long-term proportional frequency
support while maintaining synchronization with the rotating AC grid. However, careful
consideration must be given to the energy balancing of the VSM MMC to prevent local-
area oscillations with SynM in scenarios with low inertia. Furthermore, the demonstrator
incorporates innovative power setpoint adaptation mechanisms, such as the adjustment of
droop characteristics on the DC side. This enables flexible power dispatch, allowing for
control over the contributions from individual sources and adaptation to varying scenarios,
thereby enhancing operational flexibility in response to subsequent disturbances.

Future work will involve the implementation of a CHiL interface to facilitate the
integration of real plant and converter controllers, thereby further enhancing the realism
and adaptability of the demonstrator.
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Nomenclature

Abbreviations

3p-DAB Three-Phase Dual Active Bridge
BESS Battery Energy-Storage System
CHiL Control-Hardware-in-the-Loop
DAB Dual Active Bridge

GFL Grid-Following

GFM Grid-Forming

HiL Hardware-in-the-Loop

HMI Human-Machine Interface

HV High Voltage

HVDC HighVoltage Direct Current
1sor Input-Series-Output-Parallel
LPA Linear Power Amplifier

LV Low Voltage

MMC Modular Multilevel Converter
MT Multi-Terminal

MV Medium Voltage

MVDC Medium-Voltage Direct Current
PHIL Power-Hardware-in-the-Loop
PRP Phase-Restoring Principle

PV Photovoltaic

SIPO Serial Input, Parallel Output
SM Submodule

SynM Synchronous Machine

TYNDP Ten Years Network Development Plan
VISMA Virtual Synchronous Machine

Common for all MMC based controls

l*

Reference of grid currents

&

fpcc Grid angle at PCC from PLL

Uabe, PCC Grid voltages measured at PCC

”;ab . MMC control voltage component from grid current control

Ul be MMC control voltage component from inner circulating-current control
U /1, abe MMC arm reference voltages

M /1 abe MMC arm reference modulation indexes

UsM Individual measured internal submodule voltages

UySM,arm Sum of internal submodule voltages for each MMC arm

farm Measured currents of MMC arms

l;,Wmt Ref. of grid current from total energy-balancing control

ig Ref. of inner circulating currents derived from balancing control

MMC based DC-DC control

i Ref. of inner circulating currents from balancing control
WA, o
Ipe poc Ref. of DC current from voltage droop control
I3 Wiy Ref. of AC current direct component from total energy balancing via AC-side
U3 b MMC control voltage component from AC side current control
U abe MMC control voltage component from inner circulating-current control
iip Ref. of AC current direct component from voltage droop control
'DC

IDC_HVEP Ref. feed-forward DC current for HV MMC from voltage droop control
ALLDC
0 Ref. AC grid voltage angle for HV MMC
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MMIC grid-forming VSM control

Peipcc Active power measured at PCC

Upcc Voltage magnitude measured at PCC from PLL

iDCff VSM Feed-forward reference value of DC current for energy balancing
”; abc,VSM MMC control voltage component from grid current control
Pm Virtual mechanical power of VSM used as power setpoint
Tm Virtual mechanical torque of VSM

Te Virtual electrical torque of VSM

Tbamp Damping torque of VSM

Ky Damping constant

Kgov Primary droop constant for primary frequency support
Wn Nominal angular speed

WysMm Virtual angular speed of VSM

Ovsm Virtual rotor angle of VSM

MVIMV DC-DC 3p-DAB control

Phe Reference total DC power

Phcom Reference DC power per SM

I3 5Mm Reference value of secondary DC current of DAB SM
o Feed-forward term of phase shift angle

fs Switching frequency

Ly Stray impedance of coupling transformer

ar Voltage ratio of coupling transformer

1SM,3p—DAB Number of parallel submodules

Unp Nominal primary DC voltage

U filt Filtered secondary DC voltage

N/D Division Block (Numerator/Denominator)

PRP control

Um,123 Measurement voltage input

U123 Converter voltage output

P Measured active power

Pref Reference value of active power

Sn Rating of the converter

Fa Nominal frequency

Far Drift frequency

Oy Phase drift due to an event

On — Oyr Transformation angle over the feedback loop in PRP control
On + %4r Transformation angle in ideal PLL control

Un Reference voltage at measurement node

0 Initial phase at the measurement node

T Measurement delay

S&H Sample and hold

Ta Sampling time constant

Ty Time constant

T Time smoothing constant

T, Active power controller (APC) time constant

Kj Voltage magnitude gain

K; Self-stabilizing APC power-frequency droop

Ky APC gain

Odrldr New coordinate system in PRP control due to the frequency drift
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