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Executive summary

Motivation and Purpose

To achieve climate-neutrality by 2050 in Europe, HVDC grids connected to offshore wind parks are key.

However, risks of adverse interactions increase in meshed offshore energy grids or HYDC grids in general,
as power electronics-based systems, manufactured by different vendors, are connected together (notably
HVDC converter stations and offshore wind power plants (OWPPs)). To de-risk the interoperability issues,
a standard interaction study process for EMT simulations is proposed by the InterOPERA consortium.

Traditionally, any facility owner connecting to the grid shall perform a defined list of studies to
demonstrate its compliance with the requirements set by the owner and operator of the grid. In case of
HVDC projects owned and operated by the same owner and operator as the grid, design and interaction
studies shall also be performed by the HYDC OEM and discussed with the grid owner and operator to
demonstrate compliance with the requirements.

The purpose of this deliverable, part of the InterOPERA project, is to define how the existing list of studies
to be performed and the process to perform these studies shall be adapted for multi-vendor and multi
terminal HVDC grids:

- Are more studies needed?
- Should the studies be categorized and packaged in a different way?
- How to iterate the studies in a joint cooperation between parties?

This document aims to address any multi-vendor and multi-terminal HVDC grids, without being limited
to the demonstrator defined and tested in InterOPERA. Consequently, the approach described here is
voluntarily generic and must be applied specifically to each project, depending on its topology and on its
specific functional requirements.

Scope of the document

The document is divided into 7 sections. The sections 1-3 focus on general considerations on the
standard interaction study process and the sections 4-7 give more details about the studies to be
performed in each interaction study package.

Section 1 lays down the basis for the document, by giving definitions and backgrounds, as well as
describing the overall project process and the list of interaction study packages from a high-level
perspective.

In section 2, the models are introduced, focusing on the different types of models, their use and the
process to reach reliable and accurate models. In other words, this section presents the tools and the
means at the disposal of the system integrator.

Section 3 focuses on the life cycle of the models and the way to manage the interaction studies
throughout the project from an organizational and technical perspective: how to manage the iterations?
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how to solve issues? How are the studies evolving during a project? This section assembles all the bricks
defined in sections 1 and 2, to put them into perspective.

Once the general framework is settled down, detailed interaction studies are proposed. In section 4, near
steady-state tests are proposed. Section o explores the specific operation of the grids, such as
energisation, de-energisation and grid reconfiguration. Withstand studies, including protection
coordination tests, large disturbances and fault-ride-through, are discussed in section 6. Finally, small-
signal stability studies are investigated in section 7, going beyond EMT simulation by introducing other
methods based on transfer functions in the frequency domain and on state-space models.
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1.Interaction phenomena
and study packages

This chapter introduces the definition and classification of interaction phenomena and outlines the
associated study and decision-making processes in the context of power system security management.
The focus then narrows to the various stages of HVDC and offshore power park module (PPM) connection
projects, where design countermeasures can be implemented as necessary. While recognising the
importance of addressing interaction risks throughout the assets’ lifecycle, operational remedial actions
are excluded from this work, as they can be assimilated to a type of workaround, which is certainly useful
in avoiding the occurrence of interactions in operational projects but does not fully resolve the interactions
by design.

Section 1.1 defines interactions in the InterOPERA context and clarifies the scope of this deliverable.
Section 1.2 revisits traditional power system stability definitions and their extension to emerging
phenomena driven by increased integration of power electronic interfaced devices (PEIDs). Section 1.3
reviews current practices for assessing and mitigating interaction risks, while Section 1.4 outlines the key
stages and stakeholder roles in interaction studies within multi-terminal (MT) multi-vendor (MV) HVDC
projects. Finally, Section 1.5 lists the recommended study packages, which define the report structure.

1.1 Interaction phenomena in the context of InterOPERA

Interactions can arise between different types of components which can be found on the network:
mechanical components, passive electrical components, active electrical components under the influence
of their control and protection system, etc.

In this document, the main focus is on interactions involving at least the control and protection system of
two PEIDs, belonging to the MTMV HVDC grid and its connected PPMs, potentially provided by two
different original equipment manufacturers (OEMs). So, it is targeting interactions that can occur:

e between two or more converter stations connected to the same DC grid,
e between at least two PEIDs connected to the same AC offshore system.

Interactions that might occur between two converter stations connected to the same AC onshore grid,
between a PEID and a power plant on the AC onshore grid, and between a PEID and the AC onshore grid
are not mentioned — this is already documented in the literature — unless new types of interaction or new
functions are expected in the context of MTMV HVDC grid, such as the grid-forming (GFM) capability.

Moreover, design studies of the entire system, generally performed with generic models (cf. Section 2.1.4)
instead of the future vendor-specific models, to prepare the call for tender, are not considered as
“interaction studies” in the context of InterOPERA project and hence are not exhaustively described in this
document. Nonetheless, an opportunistic approach has been followed in this document and, when
interaction studies, normally performed with vendor-specific models, can be performed with generic
models to provide valuable inputs for the specifications, this has been mentioned.
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Besides, the initial scope of this document was the interaction studies to be performed with
electromagnetic transient (EMT) models, as mentioned in the title, having in mind studies in the time
domain (TD). However, discussions have demonstrated the interest for other types of models to predict
interaction issues. And therefore, where appropriate, discussions related to interaction studies with other
types of models are also included in this document.

Additionally, as illustrated in Figure 1, the standalone tests, conducted by the vendors to demonstrate
compliance with performance requirements applicable at subsystem level*, including but not limited to
offline model and replica verification and validation, are not described in this document. Indeed,
performing successfully the standalone tests is a pre-requisite to deliver the models and/or replicas to start
the interaction study process. The functional framework is described in [1].

Typically, with Design studies Functional framework ]17
project specific *
settings

[ Preparation of detailed technical specification ]

Controller design

Controller design
- by the vendor B

by the vendor A

DFS | | DFS | | DFSs |

Harmonic Harmonic Harmonic
stability stability stability
studies studies studies

oo oL I T
Data & model delivery/validation
Time-domain Frequency-domain
Offline simulations Screening
+-—-—» #
HIL simulation Detailed study

L 4

Interaction issue detected? Need for mitigation

| Information sharing

| Figure 1. Scope of interaction studies. Link with specification & subsystem design phases

* A subsystem is a part of a system that can be independently subcontracted to a vendor. [1] gives a list of
possible subsystems.
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Finally, it is important to keep in mind throughout this document that, in any case, the interaction studies
process shall be driven by:
- Thefunctional requirements at single-vendor level, which will give the expected performance and
from which realistic scenarios can be built for the tests
- The expected performance of the system as a whole
- Abalance between:
o Thetime and resources allocated for the studies
o The probability of occurrence of each event or combination of events
o Therisks and costs associated to this event or combination of events.

1.2 Defining interaction phenomena within the power
system stability framework

1.2.1 Backgrounds on power system stability definition and classification

In the power system community, stability is defined as “the ability of an electric power system, for a given
initial operating condition, to regain a state of operating equilibrium after being subjected to a physical

disturbance, with most system variables bounded so that practically the entire system remains intact” [2].
Traditionally, the design and operation of power systems dominated by synchronous generation have
considered four main stability phenomena: transient stability, voltage stability, frequency stability, and
inter-area oscillations?.

This classification allows to decompose system complexity by focusing on distinct dynamics, each defined
by specific time scales, key variables and components involved, instability mechanisms, drivers, and
consequences. Based on these characteristics, dedicated mitigation strategies have been developed to
align with predefined risk policies, guided by tailored study procedures across various time frames and
supported by ad-hoc models and tools as will be further detailed in Section 1.3.

1.2.2 New stability phenomena introduced by PEIDs

The massive deployment of PEIDs transforms power system dynamics, impacting traditional stability
assessments and giving rise to new instability phenomena. As illustrated in Figure 2, two new categories—
resonance and converter-driven stability—have recently been integrated into the historical stability
classification widely accepted by the power system community [3].

2 While transient stability and inter-area oscillations both belong to the rotor angle stability class, they are
driven by distinct mechanisms (lack of synchronising torque for the former and insufficient damping for the
latter). Moreover, they can be triggered by different types of events (large vs. small disturbances). As a result,
appropriate mitigation measures and analysis method for each subcategory differ in practice.
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Power system
stability
]
| ] ] ] ]
Resonance Converter- Rotor angle Voltage Frequency
stability driven stability stability stability stability
. Fast .
—  Electrical | . . — Transient | Shortterm | Shortterm
interaction
. Slow Small-
— Torsional — interaction | | disturbance | 1 Longterm |~ Longterm

| Figure 2. Classification of power system stability [3]

Sub-synchronous resonance (SSR) had been primarily linked to torsional interactions with synchronous
generators, particularly in series-compensated systems, though purely electrical SSR may also arise.
According to [3], referring to torsional SSR, "SSR involves an electric power system condition where the
network exchanges significant energy with a turbine-generator at one or more of the natural sub-synchronous
torsional modes of oscillation of the combined turbine-generator mechanical shaft".

More recently, device-dependent sub-synchronous oscillations (DDSSO) has been introduced to include
“interaction of fast acting control devices, such as HVDC lines, static Var compensators (SVCs), static
synchronous compensators (STATCOM), and power system stabilizers (PSS) with the torsional mechanical
modes of nearby turbine-generators”[3]. Since the risks were originally limited to equipment damage, SSR
was traditionally handled at the installation design stage and excluded from system-wide stability
assessments. However, this choice may need revision given that PEIDs controls operate on similar time
scales, potentially influencing, for better or worse, the torsional modes of nearby generators.

Electrical resonance was originally associated with the Induction Generator Effect (IGE), first observed
with conventional power system with synchronous machines ( [4]) and later in doubly-fed induction
generators (DFIGs) “when the series capacitor forms a resonant circuit, at sub-synchronous frequencies, with
the effective inductance of the induction generator” [3]. This phenomenon has also been “termed sub-
synchronous control interaction (SSCI) because the dominant factor in producing negative damping at the
electrical resonant frequencies is the control action of the DFIG converter controls”. However, in this case,
electrical resonance stability involves energy exchanges between passive elements, with PEID controls
acting as an aggravating factor rather than effectively dampening the oscillatory mode.

As illustrated in Figure 3, this update goes beyond a mere addition, expanding the stability definition's
frequency range from electromechanical phenomena to encompass faster transients, thereby
necessitating specific modelling considerations, which will be thoroughly examined in this work.
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Lightning propagation . Electromechanical
: : i phenomena
Switching surges i
Inverter-based controls ' '
: { Thermodynamic
1pus Stator transients and {" phenomena '
subsynchronous resonance
Rotor angle dynamics
Governor and load
I frequency control
0,1 ms Voll e control
’ 10 ms g :
Boiler dynamics
Wave Electromagnetic
phenomena phenomena .
1077 Ay 1073 y L 10* 103 105

Time (seconds)

| Figure 3. Power system times scales. Source: [3]

Converter-driven stability, on the other hand, has been classified by the frequency range of interaction.
According to [3], slow interactions, occurring below 10 Hz and often linked to weak grid condition,
“involve system-wide instabilities driven by slow dynamic interactions of the control systems of power
electronic based devices with slow-response components of the power system such as the electromechanical
dynamics of synchronous generators and some generator controllers".

Fast interactions, also referred to as harmonic instability, can range up to several kilohertz, involving
interactions between various PEIDs or between PEIDs and passive components within the installation (e.g.
LC filters) or the network. Initially, there did not appear to be a practical need to differentiate between
these two fast interaction types, as both can be evaluated using the same models and tools, such as
impedance-based methods.

Figure 4 presents a refined perspective on the resonance and converter-driven stability phenomena from
the power electronics community [5] and [6], which will be adopted in this work. We can see that:

e The term interaction is in this context reserved to phenomena involving PEIDs, while resonance
denotes the power exchange between mechanical and electrical systems (passive elements), with
electrical resonance excluded from the representation.

e Harmonic stability pertains to interactions occurring at frequencies above twice the nominal
frequency (2f,, i.e. 200 Hz for a 5o Hz system).

SSOs encompass both torsional interactions (sub-synchronous torsional interactions, SSTI, and SSR) and
other control interactions (SSCI) within the frequency range below twice the nominal frequency. Notably,
SSTI corresponds to the previously defined DDSSO.

This classification is motivated by the need for customised mitigation measures, models, analysis
methods, and tools to each case. It is important to note that the operating point can significantly influence
low-frequency dynamics, where outer controllers dominate the response. This influence may diminish at
higher frequencies, permitting different trade-offs in the study process definition for harmonic stability.
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PEIDs
A i (o)
% SSOs
& %
,@°\ 9"’7% | ¥ (including
& £ % %, $5Cl, SSTI,
/) 4 NG SSR
© %, : o, )
Q:b"o %,  Electrical f1
PEIDs systems
- Small-signal
~ interaction ®_‘:'_| ¢ Harmonic
- phenomena instability
%, & |

m@_@ Note: SSOs are defined within 2f; here due to the existence

. of sideband oscillations around f; in the phase domain.
Mechanical systems

| Figure 4. Device-oriented classification of SSOs and harmonic stability phenomena

Driven by industry experience gained from real-life SSO events over the past decade, further refinements
to the definition and classification of SSO phenomena, along with preliminary guidelines for study
methodology and mitigation measures, have been provided by the CIGRE Technical Brochure (TB) gog
[7]. While the recommendations fundamentally align with Figure 4, the proposed terminology differs
slightly. Additionally, as shown in Figure 5, a distinction in the power electronic device interactions (PEDIs)
category is introduced, based on whether passive or only active components are involved:

e  Controller Interaction between multiple devices (CI-D) (left-hand side SSCl in Figure 4)
e Controller Interaction between a device and Network (CI-N) (right-hand side SSCl in Figure 4)

SSO
1
1 1
SSR PEDI
——
Electrical| |Torsional — CI-N
IGE — TST — CI-D
Network TI-N
resonance
—  TI-D

| Figure 5. Classification of SSO according to CIGRE TB gog [7]
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Electrical resonances are delineated to discriminate between “resonance in the network when there are
series compensation devices in the network, or it could be due to the negative resistance offered by a generator
at a network resonance frequency” [7]. Torsional resonances are divided into three types: Shaft Torque
Amplification3, Torsional Interactions with the Network (TI-N) and Torsional Interactions with another device
(TI-D) [7]. Classical small-signal stability (SSS) phenomena, limited to electromechanical oscillations in the
range of 0.1 to 2 Hz, are excluded from the SSO class due to their specific nature. In the remainder of this
work, classical SSR phenomena is disregarded, focusing exclusively on interactions involving PEIDs within
the InterOPERA project. Specific cases involving onshore and offshore AC connections, as well as DC
connections, will be thoroughly examined. Particularly, SSTI (or TI-D as per CIGRE denomination) are
considered out of scope inside the DC grids and may only be relevant in certain offshore scenarios.

Ultimately, both resonance and converter-driven stability (alternatively, SSO and harmonic stability), fall
under the umbrella of the SSS phenomena, where instability manifests as an undamped oscillatory
behaviour. As the number of PEIDs potentially contributing to these phenomena increases, the risk of
poorly damped resonances propagating over wider areas—leading to growing voltage and current
magnitudes—raises concerns about cascading outages. Consequently, assessing and mitigating
interaction risks becomes crucial for ensuring a secure power system operation. Nonetheless, study
procedures and analysis tools have yet to be standardised—this is precisely the focus of this deliverable.

The introduction of TST phenomena creates an exception to the previous statement that SSOs fall within
the SSS class. In general, interaction phenomena related to PEIDs, in the broadest sense, extend beyond
oscillations induced by undesirable response of converter control loops to include nonlinear functions that
may dominate system behaviour under large disturbances, as well as phenomena associated with
harmonic emissions. This has been formalised by the CIGRE TB 934 [8] as summarised in Figure 6, which
includes examples of each type of interaction, along with guidance on suitable analysis tools. Finally,
PEIDs are not exempt from the inherent risks of large-signal stability, often referred to as grid-
synchronisation stability [9].

Multi-Infeed and Interaction Study
Interaction between at least two main power electronic devices (HVDC, FACTS, Renewables, etc.)
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| Figure 6. Multi-infeed and Interaction Study — Summary of interactions and suitable analytical tools [8]

3 Referring to the transient shaft torque (TST) phenomenon, which is triggered by large disturbance events.
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1.3 Backgrounds on interaction risk management

As with any phenomena that may threaten power system security, interaction risks must be mitigated
through coordinated actions across different time frames. To support this document, section 1.3.1
reminds the definitions of a system owner, a system operator and a system integrator. Section 1.3.2
provides a brief overview of the typical stages in the classical stability management process. Section 1.3.3
then introduces current practices for managing interaction risks in traditional point-to-point (P2P)
settings, including preliminary insights into design-stage mitigation measures for grid-connected devices,
study processes, and available levers. Finally, Section 1.3.4 addresses the challenges posed by the MTMV
framework.

1.3.1 Definition of a system owner, a system operator and a system
integrator

1.3.1.1 Key foreword

In any case, the current laws, namely [10], [11] and [12] apply and remain the legal reference and legal
ground for the present discussions related to the interaction process.

In this document, the proposal for the interaction study process included is building on:

- Article 2 of [12], providing the definition of a Transmission System Operator
- Article 12 of [12], defining the tasks of a Transmission System Operator
- Article 29 of [11], describing the interaction studies process.

The current regulation needs to be extended to address the complexity induced by MTMV HDC grids,
with multiple vendors, system owners, system operators (which are not necessarily TSO).

To that prospect, READY4DC, in [13], has extended the definition of the roles (system owner, system
operator, etc.) to be more generic and has introduced the new role of system integrator. The definitions
coming from [13], are reminded below in italic.

It is worth pointing out that these definitions are focusing on the roles and do not presume of the legal
entities responsible for the roles. Indeed, as this can be observed in the definitions, there are numerous
options for the legal entities holding the different roles. A legal entity can have several roles, and a role
can be shared by multiple entities.

1.3.1.2 Definition of a system owner

“The HVDC system owner is the entity that holds ownership of the HVDC system and is responsible for its
development, construction, and operation. The HVDC system owner could be:

o a Transmission System Operator (TSO),

J an Independent Transmission Operator (ITO),

° an association of TSOs, ITOs,

J a developer responsible for the HVDC system: a public or private company, a utility company or an

independent power producer (IPP),
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J Offshore transmission owners (OFTOs like in UK)

J an association of developers.

[...] It is possible that there may be multiple HVDC system owners in the same system, each with their own
interests and goals. [...]. The HVDC system owner is responsible for the overall performance and
maintenance of the system, including ensuring interoperability between different vendors’ equipment.

[.]"

1.3.1.3 Definition of a system operator

"The HVDC system operator is the entity that is responsible for the day-to-day operation and maintenance
of the system. HVDC system operators ensure that the system is operated within the limits set by the
system owner and the regulatory authorities.

In a large MT MV HVDC system, it is possible that there is a single operator responsible for the entire system,
or that each HVDC system owner has its own operator responsible for a specific portion of the system. It
depends on the design of the system and the agreements between the different stakeholders. In any case,
the operator(s) must ensure that the different portions of the system are operated in a coordinated and safe
manner. They could be:

° a Transmission System Operator (TSO),

o an Independent System Operator (ISO),

J an Independent Transmission Operator (ITO),
. an association of TSOs, ITOs, ISOs.”

1.3.1.4 Definition of a system integrator

Article 29 in [11] states that “The studies shall be carried out by the connecting HVDC system owner ".

Nonetheless, from a practical point of view, performing interaction studies is a key activity and requests
specific skills and tools. Consequently, the system owner, while being legally responsible for this activity
as defined in Article 29 in [11], can decide to entirely or partially subcontract it to an independent third
party, or not.

Hence, for the sake of clarity, to designate people concretely performing the interaction studies, without
having any consideration for the legal responsibilities aspects, [13] has created the role of a “system
integrator” : “the task of an HVDC system integrator involves bringing together all components and
subsystems of an MTMV HVDC system and ensuring they work together seamlessly”.

This new role is fully aligned with [11] : it does not contradict this article from a legal perspective, while
simplifying the description of the process thanks to this new piece of vocabulary.

In the definition provided by [13], this system integrator role involves several tasks. However, in this
deliverable, the focus is on the tasks of the system integrator related to the interaction studies.

1.3.2 Managing stability risk in synchronous machine-dominated systems
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To illustrate, consider the rotor angle stability phenomenon, which “refers to the ability of synchronous
machines of an interconnected power system to remain in synchronism after being subjected to a disturbance”
[2]. In particular, the transient stability concerns severe disturbances, such as a short circuit on a
transmission line. The loss of synchronism of large power plants following properly cleared faults is
generally deemed unacceptable due to the potential risk of cascading outages (operational criteria).

Consequently, baseline design countermeasures are dictated by grid connection requirements, typically
aimed at ensuring transient stability during plausible faults of predefined types, depths, and durations
under the most challenging operating conditions. The fault duration for a given installation is determined
by the system’s overall protection scheme and must be covered by the equipment’s withstand capabilities.

During operation, additional remedial actions—such as topology changes or limitations on reactive and
active power—may be deployed to cope with degraded conditions, for example the unavailability of main
protections. The necessity and extent of these measures are commonly assessed through standardised
study procedures, supported by TD simulations that rely on accurate non-linear phasor models.

Although the specifics may vary between systems, a similar multi-stage decision-making process is often
applied to the other three forms of instability. On one hand, voltage collapse risk (referred to as long term
voltage stability) is primarily driven by high-load conditions and can be mitigated through the deployment
of sufficient reactive power and voltage control capabilities. While the determination of available margins
also relies on phasor-type simulations, the modelling focus shifts to other critical devices, such as on-load
tap changers (OLTC), due to the slower dynamics at play. On the other hand, small-signal stability (SSS)
phenomena concern “the ability of the power system to maintain synchronism under small disturbances” [2].

This specificity makes the linearisation of the system model—which is intrinsically non-linear—around an
operating point relevant, thus enabling the application of powerful modal analysis tools.

1.3.3 Managing interaction risks introduced by PEIDs

To some extent, a similar approach can be implemented to manage interaction risks. In Europe, baseline
requirements for grid access for HVDC systems and PPMs are dictated by connection network codes
(CNGs) [10] [21], which are further detailed by member states at the national level. For transmission
system operators (TSO)-owned assets, technical specifications may impose stricter requirements or
additional functionalities as necessary. So far, these requirements apply at the point of connection with
the AC grid (AC-PoC) and initially focused on onshore grids. In recent years, substantial efforts have been
made to adapt grid connection requirements for DC-connected PPMs to the specific conditions of offshore
grids, where reactive power and fault current requirements can, for instance, differ significantly.

Regarding interaction risk management, Article 29 of [11] ensures that adequate data availability and
exchange, including models (see Chapter 2) is provided to support the study process. Additionally,
system owners are mandated to implement mitigation measures if an interaction risk is detected.

In traditional P2P HVDC projects and PPM connection frameworks, design, compliance, and grid
integration studies are conducted by the OEMs, the system owner, and the grid operator# as schematised
in Figure 7. When the system operator belongs to the same company as the system owner, as is common

4In most P2P HVDC projects, the system owner belongs typically to the same company as the system operator;
but, in the general case, a third party may also be involved (e.g. Eleclink between France and UK). For PPMs
connection this is always the case.
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in P2P HVDC projects, the HYDC OEM typically leads the design and performance studies, demonstrating
compliance with technical requirements at various project stages (highlighted in purple in Figure 7, see
Section 1.4 for details on project phases). These stages often include dynamic performance studies (DPS)
based on offline simulations. Once approved by system operator, control implementation proceeds and
is ultimately validated via Hardware-in-the-Loop (HiL) studies during the factory acceptance test (FAT).
The final stage involves site acceptance tests conducted during commissioning.

During the detailed design phase, TSOs provide relevant grid data from the existing network to support
robust design, serving as an initial barrier to limit interaction risk. However, depending on the location's
vulnerability, dedicated studies may still be required to verify the adequacy of these measures. Hence, on
the system operator side (in grey), grid integration studies may involve detailed interaction analyses that
incorporate the installation into a broader grid model reflecting the topology around the HVDC
substation. TD simulations are then conducted to verify that there are no adverse interactions with other
installations connected near the HVDC system. This approach minimises the need to share sensitive
information with the HVDC OEM, while allowing the TSO to manage the operating conditions being
examined.

If needed, complementary functionalities, such as a sub-synchronous damping controller (SSDC), may be
incorporated (refer to Article 31 of [11], but not limited to SSTI). These studies must be completed prior to
the FAT to ensure that any necessary mitigation solutions are integrated into the DPS.

Project data
Project Phases -~
*» Technical requirements * System-wide studies with
definition detailed installation data
* Feasibility studies * Installation design * Typically, stability and
(techno-economic) (equipment & control) interaction studies with
Based on grid knowledge & - Compliance studies validated dynamic models
limited project information o Breaiim @
commissioning
System Needs \_ ) Grid Integration
Evaluation Studies

Request for

Grid data Mitigation

Figure 7. Simplified schematic representation of the key stages involved in grid-connected projects.
System needs evaluation is considered out of scope for the InterOPERA project. Grid integration
studies are initiated within the timeline of the project.

When the system owner does not belong to the same company as the system operator, a multi-party
dynamic is introduced, though interactions remain primarily radial. The system owner alone is responsible
for ensuring compliance with grid connection requirements and managing connection and operational
agreements with the system operator. In terms of timeline and involvement of other parties, the process
remains sequential.
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When dealing with DC-connected PPMs, unique interaction risks emerge in these isolated, fully power-
electronic, AC grids. So far, limited experience with the underlying phenomena, their root causes, and
potential consequences presents significant challenges in developing well-informed and effective
requirements to ensure interaction risk mitigation by design, relying exclusively on technical specifications
established in advance. As a result, TSOs increasingly rely on interaction studies, supported by detailed
models provided by OEMs, system owners of DC-connected PPMs, and the HVDC system vendor, at
various stages of the project to ensure power system security. A key challenge in this scenario is the timely
availability of data.

The concurrent construction of the AC offshore grid(s), the PPM(s) and HVDC system(s) means that input
data from one stakeholder (e.g., the HYDC OEM) is contingent upon the design outcomes of others (e.qg.,
the offshore AC grid developer). Specifically, offshore network data is not available. Moreover, decisions
regarding the equipment design and operational strategies of the AC side, and an eventual DC grid,
depend on the capabilities and functionalities provided by other parties, particularly the final designs of
the HVDC offshore station and PPMs. This interdependence necessitates a well-defined multi-party
interaction study framework, which is essential in the P2P case and becomes even more critical when
transitioning to a MTMV HVDC system environment as discussed in the next section.

When adverse interactions are identified, results are shared, and further collaborative studies involving all
stakeholders are undertaken. These studies aim to develop mitigation solutions at either the DC-PPM or
HVDC level, while addressing data-sharing constraints linked to intellectual property (IP) protection. This
is discussed in section 3.

In short, although still far from standardised and with recognised room for improvement, requirements
addressing interaction risks have become a key component of most PEID technical specifications, and
conducting interaction studies is increasingly regarded as standard practice among TSOs. Moreover,
interaction events have been observed worldwide ( [7], [8], [14],...), particularly in projects commissioned
before these countermeasures were implemented, with the lessons learned proving invaluable for refining
the approach. However, further adaptation will likely be necessary to address the additional challenges
posed by the MTMV framework.

1.3.4 Challenges in transitioning to MTMV systems

As illustrated in Figure 8, on the organisational level the complexity increases significantly in a MTMV
HVDC system, where multiple stakeholders interact simultaneously via a third party. On the physical level,
an increased number of devices from different OEMs may be connected in close proximity, making them
prone to more complex interaction phenomena.

As a first countermeasure, technical requirements must be specified also at the DC point of connection
(DC-PoQ), as proposed in [1]. This includes defining operating ranges, continuous control functionalities—
such as primary DC voltage control—and withstand capabilities, including DC fault ride-through (DC-FRT).
Hence, interaction risks extend beyond system-wide stability concerns (see Section 1.2). In practice, the
investigations must address the coordinated electro-technical design and parameterisation of all
electrical subsystems, including PPMs, HVDC converters, DC grid controllers (DC GCs), DC switching
stations (DC SSs) and passive elements such as DC lines/cables.

II"ItEl' Definition of a standard process for interaction studies with EMT
OPERA simulation in multi-vendor projects

Enabling multi-vendor HVOC grids

23



_____________________

bilPEE WPP 1 OEM Ll WPP n OEM
owner owner
L e e e e e e e e e e —— 1 L e e e e e e e e e —_—
MT HVDC 1 Other third MT HVDCn
system owner party system owner
HVDC station HVDC station
DCSS 10EM OEM 1 DC GC vendor OEM n DCSS nOEM

Figure 8. Stakeholders in a MTMV HVDC system connecting various PPMs consisting of offshore wind
power plants (WPPs)

Additionally, the shifted timelines of subsystem project execution remain a key challenge for data

availability, making the establishment of a framework for model and data sharing, along with

collaborative studies among multiple parties, the most effective way to manage interaction risks during

the project. A proposal for this framework is detailed in section 3, and in particular in sections 3.2 and 3.3.

1.4 Project phases, live cycle and stakeholder roles

In this work, a MTMV HVDC project, and thereby the proposed interaction study process, is structured

into six phases, as depicted in Figure 9, using an offshore power hub example:

1.

Phase 1 — Basic design and specification: system owners and operators conduct preliminary
design studies and establish the technical specifications for both the HVDC system and the PPM.
In the proposed Figure g, phase 1 also includes the tendering process because in the current state
of the art, from an interaction study process point of view, it is assumed that there is no need to
distinguish between the preparation of the call for tender and the call for tender itself. It will be
assessed during InterOPERA if this assumption is valid. In case a specific interaction study process
is expected during the call for tender, with inputs from the vendors, this will be depicted in
InterOPERA deliverable Ds.45. In any case, during this call for tender phase, the vendors have to
perform studies to be able to prepare their offer, but this is out of scope of this document.

Phase 2 - HVDC detailed design: HYDC OEMs have been awarded and they develop detailed
designs based on the initial specifications. During this phase, preliminary interaction studies
between onshore systems and multiple HVDC subsystems are also carried out.

Phase 3 - Interaction studies and preparation for HYDC commissioning: construction of the
HVDC system begins. Concurrently, PPM OEMs have onboarded, and they develop detailed

5 This deliverable is expected to be published in December 2026.
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designs for PPMs, and PPM owners initiate interaction studies along with the construction of the
PPM infrastructure.

4. Phase 4 — HVDC commissioning and preparation of PPM connection: the HVDC system
undergoes commissioning and operates without active power generation from the PPMs. During
this phase, PPM owners finalise preparations for connecting their assets to the HVDC system. At
the end of this stage, the milestone for EON (Energisation operation notification) is reached.

5. Phase 5 - HVDC system operation with PPM power production: the HVDC system operates
with active power generation from the PPMs, enabling PPM commissioning tests. At the end of
this stage, the milestone for ION (Interim operation notification) is reached.

6. Phase 6 —Trial operation: the entire system operates under normal conditions, and performance
is verified for compliance with contracted reliability requirements before full handover to the
subsystem owners. At the end of this stage, the milestone for FON (Final operation notification)
is reached.

It is worth pointing out that these six phases have been defined to illustrate the different major steps,
while highlighting the difference in timeline of those steps between the HYDC development and the
PPM development, in order to draw attention to how this affects the interaction studies and how they
can be managed. For example, if the PPM developers are brought on board at a later stage, there is a risk
that some interactions will be discovered at that time, and a mitigation process will need to be defined.

It does not prejudge of the actual schedule of the contractual projects.

As this is further described in the section 3.1, each project phase can be associated to certain models’
availability.
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Figure 9. Assumption of HVDC grids project timeline and phases, considering that different systems can have different timelines. Example of an offshore power
hub is taken here.
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1.5 Interaction study packages within a project

Building on the classical design and interaction study process for P2P HVDC systems and offshore PPM
connections introduced in Section 1.3, the remainder of this document focuses on the necessary
adaptations to manage the multi-party aspect and the simultaneous construction of MTMV HVDC grids
at the technical level. Specifically, a revised interaction study procedure is proposed, addressing the
following key aspects:

1. Expanded study scope: addressing risks associated to new interfaces, functionalities, and
operational modes.

2. Study specification: defining responsible parties, appropriate models, and verification procedure
of predefined acceptability criteria.

3. Adapted study packaging: distinguishing between performances that can be validated via
standalone tests and those requiring joint system-wide interaction studies.

4. Stakeholderinterfaces and data exchange: clarifying the iterative process among stakeholders
and establishing data exchange requirements.

In this work, the focus is on system-wide interaction studies, as standalone tests verifying compliance with
subsystems’ technical requirements are addressed in [1]. The process is organised into four study
packages, briefly introduced below, and detailed in Chapters 4 to 7. Prior to that, Chapter 2 provides an
in-depth discussion of modelling requirements and data exchange, while Chapter 3 explores timeline
considerations.

1.5.1 Near steady-state studies

The purpose of near steady-state studies is to test the normal operation of the system and check that the
system responds as expected to an order coming from the upper-level control.

Hence, the AC grid control functionalities as well as the DC grid control functionalities, voluntary changes
of operational regimes and control modes are investigated.

1.5.2 Energisation, De-energisation and Grid reconfiguration studies

Energisation studies consist in assessing the impact of the energisation of the subsystem on the rest of
the system already in operation. The study shall investigate any inrush currents and associated transient
voltages due to energisation of the components in the system.

In @ multi-component system, it should be possible to energize each of the elements independently but
as mentioned in [1]%, it might be defined as part of the operational rules that several elements, previously
aggregated, are energised simultaneously.

®n addition, the CIGRE Working Group Bs.71 is expected to deliver an “Application guide for the insulation
coordination of Voltage Source Converter HVDC (VSC HVDC) stations” where the simultaneous energisation
of several components will be also introduced.
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For energisation studies, a slight difference has to be made for active systems compared to passive
components:

- For active systems, energisation studies correspond to the phase starting by the closure of the
main circuit breaker, which can be an AC or DC circuit breaker, and ending by reaching the default
initial operating conditions, before receiving any setpoint?.

- For passive components, energisation studies correspond to the phase starting by the closure of
the main circuit breaker, leading to the energisation of this passive component, and ending by
reaching the steady state.

De-energisation studies are conducted to ensure the shut-down of a subsystem (initiated by an operator)
does not induce adverse transients, which could compromise the stability of the DC system or the
surrounding AC network, particularly in complex multi-terminal HVDC systems where interactions
between terminals can complicate the de-energisation process.

De-energisation events involve the disconnection, the blocking if applicable (e.g. the blocking of the
converter station) and the discharge of stored energy in components like cables and transformers, which
can generate voltage spikes or temporary over-voltages if not carefully managed.

Grid-reconfiguration studies are focusing on planned synchronization® and planned separation®. The
purpose is to check that, when the grid is in the anticipated conditions to perform those operations, the
transients induced by these actions are indeed smooth enough for these operations to be allowed and to
check that the protections don't misoperate during these sequences.

The action of changing the location of the grounding of the DMR in a normal balanced grid has little
electrical consequences on the grid. So, there is no interest in testing it as a reconfiguration study from an
EMT perspective. The sole interest of testing the location change would be to check the automatic or
manual sequences, which is not the key target of this document. Therefore, this is not further discussed
in this document.

1.5.3 Withstand studies

1.5.3.1 General case

During the operation of multi-terminal HVDC schemes, disturbances to the DC and AC networks are
expected to impact the operation of the grid.

Hence, in this category, events on the grid having a large impact, such as AC or DC faults, AC phase or DC
poleimbalance, unplanned AC offshore or DC grid reconfiguration, load rejection, loss of generation, large
phase jump, etc. are triggered. In summary, this category includes protection tests as well as large
disturbance stability studies and fault ride through tests.

7Hence, the system in consideration is in operation but regulating at 0 MW, 0 MVAr (plus loss compensation).
8 As per [1], synchronization means the « connection of two units with significant DC voltage. The inrush
current during the discharge shall be limited to acceptable level ».

9 As per [1],separation means the « opening of the switching unit under fault or load current, including
suppression of the fault/load current ». In this context, as it is a planned separation, it limits to load currents.

II"ItEl' Definition of a standard process for interaction studies with EMT
OPERA simulation in multi-vendor projects

Enabling multi-vendor HVOC grids



The events that can result in such disturbances, are investigated during the different phases of the project
and, if necessary, are mitigated accordingly.

Among the list of events, some events can be triggered within the system under study, while some others
can be triggered externally to the system under study, at or near one of the connection points of the
system.

The purpose is to check the robustness and the protection coordination of the system towards these
events, which are strong enough for at least one subsystem to reach a non-linearity which can be a control
non-linearity as well as an electrical non-linearity. For example, it can be the entry into a specific mode of
operation (e.g. FRT control mode), a block, a trip, a transformer reaching saturation, a surge arrester
conducting, etc.

1.5.3.2 Protection coordination

The protection system is essential for promptly isolating any component of the power system where a
fault has occurred. As long as the fault persists, the entire system may be vulnerable to severe component
failures. The role of the protective devices, working alongside circuit breakers, is to avert these
consequences. Generally, the system is divided into several separately protected and overlapping zones,
ensuring that no part of the power system is left unprotected.

To ensure maximum reliability of the power system, the components of the healthy zones must remain
connected to the grid for faults outside their fault separation zone and maintain stable operation, even
under unfavourable Point of Connection (PoC) voltage conditions, to provide optimal grid support.

In this regard, protection should adhere to the framework defined in [1], chapter 7. The main criteria when
establishing the protection coordination principles, are listed here:

e Selectivity: Isolate only the smallest faulted segment of the grid (AC or DC).

e Speed: Prompt fault detection and isolation are crucial to prevent prolonged fault conditions,
which can lead to converter and OWPP blockages, capacity loss, and potential endangerment of
AC machine stability based on angular stability criteria.

e Reliability and robustness: In case of protection component failure, backup protection
mechanisms should progressively isolate larger grid segments. The protection will not pickup in
non-faulty conditions.

e Seamlessness: Following fault clearance, the system's remaining portion should continue
operating securely.

When discussing about an HVDC grid, particular attention must be paid to the coordination between the
protection systems from different vendors. Following fault inception, it is essential to ensure that the
protection systems detect the fault and no other events occur in the grid.

1.5.3.3 Short circuit current stress studies

As part of this category, AC and DC short circuit current stress studies are important for the basic design
and component sizing. Hence, these studies are performed during the tender preparation, to provide the
right input to the vendors for their design studies and are not fully inside the scope of this document.
However, it can be also considered as an interaction study because to evaluate the current stress, TSOs
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can re-iterate these studies at a later stage with the vendor’s model to check a posteriori that the envelop
for short circuit current stress was correctly defined for the design.

1.5.4 Small-signal stability studies

Small-signal stability studies are aimed at ensuring the stability of the system, initially operating in steady-
state, after a small disturbance. In this context, the terminology “small disturbance” means a disturbance
that is small enough to not hit non-linearities.

Thus, as discussed in section 2, by linearising the system around a specific operating point, several types
of models can used, each type of model being associated to a particular methodology. This set of
methodologies can be combined in an efficient and powerful manner to detect and characterize the risk
of interactions leading to instability or poorly damped oscillations, as detailed in chapter 7.

1.5.5 Harmonic performance studies

Harmonic performance studies differ from harmonic impedance stability studies, which are included in
the small-signal stability studies. Indeed, harmonic performance studies are not focusing on the stability
of the system, but they are looking at the quality of the power system in terms of harmonic emissions,
since harmonics can lead to faster aging of the components, interferences, higher losses and stresses, etc.

These studies are considered as design studies and therefore are not further discussed in this document,
but more details can be found in chapter 14 of [15] and in [16]. Additional information for network
modelling for harmonic studies can also be found in [17].

1.5.6 Black start and system restoration studies
Black start and system restoration studies can be, in first instance, understood as energisation studies.

But the main difference is that energisation studies are focusing on the energisation of the subsystems
belonging to the system under study, mostly from an electrical point of view, whereas black start studies
are focusing on the system restoration of one of the AC or DC grids to which the system is connected and
consider the whole procedure to have the system in operation. For example, one can study the black start
of one AC grid, with the power supplied from another AC grid, through the MT MV HVDC system.

The most probable interaction issues are control issues: controlling the voltage and the frequency at the
ACside, alongside the transients due to the progressive energisation of the AC grid, with the reconnection
of consumption pockets and the resynchronization with another network including power plants, can lead
to interactions with the remote converter station(s) at the DC side. Besides, if multiple converter stations
contribute to the restoration service, one can also anticipate interactions between the converter stations
connected or resynchronized to the same AC grid.

Generally, the scenarios to re-energize the AC grid are pre-defined, well known, very specific and in limited
number. Therefore, the generic process for black start and system restoration studies will consist in
simulating those specific and limited scenarios; and is not meant to be generalized.

1.5.7 Transient stress

In the literature, sometimes, an additional category is mentioned: “Transient stress”.
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As per [18], transient stress can be divided into two categories: fast-front and slow-front.

Slow-front transient stresses are already included in the large disturbances studies and are therefore not
considered as a separate category.

Regarding fast-front transient stresses, this is studied through the insulation coordination studies, which
are considered as design studies, building on specific models valid at higher frequency range than what is
defined in [19]. These fast-front transient stress fall out of scope of this document. More details about
insulation coordination studies for multi-terminal multi-vendor HVDC grids are given in [1].

1.5.8 Loss of communication

Loss of communication between the subsystems is not defined as a study in itself, but as a parameter for
the above studies. Hence, there is no “loss of communication studies” section in this document.

Nonetheless, as a general statement, it is worth pointing out that this parameter is of importance only for
the studies involving functional requirements that are requiring communication. Indeed, sometimes,
different levels of performance can be achieved with and without the communication, or it might also be
that some functions are only expected to be used with communication.

Besides, it may also be that the communication system is sufficiently redundant to not consider the loss
of communication as a plausible scenario. In that case, this parameter would not be relevant.
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2.Model types, purpose,
validation and sharing

As previously mentioned, studies of various types must be carried out during the different phases of a
project. This highlights the importance of power system models, which become critical elements during
each phase of the project, enabling to make technical decisions.

Thus, during these various phases, models are developed and securely shared. It is indeed crucial for the
efficient execution of a project that the management strategy for these models is robust and clearly
defined.

Different types of models can be used depending on the specific project phase. These types of models can
be categorized based on either their format or their purpose. These classifications will be explained in
Sections 2.1 and 2.2, along with the association of these models with the types of studies previously
introduced.

Additionally, the processes for validating, sharing, and updating the models throughout the project will
be detailed in Section 2.3.

The expectations for a model during the different phases of the project will also be explained in this
chapter.

2.1 Format-oriented definition of model types

2.1.1 Electromagnetic transient vs. Phasor-domain transient models

Electromagnetic transient (EMT) models provide a detailed, time-domain (TD) simulation of power
systems, capturing the fast dynamics of electrical quantities such as voltages and currents. These models
compute the instantaneous values of these quantities, typically using time steps in the microsecond range.
They can be offline or real time (RT) models.

They are particularly suited for studying high-frequency transients and detailed switching behaviours,
including subsystem performance during faults, switching operations, lightning strikes, and the response
of fast-acting protection devices. Additionally, EMT models are effective for analysing interactions
between control systems and converters, as well as between different systems.

Phasor-domain transient (PDT), also referred to as RMS (Root Mean Square) models and tools, represent
electrical quantities and power system components in a rotating frame such that the voltages and currents
can be expressed as complex quantities (phasors) exhibiting constant values in steady-state instead of
time-varying phase waveforms. PDT models focus on system behaviour near the fundamental frequency,
emphasising on the response of the sources and load, while neglecting fast electromagnetic transients,
which allows for a simplified representation of the network.
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They are particularly suited for studying frequency and voltage control performance linked to the
response of conventional generation regulators as well as classical stability dominated by
electromechanical phenomena (rotor angle, frequency and voltage stability). System-wide studies
supported by PDT models covers time frames from half of the fundamental period to hundreds of seconds
following events like load changes, outages, and faults (typically symmetrical). Variable step integration
methods are often used to enhance computational efficiency. However, RMS models are unsuitable for
analysing interaction phenomena beyond a few Hertz and are therefore excluded from the InterOPERA
scope.

2.1.2 Non-linear vs. Linearised models

Non-linear models enable the detailed representation of the system's physical behaviour, including the
non-linear characteristics of equipment such as surge arresters or diodes and transistors, as well as non-
linear phenomena like transformer saturation, control changes and protections operation.

These models represent the exact dynamics of the system, incorporating all complexities, including
variations in voltage, current, frequency, and other non-linear characteristics. EMT simulations using non-
linear models can capture fast transients caused by faults, switching events, and other abrupt changes.
These models can accurately simulate large disturbances or small-signal behaviour and reflect the non-
linear relationships between system variables.

They are highly precise and well-suited for detailed analysis of fast transients and switching events.

However, these models require significant computational power due to their complexity and necessitate
very small-time steps for accurate simulations. Additionally, they often demand detailed data and careful
parameter tuning, which can sometimes be challenging to achieve.

In some cases, it may be beneficial to linearise the system around a specific operating point, simplifying
the analysis of intrinsic dynamics and design of controllers.

It involves linearising the non-linear equations around a specific operating point. This means considering
small perturbations or deviations from the chosen operating point. The system is then represented by
linear differential equations, which are easier to solve.

The linearisation is usually done using Taylor series expansion, where only the first-order terms are kept,
assuming higher-order terms are negligible.

With linearised models, powerful linear system analysis tools, e.g. state-space analysis, frequency-domain
analysis, etc. can be applied, which provide insights in system oscillation modes, and can also support
sensitivity analysis efficiently for control and system design optimization.

Linearised models are particularly well-suited for small-signal stability (SSS) analysis, where the system
remains near a steady-state operating point. Additionally, linearised models can be more convenient for
use in control system design and optimization tasks.

However, linearisation introduces a level of approximation in system modelling, the accuracy is reduced
and validation against the non-linear system (such as EMT-type models) is necessary to ensure
consistency and reliability.

The use of linearised models is limited when dealing with large disturbances or substantial system
changes. They should not be used to capture critical non-linear dynamics, such as those involved in system
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protection or fault recovery. Additionally, they are not appropriate for analysing fast transient
phenomena, such as switching events.

2.1.3 Open vs. Black box models

Open-box models are models where all devices, blocks, parameters, etc. are accessible by the user. In the
case of use of a dynamic link library (DLL), the source code of the DLL would be made available to give the
possibility to update the code and compile it again as a new DLL.

On the contrary, black-box models, that protect vendors IP, contain parts which cannot be accessed by
the user. It can be in the form of a DLL, without giving access to the source code, or to locked blocks or
devices in the EMT tools.

Open box models as well as black box models can be used to perform the interaction studies, provided
that sufficient accessibility is given to the parameters, settings and signals, as defined in [19].

However, black box models limit the capability of the system integrator to investigate the root cause in
case of issues and limit its capability to propose mitigation measures. Therefore, in commercial projects,
a trade-off is necessary between fully open-box models and fully black-box models, to satisfy both the
need for accessibility for the studies and the need for confidentiality, which is discussed in section 3.3.1.

More details about the advantages and disadvantages of each type of model can be read in [8], [20]*.

2.1.4 Generic vs. Vendor specific models

Generic models are constructed using general control equations for specific power electronic equipment,
while also capturing key physical characteristics of other system components. These models are
developed in compliance with technical codes and functional requirements for a specific transmission
network. A generic model is designed for use across multiple projects, with only minor adjustments.
Typically, it is a configurable open-box representation, built on publicly available information.

However, the generic model must be sufficiently detailed to accurately reflect the system's performance
under study. One of the key concerns regarding the use of generic models is the inherent generalization
of control schemes or system behaviour in response to various phenomena. Consequently, conclusions
drawn from studies using these models should be approached with caution.

Generic models can originate from different sources and be of different types. They may be developed
within the framework of international working groups, based on current standards (such as the model
outlined in [21]). Alternatively, they may be theoretical models of equipment behaviour, developed by
academic or research groups to enhance understanding of theoretical phenomena and address practical
challenges (open access). These models are also frequently created as part of the development of model
libraries for simulation tools (e.g., EMT tools). Depending on the project, utilities may also develop their
own generic models internally, allowing for easy management of the parameters required for the relevant
studies.

*° |n addition, the CIGRE WG B4.85 will deliver a TB focusing on the Interoperability in HVDC systems based
on partially open-source software.
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In contrast, vendor-specific models are developed to represent a particular system for a specific project
and are typically not intended for use in other contexts. These models often incorporate proprietary
controllers protected by intellectual property rights, making them generally black-boxed. They include
precise data related to the power circuit, control, and protection systems, as well as confidential
information pertaining to the actual project to which they are linked. However, certain simplifications can
nevertheless be made to facilitate simulations (such as the acceleration of start-up/shut-down sequences,
POD, AC emulation, etc.).

2.1.5 Time-domain vs. Frequency-domain models

TD models allow to simulate the system’s response to disturbances or changing operating conditions
using numerical integration methods. They contain all the necessary information to predict the evolution
of the system state and are particularly useful for analysing transients and non-linear interactions. In
contrast, frequency-domain (FD) models are typically linearised models that represent the system's
response as a function of frequency, usually in the form of transfer functions (TF) in the Laplace domain.
Depending on the number of inputs and outputs considered, these models can be classified as single-
input-single-output (SISO), multi-input-multi-output (MIMO), or a combination (MISO or SIMO).

FD models can be obtained through analytical modelling by linearising the nonlinear dynamic equations
of the system, or via numerical identification algorithms applied to TD simulation models (see Chapter 7
for details).

2.1.6 State-space vs. Transfer function models

Transfer functions (TF) are functions defined in the Laplace domain, expressing the relationship between
input(s) and output(s). They are written in the following form:

F

where "s" denotes the Laplace operator, E(s) the input, F(s) the output and H(s) the transfer function.
In particular, impedance-based models of the Z(s) form (or admittance Y(s) for voltage-current

relationships) are TF-based models that describe system behaviour for specific input-output pairs
(current-voltage or vice versa).

State-space models refer to a specific mathematical framework that describes system dynamics through
state variables x, expressed with first-order ordinary differential equations (ODE, x = f(x,y)). In their
linear (or linearised) form, these models represent the relationships between inputs, outputs, and internal
states via matrices such that:

x =Ax + Bu
y=Cx+Du

where x is the state vector, u is the input vector, y is the output vector, and A, B, C, D are matrices defining
the system dynamics and control. State-space models offer a compact and flexible approach for analysing
complex systems, especially in control theory and dynamic system studies.

These models can be used to derive TF representations and fine-tune control systems.
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2.1.7 Offline vs. Real-time (or online) models

Offline models are models which solve differential equations at each time step, without strict time
constraint. They are run on software tools (e.g. PSCAD, EMTP, or MATLAB/Simulink). Since
computational speed does not need to align with real-world time, these models can simulate highly
complex and detailed systems with accuracy, but without the pressure of real-time execution. In offline,
system components can be either modelled inside the simulation tool (which is mostly the case for
switching devices) or called by the simulation tool during the simulation (e.qg. this is the case for DLLs used
for control loops, protection algorithms). As mentioned in 2.1.3, these models can be either open-access
or black-boxed or a mix of both as recommended in [19]. . They are typically used for detailed analysis of
transient phenomena, design and tuning of controllers, validation of system behaviour before
deployment or commissioning or studying hypothetical scenarios without real-time constraints.

Real-time EMT models, on the other hand, are designed for simulations that must run in sync with real-
world time. The system is required to compute and deliver simulation results within a fixed time step,
mirroring the dynamic performance of the system in real time. These simulations are run on real-time
simulation platforms (e.g. OPAL-RT, RTDS).

Real-time models may require simplifications to ensure the system can meet real-time execution
requirements.

They are frequently used to interact with physical components in real time, such as controllers or
protection devices, via hardware-in-the-loop (HIL) setups (hybrid schemes comprising hardware replica of
C&P system and software model of switching devices implemented using real-time simulation tools)
and/or in combination with software-in-the-loop (SiL) setups*. Real-time EMT models are essential for
testing the behaviour of controllers under dynamic conditions, test software updates, training system
operators by simulating real-world conditions or verifying the performance of new components when
integrated into the power grid.

2.2 Fitfor purpose models: associated interaction studies
to model types

2.2.1 Reference model in time domain

Most interaction studies that may occur during different phases of a project (as described in 1.5) are
conducted in the time domain.

To ensure consistency in the results of these interaction studies, it is good practice to define a reference
model in the time domain, which can then be adapted to match the specifics of each study. Minimum
requirements for providing this model should be established for each project. There are multiple
guidelines and references ( [21], [22]) regarding model requirements. In the InterOPERA project, this
corresponds to [19], which aims at outlining the requirements for the reference model, applicable to all
types of projects. Although project-specific adaptations may be necessary, a robust guideline should be
established. One key lesson from InterOPERA consists in establishing a clear link between study
requirements and the necessary model.

*In InterOPERA project, the terminology SiL is only used for RT. In offline, “real-code” term is used.
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The reference model may be a generic model, for example during phase 1 (cf. 1.4), one created using
vendor models, or a model tailored for real-time use. Generally, it includes both an offline model and a
real-time model if real-time studies are planned within the project (HiL, SiL). The time-domain reference
model is an EMT model.

The requirements for the reference model, as outlined in [19], for instance, may be generic and apply to
various project types, but specific requirements may also be considered depending on the project context.

The reference model should ensure a realistic behaviour of the system and allow simulation within the
frequency range of interest, regardless of the used software environment or software version.

For example, for the InterOPERA project, the topology of the grid is the following one:

o
. -
-
-
e
3t
i \
it '
-: * e GND 0 .f DCSS 89
. e .:::o
=: g :‘E--/
Bl - =
- il
pr ACod 2

| Figure 10 - InterOPERA topology used as a reference to illustrate the process [23]

With this example, the InterOPERA reference model must be capable of representing the topology
presented in the diagram in Figure 10.

2.2.1.1 AC Network

In the reference model, it is unnecessary to represent the AC network in detail. Instead, it can be
represented by a Thevenin equivalent, as described in CIGRE Brochure TB 832 [24] and shown in Figure
11. The equivalent impedance can be adjusted to achieve the appropriate short-circuit level and X/R ratio
at the AC/DC converter connection point.

Additionally, grounding conditions of the network can be represented by defining the zero-sequence
impedance of the Thevenin equivalent, which is particularly important for studying the impact of
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asymmetrical conditions in the AC system, such as asymmetrical faults. It is recommended to model the
Thevenin impedance as an R-R//L circuit to limit impedance at high frequencies.

An additional capacitance isincluded in the model to represent the frequency-dependent behaviour of the
AC system more accurately if needed. A methodology for deriving these parameters is provided in [24].
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| Figure 11 - AC grid R-(L//R) Thevenin equivalent. Source: [24].

It is worth pointing out that this model cannot be used if the ratio Zo/Z1 is smaller than 1. In that case,
another model needs to be used, for example based on [25].

2.2.1.2 AC/DC Converters

Various converter models can be used depending on the study requirements and precision needed. These
models are classified by type, from Type 1, the most detailed model where switches and diodes are
represented by differential equations, to Type 7, an RMS load-flow model for steady-state studies [21].

For transient and interaction studies, the most commonly used MMC converter models are Type 3 and
Type 4. In Type 3 models, IGBTs and diodes are represented by two-valued resistances, while in Type 4
models, a reduction is performed (based on Thevenin/Norton equivalents) to reduce the number of
electrical nodes representing the converter. This model accurately includes the impact of different
capacitor voltages at each module level, similar to the Type 3 model. A simplified version of this model
exists, assuming that all submodules in one arm are balanced. These models can only be implemented in
EMT tools.

Vendors may also provide two types of MMC converter models:
e Adetailed model with the individual pulse generated in the control system for each valve.
e Anaggregated valve operation model [19].

According to [19], based on successful interaction tests from previous HVDC projects with the aggregated
converter valve model, it is assumed that all interaction tests will be compatible with this aggregated
model. Conversely, this model is expected to behave adequately for the target real-time interaction tests,
which is why it is proposed. Information on limitations should be provided to prevent incorrect results, as
a simplification acceptable for interaction tests may not be suitable for all studies.

For AC/DC converters, it is necessary to specify the configuration on the AC side: onshore or offshore, as
the control settings will differ. Both configurations are important to include for a project like InterOPERA,
which implements both types.

The device functionalities that shall be modelled in detail are:
e Control and protection system (e.g. V-, |-, P-, Q-, Vdc-, module-, bipole-control, measurement

processing) relevant for dynamic behaviour by including the real code
e Block and deblock functionality.
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The device functionalities that may be modelled in a simplified manner in offline*? are:

e Turn-on and off sequence
e Human machine interface (HMI)

The device functionalities that may be excluded from the model are:

e Redundancy of control and protection systems
e Control and protection systems with very slow reaction time with respect to the time duration of
the tests

The device functionalities that may be simplified or excluded can also be modelled in detail, if they don’t
influence the simulation speed of the tests in a negative way, i.e., don’t slow the tests down.

2.2.1.3 DC Cable

It is often challenging to provide a DC cable model for all planned interaction studies in HVDC projects due
to the difficulty of obtaining project-specific cable parameters. A reference model may therefore not be
straightforward to determine depending on the project phase considered.

The DC cable should be modelled based on its geometric parameters to accurately represent its
frequency-dependent characteristics. EMT models of DC cables include cable geometric parameters
(length, diameter, insulation thickness, conductor spacing), material characteristics (resistance,
inductance, permittivity, permeability), propagation phenomena (skin effect, proximity effect), and
capacitive and inductive effects.

For most interaction studies, it is essential to represent the frequency-dependent characteristic of DC
transmission elements adequately. Therefore, a wideband model is typically used when possible. This
model is recommended to achieve accurate results over a broad frequency range, although simulation
time may be extended.

Wideband models operate in the phase domain, fully considering the frequency dependency of
transmission line or cable parameters, with no approximation.

For frequency-dependent cable models, it is essential to adjust the model parameters to align with
experimental data or simulation results across a wide frequency range (fitting). Since line parameters can
vary with frequency, it is necessary to determine parameter values that accurately represent this variation
over the entire frequency range of interest. The fitting process often involves optimization techniques to
minimize the discrepancy between the model predictions and actual data.

Fitting can be based on experimental data measured on the electrical line at different frequencies or on
simulation results from detailed physical models.

Carefully selected parameters are crucial in the fitting process for wideband models, as passivity issues
may otherwise arise, leading to unstable simulations and incorrect results in power system studies.
Generally, these issues can be resolved by adjusting fitting algorithm parameters, such as frequency range
or the number of samples per decade. When selecting the frequency range, the fitting process shall
carefully consider which are the frequencies of main importance for the studies to be conducted.

For short cable sections, addressing passivity issues can be particularly challenging. In such cases, aslight
increase in the cable section length, while reducing the number of sections to keep the total cable length
consistent, may help achieve a passively behaved model. However, this involves an approximation that

2 But this can’t be simplified in real-time as it is necessary to operate the converter station.
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should be documented so the model can be adapted when the study requires a highly accurate DC
transmission model.

2.2.1.4 Power Park Modules (PPM)

An accurate representation of PPMs is essential for reliable interaction studies. PPM models should
include electrical parameters as well as mechanical parameters when they impact the electrical
performance of the system.

Several types of PPM models are available, depending on the study requirements.
The main options to model a wind turbine are:

- Simplifying the aerodynamic and mechanical part, while keeping the possibility to simulate the
effect of the pitch control and ensuring a good representation of torsional dynamics. A two-mass
model is often used.

- Replacing the electro-mechanical part from the turbine, including the machine-side converter,
and up to the DC bus (considering type IV wind turbines), by a DC current source. This can be used
only for phenomena that are electrically distant from the WT.

- Using an average model for the converters, instead of a detailed switching model. This can be
done if no specific switching control strategy is necessary to meet the dynamic performance
requirements.

Detailed models represent each park element and its dynamic characteristics individually (converters,
controllers, protections, etc.), which is computationally expensive.

Typically, the reference models consist of a simplified approach where individual units are aggregated or
semi-aggregated without compromising the park’s overall dynamic behaviour. This approach reduces
complexity and computational burden while maintaining an accurate representation of the overall
dynamic behaviour for studying rapid transient phenomena and interactions.

However, it is worth pointing out that aggregated models are not suitable for conducting interaction
studies at the wind turbine level.

Various aggregation techniques are available in the literature, as discussed in [26]. The method presented
in [27] is commonly used in the industry and, for instance, it has been selected to prepare the models for
the InterOPERA project.

Regarding the Power Plant Controller (PPC), it is purely a software-based controller without any need to
model thermal, mechanical or electrical parts, hence what is delivered as simulation model is often one-
to-one source code, with an additional interface for the simulation tool. In offline simulations, the
communications are simplified, using deterministic shared memory approach rather than embedding
telecommunication layer with additional protocol support routines. In RTS, telecommunication modules
with turbine and external (DCGC) are included, bringing realistic stochasticity to the simulations.

In offline, PPC could be excluded for:

- Purely electrical phenomena such as energization, or scan of the plant (where in HYDC connected
plants PPC won't have much of influence) for SS analysis

- Some HVDC connected simulations with GFL turbines, where frequency and voltage control on
AC system are unessential.

Nevertheless, it is interesting to have the PPC in offline for:
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- Near-steady state studies. Indeed, the PPC uses the PoC measurements, which are different from
the WT measurements, and the PPC dynamic is important for ramp tests, which are relatively
slow events.

- Energisation/de-energisation and grid reconfiguration if a specific logic defined in the PPC is
necessary to pass the tests (for example, if the energisation of the whole park is successful in an
aggregated way and there is no need to enter the details of the energisation process, then this is
not necessary as mentioned in the above paragraph)

- Small signal stability studies, focusing on low frequencies, in line with the time constants of the
PCC

- Withstand interaction studies that trigger specific control functions within the PPC (e.g.
Frequency Sensitive Mode, Fast Run Back, Emergency Power Control,...), as the action time is
important and the role of PPC in control cannot be ignored

- Grid Forming DC PPM: although inherent response is coming from turbines but the role of GFM
PPC s essential in primary control

- Scenarios with bus couplings and operation in proximity to other plants

- If any third-party elements are included such as Statcom, MSU, PV, BESS, P2X, etc.

In real-time, even if the PPC has no effect on the dynamic behaviour of some tests, it is worth having the
PPC always included. Indeed, it does not increase the computation load on the RTS nor does it reduce the
speed of the simulation — which is real-time anyway — and it is useful for the communication with the DC
Grid Controller.

2.2.1.5 Which subsystems to include in the system model

As introduced in Chapter 1 (Section 1.3.3), analytical investigations are performed at the planning stage
to quantify the interactions risks, in order to determine the network area (study area) and the assets (units)
that have potential interactions and for which detailed EMT models are needed at the design stage for
interaction studies. Various methods, such as the Short Circuit Ratio (SCR) or extended indicators dealing
with short circuit level calculations, Unit Interaction Factor (UIF), Multi-Infeed Interaction Factor (MIIF),
and Radiality Factor (RF), can be used to characterise the network region surrounding planned devices or
areas susceptible to undamped oscillations. New methods are currently under development to further
quantify the risk of interactions between units in grids with PEID.

MIIF method can be used to evaluate potential risk of interactions between multiple PEIDs in an AC
network: it quantifies the electrical “distance” between two or more PEIDs. By applying a voltage drop
DV. at the connection points, a voltage drop (DVs) occurs at other buses in the grid. MIIF is computed as
the ratio DVs/DV.. With this method, a ratio above a certain percentage (for example 40%) would be used
as a threshold to select the PEID having the highest risk of interactions. Extended MIIF are presented in
[8]: MIIF at harmonic frequencies, weighted MIIF amplitude and weighted MIIF angle, based on the
relationship between voltage drop and reactive power and the relationship between angle difference and
active power, respectively.

However, the known threshold values of these analytical indicators (UIF, RF) have been mainly applied for
LCC-HVDC and there is currently no established threshold values to consider in the case of HVDC VSC
technology. To avoid this drawback, using an impedance-based approach (cf. 7.2.3) would provide more
accurate analysis of risks of interactions related to small-signal dynamics.
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Based on this, only “close-by” sub-systems, i.e. subsystems that are electrically speaking sufficiently close
to have a risk of interaction with the other subsystems, will be included in the studies. In this document,
only “AC close-by” converter stations, belonging to the same DC grid are considered but to be fully
generic, the "AC close-by” subsystem could also be synchronous generators, other converter stations or
FACTS devices as each of them implements different control systems and protection strategies that can
interact with the converters of the DC grid.

For DC side interactions and AC offshore side, the assumption is that in the coming years, the size of the
grid will be limited, so that all sub-systems that are DC connected are “DC close-by”, and all the sub-
systems that are AC offshore connected are “"AC offshore close-by”. In bigger HVDC grids, the “close-by”
units to be selected will probably be dependent on the DC line/cable parameters, DC reactors and other
DC grid components. Methods will have to be developed in the future, to refine the definition of electrical
distance: how to define specific indicators to assess the risks of interactions in a MTMV DC grid?

To conclude, in the case of a “reduced MT DC Grid” (such as the InterOPERA project), the first approach is
to consider the overall system to be studied:

- The complete DC grid and its controller,

- All'the converters connected to the DC grid,

- All the offshore installations connected to the converters,

- Anequivalent AC onshore grid as defined in the frame of the project.

2.2.2 Models for near steady-state studies

For near steady-state studies, only smooth variations are expected. Thus, the models can be simplified
compared to the reference: the saturation of the transformer, the surge arresters can be disabled. The
protection (aiming at clearing faults) can also be disabled if this option is provided with the models.

2.2.3 Models for energisation, De-energisation and Grid reconfiguration
studies

Compared to the reference model, depending on the energised subsystem, the models need to be
adapted.

In general, for the energisation of an AC/DC converter station, both from AC or DC side, the correct
representation of the energisation process through the diodes and start of the switching process and the
underlying control system shall be included.

In case of energisation of AC/DC converter station from the onshore AC grid, simple modelling for the

offshore side of the offshore converter stations (e.g. wind power park, and offshore AC grid) which are
connected to the onshore converter stations already in operation, is recommended. The wind power parks
can be replaced by an equivalent Thevenin source.

In case of energisation of an AC/DC converter station or of a PPM from the offshore AC grid, simple
modelling for the onshore AC grid, connected to the onshore converter stations already in operation, is

recommended. The PPM already in operation and connected to the same offshore AC grid shall be
modelled.

In both above cases, the transformer model of the subsystem under study, shall include the magnetization
branch, with the possibility to define initial remanent flux [28]. If a Point-On-Wave device is installed, it
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shall be included in the model, unless it is decided to perform the tests first without the Point-On-Wave to
reduce the number of tests by testing only the worst cases. Nonetheless, if this choice is made, the Point-
On-Wave would have to be included if there are issues without the Point-On-Wave.

For the study of the energisation of DC Transmission devices, it is preferable to model the OWPP

connected to the AC/DC Converter Station and in operation on the offshore side.

For studies of interactions caused by energisation of converter stations from DC side, the AC offshore grid,
connected to the DC close-by converter stations can be modelled with an AC equivalent source.

As the energisation of DC Transmission devices or of converter stations from the DC side might lead to
travelling wave effects, lines and cables should include the capability to incorporate travelling wave effects
in the simulation?.

The study for offshore wind farm energisation should be performed with all the vendor's model. The

aggregated model, for the wind farm to be energised, might not be suitable and for one or several strings,
it can be recommended to have the detailed model of the string, with all the WTs. More explanations are
given in the relevant section.

During the design stage, recommendations mostly regard transformer models. For instance, accurate
saturation characteristics based on real transformer’s datasheet is needed for both PPM and HVDC
converter transformers. For the HVDC converter itself, a generic model should be sufficient and adapted
based on the results of the studies.

Finally, it is worth pointing out that in offline, the energisation process can be accelerated in the models,
focusing on the relevant transients at the PoC, to assess theirimpact on the other subsystems. Protections
of the subsystem to be energised can be disabled.

But with the replicas in real-time, the real start-up and shutdown sequences are used.

For the planned grid reconfiguration studies, the reference models can be used, including the
magnetization of the transformers. To exclude protection misoperation during grid reconfiguration,
protections shall also be included. Finally, in case of uncertainties, the surge arresters can also be included,
to double check that they are not activated, as expected.

2.2.4 Models for withstand studies

For withstand studies, the models to be used can be more complex than the reference models as they will
be used under more challenging conditions. During the large transients caused by faults, outages, etc,
non-linearities (protections, limiters) and saturation effects (transformer saturations) dominate the
behaviour of the system. In addition, surge arresters, with the appropriate location and dimensioning shall
be integrated when overvoltages are expected. In any case, the large transients are triggered only once
the EMT model is initialised and in steady-state.

13 The influence of the travelling wave can be only investigated qualitatively when only generic data of DC
cables is available.
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Besides, regarding the OWPP, during protection coordination tests, for faults to be triggered at the string,
a fully aggregated model can’t be used and must be replaced by a partially aggregated model, where all
the strings are aggregated in one equivalent string except the one where the fault is triggered.

In addition, in the initial stages of the project (Phase 1, cf. 1.4),

- For AC onshore faults and DC faults, offshore wind power plants (OWPP) can also be
represented by Thevenin equivalents.
- For AC offshore faults, generic offshore wind power plants (OWPP) are used.
In Phase 2, the Thevenin equivalent models of offshore wind power plants (OWPP) will be replaced with
specific models provided by suppliers.

For HVDC converter stations, as mentioned in 2.2.1.1, several model types exist for the valves. If an
aggregated valve model is used, the limits of this model must be well known if faults are triggered close
tothe converter station and if there is a risk that the HVDC converter station trips due to sub-module over-
and undervoltage protection, it might be necessary to adhere to the descriptions given in para. 6.2.2 of
[24]. However, the aggregated converter valve model ( [19]) would be acceptable for the real time
simulation.

Regarding the AC grid model, when the grid forming withstand capability is tested during large
disturbances, the AC onshore grid model must be improved to include representative inertia and
frequency dynamics. Examples for AC onshore grid models will be accessible in InterOPERA Deliverable
D3.3*.

For protection tests (or any test where a perturbation is pertained), Figure 12 illustrates the timeline for
executing the simulations.

In this figure, the following variables definitions apply:
t1: time required for model initialisation, to reach the steady-state
tf=t2-t1: fault duration time (or perturbation duration)

t3: End of the simulation when the post-event stead-state is reached

Fault

application

I+

1 t2 t3
| Figure 12: Timeline for executing protection tests

2.2.5 Models for small-signal stability studies

* This deliverable is expected to be published in 2025 and will detail the functional specifications of the
InterOPERA demonstrator.
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For small-signal stability studies, studies can be performed both in the time-domain or in the frequency
domain and different types of models can be used:

- Transfer function models
- State-space models
- EMT models?®.

Transfer function models and state-space models, which are very specific, are described in section 7.
Consequently, for the sake of simplicity, the description of the EMT models is also included in section 7.

2.2.6 Models for black start and system restoration studies

Due to the transient phenomena and the variation of frequency, black-start must be simulated with
EMT tools [24].

As for energisation studies, the transformer saturation of the energised subsystems shall be included, as
recommended in [28], as well as the surge arrester*® on the grid side and the protection logic.

The main difference with the models to be used for other types of studies, is that for black-start and
system restoration studies, the AC grid which is restored cannot be modelled by an AC equivalent but shall
be precisely modelled (according to [28], [29]) to be able to simulate the scenarios to be used on the real
network: first, this AC line will be energised up to this substation, then this transformer will be energised,
etc.

In addition, for offline, specific attention shall be paid to the manner the specific start-up sequence of the
converter station is modelled, to ensure the relevance of the results while considering the need to limit
the time laps to be simulated for computational reasons.

Consumption pockets and power plants that will be connected and re-synchronized as part of the service
restoration plan must also be modelled.

2.3 Model validation and benchmarking

In this section, the following nuance between model validation and model benchmarking applies:

e Model validation: model validation requires two steps:

o First, it refers to the process of simulating models to ensure that the models provide
realistic physical results, that the models are numerically stable and that they contain the
functions specified in the technical specifications.

o Then, model validation also includes the verification that the models achieve the desired
dynamic performances and acceptance criteria, after the dynamic performance studies
have been performed.

e Model benchmarking: model benchmarking refers to the process of simulating and comparing
two or more models of the same system, developed in different environments and/or simulation

*5 RMS models can also be used but their use is out of scope of this document.

 The surge arresters should not conduct. By including them, this can be checked in the simulation. Another
way to proceed is to not include them and check the results a posteriori, to ensure that no surge arrester has
reached its conducting level.
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platforms, to detect differences between them with the goal to determine if there are differences
between models.

Time-domain simulations are the most common and reliable method to perform interaction studies and
evaluate stability [30]. Therefore, this section focuses on the validation and benchmark techniques, their
accuracy and required documentation for EMT models in both environments i.e. non-real time (offline)
and real time (online). This section also addresses the benchmarks of linearised models, in case they are
available.

Model validation and model benchmarking is usually the role of the vendor, who is responsible for the
model provided. Nonetheless, the system integrator can also have an interest in performing model
validation — to check that the models are ready to be used for the interaction studies in a multi-vendor
context — as well as performing model benchmarking —to ensure the reliability of the results for reflecting
the real behaviour. Indeed, it is essential to make sure that the individual models are properly
validated/benchmarked before integrating everything together into the global simulation since, after
integrating everything, debugging problems becomes harder, and it would be difficult to identify if an
observed issue is really an interaction case or an error due to poor models.

Model validation and benchmarks can be done in two domains: the time domain and/or the frequency
domain. Inthe time domain the benchmark is done by comparing the dynamic response of the model after
performing step response and/or applying faults. In the frequency domain, models are represented as
transfer functions as a function of frequency, often in impedance Z(f) or admittance Y(f) form. Bode plots
are used to compare each model transfer function after performing a frequency sweep in the time domain
or by linearised models, if available.

2.3.1 Time-domain offline model validation techniques

For validation of models, it is recommended to use time domain techniques, i.e. step responses and faults.
The main reason is that the frequency domain is not very appropriate to ensure that the model complies
with the physical laws and contains the required functionalities.

2.3.2 Recommendations regarding offline model benchmarking

For benchmark purposes, it is recommended to use a combination of both time domain and frequency
domain tests. In the small-signal range, the time and frequency domain methods are equivalent and
complementary. It means that, if the impedance curves of the compared models match in the frequency
domain, the models will provide the same dynamic response after a small step is applied. Thus, it is often
not necessary to perform benchmarks using both methods.

However, in practice, frequency domain benchmarks often provide a good insight at high frequencies (200
Hz-3000 Hz). However, it magnifies differences at lower frequencies due to resonances in the control
systems. It must also be noted that performing frequency sweeps can become a quite cumbersome task
and sometimes even more time consuming (specially at low frequencies close to 0 Hz) than performing
time domain benchmark cases. To assess the benchmark results, based on impedance sweeps, it is
important to focus on the impedance curve trends and location of resonances instead of focusing on exact
value of the calculated impedance at each frequency. In case of uncertainties, a time domain simulation
shall be used to detect any possible difference between the models.
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The time-domain benchmarks often provide a better insight into the converter response at lower
frequencies, i.e. steady-state operation and small-disturbance response. However, the time response at
higher frequencies can be obfuscated due to overlapping frequencies and adds a degree of complexity to
the comparison. A time-domain benchmark is much faster, easy to understand and permits to cover both
the small-signal as well as the large-signal range. To assess benchmark results in time domain it is
important to focus on the magnitudes of the signals and especially on sudden changes of their derivatives
which may be caused by mismatches between models.

Benchmarking of harmonic impedance or state-space models, when provided by OEMs, can be conducted
by comparing them with frequency scans obtained from the TD EMT model (see Section 7.2.5). For this
purpose, a SISO representation may suffice while considering a wide range of operating conditions,
although more detailed representations will be later used for assessing SSOs. In the absence of a
standardized procedure in the literature, the approach illustrated in Figure 13 is proposed in this work. The
purple colour indicates vendor or developer involvement, while blue represents system owner or lab
involvement:

1. Early Stage: when only offline simulation models are available, the system owner (or lab) can
generate FD models by identifying them from TD tests on EMT models, typically through
frequency scans (impedance-based models) or signal processing techniques (other TF models,
see Section 7.2 for details). If harmonic impedance or state-space models are provided,
benchmarking using frequency scan is recommended. Vendors and developers should also adopt
this approach during model development to ensure that the harmonic impedance and state-
space models accurately represent the offline EMT models.

2. Medium Stage: when RT models are available, frequency scan and time-domain tests can be used
for benchmarking between different EMT models (offline and RT).

3. Late Stage: when facilities undergo onsite testing or trial operations, TD simulation results
should be benchmarked against onsite measurements to validate final EMT models. The
validation of the final model performance should as minimum consider sufficient tests from
dynamic performance tests that are required for demonstrating grid-code compliance.

Moreover, the following accuracy evaluation criteria are proposed:

- Thetrendsin predicting poles and zeros must be consistent across models as it is useful to predict
the stability/instability of the system. E.g. the predicted pole and zero number, type (real or
complex), and resonant frequency from frequency scan models using different EMT models shall
be consistent.

- No individual frequency point should deviate from the frequency scan model by more than a
specified tolerance in magnitude and phase (e.g., +0.5dB in magnitude response and +5° in phase
response can be used as a starting point for the band close to resonances; while a higher tolerance
in magnitude response could be proposed right at the resonance points, as long as the trend is
reliable). Such margins introduced by model inaccuracy shall then be considered in the stability
analysis to ensure the worst stability scenario is considered.
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| Figure 13. Model identification, validation and benchmarking process through different project stages
2.3.3 Considerations when using real-time models as benchmarks

2.3.3.1 Introduction

Special attention shall be paid when performing model benchmarks between non-real time and real time
models. A common pitfall is to assume the real-time environments are more accurate than non-real time
environments because the control and protection hardware is physically present. While this is true for
industrial hardware provided from vendors, that is not necessarily true for the rest of the system
represented in the real time EMT simulation environment.

Indeed, it is worth pointing out that there is a close relationship between computational power and power
system representation detail to achieve real-time. Thus, it is common to introduce fictitious elements in
the real-time EMT simulation environment to run different parts of the model at higher time-steps and
decrease the computational load in the hardware to achieve real time. Therefore, resonances and/or
delays may appear during the validation and benchmark process which shall be considered.

Hence, every time an offline model or a real-time replica is developed, this model/replica has some limits
of validity. By definition, when the limits of validity of a solution are respected, based on experience and
on vendor’s documentation, it means that this solution is considered sufficiently accurate to perform
relevant studies.

This implies the following statements:

- (2) It might be that, due to those limits, neither the offline model nor the real-time replica fits for
a specific study/test which was not part of the requested list of test/study to be performed with
this model and this replica. In that case, other specific solutions might have to be developed for
this specific study/test.
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- (2) It might be that, due to those limits, some tests can’t be performed on one of the platforms.
In that case, no comparison at all is possible.
Example:

o insulation coordination studies and calculation of the frequency-domain impedance-
based equivalent model above 2.5 kHz are usually not performed in real-time due to
current standard real-time simulator performances limitation.

o Veryslow events such as

= inter-area oscillations (typically 200 mHz)~
= electrical conditions leading to control/protection action with a high delay
(typically above 60 s). Ex
e voltage variation leading to a change in the tap position
e operating conditions with limited operation time before a protection is
activated (ex : low frequency, etc...)
are usually not performed in EMT offline simulations due to the high computing time with
standard computers.

- (3) It might be that, due to those limits, some tests are performed on both platforms but using
different approaches. In that case, a clever comparison is expected, explaining why the
differences are predictable and normal due to the difference of approach.

Examples:

o For the energisation, in offline tests, the real sequences are not represented to comply
with offline simulation limited duration (typically, 30 s). Instead, accelerated energisation
is simulated. On the contrary, in real-time, the real start sequences are used.

o For the de-energisation, similarly to energisation test, in offline, due to limited test
duration, only the beginning of the de-energisation state will be observed (i.e., circuit
breaker is open), whereas with real-time simulation, the full stop sequence can be
simulated.

o Inreal-time, non-linearities of electrical components (such as saturation of transformer
or as surge arrestor characteristics) are generally less accurate due to different modelling
approach (to reduce the computing time and keep the real-time constraint) and therefore
any test involving non-linearities of electrical equipment in real-time shall be interpreted
carefully, depending on the target.

- (4) When the limits of both offline and real-time solutions are respected, even if slight differences
can exist in the test results, both real-time and offline models’ solutions are considered
sufficiently accurate to perform relevant studies and one can choose the most practical one to
perform a study. Besides, if both solutions are available, then, it is possible and even
recommended to perform a benchmark between them (within their limits of validity) for cross-
validation. This benchmark should be performed at the first delivery and then for updates.

7 RMS model can also be used for such slow events. However, the advantage of the replicas is to have the real
code, and therefore it allows the involved parties to be more confident in the behaviour of the system at site
based on the studies.
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Examples of real-time replicas use and benchmark with offline simulations are available in [31],
[32] and [33].

This chapter does not aim at making the replicas a must-have for on-going projects. A deep analysis shall
be carried out by all the projects to analyse the costs and the benefits of such solution. Indeed, the benefits
do not limit to interaction studies (refer to [31], [33], [8], [13], [34]). One can mention hardware reliability
test, real communication test, training, software test validation in case of update after the commissioning,
post-event analysis, etc. Of course, the benefits shall be evaluated considering the possibility of real-time
tests during the Factory System Tests at the vendor’s facility, with the real cubicles to be installed on site,
this possibility being itself influenced by the context of the project: is it a new project or a grid extension?
what would be present at the vendor’s facility during those Factory System Tests?

2.3.3.2 Goal of the benchmark within InterOPERA

When doing the comparison, even though there are also some adaptations in the control and protection
system of the replicas (as hardware-in-the-loop) compared to on-site (on-site being the final reference),
up to now, during studies, replicas have been typically considered as the reference for control and
protection behaviour whereas the offline models have been typically considered as the reference for the
electrical behaviour.*829

But the lines are currently moving, requestioning these usual statements. For example, it can be noted
that work is ongoing to improve the accuracy of control and protection in offline simulations through the
use of real-code, so that the differences between offline and real-time tend to be reduced.

Work is on-going on EMT tools and on real-time simulators to improve their computing capability through
new solvers and to go beyond the current limitations mentioned in the introduction.

Improvement in the hardware on which the simulations are running, both offline and real-time, also plays
arole.

Due to all these on-going changes, it seems necessary to benefit from InterOPERA, where both offline
models and real-time replicas will be delivered, to perform a state-of-the-art benchmark.

This is even more important in HVDC Multi-vendor multi-terminal grids, where interaction studies are
crucial while it might be more difficult to gather all the replicas at the same place.

Consequently, through the benchmark to be performed in InterOPERA and the new techniques to be
used, one of the goals is to extend the range of interaction studies which can be performed with offline
models compared to today’s situation where for some applications, replicas had to be used.

InterOPERA will document this maximum range of use of offline interaction studies and will document in
such context the use of replicas for decision making process: what are the benefits of having replicas or
reversely, what are the risks of not having replicas?

This benchmark should draw the up-to-date typical conclusions on the following items:

8 Not being the reference does not mean that the solution is not sufficiently accurate, it simply means that it
is less accurate than the reference. Therefore, even a solution that is not the reference, can be used for a study
as long as it is within its limit of validity for sufficient accuracy.

*9 Software-in-the-loop has not been assessed in real projects yet.
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- Depending on the type of studies, is it the offline or the real-time solution that should be used as
a reference?

- What are the typical differences between both?

- Isit possible to define a tolerance to be fulfilled?

The results of this updated benchmark are expected by the end of InterOPERA project.

2.3.4 Documentation

As recommended in [19], all models shall be supplied with relevant documentation that permits the user
to open, configure, simulate and ultimately integrate the model in wider area models.

2.3.4.1 Model guideline report

It is important that models are delivered with a model guideline document.

Model guidelines contain information on the model architecture which include the model version,
software and compilers, the model’s components description and signal lists. The model guideline may
also include description of main control modes and the available user settings that are available to modify
the behaviour of the model. It is beneficial if model guidelines include a setup test case to ensure that the
model has been configured properly.

2.3.4.2 Model benchmark report

Additionally, model benchmark reports may also be supplied for models which are used in different
simulation environments. Model benchmark reports contain a reference to the models and version used
for the benchmark, state the simulated cases and provide simulation results from each model by
overlapping plots.
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3.Life cycle of the models
and interaction studies
throughout the project
phases

3.1 Introduction

Power system models are critical assets in power systems that enable technical decision-taking during
each project phase. Thus, model’s accuracy and maturity evolve during the project lifecycle, starting with
generic open models and ending with vendor project specific black-box models. In other words, model
accuracy is expected to rise, as more and more design parameters are determined, and developers and
OEM(s) are onboarded.

Throughout the project phases, models are expected to be developed and distributed in a protected way
for the purpose of conducting studies. In the meantime, the protected models are expected to be shared,
iterated and updated among relevant stakeholders to perform relevant studies and to solve
interoperability issues.

The sharing of models, and general upgrade of the model environment and model accuracy throughout
the project phases is visualized in Figure 14. In this figure, the OWPP specific model includes the detailed
layout (i.e. the single-line diagram) of the OWPP, between the main PoC(s) and the PoC of each WT, the
life cycle of the model for the WTs being described separately. Having this test environment upgrade
means that the interaction studies to be performed will evolve during the process, and during each phase,
the tests shall be adapted to the test environment.
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| Figure 14 Upgrade of the model environment and sharing of models throughout the project phases
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3.2 Impact on the interaction studies, model validation
and benchmarking

3.2.1 During phase 1: Basic design and specification

As mentioned in the section 1.1, basic design and specification are not the key target of this deliverable.
However, they are mentioned here for the sake of completeness.

In the basic design and specification phase, preliminary models are used to perform basic design studies
and specify requirements. For example, a study can be performed to investigate the impact of the
energisation of the subsystem on other subsystems such as close-by converter stations and PPM in
operation, and define/propose some requirements/recommendations to minimize the risk of interactions.

Regarding the models, for the AC network surrounding the system, network reduction based on FDNE
can be performed. If interaction risks between the AC network (onshore or offshore) and HVDC converter
or PPMs are identified then, the AC network model (including the area of concern) is consolidated and
prepared for the phase 2 of the project.

For the subsystem models, as mentioned in 2.2.1, the subsystems to be included in the studies, based on
the estimated level of interaction risks, are selected. Those preliminary models can be generic open-box
models built on available public information (an example of generic DC Circuit Breaker model can be found
in [35], for the WT model in [36]) or, if available, basic vendor black-box models which contain vendor
specific controllers protected by intellectual property-rights. At this stage, only offline EMT models are
available and, as consequence, no benchmarks techniques are discussed.

These models are often used to assess the capacity of the network, define point of connection, run power-
flow studies with the different configurations, define active and reactive power capabilities and main
control functions required. The assumptions have to reflect such background to derive the nodal
conditions (e.g. voltages, currents) for operation in the transient, dynamic, and steady state voltage
bands. Thus, at this stage, models shall be numerically stable and capable of reaching steady state
operation for the different modes of operation and configurations specified at the tender phase. A
preliminary model is not expected to survive all tests or disturbances but show that such functionality is
present and allow the user to take conclusions which allow the outline of the technical specification. Thus,
these models are required to:

1. Comply with the modelled physical laws

2. Benumerically stable.

3. Be capable of achieving the specified operation configurations, e.g. bipole, asymmetric
monopole, statcom, etc.
Achieve steady state in the different operating modes, e.g. Q-control, Uac-control, etc.

5. ACnetwork can be represented as Thevenin equivalents with their maximum and minimum short-
circuit capacity and short-circuit ratios.

Based on the basic design studies, DC network equivalents are prepared, to be used as an input by the
vendors for the HVDC detailed design phase and for their standalone tests. A methodology to prepare the
DC grid equivalents is introduced in [1].
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In addition, in multi-vendor schemes, where the protection concepts, the protection system hardware,
the component stress capabilities and protection algorithms may vary for each vendor, it is important to
identify as early as possible what the system limitations are. In addition, since the technology maturity
level is still low for MTMV HVDC grids, several initial investigations will be required as protection aspects
could be critical for the system stability on the AC as well on the DC side. These include, for example, the
decision for full/partial selectivity, fault separation and protection zones, measurement locations and
redundancy provisions, as well as the analysis of potential earthing points and earthing concepts, since
they have impact on the maximum prospective current and voltage values. The definition of appropriate
and realistic DC-FRT as well as fault clearing requirements may also be necessary, depending on the
existence or not of standardized values. The protection coordination study in phase 1 comprises the
determination of (at least) the above-mentioned factors. It is worth pointing out that in a high Technology
Readiness Level (TRL) stage, this part of the study may be omitted.

It shall be noted that any attempt to assess stability harmonic interaction at an early stage without vendor
project specific black-box models will lead to unconclusive results because the final project specific
controllers design has not finalised. Thus, small-signal models are not required at this stage.

3.2.2 During phase 2: HVDC detailed design

In the HVDC detailed design phase, generic open-box wind turbine models, built on available public
information, are used in combination with HYDC vendor black-box models, which contain vendor’s project
specific controllers and main circuit parameters protected by intellectual property-rights. Preliminary
OWPP vendor specific models are becoming progressively available during this phase but are not
necessary to initiate the HVDC detailed design studies.

At this stage, the system integrator can progressively integrate the models in the same simulation
environment to consolidate the functional specifications and provide refined inputs to the vendors for
their detailed design studies and tuning of the controllers’ parameters if necessary. For example, the stress
on the components or critical points in the system where faults may occur can be more specifically
identified and appropriate protection strategies to prevent or mitigate such events can be better
established. Regarding this particular topic of protection coordination, this is expected to become more
streamlined or to be eliminated with the advancement of Technology Readiness Level (TRL), while several
iterations of it may be initially necessary.

Another example is the preparation of the preliminary impedance profiles at each DC-PoC considering the
vendors’ specific models, for the vendors to perform their internal harmonic stability studies as illustrated
in [1]. A proposal for system integrator activity during this stage is also further described in section 7.8.

It shall be noted that any attempt to assess the harmonic behaviour at this stage on the DC side without
waiting for the vendor project specific black-box models will lead to unconclusive results. So, this is done
during the final stage of the vendor detailed design phase, when all generic open-box models are replaced
by vendor specific models, except the WTG models which may not be available during this phase.

Regarding the AC offshore side, observed interactions involving PPMs should be noted but may not be
solved as in this phase generic models for PPMs are used.

From a model perspective, for relevant studies at this stage, the vendor specific models developed shall
not be only capable to demonstrate a functionality but shall also be capable to fulfil performance
requirements specified. A model guideline shall be provided together with the model.
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The models shall take into consideration the requirements given in the project specification and be
adapted to meet the specific project requirements. The vendors’ studies done at this stage include step
responses and fault cases to verify the robustness of the controls during non-steady state conditions. In
addition to the requirements provided for models in phase 1, these models are required to:

Contain all project specific main circuit parameters.

Include frequency dependent transmission lines and/or cables.

Include transformer saturation for energisation and black start studies.
Include arresters for insulation coordination and transient overvoltage studies.

VoW

Include sufficiently accurate representation of the AC network using reduced networks and/or
frequency dependent equivalents for final models.

Even if phasor-domain models are not in the scope of this document, it is worth pointing out that during
this phase, offline EMT models can be benchmarked against the phasor-domain models that are usually
available before the EMT models.

3.2.3 During phase 3: Interaction studies and preparation for HYDC
commissioning

During phase 3, interaction studies and preparation for HYDC commissioning, offline and online EMT
models for the HVDC converter station will be available. Original equipment manufacturers (OEM) of
WTGs offline EMT models will be ready and thus detailed design studies will be revalidated to ensure no
changes on the design are necessary at a later stage.

Besides, detailed studies are required to confirm that the system can be successfully and safely operated
within the voltage bands for all the contingency cases considered in the specifications while maintaining
operation within the thermal limits. All observed interactions shall be solved during that stage by
appropriately adjusting the control systems of the HVDC converters and/or PPMs.

If requested by the system owner and the system operator, the system integrator, with the support of the
vendors, can study if the response time of protections, previously specified, can be further optimised
during this phase to ensure rapid and effective response to failures, minimising service interruption time
and limiting the impact on adjacent systems connected in the network.

At this stage, hardware-in-the-loop (HIL) models are used for much more than performing system studies.
Since the hardware cannot be tested using offline EMT simulations, online simulations shall be performed
to detect hardware integration issues of the control and protection (C&P) system without performing
redundant studies which have already been performed using offline simulation. Instead, a benchmark
between offline and EMT models shall be performed. The tests to be done using HIL are:

Functional testing of hardware

System supervision

Testing of project specific functions affecting low frequency upper-level control
Testing synergies, interactions and/or dependencies between control and protection

oo W

Integration of customer induced sub-systems (SCADA)

Independently of the environment used, offline (non-real time) or online (real-time), the goal of
performing the tests is to detect design, performance and integration issues before the C&P system
reaches the commissioning phase. Thus, based on each vendor engineering processes, capabilities and
experience different approaches can be suggested.
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One of the most important steps at this stage is to perform model benchmarks to validate that the
controls used during the detailed design phase are transferred to the real C&P system. The benchmark
between EMT models using software-in-the-loop (SIL) and hardware-in-the-loop (HIL) shall focus on the
validation of the specific OEM supply and function. For that reason, it is important to perform tests that
permit to isolate the system and the function being studied. Thus, it is very relevant for benchmarking
purposes to use Thevenin equivalents in both systems to isolate effects of close loop systems, e.g. wind
turbine generators (WTGs) connected to HVDC converters.

At this stage, vendor project specific black-box models controllers have reached a maturity level which
allows to discuss the possibility to perform benchmarks between EMT models and small-signal models, in
case they are available. Small-signal models may be used to perform screening studies to assess harmonic
interactions between power electronic converters. For this reason, small-signal models are not expected
to mimic the controllers of the EMT models but instead capture its main characteristics in a conservative
manner which allows to detect potential undesirable interaction cases. The most common way to perform
benchmarks using small-signal models is in the frequency domain.

The benchmarks of models can be done in the frequency domain and/or in the time domain as it has been
outlined in the documentation section2.3.4. The methodology used and the test cases to be simulated are
project specific and agreed on between parties.

3.2.4 During phase 4,5 and 6

During phases 4 to 6, from HVDC commissioning to trial operation, offline and online EMT models will be
available with a high maturity. During these phases, the HVDC grid will be operated at a first stage without
the wind power plants (WPP) connected, later with the WPP connected and finally a trial operation period
will succeed.

At these stages the main benchmarks between simulation environments have been performed and the
benchmark validation cases have been defined and provided with the models. It is now time to compare
the results obtained with the simulations with the behaviour observed during the commissioning tests, to
ensure the final reliability and accuracy of the models.2° [37]

At this stage in case undesired interactions are observed and there is a need of retuning of the controllers,
it will be necessary to ensure that the modifications are indeed applied to the models where the fixes were
expected. The process to ensure that controller modifications are updated across the models is as follows:

1. Undesired interaction detected

2. Undesired interaction can be replicated and is documented and shared with the OEM which
participate in the interaction

3. OEMs replicate the interaction and propose possible mitigation actions
If the mitigation action requires a re-tunning of control parameters, before a new validation is
performed, the mitigation shall be retested in the desired environment to ensure that it is
effective

2|t is worth pointing out that this comparison is not as easy as it may sound and can be time-consuming.
Indeed, a good matching between the AC grid conditions at site and in the simulation is necessary to be able
to compare the results. The general trend shall not be different, but the precision is affected by the ability to
finely reproduce the situation in the simulation.
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5. Once the mitigation action is proven effective and decision has been taken to implement the
mitigation action to the project, updates on the models and re-run of benchmarks can proceed

6. If possible, it is desirable to group mitigation changes in packages and apply them all at once
across models to avoid running multiple sequential benchmarks

In these phases, the benchmarks in phase 3 are already performed. Thus, in case mitigation actions are
agreed to be applied, the benchmark cases already performed in phase 3 are repeated after the
modifications have been implemented. And similarly, after the mitigation action has been implemented
at site, it will be possible to compare the simulated behaviour with the real behaviour.

3.2.5 During commercial operation

In this section it is assumed that short-term corrective actions have been taken and thus only long-term
corrective actions are addressed.

In case undesired interaction takes place during commercial operation it is necessary to collect the
necessary information that permits to replicate the undesired interaction event. The following minimum
information shall be shared with the parts involved in the interaction:

1. Transient fault records (TFRs)

2. Network configuration

3. Network power-flow

4. Estimated short-circuit capacity (SCC) and X/R ratio

Once the event has been replicated by the parties, thus validating the reliability of the models to reflect
the real behaviour, and there is a clear understanding of the event, involved parties are expected to
provide mitigation actions to be evaluated and simulated on the decided environment before being
applied at site. It is important to define fallback strategies in case site tests result in unexpected undesired
interactions. After a final implementation of the mitigation action and its effectiveness has been proven,
updates on relevant models shall be applied.

It shall be noted that in many cases OEM might not possess at this stage of the project HIL replicas to
perform the benchmark. In those cases, only offline real-code models can be updated and provided. In
case, a benchmark between offline real-code and real-time HIL is desired, an agreement on how to
conduct the tests shall be reached by the involved parties on a case by case basis.

3.2.6 Considering progressive operation of the subsystems and maintenance

Even if the target is to build a full grid, this full grid might not be in operation from the beginning. Most
probably, only part of this grid will be in operation while the rest of the grid will still be under construction.
Consequently, the interaction studies shall not only be performed considering the full grid but also the
most probable intermediate grids. In other words, it is recommended to apply the generic process for each
topology that can be in operation, long enough to be considered as the "N" topology.

Besides, it is common to have maintenance operation on one sub-system while the rest of the grid is in
operation. And therefore, the performance of this remaining grid shall be assessed. This is the reason why
it can be wise to repeat tests with all-but-one subsystem in operation as a possible “"N” topology. Of
course, this makes sense only in a grid which is big enough to be able to operate considering one
subsystem in maintenance. Hence, some studies might not be applicable in some cases depending on the
topology.
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3.2.7 Considering future connection
When considering future connection, two aspects must be discussed:

- The impact on the interaction study process for the existing subsystems. Even if the target is to
minimize the impact on the existing subsystems by defining the minimum requirements to ensure
the modularity of the grid, at the time this document is written, experience is missing to know
precisely to which extend this can be achieved. To mitigate this uncertainty, it is recommended
to perform the phase 1 basic design studies with and without the anticipated future connection,
in order to define the requirements for the call for tender and the bid strategy®* accordingly. In
particular, how does it affect the electrical characteristics at the AC and/or DC-PoC? Then, during
the following phases, it is suggested to perform the interaction study process with and without
the anticipated future connection, using a generic model as long as no vendor specific model is
available for this future connection.

- The impact on the interaction study process for the new connection.?? Here, it is recommended
to follow the same interaction study process while adapting the list of tests and the grid model.

o Regarding the list of tests, assuming that the grid is expandable without re-tuning the
control and protection of the existing subsystems, it is not necessary to perform all the
test combinations. Instead, it is recommended to focus on the studies addressing the new
risks of interactions induced by the new connection. For example, tests performed in the
N-1 situation with this new connection permanently disconnected, are not of interest, as
it corresponds to the N situation of the existing grid, previously tested. However, if it is
necessary to re-tune the control and protection of the existing subsystems, the scope of
the interaction tests will have to be extended to address the risks linked to those changes.

o Regarding the grid model, the system integrator should:

= Re-assess the detailed models to be included in the grid model, as per 2.2.1.5
while limiting to the new risks of interaction. For example, even if there is a risk
of interactions between vendor A and vendor B based on the MIIF criteria, when
connecting vendor C, if there are only major risks of interactions between vendor
B and vendor C, but the risk of interaction between vendor C and vendor A is low,
it is not necessary to include vendor A model. Indeed, interactions between
vendors A and B have been already studied and solved. Nonetheless, this
criterion is not sufficient: one shall also consider the new operating
circumstances induced by the future connection, and how the new scenarios will
affect the previous tests. For example, considering Figure 10, when building
Cable #1, in the previous 5 terminals grid, no new vendor is added but the
topology of the grid and the scenarios change, and new tests shall be performed.
= Forthose detailed models, use the most up-to-date vendor specific models that
are already available for the existing grid. For example, vendor specific models,

>t This is discussed in work package 5 in InterOPERA and will be documented in separate deliverables
expected by 2026.

*2 This is also discussed in work package 5 in InterOPERA and will be documented in separate deliverables
expected by 2026.
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delivered during phase 3, can be used during the basic design stage (phase 1) of
the new connection instead of the generic models.

3.3 General considerations on the interaction process:
from model sharing to issue solving process

When building a system where interaction studies need to be performed, there will be the moment when
the models of the different parties need to be connected and run together. If control interactions or
unexpected behaviour is detected, counter measures have to be initiated.

Hence, models are expected to be shared, iterated upon, and updated among relevant stakeholders to
conduct essential studies and resolve interoperability issues, as defined in Article 29 in [11].

Building further on this Article 29, this section outlines the primary requirements for model delivery,
sharing, for performing the interaction studies, sharing the results and solving the issues in the context of
MTMV HVDC grids.

In return, it is recommended to update this Article 29 to fully mandate the interaction studies as proposed
in this document.

3.3.1 Model format for sharing while ensuring confidentiality and
maintainability

Sharing detailed models may raise intellectual property (IP) concerns for vendors. Therefore, a crucial
prerequisite before engaging in any information or model exchange, or in the development of an
overarching model, is the establishment of a comprehensive contractual document (e.g. a non-disclosure
agreement (NDA)) specific to the project®. This contractual document should specify the recipients,
purpose (e.g., testing and validation of connected equipment for stable operation), and precisely outline
the scope, content, format, and conditions under which information and models may be shared.

For instance, if vendors are required to exchange models with one another, TSOs, or any other party, they
must always be allowed to do so in a “black-boxed” format—at least partially—to safequard intellectual
property. Additionally, the contractual document should clearly define the roles of the parties involved,
aswellasinclude a schedule for information exchange and specify the process and conditions for meetings
aimed at addressing potential issues uncovered during the studies.

As mentioned, the use of black-box models allows for the functional sharing of models without disclosing
underlying design details or sensitive data, thereby ensuring that only essential outputs are visible to other
parties. Similarly, DLLs offer a secure means of sharing executable code, preserving IP integrity while
enabling interoperability and maintainability across different platforms, thanks to tool- and compiler-
independent DLLs [38]. Together, these approaches provide a controlled environment for collaboration,
allowing stakeholders to work together effectively while upholding the confidentiality of their proprietary
technologies.

23 The cooperation framework is further defined in other deliverables written by the InterOPERA consortium
in the work packages 4 and 5, such as [65].
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Nonetheless, even if there are tool- and compiler-independent DLLs, the power circuit is mainly modelled
as open-box, using the tool's specific devices?. Consequently, this power circuit part is not tool-
independent. However, as it is provided as open-box, or at least, it is documented, there is the possibility
to re-create the circuit on another tool, manually, or it can be anticipated that it will be possible to do so
automatically in the future thanks to import/export functions [39], for example based on the CIM format (
[40], [41]). Inthat case, itis important to perform tests to benchmark the model onthe new tool compared
to the initial one. Before delivering the models, coordination between the parties is recommended to
decide what is the optimum tool to be used to share the models, to minimize the work for the power circuit
tool’s adaptation.?>

It is worth pointing out that the requirements defined in [19] for the provision of models have been defined
in accordance with the above-mentioned points in order to meet these confidentiality and maintainability
challenges.

Another example relates to the sharing of state-space models which can expose sensitive control
structures and parameters. To mitigate these concerns, encryption techniques can be applied to protect
the control schemes. One approach involves providing only the linearised numerical matrices (A, B, C, D
as per section 2.1.6) for system-wide analysis, while masking state variable names. This enables
interaction with other system components while preserving proprietary details, allowing eigenvalue
analysis without compromising the OEMs’ IP. Another method recently proposed for black-boxing is to
apply diagonalization of the state-space model [42].

3.3.2 Model sharing

There are mainly 2 options to perform interaction tests:

1) Each vendor performs interaction studies on its own.
2) Interaction studies are performed by the system integrator.

The main advantage of the first option is that vendors can perform in-depth investigations and analyses
of their model (supported by the option to use a fully open version) in conjunction with the broader grid
environment.

On the contrary, the main advantage of the second option is that the workload related to the model
integration activity and the interaction studies can be centralized, and hence potentially minimized with
the system integrator.

In any case, both options are subjected to IP constraints, which will depend:

- onthe technical solution used for model sharing, as explained in the following subsection.

24 As suggested in [19], under certain conditions, there can be some parts of the power circuit based on DLLs.
25 For real-time, thanks to documented and non-proprietary interfaces with the real-time simulator (RTS), and
to the electrical circuit to be used on the RTS provided as open box, as requested in [19], it is also expected
that the system integrator can use the HIL replicas with another RTS if needed, to improve the maintainability
and the long-term use of the system. Nonetheless, for real-time SIL, the tool independency is not mature yet
and shall be further developed.
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- on the recipient of the models. On this aspect, it is worth pointing out that even if models and
results can be directly shared between the vendors or coordinated through a neutral party, they
should be in any case submitted to the end user (here system owner/operator).

The choice of option 1 or 2 or a mix of both shall be based on a clear analysis of the advantages and
disadvantages of the different solutions considering the IP constraints, the efficiency of the whole process,
the complexity of the system (size of the grid, number of partners involved in the project, number of tests
to be performed, etc.), the time resources, the planning, etc.

3.3.2.1 Model sharing for vendor autonomous interaction studies

For the vendor to perform autonomously some interaction studies, several options can be discussed:
a) Without direct access to other vendors’ models

A setup allowing a vendor to run its model alongside those of other vendors and the grid itself, while
accessing only its own portion, i.e. without the need for direct model exchange with other vendors, can be
developed, thanks to multiple technical solutions:

- Co-simulation: from a technical perspective, it is imaginable to conduct the overall simulation on
a platform comprising multiple computing instances, each dedicated exclusively to hosting the
model of a specific vendor involved in developing the comprehensive project model. This type of
solution imposes stringent requirements on system architecture and cybersecurity protocols

- Online connection tool: with this tool, to perform interaction studies, each vendor imports its own
model in the connection tool and connects it to the black-box grid, previously prepared by the
system integrator and including other vendors’ model if available. From a practical point of view,
this technical solution seems a good compromise: it is expected to be easier to put in place than
the multi-computing instances above-mentioned and it reduces the confidentiality issues
compared to the full model sharing solution described below.

In any case, access to the relevant signals such as voltages and currents at the corresponding points of
connection, would be granted to the vendor performing its own interaction studies, even though the
vendor would not have access to the detailed models of other vendors for confidentiality.

b) With direct access to other vendors’ models

What is considered as the most straight forward and thus efficient way to share models and simulation
outputs in a multi-vendor situation today is shown for a two-vendor situation in the following figures [43]
[8]. The same mechanism is also applicable for a project where more vendors are involved.

In Stage 1 (Figure 15) the involved vendors are exchanging the minimum set of required models through
the coordinating system owner/operator to have identical starting conditions for all vendors. As the
system owner(s)/operator(s) are the only ones who have contractual relations and rights to receive
required models from all parties and for all existing equipment (with the support of contractual
documents), they are held responsible to provide and distribute the required component models and data
in the quality needed for the specific phenomena to be investigated and to guarantee the confidentiality
of information between the vendors.

The models must already be connected in a way to represent the full AC or DC grid which shall be used for
the interaction studies.
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Stage 1: Initiate studies

system

owner/operator

Vendors exchange models
via system owner/operator

Vendor A Vendor B

according to agreement

Figure 15 - How to initiate studies for Multi-Vendor interaction studies if vendors share data and
models directly via the system owner/operator

A crucial and thus the first simulation work of a multi-infeed / interaction study is to check the current
state and behaviour of the system — without any new equipment connected to the system. These results
build the reference for each party. Therefore, a valid description of all relevant AC and DC grid components
and their configuration in the individual system states for example, generators, transformers, cables,
overhead lines, converters, and filter is needed and must be agreed by all parties. In case a system with
several vendors is built completely from scratch, the reference can only be taken from the existing AC grid.

In the next step (which is shown as Stage 2 in Figure 16) each vendor is adding its new components to its
version of the overall model together with the provided models of the other vendors representing their
respective equipment. The following — and independently conducted by each vendor — studies are
checking the overall system behaviour regarding control interactions or any other observations.

Stage 2: Run studies

Vendors perform studies

Vendor A does studies Vendor B does studies

independently

Figure 16 - How to run studies within Multi-Vendor interaction studies if vendors share data and models
directly via the system owner/operator

Aslightly different approach to organize the availability and usage of models is the installation of an entity
(which can be national or at a higher level as systems and DC grids can develop across countries) hosting
models of all electrical systems and assets that are connected to the high voltage transmission system.
Any vendor supplying components and assets to such a grid must agree to provide the corresponding
simulation models and data of its delivered equipment to this independent entity before getting
allowance to connect equipment to the grid. Furthermore, a contractual document between the vendor
and the model hosting entity must be put in place, too. It must allow other vendors who want to connect
something to the high voltage grid and thus need to prove the interoperability of their system the usage
of the model in the context of grid extensions and component replacements. In this situation the vendor
of the new equipment must only sign a contractual document with the model hosting entity to be allowed
to use the required models for interaction studies instead of establishing bilateral contractual documents
with every single vendor which has installed relevant components and systems in the past.
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3.3.2.2 Model sharing for interaction studies performed by the system integrator

In that case, the direct access to all vendors’ models principle applies: the system integrator receives all
the vendors’ models and the grid model (or grid data) as per agreement. And the system integrator is
responsible for assembling all the models to build the full system model. The preparatory activity to build
the full system model is described in section 3.4.

3.3.2.3 Model sharing for interaction studies in the case of multiple system owners

As defined in 1.3.1.2, there can be multiple system owners involved and they can agree on a different
approach for the interaction studies. Therefore, 3.3.2.1 and 3.3.2.2 can be extended in a more generic
framework, with multiple solutions. For example, a system owner could take the role of system integrator
whereas another one could subcontract this role to his vendor.

In that case, for example, the process would be:

| Figure 17- Alternative sharing process

In this example, as long as no interaction issues arise, Vendor A is not directly involved in running the
interaction actions. This is for instance the case when a PPM owner can do interaction studies with an
HVDC converter station vendor, contracted by another system owner. The PPM vendor would be
involved only if there are issues with the wind turbines which couldn’t be fixed without his support.

3.3.3 Issue solving process

3.3.3.1 Step 1: Analysis of the results and identification of an issue

The party responsible for the interaction studies shall analyse all the results to check that the key
performance indicators (KPI) defined by the system owners and operators are met. These KPI generally
include criteria based on the following aspects:

- Thereis no unexpected trip (all tests)
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- Butthe appropriate subsystem trips in the forecasted circumstances (delay, maximum, minimum
current, voltage,...) (during the protection coordination tests)

- The system shall remain stable. There are no undamped oscillations (this shall be further
quantified) (all tests)

- The system remains in the predefined operating ranges, with the corresponding profiles
considering the temporal dimension. The electrical components to be analysed are mainly the DC
voltage, rms and instantaneous AC voltage, DC current, AC current, and active/reactive powers.
Particular attention should be given to monitoring voltage dips, inrush currents, and overvoltages
on both the AC and DC sides of the converter station) (all tests)

- The activation of specific control function only when appropriate (all tests)

- Thesystem s in the expected operating mode (all tests).

- The setpoints shall be reached according to the test scenarios. The dynamic performance, such
as the overshoot, the settling time, etc. as defined [1] shall be carefully analysed. This is in
particular the purpose of the near-steady state studies.

An issue is flagged when the system or a subsystem does not meet the expected criteria defined by the
system owners and operators.

If the party responsible for the interaction studies notices disturbances or interactions, the first task is to
identify the models that are sensitive or critical to the interactions.

In that perspective, an idea could be reducing progressively the size of the system, by replacing the
vendors’ specific models by generic models or by equivalent sources and repeat the tests to check if the
interactions are still present with the remaining vendors’ specific models or not. When doing so, if the
interaction disappears when a vendor’s specific model is replaced, this means that this specific model is
involved in the interaction. However, it does not mean that it is the only one to be involved. Therefore, if
this method is used, it is important to iterate on which vendors’ models are replaced by a generic model
or by an equivalent source.

It is also recommended to perform variants of the test to circumscribe the issue: which parameters
influence the amplification or reduction of the phenomenon?

In addition, if the problem has to do with small-signals, performing a state-space analysis could be
beneficial to help understand which systems are involved and what are the main contribution factors, in
order to identify the best mitigation options, as explained in the section 7.4.

Finally, benchmarking of the results between different offline and/or real-time simulation platforms can
be performed to gain confidence in the reliability of the studies and to eliminate false issues caused by the
limitations of a particular simulation platform as explained in 2.3.3.

3.3.3.2 Step 2: Sharing the results

When an interaction test fails, the offline simulation outputs shall be reported to the vendors2®. Two use
cases are anticipated:

26 The simulation results of the passed tests could also be shared with vendors. The level of shared data shall
be agreed in the project.
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- For the test cases where a single vendor is solely involved, the simulation results are shared with
that particular vendor only.

- For multi-vendor interaction issues, reports are shared with all the vendors and system owners.
This means the vendors shall agree on the level of information that is shared among all parties. It
isimportant to note that, with this approach, each vendor has access to the fully agreed signal list
for its own system along with (potentially) a more limited list of signals from other vendors.

In addition to the reports, it can also be necessary to share the black-boxed models?” and data to the
system owners involved in the issue so that they can at least reproduce the phenomena and agree with
the study conclusion.

3.3.3.3 Step 3: Analysis of the results and mitigation plan

First of all, all clarifications in the context of the analysis and discussion need of course to follow the
commonly agreed contractual document of the specific project.

Multiple scenarios are possible for the analysis of the results and mitigation plan depending on the
context, the issue, etc. Here are some key aspects to consider.

a) Are we able to conclude on the root cause with the provided test reports?

The rationale for sharing additional agreed signals from each vendor with all vendors, as mentioned in
step 2, is to resolve interaction issues more efficiently, to reduce the iteration time, with the vendors
having a better picture of the problem, with more available data.

Nonetheless, if the corresponding vendor is not having access to an overall model where its model is
running open-box together with black-boxed models of the other vendors, investigations inside the
control structures of the vendor during relevant situations of the overall simulation cannot be done. This
makes it very challenging to analyse system behaviour and draw the correct conclusions and might lead
to the “trial and error” approach resulting in a huge number of iterations which need a lot of time.

Therefore, at this stage, even if the system integrator performs the full set of interaction tests, it can be
recommended that each vendor involved in the interaction issue, also performs selected tests on its own,
for anin-depth analysis of its behaviour. In that case, the necessary models and data that are black-boxed
shall be made available to specific vendors to support the issue mitigation?2.

In case of an issue discovered during the frequency-domain SSS analysis, the required model and data
shall include both TD EMT model and the FD model that are black-boxed.

In terms of the state-space based SSS analysis, the required model and data shall include both TD EMT
model and the state-space matrices that are black-boxed. The information of the states can be masked.

b) Key role of the system integrator

?7 |t can be worth also sharing the validation reports of those models to avoid that the validation tests are
repeated by the entity receiving the models for its tests.

28|t can be worth also sharing the validation reports of those models to avoid that the validation tests are
repeated by the vendor receiving the models for its tests.
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For the most basic issues, bilateral exchanges might be sufficient between the vendor and the system
integrator.

However, for the most complex issues, involving multiple vendors, finding the problem and corresponding
solution can be challenging. To identify the issue, the question of “Who should act to fix the interaction
problem?” could remain unresolved, i.e., one vendor may think the problem lies within the other vendor’s
model/replica. In this situation, time-consuming discussions between each vendor and the system
integrator, likely to result in a delay of the project, may occur. Also, even after finding the problem of the
interaction test, the vendors’ proposed solution may not be optimum as each vendor attempts to fix it
individually.

Therefore, for the most complex issues, a joint effort with all the parties involved, and a clear leadership
is necessary to find the solution for passing the interaction test in an efficient way. This leadership would
be in the hand of the system integrator, who would drive the analysis of the situation with the support of
the vendors, bring a neutral point of view on the reason for the interaction and make decisions how and
to whom assign the requests for modification based on a technical and economic analysis. Indeed, finding
the balance between the expectations of the parties involved becomes relevant in case the mitigation of
an interaction phenomenon is very complex and / or time consuming for one party while it could be solved

much easier through modifications within another party’s system. This is depicted below in Figure 18:

Stage 3: Discussion of interactions

System

owner/operator

In case of uncertain behaviours,
vendors consult the system
Vendor A does owner/operator to discuss Vendor B does
studies observations with the other studies

vendor (under supervision)

Figure 18 - How to discuss interactions within Multi-Vendor interaction studies if vendors share data
and models directly via the system owner/operator

¢) Owner's responsibility or vendor’s responsibility? Requirement issue or non-compliance issue?

It is important to distinguish the situation where the interaction is due to vendors not being compliant
with the expected subsystem requirements, from the situation where the interaction is due to missing or
erroneous subsystem requirements, i.e. where no non-compliance with the requirements is found.

In the first case, the vendors’ responsibility is engaged, whereas on the latter case, the owner’s
responsibility is engaged and it might be necessary to update the subsystem requirements.

This question is strongly linked to the contractual aspects, as it will define who is paying for what. To
simplify the management of the project in case of interaction issues, some margin for updates could be
anticipated in the contract, for example for basic parameter changes.
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3.3.3.4 Step 4: Issue correction

After the parties have agreed on modifications to be done, the concerned vendors will modify their control
algorithms accordingly and distribute the updated model files as described above.

At this stage, it is also recommended to give the possibility to the vendor to test its solution with the full
system before delivering it to other vendors or to the system integrator, to avoid a lengthy “trial and error”
process. It is worth pointing out that at this moment, even if the vendor has the possibility to test its
solution with the full system, the new versions of the models to be provided by other vendors are still
unavailable as they are also testing in parallel their own model before delivering it. Hence, the vendors
might see an improvement, but the issue might not be solved completely and the vendors might not
detect a new interaction that would be introduced when their updated model is interfaced with the new
other vendors’ models.

Consequently, at the end, potentially after having received updated single-vendor test reports proving
that the models have been adequately updated, tests must be repeated with all the updated models to
check that the issue is completely solved and to make sure that no new issue was created with the new
tunning of different component. However, the aim of this method is to reduce the time it takes to fix the
problem, as the vendors work in parallel.

Another option is to have the vendors resolve the issue sequentially: first a vendor does what is necessary
to resolve the issue, then the overall model is updated accordingly and passed on to the next vendor, who
updates its model to resolve the issue, and so on. The main advantage of this approach is that it allows the
problem to be solved in stages, using as up to date a model as possible, rather than discovering at the end
that a new interaction has arisen during the correction process. However, this solution has also some
drawbacks. Firstly, from a scheduling point of view, sequential processing can take more time than parallel
processing. Secondly, this process is highly dependent on the quality of the first model to be updated: if it
is poorly updated, this will affect all the subsequent vendors.

The choice between these two options depends mainly on the level of confidence in the changes to be
made to resolve the issue, the time required to correct the model for each vendor and the number of
vendors involved.

To agree that an issue is completely solved, all system owners shall align on technical criteria that the
interaction study can end. In terms of the frequency-domain SSS analysis, it can be related to stability
margin in frequency domain or the damping factor for a specific oscillation mode. In terms of the state-
space based SSS analysis, it can be related to the damping of the specific oscillation mode.

The process to iterate is discussed in section 3.5.

Note: It is reminded here that, in any case, for model updates, a reduced checklist of basic functionality
tests (smoke test list) should be defined by the vendor for vendor internal quality check before new model
delivery. Based on this smoke test list, automatic testing can be developed.

3.3.4 Conclusion

In conclusion, crystal clear and efficient data sharing/analysing and model/replica update processes are
mandatory to reduce the required time for conducting interaction studies and reaching the
interoperability condition of real-life projects. This highlights the importance of mutual coordination
among all individuals in achieving this objective. Otherwise, the project would have delays.
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For offline simulations, it seems wise to combine both the advantages of having the vendors performing
the interaction studies, as they can have an in-depth view of their control, and the advantages of having a
system integrator performing the studies, as he can mutualize some testing activities and act as a neutral
party. Hence, an option could be:

- Having a system integrator performing the full set of interaction studies to detect the interactions
- Having the vendors performing the interaction studies only for the tests where interactions
involving their subsystem have been detected, to investigate, to analyse and to solve the issues.

Nonetheless, this option is mostly interesting for a big set of interaction tests and it might be challenged
if the gain for the test mutualization is lower, e.g. if the number of tests to be performed is more limited,
or in case of an extension with only one new vendor.

Regarding this potential future expansion possibility, the support of the vendors shall be anticipated in the
contract from the beginning 9. Indeed, even if the requirements are well defined to ensure modularity and
minimize the risk of interactions, some interactions may still exist. This means that the interaction study
process, starting from the model and data sharing to perform the interaction studies, up to the issue
correction stage, remains necessary, even though the list of interaction tests and the number of vendors
involved can be reduced compared to the initial project as discussed in 3.2.7. In case of new interactions,
the new incomer will generally be responsible for them. However, the support of the existing vendors
might be required in order to fully understand the issue. Besides, in some situations, it might be more
efficient and cost-effective to modify the existing subsystem(s) rather than the new one.

Finally, the process has been described here for offline models, as the need for real-time interaction
studies is not confirmed yet. If real-time interaction studies are requested, then, the process is expected
to be the same in real-time as in offline, except that the solutions and conditions for the vendors to access
to their hardware/software used in the real-time simulation platform for in-depth investigations would
have to be further detailed.

3.4 Focus on the preparatory activities for the integration
of the models in the simulation environment by the system
integrator

Before interaction studies can be performed with offline vendor-specific model or HIL or SIL (when specific
solutions are to be used as defined by the process), the system integrator shall prepare the platform as
per [39] and shall ensure that this specific model or HIL or SIL can be used for those interaction studies.
This section discusses these preparatory activities.

- Itis recommended to proceed in two steps: Check that the vendor specific model or HIL or SIL
fulfil the requirements defined in [19] as well as the functional requirements in single vendor
operation (also sometimes named “in standalone”) defined in the functional specifications.

29 The contractual aspects linked to future expansion will be developed in a separated document to be
delivered by InterOPERA working group 5, in 2026. In this document, only a short introduction of the
challenges to be faced in case of future expansion is given.
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- Check that the results obtained during the first steps are still the same when these tests are
repeated in a multi-vendor environment, i.e. in an environment where the models or HIL or SIL
are also included, but without AC and DC electrical interactions. Through this step, it will be
ensured that there are no numerical interactions between models or HIL or SIL and that they can
be used at the same time on the same simulation environment.

3.4.1 Single vendor studies - standard process for offline models

3.4.1.1 Delivery completeness and first quality check, before opening the model

When a system is delivered, first, the completeness and the quality of the delivery is checked by the
system integrator. The delivery shall contain:

- The documentation, as described in [19] and in 2.3.4
- Allthe files to be used for the model, respecting the requirements stated in [19].

At this stage, the benchmark report is analysed by the system integrator to ensure that the models
developed are reasonably accurate, in order to use them for the interaction studies.

3.4.1.2 Opening of the model

The model is opened by the system integrator with the simulation software used by the vendor to provide
the file for the open power circuit. Before running simulations, the following is done by the system
integrator:

- Checkthe consistency between the model and the documentation (i.e. same list of input/output,
consistency with the single line diagram, etc.)

- Check the characteristics of the power circuit model (for example, is the saturation of the
transformer included?)

- Checkthe representation of the model at the first and second level as per [19]

- Checkthe list of accessible signals, as per [19].

3.4.1.3 Interface single vendor studies

The system integrator shall perform sufficient simulations in order to check that:

- Alltheinterfaces are working (i.e. the outputs reflect the expected pieces of information from the
model and the inputs are correctly taken into consideration)

- The model can reach any steady-state in normal operation

- Therelevant control and protection which shall be included, are included

- Theinitialisation time is respected

- The model is compatible with the pre-defined time steps

- The model is compatible with the snapshot functionality

- The model can be used in multi-instances, within one simulation

- The model can be used in multi-instances, in different simulations running in parallel

For those tests, a network as simple as possible is used to limit the risks of misbehaviour due to the
simulation environment.
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The dynamic performance of the model are not considered at this stage.

3.4.1.4 Integrated interface tests
Tests defined in 3.4.1.3 are repeated, with models connected to their own network, but running all at the
same time in the same simulation. It is recommended to add models in the same simulation progressively.

The tests are considered successful if the same results are observed as in 3.4.1.3.

3.4.1.5 Single vendor dynamic Performance studies

As part of current practice, the vendors generally deliver reports, based on simulation performed with
their model, to demonstrate the compliance to the dynamic performance requested in the functional
requirements. As a good practice, the list of studies to be performed to demonstrate this compliance shall
be included in the functional requirements. For that purpose:

- Forexisting functions, each system owner has already developed its own set of studies for single-
vendor studies in a generic environment (e.g.: FNN guidelines)

- For new functions proposed in [1] and in [44], the system owner can find proposals for dynamic
performance studies for single-vendor studies in a generic environment in those documents.

At this stage, the system integrator repeats part or all dynamic performance studies.
This activity will provide results which will then be used as reference for the next step.

In addition, similar simulations to the ones included in the benchmark report can also be performed by the
system integrator to check the consistency of the results he is obtaining on his platform with this report.

3.4.1.6 Integrated performance tests

In 3.4.1.5, it is expected to go through more control loops and protection algorithms. Therefore, similarly
10 3.4.1.4 where integrated interface tests are performed, for integrated performance tests, 3.4.1.5 tests
are repeated to check that there are still no numerical conflicts, with all the systems running at the same
time on the same simulation, each one connected to its own network.

The tests are considered successful if the same results are observed as in 3.4.1.5.

3.4.1.7 Conclusion
At the end of this process, if successful, the models and the platforms are considered ready for interaction
studies.

This process, or part of it, shall be repeated every time a new release is delivered. The assessment of the
tests to be repeated is on the integrator responsibility, based on the information provided by the vendor.
This is discussed in sections 3.3 and 3.5.

Automatic tests are recommended to repeat the tests (all or part of them) more easily and quickly.

In any case, the delivery completeness (chapter 3.4.1.1) shall be checked.
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3.4.2 Single-vendor tests — standard process for real-time

3.4.2.1 Standalone commissioning

The purpose of the “standalone” commissioning is to ensure that the real-time cubicles are operational
and are correctly interfaced with the real-time simulator (if applicable). The commissioning is performed
jointly by the integrator and the vendor.

At least, the following items, if applicable, are checked:

- Documentation is delivered and consistent

- The model to be used on the real-time simulator is delivered and consistent

- Similar tests to the standalone interface offline tests are performed successfully, considering that
the real start and stop sequences are used. To better prepare for 3.4.2.2, at this stage, a
communication simulator can be connected.

- The operator HMl is operational

- The appropriate parameters in the engineering computer are accessible

- TheTFRisoperational and correctly interfaced with the RTS to trigger the records based on a RTS
signal

- Theremote access is operational.

3.4.2.2 Commissioning of the communication

The purpose of the commissioning of the communication is to make sure that the system can
communicate with the other third-party system(s)3°.

The process is the following one:

- Step 1: All communication inputs and outputs are tested with a communication simulator. This
step is normally performed by the vendor at its facility. If desired, it can be repeated at the
integrator’s lab.

- Step 2: The communication simulator is replaced by the real communication network.
Communication inputs and outputs are tested in a static way (no simulation running on the RTS),
by forcing the variables. The expected result is simply that the information is received by the
appropriate recipient(s). The depth of testing depends on the level of confidence: it can be an
exhaustive testing; random testing; one input and output of each type testing, etc.

- Step 3: All communication inputs and outputs are tested in a dynamic way, with the RTS
operational3*. These tests shall be kept as simple as possible. The expected result is that each
piece of information is sent and received at the right time and has the right functional behaviour
/ meaning.

3 In InterOPERA project, the third-party system will be the DC Grid Controller — other communications to
other systems are not yet defined.

3t For that, one can proceed as if the communication was lost with all the other systems, and only the
communication with the desired system was operational.
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The commissioning is performed jointly by the integrator and the vendor. And it is recommended to
perform the steps 2 and 3 also with the support of other third-party system(s) vendor, and at the same
time as 3.4.2.1.

3.4.2.3 Multi-systems RTS interface tests

The focus is here on the interactions that can happen simply because the systems are using the same RTS.

Tests defined in 3.4.2.1 are repeated, with all systems connected to their own electrical network (such as
a voltage source) but running all at the same time in the same real-time simulation. To not bias the results,
the real communication network is not used.

This type of tests is not applicable to the HIL solution for the DC Grid controller, but is applicable to the
SIL solution, with the real communication removed and replaced by simulated inputs/outputs.

The tests are considered successful if the same results are observed as in 3.4.2.1.

3.4.2.4 Standalone dynamic performance tests

Similarly to section 3.4.1.5 for offline, standalone dynamic performance tests are carried out in real-time.
One system is tested at a time with the RTS, the real communication network is not considered.

This type of tests is not applicable to the HIL solution for the DC Grid controller, but is applicable to the
SIL solution, with the real communication removed and replaced by simulated inputs/outputs on the RTS.

For the HIL solution for the DC Grid Controller, if standalone dynamic performance tests shall be
performed, a communication simulator shall be used.

This step is also an opportunity to benchmark the results with offline simulations, to cross-validate both
simulation platforms.

Besides, through this benchmark, a clear picture of the limitations and of the differences between offline
and real-time in the context of standalone will be made, which is a valuable knowledge to perform the
interaction tests.

3.4.2.5 Multi-systems performance tests

In previous section 3.4.2.4, it is expected to go through more control loops and protection algorithms
compared to section 3.4.2.1. Consequently, the multi-systems RTS interface tests defined in 3.4.2.3 shall
be completed by additional performance tests, realised in a context of multi-systems.

To achieve this target, it is proposed to repeat tests described in section 3.4.2.4 but with all the systems
running at the same time on the same real-time simulation, each one connected to its own electrical
network.

To not bias the results, the real communication network is not considered.

This type of tests is not applicable to the HIL solution for the DC Grid controller, but is applicable to the
SIL solution, with the communication between the DC Grid controller and the individual subsystems
removed and replaced by simulated inputs/outputs.

The tests are considered successful if the same results are observed as in 3.4.2.4.
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3.4.2.6 Multi-systems communication performance tests

The focus is made here on the performance of the communication system, with all the systems connected
at the same time on the communication network. However, they are not electrically connected. A specific
mode in the DC grid controller shall be implemented to manage this situation.

3.4.2.7 Conclusion

Once all the tests of a given system are successful, the system can be used for the interaction tests.

3.5 Managing model updates during the interaction
studies

During interaction studies of real-life MTMV HVDC projects, the delivered model/replica may fail on
specific interaction test cases. Once the interaction issue has been identified by the entity conducting the
studies, the model/ replica of vendors involved in those test cases must be updated, e.g., retuning the
control parameters and protection settings.

After modification, the adequacy of the model or replica must first be verified through several test cases
within a single-vendor grid, as discussed in section 3.4. Upon successful completion of these tests, the
updated model or replica is then re-integrated into the MTMYV test grid for a full re-execution, a specified
subset, or only the previously failed tests32.

Following subsections propose an efficient approach to managing the model/replica updating process in
such MTMV HVDC projects, considering the option where the interaction studies are performed by a
system integrator. The term “efficient” implies a faster data exchange that provides more time for the
system integrator to conduct interaction studies and a higher chance to fix the issues jointly.

3.5.1 Re-integration of Updated Model/Replica into Test Grid

Once the model/replica is updated, it should be connected to the test grid, e.g. Figure 10 in InterOPERA.
This model/replica is expected to pass the previously failed interaction test case(s), e.g., the it" test. Even
with observing a failed case, the interaction studies would continue and the results of all test cases report
to the vendors. Nevertheless, the test process could differ as follows according to the project
management:

e If vendors and TSOs agree that updating the model/replica does not affect a set of/all test cases
before the failed one (it"), the interaction tests can be continued immediately by the it" test or the
one agreed.

e Thereis no guarantee that the updated model/replica can pass the interaction tests before the it
Thus, all tests are repeated for the new model/replica.

32 For some cases, it may necessitate re-assessing the performance of the updated model for all interaction
test cases, even the ones that the former model/replica has successfully passed. Thus, the non-regression
tests shall be agreed among all individuals of the project.
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In addition, there are a few tests to check the adequacy of the updated model/replica. These tests can be
defined in a single-vendor environment whenever the model/replica is changed. Here, the process can be
efficiently performed according to the vendors’ experiences as follows:

e If the vendor(s) foresees that the solution of the failed interaction test is reachable with a
single/few iterations, a standard process can be run. The standard process refers to conducting
single-vendor model validation tests of the updated model/replica before its re-integration into
the test grid.

e The vendor(s) is not sure that the updated model/replica passes the failed interaction test. Thus,
the failed test is first re-conducted iteratively until the model/replica passes it. Afterwards, single-
vendor model validation tests are performed. Finally, it is integrated into the test grid to continue
the interaction tests subject to passing single-vendor model validation tests.

3.5.2 Flowchart of Interaction Study Workflow

Based on the two above explanations, Figure 19 demonstrates the flowchart of the interaction study
workflow in real-life HYDC projects.

It is possible to define the interoperability and non-interoperability scenarios with the information
provided. According to the presented flowchart, the MTMV HVDC grid is interoperable when all “n”
interaction tests are successfully passed for the project. This objective can be reached even with a few
iterations for model/replica updates. This case, which implies a 100% key performance indicator (KPI), is
depicted in Figure 20. On the other hand, the non-interoperability happens in the two following scenarios,
as shown in Figure 21 and Figure 2233

e When the updated model/replica cannot pass all interaction test cases even with several
iterations. In other words, no solution, even with multiple model/replica updates, passes all
interaction tests.

e Another scenario occurs when the model/replica does not pass all interaction tests with a given
version. Inthis case, a model/replica (namely Version 1) fails in a few interaction tests. The updated
model (namely Version 2) passes the failed ones but fails in another interaction test(s). Thus, one
model/replica version cannot pass all interaction tests.

It is worth mentioning that in real-life projects, the vendor(s) will iteratively update the model/replica so
that interoperability is achieved in both scenarios. However, this may result in delays.

The study iteration and model updates process is expected to continue until the technical criteria for the
tests to be considered successful are reached. In the case that the technical criteria cannot be feasibly
achieved after study iterations, re-alignment of the technical criteria may be considered among all
involved parties.

3t is worth noting that all *n” interaction tests shall be conducted for a given subset (network) disregarding
the results, i.e., even without achieving interoperability, the successful/failed test cases shall be identified for
future works.
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3.5.3 Model updates throughout the project phases

Iterations between the different parties may also occur as the project progresses for two main reasons
other than interaction issues: first, when transitioning to a new phase of the project, where additional
analysis or adjustments are needed based on new information or evolving requirements. The second
reason is related to a progressive delivery within a given phase, where elements of the system are
delivered incrementally and may require iterative feedback and refinement.
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These iterations allow to ensure that any potential issues or interactions are identified and addressed
promptly, ultimately leading to a more robust outcome of the project.

The process for these iterations would be the same as the one previously outlined in terms of
collaboration, feedback, and adjustments. However, it would not only focus on interaction issues but
would also take into consideration potential issues raised by the integration of each new element into the
system.

3.5.4 Traceability and quality process for interaction studies

As mentioned in [39], given the huge number of tests to be performed, the system integrator shall put in
place the appropriate methods and solutions to:

- Track precisely the tests list. One test is defined as one unique set of parameters, settings,
characteristic of the triggered event, etc. Every test shall have a unique identification number. All
the information for being able to repeat the exact same test without ambiguity shall be given.

- Track precisely the results: which result is associated to which test, and which versions of the
simulation tool and of the models have been used for the tests. The results shall be saved in a
format adapted to the analysis to be performed.

- Save a copy of all the versions of all models, scripts, etc. used for the tests and for the analysis.

3.6 General considerations on planning

Conducting interaction tests requires the timely delivery of the vendors’ models. Otherwise, even with a
single vendor’s late delivery, there would be a risk of delay. This well-planned delivery is of importance not
only at the initial stage but also when updating models is needed, i.e., stakeholders retune their control
and protection models to pass the failed interaction test(s).

Although stakeholders have a pivotal role in fulfilling the interoperability within the planned timeframe,
appropriate planning for the interaction tests is mandatory. In a project with n stakeholders, interaction
tests include the tests with 2, 3, ..., n-1, and n vendors34. Thus, the interaction tests shall be run with
delivered models to optimize the interaction tests from the time perspective, e.g., when m models are
delivered, interaction tests with 2, 3, ..., m vendors shall be performed.

34 Here, standalone tests are considered as pre-condition tests of interaction ones.
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.

Near steady-state

studies

4.1

Introduction

During near steady-state studies, the operation of the system, from a grid operator perspective, is tested.

The list of the AC and DC grid control functionalities, operational regimes and control modes shall be

defined, and for each, the parameter and setpoint range (if any) shall be identified, as well as the operating

rules (for example, availability of a certain function with and without the telecommunication).

4.2 Preparation of the model - initial conditions

The full grid, in N or N-1 configuration, is energised and ready for operation.

The availability of the telecommunication and of the DC Grid controller, the initial operational regimes,
control modes and power flows shall be defined according to the tests to be performed.

4.3 Tests to be performed

The test strategy consists in testing all the operator functionalities while exploring the most constraining

operational scenarios, which are most likely:

Ramping up and down with the maximum ramp rates for the power (for the wind turbines, there
are two maximum ramp rates definitions : the maximum ramp rates for the power can be tested
through ramps in the available mechanical power or wind speed used as an input to the wind
turbines and it can be tested through ramps defined by the operator when changing the setpoint,
for a given available mechanical power).

Maximizing the power flow changes on the AC offshore grid and DC grid between the initial and
final conditions

Using extreme parameters (minimum or maximum) for all the functions

Going through the DC voltage normal operating range as well as continuous operating range, and
at the corner between both ranges3s

Changing the control modes requiring a coordination between the subsystems (e.g. changing the
converter that is in Vdc fixed control mode in the grid)

35 It can be particularly interesting to check the capability of the system to return back to the normal operating
range after having been in the continuous operating range.
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Even though it is generally more constraining to operate without the telecommunication between one
subsystem and the DC Grid Controller or without the DC Grid Controller, tests shall also be performed
with the telecommunication and with the DC Grid Controller in order to ensure the correct behaviour of

the DC Grid Controller as it is the basic operational scenario.
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5.Energisation, De-
energisation and Grid
reconfiguration studies

5.1 Introduction

To illustrate the standard process and the steps, one of InterOPERA topologies is used (Figure 10).
On this scheme, different subsystems can be observed:

- HVDC converter stations
- Transmission devices
- DCswitching stations
- ACswitching stations
- Power Park Modules.

From this list, the energisation and de-energisation of busbars in the DC and AC switching stations is
neglected.

The energisation and de-energisation of the HVDC converter stations, transmission devices and Power
Park Modules, as well as the grid reconfiguration is discussed in the following chapters.

The energisation of the different elements independently is addressed in a separate section for each
subsystem, and some of these chapters have also been extended to include the simultaneous energisation
of multiple elements, which would have been previously aggregated.

In any case, the test program shall be established considering the expected scenarios on the real system.
The target is to perform mainly the tests from the DC Grid Controller but some tests can also be performed
from the subsystems.

5.2 Energisation of AC/DC converter station from the AC
grid

5.2.1 Introduction

During the energisation process, transformers and cables (if any) are subjected to inductive and capacitive
inrush currents followed by high overvoltage, which due to their high values, causes thermal and dielectric
stresses to the surrounding components. These stresses should be limited to avoid unwanted
contingencies such as unnecessary tripping, activation of specific functions, and accelerating the aging of
components.
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The interaction of the AC side energisation would be more challenging/serious when an existing close-by
onshore converter station or PPM, located at the same synchronous areg, is in operation and exchanges
the power. In other words, here, the main focus is to identify the interactions during the energisation of
parallel converter stations, connected to the same synchronous area.

This part addresses a few possible risks of the AC side energisation process for those HVDC grids.

As previously mentioned in section 3.2, studies are performed with different models during the different
phases of the project. At each phase, the studies shall be repeated for all the converter stations which can
be energised while other close-by converter stations and PPMs are in service.

The recommendations for the models are presented in section 2.2.3.

5.2.2 Initial conditions
For the initial conditions, the studies in all phases shall include paramount parameters of :

e thelocal AC grid conditions (e.g., AC voltage level); the AC grid is defined as the weakest one for
all the studies,

e the HVDC converter station default control mode and settings (e.g., droop gain (if any)) to be used
once the converter station will reach the operating status and operate at 0 MW/ 0 MVar (plus the
losses),

e the Point-On-Wave: activated or deactivated, potentially considering some variations with some
errors on the Point-On-Wave behaviour

e the control modes, initial power exchanges and settings for the converter stations and PPM
already in operation. Here, it is recommended to limit to the most probable control modes,

e remote-end AC grid’s condition (e.g., weak and very weak scenarios3®),

e transformer characteristics (saturation, initial core conditions, etc.),

e placement of current limiting device, such as a pre-insertion resistor,

e the voltage that this resistor is bypassed,

e and transmission devices characteristics.

Within this list, certain parameters may either be defined or still under discussion, depending on the phase.
Once defined, they shall no longer be included in the parametric study.

5.2.3 Tests to be performed

One efficient approach to identify the interactions is the sensitivity analysis where a few important
parameters, defined as initial conditions in 5.2.2, are changed, and corresponding variations on the
outputs are analysed.

The sensitivity analysis can be performed in two steps, to first get a better knowledge of the most
influential parameters and worst conditions for each parameter through a qualitative analysis as

3% Very weak scenarios shall be limited to the minimum value for which the remote converter station(s)
connected to this remote-end grid are still in “normal” operation mode. The scenario where the remote
converter station(s) connected to the remote-end grid are in “very weak” operation mode are excluded.
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demonstrated in 5.2.4 and then deepen the sensitivity analysis around the worst conditions of these
parameters, to observe the worst combination of parameters.

It is worth pointing out that based on some simulation studies performed in InterOPERA, only slight
differences between voltage and current stresses in STATCOM and line mode energisation cases — with
the DC cable connected - are observed. Thus, there is no need to duplicate all tests for both scenarios.

5.2.4 Example

In InterOPERA, this process has been tested on an example where potential energisation interactions were
identified through simulations of a modular multilevel converter (MMC)-based HVDC grid.

Detailed information and analysis can be found in Appendix A.

5.3 Energisation of DC Transmission devices

5.3.1 Introduction

This section is strictly limited to the energisation of DC transmission devices (cables and lines).
Energisation of DC transmission devices simultaneously to HVDC converter stations is discussed in 5.4.

In general, during the energisation of the transmission device, inrush currents can be generated caused by
the equivalent capacitor of the transmission device being charged, this parameter depends on its type, its
length and its section.

The energisation of a transmission device should not result in significant disturbances to the grid in
operation. The DC-side voltage should be continuous during the recovery and stable enough, with no
significant fluctuation.

Evenif inrush currents can be limited by using devices such as Pre-Insertion Resistors (PIRs) installed inside
the DC Switching Stations, as this is mentioned in [1], energisation studies are performed to check that
the full system is operating as expected.

Toillustrate the process on a concrete example, for the DC grid shown in Figure 10, three DC cable sections
can be identified:

- cable #1 connects DC Switching Stations (DCSS) #1 and #2,
- cable #2 connects DC Switching Stations #1 and #5,
- and finally cable #3 connects DC Switching Stations #5 and #2.

DC Switching Station #1 is connected to two Offshore converter stations (AC/DC #1 and AC/DC #5) while
DC Switching Station #2 is connected to one onshore converter station (AC/DC #2).

5.3.2 Initial conditions
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For interaction studies, the key interest lies in scenarios where the DC grid is already in operation prior to
the connection of a new DC cable or line3. Accordingly, this section aims to define the initialization of the
DC grid before conducting the tests.

The recommendations for the models are presented in section 2.2.3.

In a general manner, as initial condition, the DC grid shall be operational with the minimum DC close-by
HVDC converter stations and close-by DC cables/lines in operation — except the DC cable/line whose
energisation is under investigation. Other initial conditions can be defined with some more DC close-by
HVDC converter stations or DC cables/lines not in service to consider for example maintenance operation.
Different values for the power flow can be defined.

To illustrate this principle based on Figure 10, one of the cable sections shall be energised together with
the converter stations in service at both ends (Offshore and Onshore).

For example, it can be considered that cable #1 is already energised together with AC/DC #2 (Onshore)
and AC/DC #1 and #5 (Offshore) Converter Stations.

Once this initial grid is energised, and the desired value of power is flowing in the DC cable, the grid is
considered initialized and ready to perform the tests.

5.3.3 Tests to be performed

Once the initialisation is complete and the voltages have stabilised, it is possible to proceed with the
energisation of the other cables.

To define the tests, one should consider:

The different possible scenarios:
o from which side the DC transmission device is energised?
o candifferent DCtransmission devices be connected before being energised oris each DC
transmission device energised separately?
- Different levels of the onshore AC grid strength
-  Different voltage magnitudes on the AC side
- Minimum, medium and maximum power flow existing on the HVYDC grid
- Different control modes, with different values for the control parameters (ex: Vdc droop).

5.3.4 Example

For example, considering Figure 10, two initial conditions can be imagined:
1) Cable #1 already energised. (Case 1.x and 2.x below)
2) Cables #2 and #3 already energised. (Case 3 and 4 below)

The following study cases can be performed:

3 The energisation of the first cable, before the grid is in service, can be tested directly by the vendor in
charge of the converter station to which the DC cable is connected. There is no interaction with other DC
connected HVDC converter stations at that stage, as no other DC HVDC converter stations are connected.
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Case 1.x: Energize cable #2 and #3 from Onshore side.

1.1 Energize cable #3 and then cable #2, the time between energizing the two-cable sections shall
be defined.

1.2 Energize cable #3 and cable #2 at the same time.

Case 2.x: Energize cable #2 and cable #3 from Offshore side (if defined as a possible scenario from the
functional requirements).

2.1 Energize cable #2 and then cable #3, the time between energizing the two-cable sections shall
be defined.

2.2 Energize cable #3 and cable #2 at the same time.
Case 3: Energize cable #1 from Onshore side.

Case 4: Energize cable #1 from Offshore side (if defined as a possible scenario from the functional
requirements)..

Then, for each case, several scenarios can be performed by varying the onshore AC grid strength (only
applicable to cases 1.x and 3; weak or strong), the existing power flow in the HVDC grid (Pmax, 0.5*Pmax,
0), the Vdc droop parameter (min or max).

5.4 Energisation of AC/DC converter station from the DC
side

5.4.1 Introduction

The energisation of converter station can be done from the DC side of the converter, in particular for
offshore converter station, as the offshore AC side is most probably not meant to be energised prior to
that. Considering the usage of half-bridge MMCs in multi-terminal HVDC systems the energisation from
DC side will be started after closing the DC switches of the converters. The capacitors of the submodules
will be energised through the submodule diodes.

Therefore, unless specific solutions external to the converter station are foreseen in the design of the
system, the energisation will cause a high inrush current into the converter station,3® because there is no
practical way to gradually increase the voltage in the submodule capacitors. Furthermore, a possibility of
energisation with already existing power flow in the DC grid (even at the terminal of the energised station)
is also possible in multi-terminal HVDC systems, unlike in typical point-to-point systems, where the
offshore converters are energised prior to start of power production.

The risk of interactions between different units in an HVDC system following the energisation of
converters from DC side is caused by higher stresses in system variables (i.e. DC currents and voltages) of
the HVDC system. Those stresses may cause the control and protection of “close-by” units, i.e. electrically
close connected units in the DC grid, to trigger behaviour (e. g. nonlinear components inside of the C&P)

38 Solutions exist to limit this high inrush current, such as adding DC-side pre-insertion resistors for example.
In any case, the checking of energisation current methodology remains the same.
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also causing unwanted interactions between the units. Two points of the energisation process are
interesting:

e Closing the DC switches and de-blocking the converter causing the inrush current into the
converter station
e  Starting the C&P and switching of the converter station
Furthermore, coordination of energy flow needed to energize the converter needs to be considered.

To avoid interactions and define interfaces in the HVDC system, functional requirements for energisation
process, based on key parameters as suggested in [1], might be introduced.

Those requirements might influence the usage, size and location of PIR and C&P of the converter station.
Because of this, there might be some iteration loops needed for the studies in a multi-party HVDC system.

5.4.2 Initial conditions

For interaction studies caused by energisation of converter stations from DC side it is important to capture
the full behaviour of the station under test and all “close-by” units. This includes the correct representation
of the energisation process through the diodes and start of the switching process and the underlying C&P.
Definition of “close-by” units should be achieved in later stages of InterOPERA project. This will probably
be dependent on the DC line/cable parameters, DC reactors and other DC grid components and should be
translated into “electrical distances”.

The recommendations for the models are presented in section 2.2.3.

During the preliminary stages, when generic models are used for parametric studies and the design is not
finalised, the most influential parameters are3:

e Amount of energy to be energised in the converter station. This is mostly dependent on the
number, capacitance and voltage of the submodules of the converter station

e Parameters of DC line/cable “close-by”

e Size and location of pre-insertion resistors (PIR)

At any stage, for the energisation process of converter station from the DC side, the most influential
parameters are:

e Other passive components of the converter, which might influence the inrush current (e. g.
smoothing reactors)
e Control and protection of energised and “close-by” units
e Power flow in the HVDC system
e No power flow in the system: showing the highest deviation of system variables
e Maximal power flow in the system: showing the highest system stress level.

5.4.3 Tests to be performed

The typical procedure for energising a converter station from the DC side is as follows:

39 Once the design is finalised, these parameters are defined. Consequently, even though they are still
influential, they can’t be considered as parameters to be varied during parametric studies anymore.
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a. DCcircuit breaker connection - to charge passive elements and analyse transients and stresses.
b. De-blocking of converter - to ensure the C&P can be enabled smoothly without affecting the system
operation significantly.
To de-risk the interactions caused by energisation of converter stations in HVDC systems, system studies
are proposed.

Those studies are conducted with the specific system to be analysed. The energisation of each converter
station from the DC side is conducted starting with n-1 conditions. Every converter should be energised
with:

e no power flow before the energisation

e and maximum available power flow before the energisation
in the DC grid of the HVDC system. The maximum available power flow will depend on the specific HYDC
system and the converter station that need to be energised. In general, different power flow conditions in
the DC grid shall be tested for interaction issues.

The studies can be repeated for different parameters defined in 5.4.2, for example with different control
modes.

5.5 Energisation of an offshore wind farm

5.5.1 Introduction

Regarding the energisation of offshore stations, transmission cables and offshore wind parks (OWP),
generally no major concerns exist given the relatively short length of cables and lower nominal voltage
with respect to the HVDC system (e.g., 66kV vs ookV, tens of km vs hundreds of km).

Generally, two main energisation scenarios can be assumed:
a) Simultaneous OWF and HVDC offshore system energisation:

It is expected that within the wind farms, transmission lines and all transformers will remain
permanently connected and will not be switched under live voltage. The gradual start of the offshore
HVDC stations will provide simultaneous energisation of these components in a soft start with the AC
voltage ramp. Additionally, the turbines' start-up sequence is achieved through pre-charge resistors
and the filters are pre-loaded, minimizing the likelihood of significant inrush currents.

Special considerations may be necessary for particularly long cables due to potential resonances
and/or waveform travelling time; however, this should equally be addressed by HVDC station soft-
start. . Furthermore, it may be worthwhile to assess if it is of interest to simulate the operation of the
offshore AC switchyard (open/close) under live voltage conditions (e.g., opening or closing switches),
as this could lead to inrush currents.

b) OWEF energisation with fully operational HVDC:

In such scenario —like any wind park connection without HVDC system— although the closure of
switches might energize further cables and transformers, but it is not yet a concern for meaningful
inrush current and overvoltage.
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As per design the whole park is divided into several strings and each equipped with CB, and the
energisation of each takes effect only after last one is fully energised. The recommended distance
between wind turbines —a design factor based on different aspects such as blade span—, constrained
to other factors such as maximum allowed/recommended section of collector cable (e.g., max
1000mmz2) defines the number of wind turbines per string and thus the total length of cable per string.
Typical number of WTGs per string is less than 10 and the power normally doesn’t exceed 100 MW.
For instance, the 66 kV platforms are designed with inter-array strings of 5~6 WTGs of 15 MW.
Hence energisation driven overvoltage in OWF is not a risk, even with fully operative offshore station.

As a conclusion, most of the risks shall be solved by design. Hence, design studies (which are not in the
scope of this document) are conducted, for example to find a power limit per string to meet specific
requirements from HVDC offshore converter station (e.g., overvoltage seen in converter station), or
reversely, to define the requirements for the HVDC offshore converter stations to meet the constraints
induced by the energisation of the strings.

However, these design studies are performed without having all the vendor's models connected.
Consequently, it is suggested to perform additional studies, with all the vendor’s models, to double-check
that the system behaviour, as a whole, is acceptable. For example, there could be some control and
protection interactions with the nearby PPMs that are measuring and controlling voltages at close busbars
or even at the same busbar of the new PPM that is being energized and one shall check that the
protections of the other sub-systems are correctly tuned and do not trip, and that there are no harmful
resonances.

5.5.2 Initial conditions
For the studies at the system level, it is proposed to proceed as follow for the initial conditions

o Forthe park under study: the system integrator shall check how the wind park will be energised: WT
by WT? string by string? Some set of strings? Half of the park? Whole park at once? And the system
integrator shall try to find the worst-case scenarios among the most realistic scenarios. Ideally, the
worst-case scenarios should be an output from the design studies.

Otherwise, usually, the worst-case scenarios are the ones with:

= (a)the biggest realistic number of WTs and strings to be energised at the same time

= (b) no power on the other already energised strings

*  (c) extreme remanent flux in the transformers to be energised.

= (d) no Point-on-Wave device to energize the new string(s), with different circuit breaker
closing instants; or if it is considered that this situation is not going to happen, consider
the point-on-wave but with some errors, in order to have the worst case. To reduce the
number of tests, it is suggested to perform studies with the POW only if there are issues
without the POW. In any case, it is suggested to perform preliminary studies to find the
maximum error, with the worst closing instant considering one set of extreme remanent
flux, and to limit the interaction studies to this maximum error case.

o In addition, it is worth pointing out that even if in normal situation, the whole park will be
energised at the same time and this is the basic energisation test, it can be interesting to study
the energisation of one string, with the other strings in service, to reflect a re-energisation of a
string after a trip. Compared to the normal energisation situation, in that case, for condition (a),
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one would consider all the strings energised, except the one with the most WTs, or if they all have
the same number of WT, except the longest one, or except a combination of strings, in order to
have resonances close to 5oHz harmonics with the strings already in operation. These strings
would be aggregated. The conditions (b), (c) and (d) are the same.

o Forboth cases, for the rest of the grid:
= All close-by OWF, HVDC converter stations in operation (or all but one)
= Nominal ACvoltage
= Minimum power

5.5.3 Tests to be performed

In offline, once the initial conditions are achieved, one shall energize the remaining string(s) and the
transformers of the WT as per real scenario (ex: all at once or one-by-one).

For the energisation of the remaining strings one by one, an accelerated sequence might be required, to
avoid delays of several seconds between each wind turbine. A dedicated simulation case should be
developed for this study. This simulation should incorporate configurable breakers allowing to
parametrize the delay and the number of wind turbines that can be energised simultaneously while
accounting for real-world constraints such as closure delays and the specific number of wind turbine
generators per string as defined in the project design.

In real-time, there can be hardware limitations, such as having only one aggregated equivalent wind
turbine available per OWF. In that case, testing the energisation of the full park at the same time is the
sole possible option. If the test fails because of this simultaneous energisation, further tests requiring
several WTs would have to be performed in offline.

5.6 De-energisation

5.6.1 Introduction
The de-energisation studies are mostly interesting for two aspects:

- To check the coordination of the de-energisation sequences if they are automatically managed
by the DC Grid Controller. For this coordination, real-time tests can be more appropriate than the
offline tests.

- Tochecktheimpact of the de-energisation of one or several subsystems (if a grouped subsystems
de-energisation is anticipated in the scenarios) on the rest of the system.

5.6.2 Initial conditions

If the sequences are not automatically managed by the DC Grid Controller, then, as part of the initial
conditions, it can be considered that the subsystem(s) to be de-energised are already at their minimum
power and in a control mode that is not influencing the rest of the system. For example, an onshore
converter station to be de-energised is already operating at 0 MW and 0 MVar, in a fixed power control
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mode for the initial conditions°. Or for a cable to be de-energised, it already has one end that is
disconnected, in order to not have power flow on this cable anymore.

Onthe contrary, if the sequences can be automatically managed by the DC Grid Controller, it is interesting
to start with initial conditions maximizing the actions to be taken as part of the automatic sequences. For
example, if the converter station to be stopped is in Vdc fixed control mode, is the control mode change
part of the automatic sequence before the ramping down?

Besides, the rest of the system can be operated with low power transfer (to increase the sensitivity) and
with high power transfer (to approach operational limits) and different topologies can be considered, with
both the full grid in operation (to maximize the number of steps to be performed as part of the sequences)
or with the minimum size of the grid that can remain in operation (to increase the sensitivity).

5.6.3 Tests to be performed

Starting from the initial conditions, the subsystem or set of subsystems to be de-energised are stopped:
they block (if relevant) and the circuit breaker(s) are open.

Forthe OWPP, it is proposed to stop the full OWPP at the same time#*, considering the aggregated model,
and to proceed to string or set of strings de-energisation only if the test with the full OWPP fails.

The test can be ended as soon as the transients on the remaining system are ended. It is not necessary to
observe the full discharge of the de-energised subsystems.

5.7 Grid reconfiguration

5.7.1 Introduction
Two planned grid reconfigurations are of interest in this section:

- The synchronisation
- Theload separation.

As these actions are planned, it means that the operator of the system has the opportunity to choose the
operating conditions before performing these actions, to ensure that the transients will be limited.

The conditions for the synchronisation are generally part of the design of switching unit and can be tested
in standalone tests. However, what is interesting here, is to check the capability of the operator, for
example thanks to the DC Grid Controller logic, to meet these conditions in order to proceed to the
synchronisation and to check the resulting transients throughout the system.

Regarding the load separation, the load current suppression capability is part of the design of the
switching unit. However, the purpose of performing load separation tests at system level is to check the
effect of the separation over the whole system.

4° For some subsystems such as the WT, they can’t operate continuously at 0 MW/ 0 MVar due to mechanical
constraints, a minimum power is necessary before the disconnection.
4* At that time, the power flow in the AC breaker is relatively small.
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5.7.2 Initial conditions
Finding the initial conditions can be part of the challenges, or even outcomes of the studies.

Of course, in any case, the initial conditions at the switching unit have to be aligned with the conditions
defined during the design of the switching unit. And the control modes of the subsystems shall be
compatible with the planned reconfiguration and the final situation.

Regarding the power flow, for the synchronisation, ideally, from a system operator perspective, the target
is usually to start with the maximum power flow at each side of the switching unit.

Similarly, for the load separation, ideally, the target would be to start with the maximum power flow in
the system —which can still be transmitted after the separation -. Indeed, from a system operator point of
view, the less constraints there are to operate the system, the better.

5.7.3 Tests to be performed

Starting from the initial conditions, the order to synchronise or to separate is sent.

5.7.4 Analysis of the results
The system shall remain stable, in normal operation mode.

If the test fails, several iterations can be necessary to find the maximum and acceptable grid operating
initial conditions under which the synchronisation or the separation can be achieved without abnormal
stress on the system.
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6. Withstand studies

6.1 Introduction

In this section, withstand studies are defined. They are split in 3 categories, divided into 6 sections:

- Large disturbance stability for the AC side, onshore (6.2) as well as offshore (6.4) and for the DC
side (6.3)

- Protection coordination tests, for the AC side, both onshore and offshore (6.5) and for the DCside
(6.6)

- ACand DC Fault Ride Through capability (6.7).

To some extent, the tests belonging to the different categories can be overlapping. For example, an AC
fault can be triggered during the large disturbance stability tests, the protection coordination tests as well
as the AC FRT tests. Nonetheless, the main difference lies in the result analysis: what is the purpose of the
tests and which subsystem is in focus? It can be expected that for the exact same fault, one subsystem is
supposed to trip —and this will be demonstrated through the protection coordination tests — whereas for
another subsystem, the consequences of the fault will be limited within the FRT profile and therefore its
FRT capability must be demonstrated. Consequently, when performing the tests, the system integrator
shall try to optimise the test program to avoid duplicating the tests. However, it is recommended to
duplicate the results in the different study packages to ensure the completeness of the tests and to
facilitate the review of the results by different experts — more often, experts for protection are not the
same as experts for control.

In addition, even if there are switching and blocking actions during both the protection tests and some
large disturbances tests, another difference is that for the protection coordination tests, the purpose is to
check that those switching actions (or blocking) are triggered by the protection system following the fault
detection whereas in the case of large disturbance tests, switching or blocking actions could be done via
external signal and not by protection system action.

6.2 AC large disturbance stability studies - onshore side

6.2.1 Introduction

Large AC disturbances (faults, contingencies, outages, etc) can trigger the non-linear functions of HVDC
converter stations (protections, FRT, limiters, transformer saturations) which dictate their behaviour.
Interactions between HVDC converters can take place due to these non-linear functions implemented into
the control and protection systems. When connected to the same MTDC grid, DC side and AC side
interactions may occur.

The reference [8] provides an extensive list of examples of interactions due to non-linear functions (see
Figure 6). EMT simulations conducted for large disturbances on AC side allow to study the non-linear
interactions. Therefore, the main goal of this section is to provide a methodology for assessing
interactions between HVDC converters, including test system, applied disturbances and observed signals.
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6.2.2 Interaction studies: methodology

The methodology proposed for identifying interactions is adapted from [45] and compare simulation
results considering the same grid conditions and same dynamic events in three scenarios:

1. Single-AC infeed scenario with only one HVDC converter connected to the DC grid

2. Multi-AC infeed single vendor scenario with at least two HVDC converters from the same vendor
connected to the same DC grid“?

3. Multi-AC infeed multi-vendors scenario with at least two HVDC converters from the different
vendors connected to the same DC grid.

In this interactions study process:

- Single-ACinfeed scenario is the case where only one HVDC converter is present in the AC grid;

- DC grid includes a detailed representation of the DC components (DC cables, DC reactors, DC
surge arrestors, etc), offshore converters connected to their AC onshore grids or to the offshore
wind farms.

Consequently, through this single-AC infeed step, it will be possible to investigate if there are DC
interactions between the HVDC converter and the DC grid, with its detailed representation, by
comparison with the standalone tests, which are performed by the vendor with a DC equivalent, as
mentioned in section 3.2.2.

Once no interaction phenomena are noticed in this single-AC infeed scenario and the HVDC converter
exhibits a stable behaviour for all AC large disturbances, it will be possible to consider this scenario as
“reference” case.

Starting from this reference case, the same electrical quantities obtained from EMT simulations with the
three scenarios are compared by superimposing them in the same plot.

The measurements correspond to point of connection (PoC) and standardized calculation methods of
electrical quantities (e.g. as described in [46] Annex C) can be used.

6.2.3 Interaction studies: proposed test-system

The test system is depicted in Figure 23 and it consists of two Thevenin equivalents used to represent two
synchronous areas. The Thevenin voltage source can be associated to a low order electromechanical
model to simulate the grid frequency dynamics [47]. Synchronous machine (SM) with a multi-mass model
may be also required for SSTI studies. A set of switches are used to set the test scenario:

- Transient AC faults,

- Loadrejection,

- Network switching,

- Islanding with active load.

42|t is considered here that the converters belong to the same DC grid in normal operation. If in normal
operation, they belong to separate DC grid, the same methodology would be followed, except that each
converter station would be connected to its grid. Performing tests with separate DC grids even though the
normal operation is planned with the same DC grid could be proposed as a variant when investigating
interactions and exploring the possible causes.
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b. Multi-AC infeed scenario

| Figure 23 : Proposed test-system for interaction studies

In the proposed test-system (Figure 23), the DC Grid “box"” should include a detailed representation of the
DC grid components (DC cables, DCreactors, DC surge arrestors, etc), remote converter stations and their
AC grid : OWFs (including the collection system) (in case of an AC offshore grid) or the AC onshore
equivalent grid. This representation allows to verify the coordination between:

- HVDC converters and OWF control (e.g. for the load rejection test),

- Control and protection schemes.

The Table 1 below summarize the simulations scenarios where:

- ACdisturbances are simulated in both single-infeed and multi-infeed scenarios (single and multi-

vendor),

- AC equivalent networks of Area 1 and Area 2 can be different (e.g., different strengths or

equivalent inertia).
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Area1 Area 2

AC/DC#1 vendor A
Single-infeed AC/DC#2 vendor B
AC/DC#1 vendor A

AC/DC#2 vendor B
Multi-infeed single vendor AC/DC#1 vendor A AC/DC#2 vendor A
AC/DC#1 vendor B AC/DC#2 vendor B
Multi-infeed multi-vendor AC/DC#1 vendor A AC/DC#2 vendor B
AC/DC#1 vendor B AC/DC#2 vendor A

Table 1: Simulated scenarios

6.2.4 Tests to be performed

For all tests described below, the models should exhibit a stable behaviour in pre-disturbance conditions.

Except for the last set of tests “Self-synchronization for GFM control mode”, all the tests can be performed
with the HVDC converter in grid-following or in grid-forming mode.

Interaction

AC fault performance: phase imbalance

Test scenario

Switches position:
- S2_1and S2_2closed
- S1.1,S51 2,53.1,53_2,54_1,54_2,55_1,S5S5_2 open
- S6_1and S6_2 open
- ACline 2 in operation
Initial power flow through AC line 2: ~ 0 MW

Simulation conditions

Set the HVDC converter operating point at Pmax and Qminand select the
Thevenin equivalent impedance to achieve SCLyin*3 at the PoC.

Event (disturbance)

AC onshore grid: apply asymmetrical temporary solid faults at the AC
busbar of the HVDC converter:

= Line-to-line fault,

* Line-to-ground fault.
For each of the above faults, set the fault duration of 250 ms.

Consequence

Phase over-currents and risks of tripping.

Acceptance criteria

-Stable operation without tripping,

- Dynamic voltage support,

- Reduced harmonic oscillations during the faults,

- Smooth transition to post-fault system operation.

Signals to be analysed:

Active and reactive power, instantaneous three-phase voltage and
currents in the time window of interest, sequences (positive and
negative) magnitudes for voltages and currents, DC voltage ripple.

Project phase:

Phase 3

Table 2 — AC large disturbances - Phase imbalance

43 SCL is mentioned here to refer to the strength of the AC grid. It is reminded that the strength of the AC grid
is not only defined by the SCL but can defined through a set of parameters, depending on the AC grid model

to be used.
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Interaction Fault recovery
Test scenario Switches position:
- S2_1andS2_2closed
- S1.1,51 2,53_1,53_2,54_1,54_2,55_1,55_2 open
- S6_1and S6_2 open
- ACline 2in operation
Initial power flow through AC line 2: ~ 0 MW

Simulation conditions Set the HVDC converter operating point at Pmax and Qminand select the
Thevenin equivalent impedance to achieve SCL i at the PoC.
Event (disturbance) Apply three phase fault at the AC busbar of the HVDC converter with a

duration of 150 ms closing the switch S3_1.
Residual voltage faults are simulated by changing the fault impedance:
- 0% (solid fault)
- 15%
- 50%
- 85%
Consequence AC temporary overvoltage occurs, reaction of surge arresters, risks of
triggering of undervoltage, overvoltage protection.
Acceptance criteria -Stable operation without tripping
- Fast reactive current injection during the fault, recovery time of
active/reactive power (referring to the specific project requirements),
- Limited oscillations in post-fault conditions.
The power recovery time to 9o% of the initial set point should be
computed and analysed for all scenarios (single-infeed, multi-infeed).

Signals to be analysed: Active and reactive power, instantaneous AC voltages, RMSLL AC
voltages, maximum TOV peak, reactive current.
Project phase: Phase 3

Table 3- AC large disturbances - Fault recovery
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Interaction

Load rejection

Test scenario

Switches position:
- S2_1,52_2andSs5_1closed
- S1_.1,51_2,53_1,53_2,54_1,S4_2,55_2open
- S6_1and S6_2 open
- ACline 2in operation
Initial power flow through AC line 2: ~ 0 MW

Simulation conditions

Set the HVDC converter operating point at P=1 pu (controlled in GFL or
GFM mode) and Q=0and select the equivalent impedance to SCLmin.
Use a low order model (e.g., rated power 2.5 GW, H=5 s) to simulate the
dynamics of the grid frequency.4

Set the load to 2000 MW

Set the K-factor: 1000 MW/Hz (frequency regulation R=5%)

Event (disturbance)

Load rejection on the onshore side:
- Open the switch Sg_1

Consequence

Increase of the onshore frequency (=2 Hz/s and 51 Hz maximum
frequency in post-disturbance).

AC temporary overvoltage occurs, reaction of surge arresters, risks of
triggering of overvoltage.

Increase of the onshore frequency and an automatic decrease of the
injected active power to improve the frequency stability.

Acceptance criteria

- Stable operation without tripping or blocking,

- HVDC converter should keep the synchronism with the AC grid,

- Appropriate control coordination between onshore HVDC
converters remote-end converters and OWF control.

Signals to be analysed:

HVDC active and reactive power, instantaneous AC voltages, RMSLL AC
voltages, maximum TOV, onshore and offshore frequencies, DC voltage

Project phase:

Phase 2 and Phase 3

Table 4- AC large disturbances — Load rejection

44 Such a model is currently under definition in InterOPERA Deliverable D3.3, detailing the functional
specification of the InterOPERA demonstrator and is to be published in 2025. In this model, a simplified
frequency regulation is added with a given K-factor to reach the new frequency equilibrium point after the

load rejection
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Interaction

Voltage phase shift

Test scenario

Switches position:
- S2_1andS2_2closed
- S1.1,51 2,53_1,53_2,54_1,54_2,55_1,55_2 open
- S6_1and S6_2 open
- ACline 2in operation
Initial power flow through AC line 2: ~ 0 MW

Simulation conditions

Set the HVDC converter operating point at P=0.5 pu

Set the SCL at the PoC: SCLmin (risks of loss of PLL's phase tracking if the
converter is in grid-following mode, but in grid-forming mode, improved
performances are expected) and SCLmax (leading to high active power
response).

Event (disturbance)

Apply a phase jump of +/-30° at onshore AC grid voltage.

Consequence

Sudden phase shift will cause changes of active power (and reactive
power depending on the SCL) and temporary current limitations.

Acceptance criteria

-Stable operation,
-Maintain the synchronism with the AC grid,
- Post-disturbance power oscillations should be sufficiently damped.

Signals to be analysed:

HVDC active and reactive power, DC voltage

Project phase:

Phase 2 and Phase 3
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Interaction

Network switching

Switching operations (line switching, switching of shunt reactor or
capacitors banks, etc.) lead to changes of the topology conditions in the
network and thus, changes on the equivalent network impedance and
AC voltage steps.

Test scenario

Switches position:

- S2_1andS2_2closed

- S1.1,S51 2,53_.1,53_2,54_1,54_2,55_1,5S5_2 open

- S6_1and S6_2 open

- ACline 2in operation
Initial power flow through AC line 2: ~ 0 MW
Set the equivalent impedances to obtain SCLmaxWhen S1_1 and
S1_2 are closed;

Simulation conditions

Set the HVDC converter operating point at P=1 pu

Event (disturbance)

Pre-disturbance condition: SCLmaxin Area2
Si_1and Si1_2 closed
= Openthe switch S1_1reproduce a SCL step from SCLaxto
SCLmin at PoCa (Areal).
S1_1 open, S1_2 closed
= (Close the switch S1_1 reproduce a SCL step from SCLmin to
SCLmax at PoCa (Areaz).

Pre-disturbance condition: SCLminin Area2
S1_1aclosed, S1_2 open
= Openthe switch S1_1reproduce a SCL step from SCLmaxto
SCLmin at PoCa (Area1).
S1_1 open, S1i_2 open
= (Close the switch S1_1 reproduce a SCL step from SCLminto
SCLmax at PoCa (Areai).

Pre-disturbance condition: SCLmaxin Areai
S1_1and S1_2 closed
= Openthe switch S1_2 reproduce a SCL step from SCLmaxto
SCLmin at PoC2 (Area2).
S1_1 closed, S1_2 open
= (Close the switch S1_2 reproduce a SCL step from SCLminto
SCLmax at PoC2 (Area2).
Pre-disturbance condition: SCLminin Area1
S1_1open, S1_2 closed
= Open the switch S1_2 reproduce a SCL step from SCLmaxto
SCLmin at PoC2 (Area2).
S1_1 open, S1_2 open
= Close the switch S1_2 reproduce a SCL step from SCLmin to
SCLmax at PoC2 (Area2).

Consequence

Network switching combined with HVDC converter control modes can
result in undamped oscillations on voltages and currents exceeding the
limits and triggering the protections.
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Acceptance criteria - HVDC converters should maintain stable operation and provide
instantaneous active and reactive power to maintain the
synchronism with the AC grid;

- HVDC converters should provide the necessary damping to
avoid poorly damped oscillatory modes in post-disturbance

conditions.
Signals to be analysed Instantaneous AC voltages and currents
Project phase: Phase 2 and Phase 3

Table 6 - AC large disturbances - Network switching

Interaction Self-synchronization for GFM control mode
Evaluate the capability of the GFM converter to survive to the
disconnection of the last synchronous connection.
Test scenario Switches position:
- S2_1andS2_2closed
- S4_1and S4_2 closed
- S1.1,S51 2,53_.1,53_2,54_1,54_2,55_1,S5_2 open
- S6_1and S6_2 open
- ACline 2 in operation
Initial power flow through AC line 2: ~ 0 MW

Simulation conditions Set the HVDC converter operating point at P=0.5 pu
Set the active load to 400 MW

Event (disturbance) Open switches S2_1and S2_2

Consequence HVDC converters should be able to operate stable following the
disconnection with the main grid.

Acceptance criteria - HVDC converters should operate stable and maintain the

voltage and the frequency at onshore side in acceptable ranges.
- HVDC converters provide sufficient voltage and frequency
stability to allow for active load to operate.
- Frequency control coordination between onshore HVDC
converters remote-end converters and OWF control.

Signals to be analysed Instantaneous AC voltages and currents, active and reactive power,
onshore frequency, DC voltage
Project phase: Phase 2 and Phase 3

Table 7 - AC large disturbances - Self-synchronization for GFM control mode

6.2.5 Optional tests to be performed
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Interaction

Power oscillations between HVDC converters using GFM control
mode
Evaluate the power oscillations between AC coupled GFM converters

Test scenario

Switches position:

- Sg_aandSs_2closed

- S2_1and S2_2open

- S4_1and S4_2 open

- S1.1,S51 2,53_.1,53_2,54_1,54_2,55_1,5S5_2 open
- S6_1and S6_2 open

- ACline 2in operation

Initial power flow through AC line 2: = 200 MW

Simulation conditions

Set the HVDC converter operating point at P=o0.5 pu
Set the active load of area 1 to 8oo MW and the load of area 2 to 1200
MW

Event (disturbance)

Solid three-phase fault to excite the coupling oscillatory mode

Consequence

In post-fault conditions, power oscillations between two GFM onshore
converters will occur. The frequency of these oscillations depends on the
equivalent inertia of grid-forming converters, the power flow through
the AC line 2 and its equivalent impedance.

Acceptance criteria

Power oscillations should be sufficiently damped (damping ratio> 5 %)

Signals to be analysed

HVDC active and reactive power

Project phase:

Phase2 and Phase 3
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Interaction SSTI
Evaluate the electrical damping introduced by HVDC converters in sub-
synchronous frequency range
Test scenario Switches position:
- Si_aandSi_2open
- Sp_1and Ss_2open
- S4_1and S4_2 open
- S3_1and S3_2open
- S2_1andS2_2closed
- S6_1andS6_2closed
- ACline 2in operation
Initial power flow through AC line 2: ~ 0 MW

Simulation conditions - Setthe HVDC converter operating point at P=0.5 pu

- Use a multi-mass synchronous machine model

- Use the same SM parameters for both areas
The analysis is conducted by comparison of results with HYDC
converters and without HVDC converters (converters are replaced by
constant current sources providing the same power flow).

Event (disturbance) Solid three-phase fault to excite torsional modes

Consequence Power oscillations at the frequency of the torsional modes are produced

on the onshore grid.

Acceptance criteria - HVDCconverter should keep the same damping or provide
supplementary damping to the observed sub-synchronous
oscillation.

Signals to be analysed HVDC active and reactive power, SM active power, mechanical transient

torques between adjacent masses.

Project phase: Phase2 and Phase 3

Table 9 - AC large disturbances - SSTI
6.3 Large disturbances - DC side

6.3.1 Introduction

In the DC system, large disturbance is considered as any unscheduled/unplanned event that results in
large, sudden, change in power transfer and / or DC voltage in any part of the DC network. In this regard,
large disturbances may include loss of a transmission circuit or an AC/DC converter unit.

In this section, events occurring on the DC side of such multi-terminal AC/DC transmission network
resulting in large disturbance is considered, and the associated impact on the operation of the grid is
studied. In this regard, events resulting in loss of one or more ‘units’ (i.e., N-k) depending on the
complexity of the network are considered.

Events resulting in large disturbance may involve isolation of sections of the transmission system (like
faults) while in some scenarios, the event may only result in limited operation (reduced power transfer or
converter blocking). Where the event results in isolation of the faulted unit, the different reach of the fault
isolation zone (FIZ) and the fault separation zones (FSZ) in the network would have to be considered in
the studies. The following assumptions are made for the discussion of this section:
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- Similarto AC contingency studies, all asset connections bounded by fault separation device (FSD)
shall be considered as a single unit for DC contingency analysis. However, it is required that the
post event configuration/network structure reflects the behaviour of the FSZ and the FIZ for the
faulted unit under consideration.

- Events resulting in a change in the operating mode of an active sub-system (like converter unit
blocking, unplanned setpoint change, shut-down, DBS activated etc.) shall be considered as a
contingency event.

- Events resulting in the activation of an ancillary control function like power oscillation damping
(POD) DC shall not necessarily be considered as a contingency on its own.

6.3.2 Contingencies/Events

To illustrate the contingencies to be tested, the InterOPERA demonstrator illustrated in Figure 24 is taken
as an example.

The following events could be considered to cause large disturbance to the DC system:

- Loss of an active element and associated transmission network up to the nearest DC FSDs and
(or) ACCB.
Example:

A fault on (within) AC/DC # 1a sub-system is expected to result in the loss of AC/DC
#1a by the actions of the associated AC CB and the DC FSD connecting it to Bus
1.

On the other hand, a fault on any of the network assets from circuit #1, circuit #3,
bus 2, DBS #1a and AC/DC #2 a is expected to result in the loss of the
transmission assets between the DC FSD (connecting DC cable #1 to Bus 1) and
the AC CB connecting AC/DC #2a to the AC network Note, the post-fault DC
network may include some of these transmission assets in a different
configuration or control mode. The post-fault configuration shall largely be
influenced by the FIZ and FSZ strategy of the network.

- Unexpected blocking of a converter unit
- Unplanned loss of a transmission circuit or switching station
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I Figure 24: Anillustration using the InterOPERA Demonstrator

6.3.3 Initial conditions

Prior to undertaking the contingency studies, it is required to initialize the system to be studied with initial
conditions such as:

- Bus voltage: Ensure the node or bus voltages at all terminals in the Grid of interest are within
planning levels (or normal operating levels)

- Branch power flows (thermal limits): Validate that with the initial dispatches considered, no
individual branch or node is overloaded.

- System losses: The loss distribution of the system to be studied shall be acceptable as per normal
operating levels.

- Each node is set to operate in the appropriate control modes to ensure stable system operation.

- Where necessary, include AC ancillary functions that could couple AC and DC system stability like
frequency support service (FSM, LSFM etc.)

6.3.4 Tests to be performed

For each Grid, it is required to study the system for the expected events mentioned in 6.3.2 considering
the network configurations and operating modes.

For example, for the system illustrated in Figure 24, the following contingencies are suggested:
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Item Contingency Description
Loss of offshore converter unit (Pole Loss of AC/DC #1a
1 converter unit) Loss of AC/DC #1b
Loss of AC/DC #3a
Loss of AC/DC #3b
Loss of an offshore converter station (2
2 poles in the same offshore station) Loss of AC/DC #1
Loss of AC/DC #3
Converter in Vdc control mode (slack
bus)
Converter in Vdc control droop control
mode
Loss of an onshore converter unit (pole Converter in Pdc control mode — if
3 converter) including associated DBS realistic
Positive pole Busbar
Neutral Busbar
4 Loss of pole busbar/ Bus negative pole Bushar
5 Loss of a Bus section -DC Loss of Bus 5a
Loss of Bus 5b
Opening of any of converter AC breakers
6 Loss of Bus node - AC (AC/DC #1a to AC/DC #4b)
7 Loss of a circuit pole 1 on circuit #2
pole 2 on circuit #2
whole circuit (All three wires)
Consider an unplanned setpoint change
in
an offshore converter — 0.5pu
Setpoint change/unplanned de-load of change?
An offshore converter unit an onshore converter — 0.5pu
8 An onshore converter unit change?
Consider an unplanned Blocking:
an offshore converter unit
9 Blocking of a Converter unit an onshore converter unit
Table 10: Example of a tests list for DC large disturbances

Contrary to the protection tests, for those large disturbances tests, the elements to be lost are

disconnected without triggering a fault and waiting for the protection to operate.

6.4 AC large disturbance stability studies - offshore side
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6.4.1 Introduction

In the AC offshore grid, large disturbance can be triggered by the loss of any unit, transmission system or
converter blocking resulting in large, sudden, change in the AC offshore grid.

Those studies are particularly interesting when WTGs from different vendors are connected to the same
HVDC converter station.

6.4.2 Initial conditions
The tests shall be performed under a combination of several initial conditions, including:

- Various control modes with and without the support functions enabled (e.g. the Frequency
Sensitive Mode, the Limited Frequency Sensitive Mode, stop ramping based on the frequency
criteria, automatic Emergency Power Control, etc.)

- Power flows representing worst case scenarios that the system shall withstand. For example, if a
unit producing power is to be lost, this unit shall produce at its maximum power level; if a
transmitting device/cable/line is to be lost, the power on this component shall be the maximum
that is expected to be transmitted via another transmitting component, potentially after an
automatic power reduction. Depending on the necessary speed for this automatic power
reduction, this automatic action can be internal to the control of the subsystems connected to the
grid or can be centralized in the DC grid controller. In addition, intermediate power flows can also
be simulated to focus on the sensitivity and on the effects of the support functions activation.

- Based on the above points, if different performances are expected with and without the
telecommunication, the telecommunication availability shall also be part of the parameters to be
varied.

- Nor N-k grid topology, which can remain in operation in N-k-1.

The system is initially in normal operating mode.

6.4.3 Tests to be performed

The system integrator shall review the topology of the grid to define the list of AC offshore breakers which
can be inadvertently opened - only one phase or the three phases; and test these unplanned openings.

In addition, the blocking of a converter station can also be triggered as part of the scenarios.

6.5 Protection coordination - AC faults

6.5.1 Introduction

In this chapter, faults will be divided into sections, including external faults in onshore AC networks,
internal faults at HVDC converter stations, and offshore wind farms and cable strings.

Concerning external faults, these occurrences in the onshore AC grid can have a significant impact on
HVDC converter stations and on other components such as synchronous generators and other static
converters connected to it. Indeed, some faults can result in a trip, block, or unload/limited power transfer.

For example, in case of fault in the AC grid, severe voltage drops may occur at the Point of Connection
(PoC) between the AC grid and the HVDC converter stations.
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This sudden reduction in AC voltage can result in a decrease in the output power of the HVDC Converter
station. Depending on factors such as the pre-fault power direction and fault location, this drop may cause
the DC voltage to rise or fall to unacceptable levels if not adequately controlled during the fault.

The impact of uncontrolled voltage fluctuations during grid faults is emphasized as placing additional
stress on HVDC equipment, potentially leading to the premature disconnection of the converter station
from the AC grid due to tripping of protection devices.

On the other hand, in offshore AC grids with wind turbines equipped with under-voltage protection, a fault
on a transmission line may cause multiple wind farms to trip. This outcome depends on the voltages at
the wind farm buses during the fault and the protection settings of the wind farms.

6.5.2 Preparation of the model - initial conditions
In any case, all scenarios must be conducted according to the following AC grid conditions:

- Strongest and weakest grid (e.g. Maximum and Minimum SCL)
- Maximum and Minimum AC voltage magnitude

Regarding the initial conditions of the system, several scenarios should be considered to evaluate the
performance of the HVDC system by varying the following parameters:

- Power Flow level (High power level 1 pu. of the base of the nominal DC Power and Low power
level

- Power flow direction

- Minimum and maximum reactive power injected or absorbed

- Operation modes (e.g.: for an HVDC converter station: asymmetrical Monopole with DMR,
Bipole, STATCOM)

- Control modes.

6.5.3 Tests to be performed

The tests will be concentrated on validating the accurate implementation of protective measures within
the system.

Faults at some distance from the HVDC converter station can occur on power lines (overhead lines or
cables) and in AC substations. Additionally, faults can occur in the immediate vicinity of the HVDC
converter station.

Hence, distinctions must be made as follows:

- AConshore grid: when the HVDC converter station is connected to an onshore grid consisting of
cables or overhead lines, and substations, faults can be considered either permanent or
temporary.

- ACoffshore grid: the offshore grid comprises cable arrays (for instance at 66 kV or 132 kV); hence,
faults are to be considered permanent.

In any case, the fault must be extinguished as soon as possible. As it is reported in [48], modern protection
relays and AC circuit breakers (two-cycle CBs) typically enable fault clearing times of less than 100 ms.
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Furthermore, as specified in [49], reclosure procedures must be considered for faults occurring far from
the HVDC converter station. Reclosure near to the HVDC converter station can also be considered if
relevant.

As already mentioned in introduction, the AC fault tests to be carried out will be distinguished as follows:

- External Faults — Onshore AC Network faults
- ACoffshore grid faults
- Internal Faults within the HVDC Converter Station.

6.5.3.1 External Faults - AC onshore grid

Onthe grid fault occurrence, a severe voltage dip appears at the PoC between the faulty AC grid and HVDC
terminals.

In order to distinguish whether faults occur near or far from the HVDC converter station the following fault
conditions will be applied:

- Severe fault: the PoC voltage dip is lower than a certain value of blocking voltage, so the HVDC
converter operates in the blocking conditions without reactive and active current contribution.

- Moderate fault: the PoC voltage dip is higher than the blocking voltage. Therefore, the HVDC
converter injects reactive and active currents into the AC grid during fault.

The term 'blocking voltage' refers to the voltage that causes the temporary stop of power transmission.

Various fault scenarios are considered on the AC PoC, that represent AC faults which may occur either
near or far from the HVDC converter station, thus necessitating the consideration of two distinct
impedance fault values for analysis.

The following faults will be studied:

Severe fault Phase-to-Ground Fault;
Phase-to-Phase Fault;
Phase-to-Phase-to-Ground Fault;
Three Phase-to-Ground Fault;
Three Phase Fault;

Moderate fault Phase-to-Ground Fault;
Phase-to-Phase Fault;
Phase-to-Phase-to-Ground Fault;
Three Phase-to-Ground Fault;
Three Phase Fault;

Table 11 - External AC faults to be applied

6.5.3.2 AC offshore grid faults

Offshore AC substations are often connected to HVDC systems through one or two export cables. These
cables can span several tens of kilometres. While the equipment used in these substations may not be
unique, the offshore environment presents layout challenges.

To address these challenges, gas-insulated switchgear (GIS) is commonly employed. GIS equipment helps
save space and prevents live elements from coming into contact with air or humidity, which is crucial for
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offshore installations. Despite these measures, the extensive use of three-phase cables and GIS increases
the likelihood of phase-to-phase faults occurring either within or near the offshore AC substations. This
underscores the importance of robust protective measures and accurate fault current analysis to ensure
the reliability and safety of offshore electrical systems.

Generally, faults in AC substation components can be considered permanent, especially if they occur due
to insulation defects or damaged components. In addition, the current path during a fault in such systems
tends to have low resistance.

According to the configuration of the offshore HVDC station, faults shall be triggered at all points where
they may occur, considering both symmetrical and asymmetrical fault cases:

- Phase-to-Ground Fault;

- Phase-to-Phase Fault;

- Phase-to-Phase-to-Ground Fault;
- Three Phase-to-Ground Fault;

- Three Phase Fault;

An example where faults can be triggered is shown in the figure below (Figure 25):
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| Figure 25: Fault location in AC offshore grids

6.5.3.3 AC faults inside the HVDC converter station (internal faults)

Typically, internal AC bus faults arise from either insulation breakdown or malfunctions in devices
connected to the AC bus, such as ACfilters, occurring between the secondary side of the transformer and
the converter valves. These faults occurring in the AC bus between the transformer and converter are to
be treated as permanent faults. In the event of any AC bus faults within the converter station occurring
between the secondary side of the converter transformer and the converter itself, the MMC-HVDC
terminal should be promptly tripped to prevent damage to components, as internal AC bus faults are
commonly permanent.

The following cases could be relevant according to [24] and should be considered if they are realistic for
the specific design of the converter station:

- Secondary Winding Phase-to-Ground Fault (fault at converter transformer bushing on the valve
side)
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- Phase-to-phase fault at converter transformer bushing on the valve side;

- Three-phase to ground fault at converter transformer bushing on the valve side

- Valve reactor short circuit fault

- Valve reactor phase-to-ground fault (based on the location and design of the converter)
- ACWall Bushing Phase-to-Ground Fault

- ACPre-Insertion Resistor Fault, for example due to open resistor or faulty by-pass switch

6.5.4 Analyses of the results

The study results should illustrate that the protection settings ensure appropriate coordination among the
protections, with no occurrence of unexpected actions or misoperations.

The study results shall eventually highlight stresses applied to the HVDC converter component; such
stress shall be carefully evaluated, in particular the:

- Voltage dip of the AC and DC converter bus due to AC fault

- maximum DC overcurrent at both the rectifier and inverter modes

- maximum overvoltage of the phase voltage on the rectifier and inverter bus: maximum value
among three phases of absolute amplitude

6.6 Protection coordination - DC faults

6.6.1 Introduction

Without presuming of the respective responsibilities between the different stakeholders, in general, the
protection coordination study in a DC grid aims to define the System Design Requirements (“Fault Level
Engineering”) as well as the appropriate Fault detection algorithms and their relay settings in order to
achieve the highest level of protection reliability, speed, sensitivity and selectivity [50].

During the interaction studies, the system integrator check from a system perspective that the fault
isolation actions are fast enough to allow further automatic or operative actions with sustaining minimum
system disturbance.

A broad range of contingency scenarios should be investigated to identify the most challenging cases in
terms of protection (detection, selectivity, speed). For example, there are:

- worst-case scenarios leading to maximum DC current, maximum pole voltage or maximum
neutral DC voltage (partly overlapping with the transient stresses)

- scenarios, with lower impact on the abovementioned values, which would pose challenges on the
fault detection or protection selectivity itself.

This study will be complementary to the compliance and performance tests described in [1].

6.6.2 Tests to be performed

6.6.2.1 DC Fault locations

The diagrams below present possible fault locations to be investigated during the protection coordination
study. The illustrated faults as well as the fault listing in Table 12 are not exhaustive. Additional Fault
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locations may be deemed necessary depending on design variations of different HYDC OEMs as well as
on the System Layout. Conversely, some of the fault locations listed may be considered unrealistic and
can be omitted by agreement between the OEM(s) and the system owner and/or system operator.
Contingency occurrence probabilities should be considered in the decision, which fault scenarios should
be assessed.

In addition to the faults listed below, converter faults may introduce considerable disturbance on the DC
currents and voltages. These are considered in 6.5.3.3.
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Figure 26: Indicative (non-exhaustive) diagram of fault locations at the DC-side of the Converter
Station to be investigated during protection coordination of the DC grid.
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Figure 27: Indicative (non-exhaustive) diagram of fault locations at the DC Cable/OHL sections to be
investigated during protection coordination of the DC grid. The MT-Topology used is only an example.
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Figure 28: Exemplary (non-exhaustive) diagram of fault locations in a DC Switching Station to be
investigated during protection coordination of the DC grid.

Inter Definition of a standard process for interaction studies with EMT

OPERA simulation in multi-vendor projects
Enabling multi-vendor HVOC grids



Converter Station
(CNVS) Faults

e Solid and high impedance faults at HV DC Busbar depending on the system
layout:
- pole-to-ground
- pole-to-pole (if realistic)
- pole-to-pole-to-ground (if realistic)
- pole-to-neutral (if realistic)
- pole-to-neutral-to-ground (if realistic)
- pole-to-pole-to-neutral (if realistic)
- pole-to-pole-to-neutral-to-ground (if realistic)
e Ground Faults at LV DC Busbar

DC Cable/OHL
Faults

- Short circuit faults at least at each gate of every Fault Isolation Zone as defined
in [1] and in para. 5.4 of [50], as well as at transitions between cable and
OHL45.The following fault locations should be included or not, depending on
the System Layout:

HV to ground

HV positive to HV negative side (if realistic)

HV positive to HV negative side to ground (if realistic)

HV to DMR (if realistic)

HV to DMR to ground (if realistic)

HV positive to HV negative side to DMR (if realistic)

HV positive to HV negative side to DMR to ground (if realistic)

DMR to ground
The above faults could be solid or high-impedance. Depending on the
transmission medium (DC cable or OHL), temporary and permanent faults shall
be investigated.

- Open circuit fault at the neutral return path, if realistic ( [51])°

Intersystem Faults

Faults between AC and DC OHL in case of hybrid AC/DC power systems
Faults between poles of parallel, electrically decoupled DC systems (if
applicable)

Faultsina DC
Switching Station
(DCSS)

Depending on the type and equipment Technology of the Switching Units and the
DCSS, ground faults, flashovers or Power Electronic faults could be investigated,
for example:

e Faults relevant to DC-Energisation (e.g., short circuit at pre-insertion devices)
e Inadvertent opening of a switching unit (FSD or RCS) under normal operation
e Short circuit faults at busbars (e.g. pole-to-ground, neutral-to-ground, pole-

to-pole)
e Loss of grounding

Energy dissipation
device faults
(DBS)

Faults in Energy dissipation devices (not depicted in the figures):
e Short circuit faults at DBS busbars4
o flashover over the resistor during DBS operation (in case of lumped resistor)

Backup protection
testing

A selected group of the above test scenarios should be conducted considering
failure of the FSD or RCS to open (either because of detection failure or because
of failure to operate)

interaction study.

Table 12: List of proposed contingencies to be investigated during the protection coordination

6.6.2.2 Initial conditions

For the protection coordination study, not only the fault location, but also the fault pre-conditions are of
paramount importance. Contrary to the transient stresses or DC short-circuit current stress study, where
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only the scenarios leading to maximum component stresses are relevant, the protection system is also
very challenged during less severe conditions. Therefore, not only the “worst-case scenarios”, but also the
minimum disturbance scenarios are relevant for protection coordination study.

Such pre-conditions comprise, but are not limited to:

e DC System configuration (e.g.,, Number of connected terminals, monopolar/bipolar operation,
operation as rigid bipole“®)

e Max/min short circuit level (SCL) of the AC System

e DC-System Grounding impedance and location concept

e DCgrid Voltage Level (if reduced voltage is relevant)

e Availability of telecommunication, potentially relevant for e.g. DMR faults, or faults in partially
selective fault separation zones ( [1]).

e Control Mode of the HVDC

e AC Network Voltage

e Power Flow

o Availability of the main/fast protection relays+

e DBS capacity and availability

A broad range of contingency scenarios is generated by combining fault locations from 6.6.2.1 with
various parameters for the initial conditions listed above.

6.6.3 Analyses of the results
Depending on the Project Phase, the study will have different focus.
Phase 1:

All voltages and currents (AC-Side, Converter, DC-Side) should be analysed in order to draw conclusions
on the system topology and protection scheme that will facilitate compliance with the AC and DC
boundary conditions.

Phase 2:

The HVYDC/DCSS OEM and/or the System Owner have to evaluate the abovementioned values (currents,
voltages), as well as the preliminary protection algorithms and parameters during testing in a more
specific environment, making sure that the equipment to be supplied can withstand and isolate selectively
all DC-Faults.

45 For transient stresses studies, additional fault locations along the cable or OHL may be required to ascertain
the maximum overvoltages and overcurrents (e.g. every 20 km). Based on the findings of this study, further
fault locations for the protection coordination could be identified as necessary.

481t is important to detect such fault. However, it doesn’t mean that a trip is necessarily expected.

47 These faults may overlap with DCSS or converter busbar faults depending on the location of DBS and the
presence or not of isolation switches. Furthermore, internal DBS faults, occurring during DBS operation would
probably constitute an N-2 contingency (since the DBS is operational at an already existing contingency).

48 The operating modes may be different for each converter station in the DC grid, depending among others
on the availability of the respective HV line and DMR.

49 |n order to be able to test slower protection relays, it may be needed to deactivate the fast-acting relays.
Similar practices, other than deactivating fast relays may be adopted. This initial condition is also relevant for
backup protection testing, as mentioned in Table 12.
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Phase 3:

The acceptance criteria of the study in this Phase will be the following:

1) The protection relays detect faults timely and selectively, before non-faulty parts of the DC grid
are initiating protection actions

2) The faultisolation is taking place, before non-faulty parts of the DC grid are initiating protection
actions

It is worth mentioning that the reliability of DC grid Protection (see para. 5.5 of [50]) cannot be
investigated in all aspects during this study. In case of doubts, keeping the protection system active during
all interaction studies will ensure that no protection actions will be initiated in non-fault situations.

6.7 AC and DC Fault-Ride-Through

6.7.1 Introduction

AC and DC Fault-Ride-Through (FRT) is the capability of electric devices and systems, such as HVDC
systems and PPMs, to stay connected during relatively short periods of grid voltage deviation, e.g. caused
by a fault, from its nominal value and possibly counteract actively the voltage deviation by for example
injecting additional reactive power in case of an AC fault to support grid stability.

FRT capability of devices is needed to prevent a voltage deviation in the grid from causing a widespread
loss of power exchange and power generation, otherwise tripping of these devices could lead to
amplification of the voltage deviation and this in turn might lead to a chain reaction where more and more
devices and systems disconnect from the grid leading to a blackout in the worst case.

Thus, HVDC converter stations and PPMs must be tested for their FRT capability and compliance with FRT
requirements (e.g. requirements for fault ride through capability as established in the network codes [10]
and [11], their respective national implementations, TSO specific requirements, requirements for GFM
inspired by [44] and DC FRT requirements of converters inspired by [1]) before they are connected to the
grid. Therefore, FRT standalone tests of devices shall be conducted as well as FRT tests of the model of
the HVDC grid in question to rule out and solve possible harmful interactions between devices while an
FRT event.

6.7.2 Tests to be performed

The FRT capability of devices needs to fulfil the respective network codes and requirements of the
respective system operators. Thus, for the FRT tests the fault-ride-through profiles of such requirements
are the basis. The results of the FRT tests shall reflect compliance with these requirements. For example,
the expected performance of the FRT behaviour of the device may depend, or not, on the availability of
communication and coordination of devices.

For this section the FRT requirements of [1], [10] and [11] are taken into account as examples of such
requirements.

In the following a list of variables is provided that in general shall be covered by the FRT tests for
interaction studies, i.e. not standalone tests of devices (Standalone tests are to be described in [1]), but
studies taking into account the whole project topology and thus taking into account all the interconnected
devices as a whole. The list is non-exhaustive. Depending on the specific topology of the project in
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question not all of the variables and fault types might be relevant, e.g. DC-DC faults might not be relevant
if the project has no DC systems in parallel to each other. Therefore, some of the variables and fault types
listed in the following might be considered as irrelevant or unrealistic and thus may be omitted by
agreement between the OEM(s) and the system owner and/or system operator. The variables that in
general shall be covered are:

e Type of fault:
o ACfaults:
= One-phase to ground (zph)
=  Two-phase to ground (2ph)
= Three-phase to ground (3ph)
= Phase to phase (ph-ph)
o DCfaults:
= One-pole to ground (1p)
=  Two- pole to ground (2p)
= Pole to pole (p-p)
= Poleto pole to ground and DMR (2p-DMR)
= One-pole to ground and DMR (1p-DMR)
o DC-DCfaults:
= between poles of parallel electrically decoupled DC systems, e.g. if two DC lines
share the same tower, of the same polarity
= between poles of parallel electrically decoupled DC systems of the same polarity
to ground
= between poles of parallel electrically decoupled DC systems of different polarity
= between poles of parallel electrically decoupled DC systems of different polarity
to ground
o AC-DCfaults:
= Between oneftwo/three phases of an AC line and one/two poles of the HVDC line
= Between oneftwo/three phases of an AC line and one/two poles of the HVDC line
and ground
o Simultaneous occurrence of combinations of previously described faults
e Location of fault, for example:
o AConshore:
= Adjacent AClines
= AC busbar of converter stations
o DG
= Alongthe overhead line at different positions, e.g. 0%, 25%, 50%, 75% and 100%
of the total overhead line length
= Along the cable at different positions, e.g. 0%, 25%, 50%, 75% and 100% of the
total cable length
= Switching station
=  DCPCC(PCCpc) of converter stations
o ACooffshore:
* PCCacof PPMs
= ACbusbar of HVDC converter station
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e Voltage deviation from reference voltage according to the relevant FRT requirements and
capability curves, for example
o incase of ACundervoltage -10 to -15%, -15t0 -25%, -25 t0 -40%, -40 to -55%, -55 to -70%,
-70 to -85%, -85 to -95%, -95 to -100%
o incase of AC overvoltage +10 to +15%, +15to +25 %, +25to +30 %
o incase of DC voltage according to DC FRT requirements inspired by [1]
e Duration of fault depending on voltage deviation and in accordance with fault-ride-through
profiles of requirements
e Control mode of devices considering variation of key parameters value, for example as defined in
[44]:
o  Grid forming (GFM) with parameter value variation of for example
= virtualinertiaH
= damping factor k
o Grid following (GFL) with parameter value variation of for example
= K-factor (factor between delta of voltage and adjustment injected active and
reactive current)
o DC-voltage droop (V4 droop) with parameter value variation of for example
= DCdroop gaink
o GFM- Vg droop with parameter value variation of for example
= the parameter variations as considered for GFM
= DCdroop gaink
o Voltage-frequency control (V/f)
e Active power exchange, for example:
O #Pmax (Pmax : maximum active power)
0 0.5 Pmax
o 0
e Reactive power exchange, for example:
o Maximum inductive reactive power (ind. Qmax)
o Maximum capacitive reactive power (cap. Qmax)
o 0
e Auto-reclosures
e Status of AC grids, for example:

o passive
o weak
o strong

e Telecommunication between the different systems (if different requirements are defined
depending on the availability of the telecommunication; if not, all the tests are performed without
telecommunication)

The compliance of the FRT profiles can be tested in at least two ways. The first option is to directly apply
the FRT profiles to the device or system under test under varying operating conditions through a voltage
or current source, respectively. The second option is to apply a finite number of short-circuits to the device
or system under test varying the above listed variables in such a way that compliance with the FRT profiles
and other FRT requirements can be substantiated.

Inter Definition of a standard process for interaction studies with EMT

OPERA simulation in multi-vendor projects
Enabling multi-vendor HVOC grids



For standalone FRT tests of HVDC converters and PPMs both ways are suitable. Different short circuits as
well as a voltage or current source injecting the FRT profiles shall be applied at the terminals of the device
under test (DUT) to check the compliance with the FRT profiles and tuning the controllers. Standalone
tests are to be described in [1] and thus are not further discussed here.

On the contrary, for FRT tests applied to the HVDC grid to study interactions, short circuit tests shall be
applied, as these reflect fault events that can happen in reality more closely than injecting a voltage or
current FRT profile, which reflects the outer boundary of fault events, but not the “true nature” of the
manifold faults that can occur in reality. Hence, through these tests, it will also be possible to double-check
that the FRT profile, that has been defined for the functional requirements and standalone tests, based
on generic models during phase 1, is consistent with the behaviour obtained when using the vendor
specific models.

A concrete test matrix for the 5 terminal demonstrator topology, derived from the general description of
FRT-tests, is proposed in Appendix B to illustrate the methodology.

6.7.3 Analysis of the results

The test results shall be analysed in accordance with the requirements specified in network codes and by
grid operators (refer to 6.7.1. The analyses can be done for example in the time domain with the help of
plots in comparison with specified envelopes which reflect the requirements specified in network codes
and by grid operators.

In general, the following non-exhaustive characteristics of the test results should be analysed:

- Devices and systems under test connection status (e.g. shall not disconnect, turn off and block or
if temporary blocking is allowed permanently block while the FRT test).

- Transient behaviour during and directly after the fault especially at the begin and end of the fault,
for example analysing max. response time (quantity reaches first time 9o% of new steady state
value), overshoot and settling time (time at which max. deviation from new steady state value is
less or equal 5%) of currents, voltages and derived quantities such as active and reactive power,
RMS values etc.

- Grid support behaviour such as voltage support, grid forming behaviour to increase the stability
and control performance of the grid by having an active contribution.
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7.Small-signal stability
studies

This chapter focuses on small-signal stability (SSS) studies. As introduced in Chapter 1, the primary
concern is identifying the risk of undamped (or in practice, poorly damped) oscillations over a broad
frequency range, encompassing the participation of power electronic interfaced devices (PEIDs) in
classical electromechanical modes, electrical resonances with passive network components, and
interactions with other PEIDs, while excluding classical torsional SSR. Within the InterOPERA project, this
scope is expanded beyond synchronous (onshore) AC grids to focus on interaction risks in offshore AC
grids and multi-terminal multi-vendor (MTMV) HVDC networks.

SSS studies target the system's dynamic behaviour around an equilibrium point, allowing linearisation
and, thereby, giving access to powerful linear system analysis tools, such as frequency-domain (FD) and
state-space methods. Section 7.1 provides an overview of SSS study process. Section 7.2 outlines the
different model types used for SSS analysis in systems dominated by PEIDs. Sections 7.3 to 7.6 explore
various approaches for assessing SSS depending on the input data available. Section 7.7 elaborates on the
wide range of operating conditions that need to be considered. Finally, Section 7.8 discusses how the steps
in the proposed methodology align with the timeline of a typical MTMV HVDC project.

7.1 Introduction: SSS study process

This section provides a brief overview of current practices for interaction studies focusing on SSS
phenomena, primarily developed for the connection of point-to-point (P2P) HVDC systems or DC-
connected PPMs to AC grids, from the perspective of the responsible stakeholders. It highlights the
challenges in extending these methods to MTMV HVDC systems, emphasising the need to revisit the
study process. Section 7.1.1 presents the system owner's perspective, while Section 7.1.2 discusses how
these issues are approached from the original equipment manufacturer (OEM) side.

7.1.1 Purpose-oriented SSS system-wide studies

When arisk is identified, for example based on the MIIF criteria (refer to 2.2.1) during the planning studies,
detailed studies are scheduled for the execution phases, when OEM models are expected to be available.
If issues arise, an iterative process is initiated until effective mitigation measures are successfully
implemented.

However, in the context of MTMV HVDC grids, developing offshore AC grids connected to onshore AC
grid by MTMV HVDC system leads to new challenges:

- Knowingthat SSOs in the AC onshore grid are sensitive to system strength, how can it be adapted
for the offshore AC grid: How to define the “system strength” of the offshore AC grid? To which
extent is it relevant?
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- How the studies should be conducted to ensure that there are no adverse interactions between
power converters?

The constraint, in the case of developing MTDC grid and offshore AC grid, is that usually there is no
available and sufficient model and data in the planning stage of the project. Therefore, it is not easy to
implement screening-based methods for mitigating risks in the planning stage. Instead, planning system-
wide SSS analysis can be helpful to optimise the system-level design during the detailed design phase, as
recommended in Table 4 of [30].

7.1.2 Small signal stability studies at device under test level for control
design purposes

Small signal stability studies are performed during the design phase to ensure that the designed control
system has the desired performance and robustness. The different methods that are used to assess small-
signal stability are described in [30]. From all the methods, time-domain EMT simulation is the most
common method used to study control interactions. The main reason is that EMT simulation is the
ultimate environment where the real C&P is implemented and tested.

However, the combination of system configurations, operating points and control modes to be studied
results in an extremely large number of simulations. As a result, it is of special interest to find methods
that allow to focus on the cases that the plant is exposed to during operation that can lead to potential
undesired interactions. Thus, performing impedance scans on EMT environments and using impedance-
based methods to assess stability is the most used method.

Although EMT simulations and impedance-based methods are widely used, state-space models are
emerging as a useful alternative. There are two main reasons for this trend: (i) state-space models permit
to analyse many operating points without the time-consuming action of performing impedance scans in
EMT simulations; and (ii) state-space models can provide deeper insights on which controllers are
participating on undesired interactions. For these reasons, state-space models are used, not only to
perform impedance-based methods, but to perform modal analysis, which allow to calculate participation
factors, helping in the root cause analysis of poorly damped modes. However, the development and
validation process of state-space models against EMT models can be time consuming. It shall therefore
be mentioned that performing frequency scans on EMT simulations can be easily automated and executed
without supervision.

The method to be used is primarily dependent on the technological trade-offs, the data available to OEMs
and TSOs and its format. However, the method to be used often does not influence the final outcome to
detect and mitigate undesired interactions.

7.2 Associated model types and requirements

This section briefly describes the main features of various model types from an SSS analysis perspective.
SSS is highly dependent on the detailed control design and implementation, making it essential to use
PEIDs vendor-specific models for accurate assessments. Moreover, a comprehensive system
representation is required, including the onshore AC system, the DC grid (with its associated grid
controller), and offshore installations. Typically, a time-domain (TD) electromagnetic transient (EMT)
model is made available according to the specifications recalled in Section 7.2.1. In some cases, FD models
may also be provided by the OEM, as discussed in Sections 7.2.2 and 7.2.3, or generated by the system
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owner through the scan of the TD EMT model (see Section 7.2.5). Additionally, as discussed in Section
7.2.4, the use of state-space models for SSS analysis has gained attention in recent years. Section 7.2.6
concludes with a summary of the capabilities and limitations of each model type.

7.2.1 Time-domain models

On the contrary to the reference models described in 2.2.1, the AC onshore grid model must be improved
to include representative inertia and frequency dynamics when the grid forming functionality is tested
during small disturbances. Examples for AC onshore grid models will be accessible in InterOPERA
Deliverable D3.3%°.

Saturation of the transformers, surge arresters and protections are not necessary.

7.2.2 Frequency-domain (or transfer function) models

As introduced on Chapter 2 (Section 2.1.5), FD models represent the system'’s input/output response as a
function of the frequency for a given operating point. Although impedance-based models are the most
common FD models used to assess SSS in PEID dominated systems as will be discussed in detail in the
next section, other TF models may also be relevant, particularly for the SSO phenomena.

For instance, the Great Britain National Energy System Operator requires a Network Frequency
Perturbation (NFP) Plot within the new GFM requirements. This plot represents the TF between the active
power and the frequency (or phase angle) (APcc/Awg or (APcc/ABQg) [52]. Other studies also analyse the
reactive power to AC voltage TF (AQcc/|AVg]) [53].

The NFP plots indicates the frequency response of the closed-loop transfer function (APcc/Awg), with APcc
output active power variation and Awg, input grid frequency variation. The Bode plot of this transfer
function allows to identify the several key features of the GFM: frequency-droop characteristics, inertial
response, and damping. In order to generate the NFP plot from TD simulations, the DUT is connected to
a controlled voltage source (without series impedance) with its frequency modulated in a sinusoidal
fashion around the rated frequency. The amplitude of the frequency modulation is kept small to avoid
saturation of controllers. The modulation frequency is swept across a specified range. The relevant
frequency range is defined by the TSO. The DUT responds to this changing frequency with a modulated
active power. Fourier analysis is applied in the measured instantaneous active power at the point of
connection to compute the NFP response as [52]:

— AP, cc Z(/)AP
NFP A wg Z(PAw

(rw
Where, AP and @ap are the amplitude and phase of the measured active power variation, A®wg and Qae
are the magnitude and phase of the applied frequency variation.

Approaching the above transfer function with a second order model representation of the GFM, the inertia
constant and the damping factor can be identified, seeing the example provided with Figure 21 in [52].

5° This deliverable is expected to be published in 2025.
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Theoretically, the damping power is defined as the component of the active power response in phase with
the frequency variation and it can be defined as the real part of the NFP response (Rnep). Then, NFP plots
can be used to verify if the DUT introduces a positive damping power to grid oscillations.

AEMO (Australian energy market operator) requires for GFM converters to introduce a positive damping
to grid oscillations in the sub-synchronous range [53]. The positive sequence impedance response of GFM
can be used to verify this requirement. The real part of the converter impedance should be positive in the
sub-synchronous frequency range allowing to contribute positively to the SSO damping.

The transfer function from the reactive power injected/absorbed to the voltage magnitude (AQcc/|AVg])
can be used to characterise the GFM response to step changes on the grid voltage magnitude.

7.2.3 The particular case of impedance-based models

Impedance-based models characterise the voltage-to-current TF and can be either SISO or MIMO,
depending on whether only the independent sequence (positive, negative and zero) or multiple
components, such as the dg-axis, are considered. The grid and connected components are represented as
frequency-dependent impedance which allows for using black-box models.

Literature has shown that, in general, SISO versions are effective for assessing high-frequency behaviour
(harmonic stability)5*. However, other components of the impedance matrix need to be considered when
analysing SSOs phenomena [30], as the underlying assumption—neglecting component coupling—does
not hold.

On the DC side, impedances can involve multiple components; for instance, a bipole HVYDC system can
have both positive-pole and negative-pole impedances. The validity of neglecting coupling effects must
be thoroughly assessed when choosing between SISO and MIMO representations.

7.2.4 State-space models

State space models represent the system dynamics using state variables. After proper linearisation, a
small-signal state space model can be derived, and then powerful linear system analysis tool can be
applied for small-signal analysis, including the eigenvalue analysis, participation analysis, and sensitivity
analysis.

Though state-space models are powerful in doing small-signal analysis, in practice, it is usually not easy
to obtain a state-space model of PEIDs for grid interaction studies, as the state-space model requires to
represent system dynamics using internal states, which can be against vendors IP. Recent development
efforts have also paid more attention to developing the state-space models in black-boxed formats, such
as [42]. On the other hand, deriving a state-space model also needs to consider the necessary number of
states, which may increase the model order significantly, when the number of converter units becomes
higher. The state space model shall be also derived and aggregated at a certain level to meet the study
needs, as pointed out in [30].

5t An exception occurs when the converter control is implemented in a way that requires a MIMO impedance
representation and considers operating point dependence. In such cases, the analysis becomes more complex
and should follow a methodology similar to that used for SSO studies.
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7.2.5 Obtaining linearised models from non-linear time-domain models

As introduced in Chapter 2, linearised models for SSS studies can be derived from nonlinear analytical
models either through explicit linearisation of the equations or by using numerical identification
algorithms on TD simulations, provided that the applied disturbances remain within the system's linear
domain. This section focuses on the latter approach, with the frequency scan being the most widely used
method for obtaining harmonic impedance models when only black-box models are available. When
harmonic impedance or state-space models are supplied by OEMs alongside the EMT model, the
frequency scan facilitates cross-model verification and validation (see Section 2.3).

The frequency scan method calculates the harmonic impedance at a specified frequency by perturbing
the system (e.g., a converter unit or grid) and recording the resulting response. This process is repeated
across the entire frequency range of interest to construct a complete linearised model in the frequency
domain. Perturbations are introduced by superimposing ideal voltages or currents at the scan terminal,
typically the PoC. Furthermore, perturbations can be conducted in various reference frames, with
symmetrical components and the dq(z) frame being the most commonly used. Alternatively, as
introduced in Section 7.2.2, the perturbations may be conducted in other variables rather than voltages
and currents, which derives different transfer functions if expected for special study focus, e.g.,
(APcc/Awg) or (APcc/ABg) [52], and (AQcc/|AVg]) [53].

As discussed in Section 7.2.3, while simpler SISO models may be suitable for investigating harmonic
stability phenomena, MIMO models are necessary for assessing SSOs. Consequently, the frequency scan
must be conducted accordingly: for SISO cases, only one element of the frequency-dependent matrix
(e.g., the positive sequence in symmetrical components) needs to be extracted, while for the MIMO cases,
all matrix elements, including non-diagonal elements, are of interest.

In general, the frequency scan should be performed under varying conditions, which may differ based on
the type of scan terminal (AC or DC) and the frequency range (see Section 7.7).

7.2.6 Overview of model capabilities and limitations for SSS studies

Harmonic impedance model is usually more efficient for studying harmonic stability since it is less
operating point dependent. In lower frequency range, the harmonic impedance can also be used for
stability screening, but such impedance models need to be developed or obtained by frequency scan in
EMT models under certain operating conditions. Examples can be found in [54], [55] and [56] for the SSCI
interactions with series compensated grids.

To study sub- and super-synchronous interactions of PEIDs, MIMO impedance models can represent the
converter dynamic behaviours in a more rigorous manner and are thus now recommended by more
references [16], [30] and [52].

If vendors and developers can provide analytically derived but encrypted state-space models, one can
use it to analyse small-signal stability in sub-synchronous or super-synchronous frequency range, under
various operating conditions.

7.3 SSS analysis methods & tools: Frequency-domain
approaches
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The FD stability analysis methods are summarised in the flowchart depicted in Figure 29. This flowchart
primarily emphasises frequency-scan-based analysis using EMT models, illustrated by the purple block
diagrams. Additionally, if linearised models are delivered by OEMs, direct stability analysis can be
conducted using these models, as represented by the grey block diagrams.

7.3.1 Frequency-domain stability criteria

Inthe SISO setting, stability is assessed using the Nyquist stability criterion applied to the impedance ratio
between the load (DUT) and the source (the grid), representing the open-loop system gain. For MIMO
systems, the generalised Nyquist criterion can be used. Alternatively, the passivity property of
impedance-based system representation (both SISO and MIMO) can be evaluated to conclude on its SSS
as bounded outputs for bounded inputs can be guaranteed for passive systems. This approach has gained
popularity for assessing system-wide harmonic stability in multi-infeed systems [57], [30].

Load flow calculation
Model/ ‘

data
input Small-signal/harmonic model EMT model Small-signal model from
from vendor/developer (offline/real-time) vendor/developer
—— Fast calculation under
Cross validation Frequency Frequency ‘ various operating points

SISO impedance scan test scan test MIMO impedance model for AC
model for both AC systems or SISO impedance model

.4 4

and DC systems for DC systems

A 4

Frequency-
domain Passivity analysis
analysis

Stability

Stability Screening

investigation
for specific
cases

under various
operating
points

Harmonic stability
assessment

| Figure 29. Frequency domain analysis methods using impedance models.

7.3.2 Methodology overview for frequency-domain SSS analysis

In this work, a four-stage approach is proposed for SSS studies using impedance-based models: an initial
screening, followed by a detailed FD stability assessment, and TD simulations of critical scenarios, and the
mitigation solution development and validation. Methods are tailored to the specific phenomena of
interest. The focus is primarily on the first two stages, while considerations for TD studies are discussed in
Section 7.5.

If mitigation measures are required, relevant information for critical scenario can be shared with vendors
and developers as early as possible in the detailed design stage. After iterating on design improvements,
the updated solution should enhance interoperability. If instability issues persist with the revised models,
further interaction studies and mitigation measures will be necessary (see Section 3.3.3).
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For harmonic stability (using SISO impedance models) the study process is illustrated in Figure 30, where
the purple colour indicates vendor or developer involvement, while system owner (or lab) involvement is
highlighted in blue. It is noted that this analysis can also be involved in earlier stage as a part of basic design
studies which are performed by each PEID vendor individually, where the “design improvement” at the
vendor/developer side can cover the “Hamonic stability studies” in the blue shared areas in Figure 1, as
long as the grid side equivalent model or data is provided to the vendor at an early stage. In later stage,
this “design improvement” can be interpreted as a mitigation solution when finding an interaction issue,
so the updated design and model shall address the interaction issue, and the mitigation solution shall be
validated through the process. In the following part, more focus is to discuss the study process at the
system level, i.e. in the system owner (or lab) side.

1. Passivity analysis is recommended for quick screening of potential negative damping introduced
by the converter system [30]. If a converter exhibits negative resistance within a certain frequency
range, it may interact with a grid resonance at the same frequency, potentially leading to
harmonic instability.

2. Harmonic stability assessment: for converters displaying non-passive impedance behaviour in
the harmonic frequency range, there is a risk of interaction with other resonant subsystems. In
such cases, a more detailed harmonic stability analysis should be conducted using impedance-
based stability criteria ([58] [59]), provided that impedance models for the interconnected system
are available. For onshore AC grid interaction, the impedance models of the AC grid can be
provided by system operator, and the converter’s impedance model is obtained from the HVDC
vendor or scanned by the system owner (or lab) based on the vendor's EMT model. For MTDC grid
or offshore AC grid interactions, all the impedance models of interconnected converter systems
rely on the model delivered from OEMs or developers or frequency scan conducted by the system
owner (or lab) based on the vendors’ EMT models. The DC grid model and/or data is usually
provided by system operator in earlier stage, and the model can be refined in the later stage by
the system owner or vendors for the next iteration of harmonic stability assessment.

This analysis is especially relevant for:

a. Gridintegration studies: assessing harmonic stability is crucial for both ACand DC grids,
particularly when grid resonances change due to contingencies affecting grid impedance.

b. Converter control interaction: may arise when multiple converters are interconnected,
such as in offshore AC grids between HVDC systems and wind power plants (WPPs), or in
DC grids linking multiple HVDC systems. Harmonic stability assessments help identify
stability margins and guide converter control tuning or design optimisation if the margins
are insufficient. Sensitivity analysis at various PoCs can also be conducted to identify the
most critical converter contributing to the dominant oscillation mode [60].

It is worth noting that when performing the impedance-based stability analysis for screening purpose, it
is also necessary to consider certain accuracy band for impedance models, as the impedance data from
simulation models might not be exactly the same as the real system. Such accuracy band considered on
top of the impedance models usually turn out into the stability margin in amplitude or phase. Therefore,
it is always important to screen the case even if stable but without sufficient stability margin. This can be
a bit conservative, but it can ensure that any cases that can pose instability risks are not missed out in the
screening stage. The system operator will be in charge of defining the necessary stability margin at the
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system level, with the support of the vendors to see how this translates at vendor's level. The margin shall
consider the inaccuracy of the models, as well as operational margin.

Vendor/developer System owner (lab)
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delivery Impedance passivity Screening
check done

Passive
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Non-passive

Grid impedance data
screening under various
grid balances and
scenarios

Selected
scenarios

Impedance-based
stability analysis

Critical
scenarios

Info/data

Design SUCHI  EMT study verification
Improvement and screening results

| Figure 30. SSS study process using impedance models for harmonic stability analysis

In the integration stage of the project, the MIMO impedance models are usually used for interactions of
SSOs phenomena. This is because converter control dynamics depend on the operating point and axis
couplings in the chosen reference frame, which cannot be neglected. When using MIMO impedance
models for interaction studies, two scenarios are considered based on the availability of an analytical
linearised model in the FD:

1. When only TD EMT models are available: frequency scan tests can be conducted to identify
converter impedances at both AC and DC PoCs for specific operating points. A similar scan can be
applied to the interconnected system, enabling impedance-based stability analysis. However,
this analysis is only valid for the specific load flow (LF) condition studied, so multiple typical
operating points must be selected, with frequency scans and stability assessments repeated for
each. In general, SSOs screening can follow a process similar to that used for filtering harmonic
stability risks (see Figure 30), but should be adapted to the specific phenomena being targeted:

a. Interactions with onshore AC grids with series compensation: grid resonance occurs
close to the fundamental frequency and is primarily influenced by passive components,
remaining relatively independent of LF conditions. The passivity-based screening
process remains effective for assessing potential interaction issues in this scenario as
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illustrated in [55]. Therefore, similar process to Figure 30 can still be applied here,
although it may require using MIMO impedance models to represent onshore converter
systems.

Interactions with nearby converter units in DC and AC grids: the dynamic behaviour
within the sub- and super-synchronous frequency ranges is influenced by the control and
operating points of all connected converters. Consequently, MIMO models are necessary
to accurately represent the converters’ dynamics at the PoCs. Therefore, stability cannot
be screened using a simple impedance passivity check. Instead, stability screening on
analytically derived state-space models is recommended (see Section 7.4).

As when derisking harmonic stability, this approach is valuable for:

C.

Grid integration studies: when the system model consists of only black-box TD EMT
models (e.g., onshore AC grids or future DC grid expansions), frequency scans can yield
equivalent grid impedances at selected PoCs, considering the dynamics of active units.
This supports optimal system design by ensuring positive damping contributions.

Converter control interaction: impedance-based stability analysis can incorporate
sensitivity analysis to identify the converter contributing the most to a particular
oscillation mode. This approach can handle the system-wise optimisation in control
tuning for solving an interaction issue.

2. When analytical FD models are available: stability analysis becomes more efficient by the faster

calculation of converter impedances across a wide range of operating conditions. The process can

follow the right-hand flowchart in Figure 29 for stability screening over various scenarios. This

method

is particularly useful in MV projects, where SSS analysis can serve as an early-stage

screening tool to identify potential interactions before detailed EMT studies. As recommended
by [61] (refer to Table 4 in this document) and [30], SSS studies should be considered a standard

method

for static interaction assessments and a key step in ensuring interoperability across

different vendors’ systems. Notably, in offshore energy hubs, interaction phenomena can

become
through

7.4 SSS

more complex due to the coupling of onshore AC grid modes with offshore AC grids
DC links, especially when grid-forming (GFM) controls are employed.

analysis methods & tools: state-space

approaches

Also referred to as modal analysis, state-space approaches use linear algebra to decompose a system into

independent os

cillatory and non-oscillatory modes. By extracting eigenvalues, eigenvectors, and

participation factors, each mode's frequency, damping, shape, and sensitivity can be computed, offering

insights into instability risks, interaction mechanisms, and guiding the identification of root-cause and

mitigation strategies. One advantage over impedance-based methods is that state-space approaches

evaluate the entire system as a whole, eliminating the need for repetitive studies at various locations. It

also offers insig
vendors to ident

Inter
OPERA

Enabling multi-vendor HVOC grids

hts directly into the system states, which can reduce the effort from developers and
ify the root cause.
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7.4.1 State-space stability criteria

In state-space approaches, the stability of an equilibrium point is determined by examining the
eigenvalues of the state matrix (A). A positive real part reflects exponential growth of state variables, and
the imaginary part reflects the oscillation mode, and therefore indicates instability. The damping of the
oscillation mode can also be calculated, which serves as performance criterion for stability design.

7.4.2 Methodology overview for state-space-based SSS analysis

If an analytically derived state-space model is available, even in black-box form with respect to vendor’s
IP, SSS analysis can be performed directly using LF calculations to initialise the models. State-space
models for different subsystems—such as HVDC converters, WPPs, and cables—can be assembled based
on their input-output connections following the component connection method. Once combined,
eigenvalue analysis provides the frequency and damping of oscillation modes, while participation factor
calculations highlight the most sensitive states, indicating which subsystems contribute most to
interaction phenomena and where mitigation efforts should be focused. This process is illustrated in
Figure 31.
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I Figure 31. SSS study process using state-space models for interaction analysis

7.5 SSS analysis methods & tools: Time-domain
approaches
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As a complement to FD analysis, TD simulations can also provide valuable insights into the inherent
stability properties of the system, particularly the frequencies and damping of dominant modes, provided
that these modes are effectively excited through small disturbance tests. In the context of SSS, TD
simulations can be considered as complementary studies in addition to FD studies, or as independent
studies to compare results with FD studies.

Additionally, more general dynamic performances must also be verified at the system level. For this
purpose, the methodology—including test case definition and compliance criteria—must be coordinated
with the standalone tests defined in [1] and the expected performances for all the control modes, for
example such as the grid-forming (GFM) defined in [44].

In the following sections discussions on general considerations to define both SSS and dynamic
performance verification are initiated.

7.5.1 Time-domain dynamic performance and SSS criteria

Regarding dynamic performance analysis at the system level, the results shall not show any degradation
of performance compared with the results obtained in standalone tests (controllers setting shall be
optimised for the system under study), in terms of static error, time response, etc ...

Regarding interactions issues analysis, no trip and no blocking of the converters, and sufficiently damped
oscillations of the dominant modes shall be observed in the system.

To carry out the oscillations damping analysis, 2 solutions can be proposed, for offline simulations and/or
online simulations:

- Prony analysis, as used in [62]
- Hybrid Fourier and Wavelet-based method, described in [63]

As a minimum, the variables of interest are the currents, voltages, and powers (DC power, AC active and
reactive power).

Since 2 asynchronous grids connected through a HVDC link could be coupled according to the control
modes applied on each HVDC converters (GFL or GFM), see [64], oscillations analysis shall be carried out
on all the PoCs of the system, wherever the disturbance is applied. Due to the electrical coupling, a small
disturbance applied on the AC onshore grid shall lead to a damping oscillation analysis on the AC onshore
grid, but also on the AC offshore grid (and reversely).

7.5.2 Methodology overview for time-domain SSS analysis
The proposed strategy for studying SSS with TD simulations is to:

- Define the various combinations to be studied in terms of operating points, control
modes, grid parameters,
- Define a list of disturbances to be applied in the system, and the associated locations.

The number of simulations to be carried out is the multiplication of the first 2 bullet points. A more
exhaustive list is provided in section 7.7.

However, a goal may be to limit the number of simulations, while ensuring that the areas of operation are
covered as exhaustively as possible. An agreement shall be needed between all the partners to define a
test matrix that is as relevant as possible to be used for the studies.
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Test conditions and applied disturbances are mainly chosen for the operation of the HVDC converter
within current and power limits (without hitting any saturation), in order to remain in a linear domain of
the system.

In addition, some additional tests may be proposed to test the stability and potential interactions in case
of a saturation or limitation is reached (for example, considering the reactive power limits). Unlike tests
on large disturbances, such tests make it possible to observe the behaviour of the system when saturation
or limitation remains active for a longer time than when they are reached on large disturbances.

Regarding the perturbations to be applied, in particular the effect of the perturbations on the variations
of the variables of interest, it is difficult to define fixed and generic disturbances to be applied for all
projects. For this purpose, the section 7.7 defines a list of disturbances to be applied for the TD simulations,
indicating the effects and orders of magnitude of variations expected on the variables of interest, but the
specific characteristics of each disturbance should be adapted for each project.

7.5.3 Disturbances

To detect potential interactions or instability, two types of disturbances shall be applied at each PoC/each
converter in the system: Set point modifications and disturbance rejections.

The set points modifications will be dependent on:

- The system configurations,

- The operating control modes on each converters (DC or AC voltage reference step, DC or
AC active power reference step, reactive power reference step, etc ..),

- The strategy of the “High Level control” (DC controller for example),

- Etc..

All potential ramp limiters on set point reference shall be by-passed, or at least, set at the maximal value
allowing a “fast” modification of the reference.

Regarding the disturbance rejection location, as far as possible, disturbances may be applied at the same
location where the expected analysis is to be carried out (for example, DC side analysis should lead to the
application of a disturbance on the DC side). However, depending on the system configuration and the
possible relevant disturbance (especially on DCside), this recommendation is not applicable. Thus, it could

1

be acceptable to create a “large disturbance™ at a different location on the system to create a “small
disturbance” for the devices under studies. In this context, some simulations performed in the frame of
other studies of this document could be useful also for small signal analysis (for example, Ac offshore grid

3 phased solid fault could lead to a small disturbance regarding DC voltage variation on the DC grid).
Regarding the magnitude of disturbances to be applied, recommendations may be proposed hereafter:

- Set point steps:
o Voltage reference step: a variation of 2% of the rated value shall be considered.
o Power reference step (active and reactive (when applicable): a variation of 10%
of the rated value shall be considered.
o Frequencystep:+0.1Hz
- Disturbance rejection:
o The perturbation applied shall disturb the magnitude of the voltage by around
5% Un of the of the initial value.

Inter Definition of a standard process for interaction studies with EMT

OPERA simulation in multi-vendor projects
Enabling multi-vendor HVOC grids



o The perturbation applied shall disturb the magnitude of the power by around
10% Pn (Qn if applicable) of the of the initial value.

The section 7.7 provides more detailed perturbation examples to be carried out.

7.6 SSS analysis methods & tools: relation between TD
and FD analyses

Both FD and modal analyses (based on state-space representations) rely on model linearisation, limiting
their validity to the selected initial operating conditions. To draw more general conclusions, scenario-
based approaches can explore the inherent properties of various equilibrium points. Additionally, TD
simulations can validate preliminary findings through spectral analysis of the signals, while enabling a
deeper investigation of the potential impact of non-linear dynamics (e.g. limitations, ...), particularly in
critical situations identified as at risk. Given the high computational burden of time-domain EMT
simulations, it is essential to use this technique judiciously and in conjunction with complementary
methods.

7.7 Operating conditions

The conditions should include:
- Unit configurations covering for all different configurations of the unit.

- Grid conditions:
o AC
= Minimum and maximum short-circuit levels (SCL).
= Minimum and maximum Zo/Z1 values.
= Voltage level at HV terminals of the converters’ transformers
o DC

= Avoltage source representation or a current source representation [1]
= Maximum and minimum equivalent DC grid impedance [1]
- Operating point with various active and reactive power levels:
o Active Power: 0%, 25%, 50%, 75%, and 100% for both import and export scenarios.
o Active power distribution between several onshore converters.
o Reactive Power: 0%, 50%, and 100% for both inductive and capacitive conditions.

- Control modes covering for all control modes of the unit for both AC and DC sides.
Regarding the applied perturbation:

- ACscan Terminal (FD):
Reference Frame: Positive/Negative/Zero (symmetrical components) or dq(z) frame.
Sub- and Near-Synchronous Range: 1 —100 Hz in 2 Hz step and 100 Hz— 200 Hz in 2-5 Hz step,
full MIMO scan as the starting point. If the prominent resonances are observed in first trial
scans, lower frequency resolution to 1 Hz in certain frequency range shall be considered.
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o Super-Synchronous Range: 200 — 2500 Hz in linear steps or log steps, Positive and Zero SISO
scans. The needed frequency scan points shall be sufficient to capture enough resonant and
anti-resonant points. Usually in this range, 5o — 200 frequency points can be selected.

- DCscan Terminal (FD):
Reference Frame: Positive/Negative/Neutral poles (natural components).
Sub- and Near-Synchronous Range: 1 — 50 Hz in 2 Hz step and 50 Hz — 100 Hz in 2-5 Hz step,
full MIMO scan as the starting point. If the prominent resonances are observed in first trial
scans, lower frequency resolution to 1 Hz in certain frequency range shall be considered.

o Super-Synchronous Range: 100 — 2500 Hz in linear steps or log steps, Positive and Negative
pole SISO scans. The needed frequency scan points shall be sufficient to capture enough
resonant and anti-resonant points. Usually in this range, 50 — 200 frequency points can be
selected.

- AConshore grid (TD):

o Voltage, active/reactive power reference step

o System frequency step

o Limited phase shift at the converter’s terminals

= By modifying the phase of the voltage source (when using an equivalent
Thevenin generator for the AC onshore grid)
= By tripping an AC line of the onshore grid (when using a detailed grid model)

- ACoffshore grid (TD):
o Voltage, active/reactive power and frequency reference step
o Limited phase shift at the converter’s terminals
= By tripping one or several WTG
= By forcing the modification of the OLTC position (when applicable)
= By modifying the wind speed with a step.

- DCgrid (TD):
o Voltage, active power reference step
= Considering only one converter (leading to a modification of the active power
distribution)
= Considering the overall DC voltage references (leading to a modification of the
voltage profile on the DC grid)
o Limited DC voltage deviation:
= By generating an AC fault on an onshore or offshore grid.

7.8 SSS studies within project phases and stakeholder
responsibilities

Figure 32 highlights where multi-party assessments occur within the FD SSS study process proposed in
Section 7.3, while Figure 33 shows how the five key steps align with the timeline of an MTMV HVDC project
connecting offshore PPM(s) to onshore grids. HVDC vendor involvement is shown in purple, while PPM
developer involvement is in blue. The system operator or owner is assumed to participate throughout all
phases, ensuring effective model, data, and result sharing, as well as decision-making.
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1. HVDCand PPM model acquisition (phases 2 and 3, respectively): vendor-specific HYDC and PPM
models must be obtained as early as possible after the single-vendor design. As discussed in
Section 7.2, linearised models for SSS analysis (FD or state-space) can either be provided by OEMs
or derived from non-linear TD EMT models by the system owner (or lab).

2. Preliminary risk assessment (between Phase 2 and 3 for HVDC, end of Phase 3 for PPM):
screening is performed by system owner (or system integrator) during the early design stage,
relying on limited control model data while detailed design is still in progress. If AC and DC grid
model or equivalent data has been improved at this stage, the system owner shall also provide
updated AC and DC grid model or equivalent data to each vendor corresponding to its point of
connection to facilitate the single-vendor detailed design.

3. Detailed interaction study (end of Phase 3 for HVDC, Phase 4 for the joint PPM-HVDC system):
the HVDC system's interaction with the onshore grid dynamics is first assessed, including DC-side
phenomena for MT HVDC systems. Once the final PPM models are available, joint interaction
studies for the offshore grid are performed, including both PPM and HVDC converter station.

4. Mitigation measures are implemented by vendors as necessary. Models are updated. Joint
interaction studies are repeated by system owner (or lab).

5. Final model validation (Phase 4 for HVDC, Phase 5 for PPMs): once the final design is finalised,
models are validated based on data from on-site testing and incident records during
commissioning and trial operations.
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| Figure 32. Overview of the SSS study process for joint interaction analysis
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8.General Conclusion

This document lays down the basis for the interaction studies to be performed in the context of MTMV
HVDC grids, addressing the “why”, “what” and “how” from a temporal, organizational and technical point
of view, from a general perspective as well as from a very detailed level.

This work is building upon the larger set of documents written by InterOPERA participants ( [19], [39], [1],
[44], [23] and [65]) and it is important to consider those documents when working on MTMV projects to
ensure the consistency throughout the full interaction study process.

For example, it has been possible to limit the discussion related to the maintenance and long-term
strategy regarding model, HIL, SIL and EMT tool upgrade, this problematic being mostly managed and
anticipated from the start of the projects thanks to the requirements defined in [19] and [39].

Another example is the fact that this document relies on the functions to be developed in the technical
specification, as suggested in [1] without defining these functions inside this document itself.

Originally destinated to focus on the interaction studies in the time-domain with EMT models, this
document has been extended to small signal stability studies with state-space models and frequency-
domain models. These technics are the subject of ever-increasing attention, as can be observed through
the bibliography, and will play an important role in the coming years, interacting with the standard EMT
interaction studies process described in 3. Looking towards this opportunity for a greater efficiency, the
best approach to integrate these technics is suggested in section 7.8.
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Appendix A: Example of a
parametric study for the
energisation of an AC/DC
converter station from

the AC grid

In InterOPERA, the process to study the interactions induced by the energisation of an HVDC converter
station from the AG grid has been tested on an example where potential energisation interactions were
identified through simulations of a modular multilevel converter (MMC)-based HVDC grid on the PSCAD
platform.

In this example, the nearby onshore converter stations’ energisation interactions are determined through
simulations of the generic model. Here, the test system is initially described and then, the simulation
results are presented for STATCOM and line mode operations. In general, these results show the severity
of the interactions, the critical parameters that cause such interactions, and possible mitigation solutions.

Introduction of Studied HVDC system

This part focuses on determining the possible onshore AC side energisation interactions, consequences,
and critical parameters without an in-depth analysis. Therefore, the existing point-to-point (P2P) HVDC
grid in the generic model in the EMT tool is modified so that the two close-by onshore converter stations
are linked to the same AC grid. Figure A. 1 illustrates this HVDC network with four MMCs. It can be noted
that the connected DC cables to converter stations #3 and #4 are included for line mode energisation
studies. The default parameters of the components of the network, as reported in the PSCAD software
library, are used for the simulations (Table A. 1). Both onshore and offshore AC grids are modelled based

on [24].

In this example, the focus being on the interactions at the AC grid#1 side, to simplify, the offshore
converter station has been considered as a remote converter station connected to an AC grid#2 replacing
the OWF. This approach simplifies the analysis while maintaining accuracy for the key parameters under
investigation.

The positive- and zero-sequence parameters are set as in Figure A. 2 to model very weak onshore (which
is expected to be the most critical use case) and strong remote grids, with the parameters listed in Table
A. 1. Indeed, since the focus of this part is to study the interactions from onshore side, it is assumed that
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remote grid is “strong” to minimize the possible interactions from this side. Furthermore, a 1200 Q pre-
insertion resistor is deployed between the transformer and MMC to smooth the energisation process. This
resistor is bypassed when the voltage reaches 95% of the nominal level.

In the next parts, a few paramount parameters are set at different levels to assess their effect on the DC
voltage, rms AC voltage, DC current, AC current, and active/reactive powers. The parameters are:

e Onshore AC grid voltage magnitude

e Level of exchanged power in the existing P2P grid

e Transformer's saturation characteristics (e.g., Transformer’s knee voltage5?)
e Pre-insertion resistor level

e ACvoltage droop gain of onshore converter stations

To this end, Table A. 2 presents the settings of these variables for several case studies while other
parameters are kept at the default level (as shown in Table A. 1). The length of the connected DC line to
converter stations #3 and #4 is 400 and 200 km, respectively. Hence, the effect of the cable length is
investigated for the line mode energisation test case. Also, no protection algorithm is integrated into the
converter stations to fully observe the variation of the mentioned variables.

Finally, it is worth mentioning that the sequence of all tests is the same and includes the following steps:

t = 0-2.5s : Initialization of the converter stations #1 and #2 so that they reach the predefined steady-
state conditions3

— t=2.55: Closing ACCB of the converter station #3

— t =2.7s : Deblocking converter station #3

— t=3.55: Closing ACCB of the converter station #4

— t =3.7s: Deblocking converter station #4

— t=5.0s: End of simulation

52 As part of the parametric study, other transformer parameters could have been changed such as the slope
of the saturation curve and the initial remanence flux. Here, the parametric study limits to the knee voltage.
53 This step is not detailed and included in the test results, as it is a preliminary step to reach the initial
conditions. It does not affect the goal of this section, which is the analysis of the interactions induced by the
energization of adjacent onshore converter stations.
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HVDC station #1 HVDC station #2
(V,cand Vg mode) (V4 and Py. mode)
= QW
400 km » —
ACgrid #1 ACgrid #2
(onshore side) Q : (offshore side)
< o L

HVDC station #3
(V4 and Vg mode)

HVDC station #4
(Vacand Vge mode)

Figure A. 1 Test grid of AC side energisation in STATCOM and line mode operations (connected cables
to converter stations #3 and #4 are included in line mode energisation)

Component Operation mode/Parameters

DC voltage and AC Voltage Control mode
Vderef = 320 kV; Uacref = 175 kV; Qrer = 0 Mvar; Pacramp = 500 MW/s ;
AC voltage droop gain = 0.01
Fixed active power and AC voltage control mode
Converter station #2 (Remote)  Pacref = 600 MW/pole; Pacmax = 750 MW/pole; Pacramp = 500 MW/sec
AC Voltage Control mode: Ua ref = 175 kV; Qrer= 0 Mvar
230/175 kV; Grid side: Y; VSC-side: A; 5o Hz
Transformers Hysteresis = basic model; Inrush decay time constant = 1 s; Knee
voltage =125%
Usc=230kV; f=50Hz
ACgrid #1 Very weak: SCL=3000 MVA, AC short-circuit ratio (SCRac)=
SCLac/Pdc=2); XIR =10; Zo/Z1 =3 [24]
Uac=230kV; f=50Hz
ACgrid #2 Strong: SCL = 37500 MVA, AC short-circuit ratio (SCRao)=
SCLac/Pdc=25); XIR = 20; Zo/Z:1=1
| Table A. 1 Default parameters of the extended generic model-based HVDC grid in the PSCAD platform

Converter station #1, #3, and
#14 (Onshore)
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| Figure A. 2 Parameters of the onshore and remote AC grids model

Test . Test )
Variable Level Variable Level

case case

o1 230 kV* o 100 Q*
> Voltage of AC arids 3 Y El Pre-insertion resistor (between all w0
02 9 9 210 10 transformers and converter stations) 0%

03 250 kV 11 150 0

0 P bet 600 kW/pole* | 12 0.01%
—4  Fowerbe ween [ AC voltage droop control of —_—

05 converter stations #1 400 kW/pole | 13 . 0.05
P converter stations #3 and #4 EE——

06 and #2 200 kW/pole | 14 0.10

o7 Knee voltage of 125%*

o8 transformers 150%

* Corresponds to the default setting in the PSCAD model

I Table A. 2 Case studies and corresponding modification on the component’s setting

STATCOM Energisation Interactions

In this part, several test studies are conducted, and the corresponding outputs, including AC rms voltage
(Vao), DC voltage (Vq), active (P) and reactive powers (Q), AC current (lac), and DC current (l4c) are
presented. It is worth mentioning that the AC parameters are measured at the high voltage side of the
transformer connection. To avoid presenting a large amount of information, the DC current and voltage
of the positive pole, as well as a few selected parameters, are shown in the analyses. Also, subscripts “1"—
“4" denote the variables of the PCCs (high voltage side of transformer). Finally, it is assumed that the
converter stations #1 and #2 are initially energised and exchange power during the energisation of
converter stations #3 and #4. Thus, the focus of the presented outputs is on the timeframe in which the
energisation of converter station #3 (after t>2.5s) and converter station #4 (after t>3.5s) takes place.

Onshore grid’s AC voltage (Case 01-03)

As an initial test, the effect of the onshore grid voltage, set at ~90% and ~110%, on energisation
interactions is assessed. Other parameters are set at their predefined level. The simulation outputs are
shown in Figure A. 3. The results show that the system is vulnerable when connected to a weak onshore
grid. The energisation of converter stations #3 and #4 is followed by large oscillations. Also, the reactive
power, DC voltage, and AC current stresses are larger for smaller AC voltage. These large oscillations are
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observed as all onshore converter stations are set at Vac control mode, i.e., they try to keep the ACvoltage
around 100% (reference level) by exchanging large Q.
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Figure A. 3 Effect of onshore AC voltage of near-by onshore converter stations in STATCOM
operation (black solid line for Vac=230 kV, blue solid line for Vac=210kV, and red solid line for
Vac=250 kV)

Transferred power between connected converter stations (Cases 04—
06)

For the next scenario, the exchanged power between converter stations #1 and #2 varies from 600
MW/pole to 400 and 200 MW/pole and the results are displayed in Figure A. 4. In all cases, other
parameters are reset to the default values. The obtained results highlight that the variation of the AC
voltage and DC current is greater for larger exchanged power. In addition, both voltage dip (for converter
stations #3 and #4) and large inrush current (for all onshore converter stations) are observed similar to
previous cases.
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Figure A. 4 Energisation interactions in STATCOM operation in terms of the exchanged power of the
already connected near-by converter stations (black solid line for P=600 MW/pole, blue solid line for
P=400 MW/pole, and red solid line for P=200 MW/pole)

Transformers’ knee voltage (Cases 07 and 08)

Figure A. 5 shows the results of the cases where the knee voltage of all transformers is changed from 125%
to 150%. As this change reduces the level of transformer saturation, less stress is observed. However, the
problem of voltage dip and inrush current still exists.
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Figure A. 5 Effect of transformers’ knee voltage on energisation interactions in STATCOM operation
(black solid line for 125% and blue solid line for 150%)

Pre-insertion resistor (Cases 09-11)

One of the most effective solutions for smooth energisation is the deployment of pre-insertion resistors.
In Cases 09—11, the impact of this parameter on the outputs is assessed and shown in Figure A. 6. Based
on the results, voltage and current stresses are barely affected for a wide setting range of this parameter.
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Figure A. 6 Energisation interactions in STATCOM operation due to the pre-insertion resistor (black
solid line for 100 Q, blue solid line for 5o Q, and red solid line for 150 Q)

Converter stations’ performance in droop control mode (Cases 12-14)
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As the final test case, the impact of the AC voltage droop control gain of converter stations #3 and #4 on
energisation interactions is assessed. The results, zoomed for the timeframe that the signals change, are
depicted in Figure A. 7 where the 0.01 default AC droop gain is adjusted as o0.05 and 0.10. What stands
from the outputs is that, like pre-insertion resistor, the AC voltage droop gain does not influence the
AC/DC voltage and current variation. The main problem, exchanging large reactive power to sustain AC
voltage at the nominal level, exists.
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Figure A. 7 Energisation interactions in STATCOM operation for various AC voltage droop control gains
(black solid line for 0.01, blue solid line for 0.05, and red solid line for 0.10)

Line Mode Energisation Interaction

In this part, the same analyses of Table A. 2 have been conducted for line mode energisation case. The
PSCAD-based simulation results for different levels of the onshore AC voltage show the power exchange
between converter stations #1 and #2, transformer knee voltage, pre-insertion resistors, and droop
controllers of converter stations #3 and #4 are presented in Figures A.8, A.9, A.10, A.11, and A.12,
respectively.

Similar to STATCOM case, since three onshore converter stations try to regulate voltage simultaneously,
large reactive power is exchanged between PCCs. One solution is the setting of converter stations #3 or
#3 and 4 on the other control modes, e.g., Q control. However, from a Transmission System Operator
(TSO) perspective, this solution does not align with practical or implementable strategies within the
context of TSO requirements and should not be further studied.
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Figure A. g Energisation interactions in line mode operation in terms of the exchanged power of the
already connected near-by converter stations (black solid line for P=600 MW/pole, blue solid line for
P=400 MW/pole, and red solid line for P=200
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Figure A. 10 Effect of transformers’ knee voltage on energisation interactions in line mode operation
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Figure A. 11 Energisation interactions in line mode operation due to the pre-insertion resistor (black
solid line for 1200 Q, blue solid line for 5o Q, and red solid line for 150 Q)
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Figure A. 12 Energisation interactions in line mode operation for various AC voltage droop control
gains (black solid line for 0.01, blue solid line for 0.05, and red solid line for 0.10)

As mentioned earlier, the large oscillations on reactive power in all scenarios are due to the onshore
converter stations Vac control mode when connected to a very weak grid, e.g., this problem is more
challenging in other Vac sets as shown in the presented analyses. Setting converter stations #3 and #4 on
other control modes may mitigate this issue. This case is illustrated in an analysis of the default ratings
when in one case converter stations #3 and in the other one, the converter stations #3 and #4 are set at
Q control mode with Qre;=0 Mvar. It is seen from the results in Figure A.13 that the reactive power variation
reduces when Q control mode is applied, especially for both converter stations #3 and #4. However, this
reactive power improvement is achieved in cost of less AC voltage control as oneftwo converter stations
control it. To this end, when converter station #3 is set at Q control mode, AC voltage is reqgulated in a
larger timeframe. This problem is even more severe with the last scenario (converter station #1 solely
controls the AC voltage). In this case, the PCC voltage suffers from a steady-state error, around 6.5%.
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Figure A. 13 Simulation outputs when one/two onshore converter stations are set at Q control mode
(black solid line for all onshore converter stations in Vs control mode, red solid line for onshore
converter station #3 in Q control mode, and blue solid line for onshore converter stations #3 and #4 in
Q control mode)

The document aims to find whether STATCOM or line mode is suitable for energisation of nearby
converter stations. In this regard, the outputs of the default studied case are compared.
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Figure A. 14 Comparison of the STATCOM and line mode energisation of near-by converters under
default settings (black solid line for STATCOM and red dash line for line mode)

Results analysis and Conclusion
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Based on numerous simulations conducted for the above system with generic model in PSCAD, following
conclusions are derived, as summarised in Table 13, which gives a qualitative analysis of the results:

e The interaction is seen in inrush current and voltage dip for all studied parameters, including
various onshore AC voltage levels, exchanged powers (between first onshore and remote
converter stations), transformers’ knee voltages, pre-insertion resistors, and AC voltage droop
gains of the onshore converter stations.

e The inrush current is mainly affected by onshore AC voltage, exchanged power (between first
onshore and remote converter stations), and transformers’ knee voltage5+. For voltage dip,
however, the main influential parameters are exchanged power and transformers’ knee voltage.

e The DC voltage interaction is not significant for all studied parameters. Also, these parameters
barely affect the DC link voltage. This advocate for future simplifications at this side of the
converter stations already in operation.

e The problem of significant reactive power fluctuation is observed in all cases as all near-by
onshore converter stations are set to control the AC voltage, i.e., the strong AC voltage control is
achieved at the cost of large reactive power fluctuation.

e As noted earlier, slight differences between voltage and current stresses in STATCOM and line
mode energisation cases are observed. Thus, there is no need to duplicate all tests in these
scenarios.

If a converter is not specifically mentioned in Table 13, it implies that it has no effect or only a negligible
effect on this converter station.

The interactions mentioned are associated with the converter's design and control settings.
Consequently, most of these issues can be mitigated or resolved through adjustments to the design and
control parameters. The design aspect falls under the responsibility of the vendors and can be optimally
tuned for the specific projectss.

54 This statement is limited to the tested parameters. It does not presume of the influence of other
parameters such as saturated slope.
55 The problem of great reactive power fluctuation can be alleviated by putting at least one onshore

converter station in the Q control mode. Since onshore converter stations are mandated by TSOs to work
in the Vac control mode, changing to the Q control mode after energisation might not be a solution.
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STATCOM

Pre- AC

Parameter Onshore AC Transformer's  insertion voltage
. Exchanged power )
grid voltage knee voltage resistor droop

level gain
Inrush current Medium®3* Small* Medium*3* Small*3*
Voltage dip Small*? Viedium®? Medium™3 Small*?

DC voltage variation

Line mode

Inrush current Medivm*3*  Medium?*3 Small* Medium Small»aé Small>3#
Voltage dip Small*? Medium'? Medium?*? Srnall* Small*3

DC voltage variation nall*?3 3% hallt*3 Small*3 Small*3
1. Effect on converter station #1 * : Effect on converter station #2
3. Effect on converter station #3 % : Effect on converter station #4
means the interaction is small (lower risk of going beyond the thresholds)
means the interaction is large  (higher risk of going beyond the thresholds)
Small: the parameter barely affects the analysed variable
Medium: the parameter affects moderately the analysed variable
Large: the parameter has significant impact on the analysed variable

I Table 13: Qualitative analysis of the energisation interactions for STATCOM and line mode operations

The presented results show large reactive power for sustaining the AC voltage at the nominal level when
onshore converter stations that are in operation, are regulating in Vac control mode, in grid-following
mode. Therefore, additional studies can be carried out for different control scenarios for MMCs 1, 3, and
4, e.g., MMCz to stay as it is, and MMCs 3 and 4 operate in grid-forming mode.

The conclusions presented here do not assume or predetermine the outcomes for any specific project.
They are intended solely to provide hints, illustrations, or examples.
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Appendix B : Exemplary
matrix for the FRT tests
for the 5 Terminal
topology

In this appendix, the demonstrator of InterOPERA is considered [23]. The goal is to derive exemplarily a
concrete test matrix for the 5 terminal demonstrator topology from the general description of FRT-tests
in section 6.7.

The considered 5-terminal demonstrator topology is shown in Figure 34, where the suggested fault
locations are shown.

RO -7/ | 57217
Fs2/FCZ 108K v - ESZ/FCZ13 won Fsz/FCZ 16
S G & b LT

FSZ/FCZ 6

FSZ/FCZ 4

FSZ/FCZ 12

FCz 9.2 FSZ/FCZ 17

Legend
Gate Unit with Fault Clearing Capability _—
Gate Unit without Fault Clearing Capability | |
AC offshore interconnection [=—]
Offshare Wind Park | |

Fault Location X
%kl
FSZ: Fault Separation Zone

FCZ: Fault Clearing Zone

| Figure 34: Possible fault locations of 5-terminal demonstrator topology to be studied

The recommended fault characteristics of the tests considering the 5-terminal demonstrator topology of
a first test batch #1 are shown in Table 15.
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These test batches shall be repeated under different circumstances of the demonstrator. At least the
following circumstances shall be considered:

e The onshore short circuit level (SCL) of AC Grid #1 and #2 shall be varied, i.e. both SCL
minimal, both SCL maximal and one SCL minimal and the other maximal.

e The DC power flow of the converters shall be varied. At least the DC power flows as
shown in Table 14 shall be considered. The DC power flow of the converters is positive,
if the power flows from DC to AC side, and negative, if the power flows from AC to DC
side. Active power output of the PPMs needs to be set such that the DC power flow is
satisfied.

e The converter stations control mode setting shall be varied according to control mode

combinations for converter stations and PPMs defined in [44]. At least the control mode
combination of converter stations as shown in Table 14 in combination with that all PPMs
are in GFM control mode shall be considered.

GFM-Vdc
droop

GFM-Vdc
droop

GFM-Vdc
droop

-Pmax
-0.25Pmax -0.125Pmax
-0.25Pmax -0.125Pmax

Table 14: Converter stations control mode setting for test batch #1

-0.95to -1

-0.85 to -0.95

-0.7 to -0.85

-0.55to -0.7

-0.4 to -0.55

-0.25to0 -0.4

-0.15 to -0.25
0.25t0 0.3

-0.95to -1

-0.85 to -0.95

-0.95to -1

-0.85 to -0.95
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0.25t0 0.3

-0.95to -1

-0.95to -1

-0.95to -1

-0.95to -1
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6.1 2p -1 >tclear,nC,1 and >telear,DC,2
7.1.1 2p -1 >telear,DC,1 and >tclear,DC,2
7.1.2 2p -1 >telear,0c,1 @Nd >teear,nc,2
7.1.3 2p -1 >telear,DC,1 and >tclear,DC,2
7.2.1 2p -1 >telear,DC,1 and >tclear,DC,2
7.3.1 2p -1 >teiear,0c,1 @Nd >teear,nc,2
8.2.1 2p -1 >telear,DC,1 and >tclear,DC,2
8.3.1 2p -1 >telear,DC,1 and >tclear,DC,2
8.3.2 2p -1 >teiear,0c,1 @Nd >teear,nc,2
8.3.3 2p -1 >telear,DC,1 and >tclear,DC,2
9.1.1 2p -1 >telear,DC,1 and >tclear,DC,2
9.1.2 2p -1 >teiear,0c,1 @Nd >teear,nc,2
9.1.3 2p -1 >tclear,DC,1 and >tclear,DC,2
9.14 2p -1 >telear,DC,1 and >tclear,DC,2
9.1.5 2p -1 >telear,nc,1 AN >telear,nC,2
9.1.6 2p -1 >tclear,nc,1 aNd >telear,nc,2
11 p-p -1 >tclear,nc,1 aNd >telear,nc,2
2.1 pP-p -1 >Tclear,DC,1 and >tclear,DC,2
2.2 p-p -1 >tclear,nc,1 aNd >telear,nc,2
2.3 p-p -1 >tclear,nc,1 aNd >telear,nc,2
3.1 pP-p -1 >Tclear,DC,1 and >tclear,DC,2
4.1 p-p -1 >tclear,nc,1 aNd >telear,nc,2
5.1 p-p -1 >tclear,0c,1 aNd >tclear,nc,2
6.1 pP-p -1 >Tclear,DC,1 and >tclear,DC,2
7.1.1 p-p -1 >telear,0c,1 AN >telear,nc,2
7.1.2 p-p -1 >telear,0c,1 AN >telear,nc,2
7.1.3 pP-p -1 >tclear,DC,1 and >tclear,DC,2
7.2.1 p-p -1 >telear,0c,1 AN >telear,nc,2
7.3.1 p-p -1 >telear,nc,1 AN >telear,nc,2
8.2.1 pP-p -1 >Tclear,DC,1 and >tclear,DC,2
8.3.1 p-p -1 >telear,0c,1 AN >telear,nc,2
8.3.2 p-p -1 >telear,0c,1 AN >telear,nc,2
8.3.3 p-p -1 >telear,0c,1 AN >telear,dC,2
9.1.1 P-p -1 >tclear,DC,1 and >tclear,nC,2
9.1.2 P-p -1 >tclear,DC,1 and >tclear,nC,2
9.1.3 P-p -1 >tclear,DC,1 and >tclear,nC,2
9.1.4 P-p -1 >tclear,DC,1 and >tclear,nC,2
9.1.5 P-p -1 >tclear,DC,1 and >tclear,nC,2
9.1.6 P-p -1 >tclear,DC,1 and >tclear,nC,2
1.1 1p-DMR -1 >tclear,nC,1 and >tclear,DC,2
2.1 1p-DMR -1 >tclear,nC,1 and >tclear,DC,2
22 1p-DMR -1 >telear,nc,1 AN Stelear,nc 2
2.3 lp-DMR -1 >tclear,nC,1 and >tclear,DC,2
3.1 lp-DMR -1 >tclear,nC,1 and >tclear,DC,2
4.1 1p-DMR -1 >telear,nc,1 AN Stelear,nc 2
5.1 lp-DMR -1 >tclear,nC,1 and >tclear,DC,2
6.1 lp-DMR -1 >tclear,nC,1 and >tclear,DC,2
7.1.1 1p-DMR -1 >telear,nc,1 N Stelear,nc,2
Inter Definition of a standard process for interaction studies with EMT
OPERA simulation in multi-vendor projects

Enabling multi-vendor HVOC grids



Table 15: Fault characteristic of test batch #1
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