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1. Abbreviations and
definitions

AC/DC alternating current / direct current
CBC Current Breaking Capability
Cco Continuous Operation
cs Converter Station
DCGC DC grid controller
DCR DC Reactor
DCSS DC Switching Station
DCSU DC Switching Unit
DCVLM DC Voltage Limiting mode
DCVSM DC Voltage Sensitive mode
DMR Dedicated Metallic Return
DUT Device under test
ERTS Earth Return Transfer Switch
EMT Electromagnetic Transients
FCLD Fault Current Limiting Device
FCST Fault Current Suppression Time
FSD Fault Separation Device
FIZ Fault Isolation Zone
FRR Frequency Restoration Reserve
FRT Fault-Ride-Through
FSZ Fault Separation Zone
GSC Grid Side Converter
HV High Voltage
IM Islanded mode
KPI Key Performance Indicator
MMC Modular Multi-level Converter
MV Medium Voltage
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LDCVSM-O/U Limited DC Voltage Sensitive Mode-Overvoltage/Undervoltage

LVRT Low Voltage Ride Through
OVRT Over Voltage Ride Through
MRTS Metallic Return Transfer Switch
MT Multi Terminal
PCS Peak Current Suppression
PLL Phase-locked loop
PLES Pole local earthing switch
PLM Power Limiting Mode
PoC Point of Connection
PPM Power Park Modules
PtG/PtP Pole-to-Ground/ Pole-to-Pole
RCS Residual current Switch
(DO)SU (DQ) Switching Unit
B Temporary blocking
TIV Transient Interruption Voltage
TS Temporary Stop
TSO Transmission System Operator
ZDD Zone Distinction Device
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2.Executive summary

The European target of installing more than 300GW of offshore wind power in the North Sea by 2050 urges
for an increasing need of HVDC systems. In Europe, single vendor turnkey solutions predominate.
Consideration of an expandable multi-terminal HVDC grid with multi-purpose interconnectors would
significantly improve the power exchange flexibility, the wind power transfer and the global system cost
efficiency.

This deliverable provides a guideline for the definition of provisional functional requirements in HVDC
systems considering a multi-terminal multi-vendor context. The functional framework supports future
expandability and interoperability of HVDC systems by specifying connection requirements at the DC
Point of Connection. The proposed functional framework is described in an inclusive and technology-
agnostic way. It allows different technical solutions to cohabitate in an HYDC grid and avoid excluding any
technical solutions without justification. The proposed functional requirements are purpose oriented,
generic, solution-open and justified. They are intended to provide a clear functional split between
subsystems to maximise interoperability by design.

Section 4 provides an overview on the functional aggregation of the following subsystems: AC/DC
converter station, DC switching station, energy absorber, Power Park Module (PPM) and AC switching
station. The subsystems are aggregated based on their primary functional purpose. The AC/DC converter
station is a power exchange device. Energy storage and energy absorption are functions assigned to
functionally independent subsystems such as energy storage devices and energy absorption devices. A
DC switching station includes all relevant DC switchgear and automation functions to ensure connection
and disconnection operations for planned and unplanned events. All subsystems are monitored and
coordinated with vertical communication interfaces with a DC grid controller and AC/DC dispatch centre.
A major result of the functional aggregation is the generic and technology-agnostic definition of the
switching unit. The switchgear of a switching unit depends on assigned functionalities. In addition,
different switching functions (e.g. fault/load current interruption or energization) and fault detection
functions (e.qg. for different fault types, primary/backup protection) can be assigned to the switching unit.
The aggregation of switchgear is a design choice of the vendor if the functional requirements associated
to the switching unit are fulfilled.

The functional requirements at the DC side address multi-disciplinary subjects. To ensure the work
progress in a structured way, the following functional groups have been formed: Sequential control,
Continuous control, DC grid protection, AC/DC security and dispatch. The main outcomes of each
functional group will be outlined in the following.

Sequential control

Within a given HVDC system topology, different DC connection modes are possible. The DC connection
modes describe the connection between the individual units within the HVDC system at their DC-PoC.
The sequential control describes all actions that allow the HVDC system to switch from one connection
mode to another. The main operational modes and transitions are captured in flowchart diagrams. Such
transitions may be triggered automatically, or manually by an operator, or a combination of both.
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The main states of a switching unit are either “open” or “closed”. The transition sequence depends on
conditions of surrounding units which are verifiable at switching unit level based on voltage and current
quantities. A transition from “open to “closed” state may be carried out by an aggregation sequence
(connection of two discharged units), an energization sequence (connection of one charged and one
discharged unit) or a synchronization sequence (connection of two charged units). From close to open the
transition sequence is characterized by the presence or not of current. Depending on whether fault, load
or residual current is observed, the performed sequence and applicable requirements for the switching
unit are different.

Finally, a list of functional requirements is provided including the following functions: Command routing,
interlocking, aggregation, energization, synchronization, disconnection, separation, isolation, discharge,
auto-reclosing, earthing, reconfiguration.

Continuous control

HVDC systems must deliver scheduled power while ensuring their own security and reliability to guarantee
continuous operation. It is imperative to prevent power flows and DC voltages that exceed the physical
capabilities of system components. Disturbances in the system can disrupt the balance of power, resulting
in fluctuations in DC voltages. In such instances, the AC/DC converters within the system must promptly
and collectively restore system energy equilibrium to prevent violations of system limits.

The functional group continuous control addresses the overarching control architecture of HYDC systems
by defining roles and responsibilities allocated to each layer. Boundary conditions from surrounding AC
grids and physical constraints are introduced. These conditions serve as a basis for the functional
description of static and dynamic requirements for primary DC voltage control.

A deviation of DC system voltage is an indicator of an imbalance in power flow from the initial load flow,
which was originally at equilibrium. The primary DC voltage control plays a crucial role in preventing this
imbalance and reaching an equilibrium point of the system. In order to achieve improved security while
achieving the maximum exploitation, the multi-segment droop characteristic for primary DC voltage
control is defined as a distinct set of control capabilities, each with specific operational requirements.

The stability of the system is determined by the dynamic response of each AC/DC converter and their
interactions through the network. To fully satisfy all system-level expectations, each AC/DC converter
station must comply with clearly defined performance specifications. A comprehensive set of dynamic
performance requirements, evaluation criteria, and appropriate preliminary standalone testbenches are
proposed transparently. Then, the justification and effectiveness of these frameworks are demonstrated
through comparative analysis with detailed simulations. Furthermore, harmonic stability requirements for
each AC/DC converter station are introduced, along with a proposed standalone methodology for
compliance evaluation.

Finally, a list of functional requirements is provided including the following functions: Element status
analysis, System topology analysis, Element limitation analysis, DC power flow optimization, Secondary
DC voltage control, Ramp rate coordination, Offshore power curtailment, Control mode management,
primary DC voltage control related modes.

DC grid protection

The protection of DC systems should follow the same objectives as in AC systems: Ensuring a reliable and
secure HVDC system operation during contingencies including DC faults and component failures. In a
large scale HVDC system the shutdown of the entire system is not compliant with power system criteria
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which imposes a limited impact for a single event. This implies a need for fault separation in the HVDC
system. The fault separation zones on the DC side need to be defined such that the maximum loss of
power of surrounding AC grids is respected. AC/DC Converter stations outside of the fault separation zone
shall ensure post fault active power recovery. The DC-Fault Ride Through (DC-FRT) capability of
converters shall be specified such that any unexpected disconnection of the converters from the grid is
avoided.

The functional group DC grid protection defines the system states (normal, alert, emergency, blackout)
and associates them to ordinary and extraordinary contingencies. Requirements for fault detection and
fault current suppression are defined on DC switching station level and a DC-FRT profile for AC/DC
converter stations is defined with the objective of a clear functional split between AC/DC converter station
and DC switching station.

The DC-FRT profile ensures that the AC/DC converter station has sufficient withstand capability to ride
through a DC fault while the primary or backup protection operates avoiding any unplanned
disconnection. The functional group DC grid protection has investigated different ways to define DC-FRT
requirements, mainly distinguishing between a generic and design-based approach and between DC
voltage and DC current profiles. To leave freedom to the vendors for different converter design strategies,
only a DC-FRT profile based on DC voltage quantities is defined, and no overcurrent capabilities are
prescribed. The actual fault current level in the converter is left unspecified and then depends on the
design strategy of the converter’s vendor. The definition and evaluation of alternative DC-FRT profiles is
provided in the appendix section. In the new version, preliminary standalone compliance tests have been
developed for converters with regards to the DC-FRT requirement and for DCSS with regards to the fault
separation requirement. A key investigation has been carried out to ensure that the protection related
requirements have been defined well enough and that it is verifiable and applicable at the DC-PoC of the
subsystems. System studies have been carried out to verify satisfying system level behaviour with regards
to pre-defined key performance indicators. A second key investigation allows evaluation of how wind
farms behave during temporary blocking of the offshore converters, thus investigating islanding mode
operation.

Finally, a list of functional requirements is provided including the following functions: DC-FRT (connection
requirement, operational requirement), Fault separation, Fault isolation, Fault current withstand, Fault
detection/discrimination (fault separation & fault isolation), Tele-communication, Protective auto-
reclosing, Monitoring.
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3.Introduction

This deliverable is listing basic functional requirements for the building blocks of multi-vendor HYDC grids
ensuring interoperability by design.

The building blocks of HVDC grids include the following subsystems: AC/DC converter stations; DC
switching stations; coordinated DC grid control; power park modules connected to the offshore AC
system. Functional requirements are defined for a bipolar configuration with Dedicated Metallic Return
(DMR) as a full set while considering rigid bipolar and asymmetrical monopolar configurations covered as
sub-sets. It should be noted that requirements for symmetrical monopolar configurations may not be fully
represented in this deliverable.

The main functions of a multi-vendor HVDC grids (continuous control, sequential control, DC grid
protection) have been analysed, divided and assigned to the subsystems. This leads to the definition of
basic functional requirements for each subsystem. Those basic functional requirements are defined to be
verifiable at subsystem level with standalone compliance tests and dedicated simple models.

Interoperability by design is a success if the standalone compliance of individual subsystems is enough to
ensure the desired integrated DC grid system performance and behaviour.

Interoperability will be tested through the Demonstrator of InterOPERA. The integration tests and
interaction studies may lead to the discovery of interoperability issues. Solving those issues should ideally
be possible through a refinement of the subsystems’ basic functional requirements. This learning process
will reinforce the basic functional requirements and their capability to ensure interoperability by design.

Some control and protection functions belong to the grid level and others at subsystem or component
level. Functions at subsystem-level, implemented by several different vendors, are the most susceptible
to cause adverse interactions. Therefore, in this current version of this deliverable, special attention has
been paid to the formulation of functional requirements at subsystem level and at the DC points of
connection. For grid operation functions, it was first assumed that there is only one instance of grid-level
operation in the system, so they are less prone to adverse interactions. This second version of the
deliverable further elaborates on distributed architectures for this control layer, in a multi-operator
context.

Functional requirements shall be described in a technology agnostic and purpose-oriented way. The basic
functional requirements are intended to open the market for different technical solutions and to foster
innovation while addressing and fulfilling the relevant requirements for a stable MT MV HVDC network.
Any restrictions are to be justified by technical efficiency gains. Functional requirements shall be
formulated in a generic manner and as independent from a specific design or topology as possible. The
basic functional requirements are still subject to screening for identification of patents that may relate to
them. The evaluation of patent relevance or essentiality will then be organized. This may lead to revisit
the functional requirements or to include a reference to a patented item, granted that the right licensing
conditions are secured.: Section 4 describes the aggregation of the subsystems by defining the
terminology, boundaries and interfaces. Sections 5-7 define functional requirements and provide
reasoning for different functional groups. The section 5 provides an overview of global and local sequences
in an HVDC system. In this context states of subsystems, transitions and relevant communication
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interfaces are defined. The section 6 provides an overview on functional requirements related to
continuous control. In the first part, a clarification on different functional levels and responsibilities is
provided by distinguishing between operational level, converter station-level and converter unit level. In
the second part, main sections deal with static and dynamic control concepts and define relevant
functional requirements. Section 7 provides an overview on functional requirements related to DC grid
protection. In the first part, a relation between system states and DC grid contingencies is defined leading
to DC grid protection coordination requirements. The second part focusses on DC-Fault Ride Through
(FRT) requirements for converter stations on the one hand and fault separation requirements on the other
hand. At the end of each section a list of functional requirements and associated parameters are provided.

Deliverable 2.1 consists of two versions. This first version describes the functional framework and basic
functional requirements for the HVDC system and subsystems. In the second version a functional
framework for insulation coordination in a MTDC context and system grounding has been added.

Additionally, in the second version some central functional requirements have been investigated based
on technical studies to ensure that they are well defined, applicable and verifiable based on the
methodology shown in FIGURE 1. First, the initial list of functional requirements has been assessed and
prioritized. Requirements susceptible to lead to interoperability issues such as DC-FRT or dynamic control
requirements have been selected for further investigation. In the second step possibilities to verify the
prescribed requirements have been assessed. First definitions of standalone tests, DC grid equivalents and
compliance evaluation criteria are formulated which need to be respected by the device under test (DUT).
The functional requirements together with the standalone tests open up a design space for the
subsystems in which different technical solutions are compliant. Finally, compliant subsystems are tested
in a MTDC context based on pre-defined key performance indicators (KPIs). The system level verification
is used to verify against interoperability (IOP) issues. Learnings from subsystem standalone compliance
tests and performance verification at HYDC system level are used to refine the functional requirements if
necessary. TABLE 1 provides a list of added or modified versions in version 2 compared to version 1 of
deliverable 2.1.
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Refine functional requirements and parameters

Select functional
requirements of

Provide subsystem

4 I high priority Standalone designs
D2.aV1 .
. compliance MTDC System
Functional RS
: ¢ test level validation
reqU|remen s description Report IOP issues
FR List Subsystem * Grid equivalent definition * Define KPlIs
* Test definition * Integrate compliant
FR1 CNVS * Compliance evaluation criteria subsystems into an MTDC grid
FR2 CNVS *Evaulate system behaviour
DUT
FR3 DCSS F —‘
DC grid AC/DC grid
FRn DCSsS equivalent equivalent

FIGURE 1 Methodology from version 1 to version 2: Investigate definition, applicability and verifiability
of functional requirements and dedicated parameters for HVDC subsystems (i.e. DC switching station
DCSS), converter station (CNVS))

—

I TABLE 1 List of modified or added sub-sections in version 2 compared to version 1

Section Title
DC grid controller
Necessary considerations for dynamic requirements of primary DC voltage control
Performance requirements and recommendation of behavioral specification
procedure
DC-FRT requirements of converters
Compliance test for DC fault separation
Coordination between DC-FRT and fault separation requirements
Insulation coordination
DC system grounding
Example for application and verification of dynamic performance requirements
Example for application and verification of harmonic stability performance
requirements
Example for application and verification of protection requirements
Temporary blocking offshore
DC grid control architecture in multi-TSO context (added in version 3)

(48
e
(736 |
(743 |
(75
(76
70
(05 |
(08 |
(99 |
(910 |
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4. Functional subsystem
definition

In this section, the aggregation of subsystems in a multi-terminal HVDC system are defined such that
connection requirements can be assigned at the DC-Point of Connection in an independent and verifiable
way while ensuring a clear split of interfaces and functional responsibilities*. The following functional
levels are defined.

HVDC system

Means an electrical power system which transfers energy in the form of high-voltage direct current
between two or more alternating current (AC) buses and comprises at least two HVDC converter stations
with DC transmission lines or cables between the HVDC converter stations.

DC grid control layer (DCGC)

Represents an interface for getting information on the power flow conditions and accessing all electrical
nodes inthe HVDC grid. It continuously receives and transmits status and command messages to and from
any high voltage equipment necessary for HYDC power transmission. Based on this information, the
HVDC grid control provides modifications on the dispatched converter schedules in order to properly
respond to changing external conditions according to desired optimization targets.

DC switching station (DCSS)

Part of an HVDC system with the primary purpose to establish electrical connections between functional
elements in the HVDC system. It is composed of:

> Switching unit: Set of all switchgears that ensures the connection between one external unit
(transmission or converter) and a busbar of the switching station [1]. Some switching units may also
ensure connection between busbars of the same switching station. The switching unit corresponds to
an aggregation of all switchgear for a given pole, and a given feeder. A switching unit comprises both
the primary equipment, as well as the secondary equipment needed for automation and monitoring
of the switchgear including fault detection and discrimination functions. Switching unit may comprise
fault separation device (FSD) or not.

> Busbar unit: Including secondary equipment for busbar related fault detection and discrimination
functions.

> Grounding unit: The grounding unitis located in the DC switching station. It is a passive device ensuring
the system grounding which is configured by a switching unit.

> Measurement device required for the automation of the switching unit and switching station control.

AC/DC converter station

* Disclaimer: It should be noted that no techno-economical assessment has been made which might, for
individual functionalities and subsystem aggregations, come with a certain cost of oversizing or redundancy.
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Part of an HVDC system which consists of one or more HVDC converter units installed in a single location
together with transformers, reactors, filters, reactive power devices, control, monitoring, protective,
measuring and auxiliary equipment. While system relevant switching functions are located in DC
switching stations, switchgear required for the self-protection may still be part of the converter station.
This in particular includes ACCB and NBS.

> Converter units?: An AC/DC converter unit is a power exchange device with the ability to transfer
power from/to an AC network from/to a DC network. It is defined per pole on the DC side, so that a
bipolar converter station comprises two converter units with opposite polarity. It comprises switching,
earthing and protective devices relevant for the internal functioning of the converter. Switching
capabilities that are relevant for the entire HVDC system are however not part of the converter unit.
A Converter unit would typically comprise an AC circuit breaker for self-protection whereas DC fault
separation device would be part of DCSS. Additional AC switchgears relevant for system operation
would be part of AC switching stations, and not converter stations.

Transmission line

> Transmission units: A transmission unit is passive component with the ability to transmit DC current,
assuming it is connected on both sides. The capability of a transmission unit to earth itself, e.g., for
maintenance purposes is delegated to a neighbouring switching unit. Transmission units are defined
per pole (HV poles, medium voltage pole/DMR) and may be grouped to form a transmission line.

Energy absorber

Devices to absorb dynamically excessive energy in case of contingency scenarios to limit overvoltage
within the HVDC system. Typically, these devices are triggered by over-voltage conditions arising from
such contingencies.

FIGURE 2 provides an overview on the functional aggregation of the subsystems (primary equipment)
with a focus on DC grid components and relevant AC components in direct relation with the HVDC system
such as Power Park Modules (PPM) at the AC side offshore and AC switchyards.

. Power exchange DC Switching Transmission
AC devices ?

devices T devices Tdevices

or— — —

DC
switching
station

STATION

Energy

switching converter absorber

station station I

— — —

Wind
UNIT turbine Switching converter
generators

Energy
absorber
unit

Switching
Unit

FIGURE 2: Functional aggregation of subsystems and sub-units related to an HVDC system with focus
on primary equipment

> The proposed definition follows and further specifies the one from COMMISSION REGULATION (EU)
2016/1447: “means a unit comprising one or more converter bridges, together with one or more converter
transformers, reactors, converter unit control equipment, essential protective and switching devices and
auxiliaries, if any, used for the conversion.”
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4.1 DC switching station

The primary purpose of a DC Switching Station (DCSS) is to establish electrical connections between
functional elements in the HVDC system. Therefore, the functional aggregation is such that all DC
switchgear with system functionalities is located in the DCSS including fault separation devices (FSD).
Sub-units of a DC switching station are DC busbars (passive), earthing unit and switching unit (see
FIGURE 4).

A switching unit is the functional block that contains all switching functions associated to one point of
connection of the DC switching station. This point of connection can be for example towards a
transmission unit or towards a converter unit. In case the DC switching station comprises only two points
of connection per pole, a switching unit may directly link these two points of connection. Otherwise, the
switching unit typically connect the point of connection to a busbar. A switching unit can for instance
connect a busbar (per pole) and a transmission unit, or a converter unit (per pole) and a busbar. It is
intended that all switching functions relevant for DC system level operations, and hence all switching
units, are hosted in DC switching stations3. Note that the number and capabilities of the different
switchgears comprises in a switching unit will vary from one switching unit to another, depending on the
individual functional requirements that are assigned to the specific switching unit. The individual
switchgear shall be designed such that all functional are satisfied.

Anillustrative functional single line diagram of a switching unit connecting two units (unit A and unit B) at
high voltage level is provided in FIGURE 3. The switchgear of a switching unit depends on the desired
functionalities. In addition, different switching functions (e.g. fault/load current interruption or
energization) and fault detection functions (e.g. for different fault types, primary/backup protection)
could be embedded in a single device. The realisation of the function and the aggregation of switchgear
is subject tothe vendor as long as the functional requirements associated to the switching unit are fulfilled.
The possibility of the switching unit to have access to the earth is represented (for instance to discharge
unit A or unit B). It should be noted that a switching unit may have more than two connection points (i.e.
a third internal connection to a low voltage connection point).

Switching Unit

Unit A Unit B

_E— e e = =

FIGURE 3: Exemplary functional diagram of a switching unit connecting two other units (e.g., converter
unit, transmission unit...). The circuit breaker symbol is indicative only as not all switching units may
have fault separation capabilities. The switching unit may have access to earth itself for maintenance
purposes, or to earth the neighbouring unit (A or B) if they are passive ones, such as cables.

3 A disconnected converter station may still have a local earthing point to respond to AC side statcom
requirements. It should be noted that this is an exception which is not considered as a DC system level
function.
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A switching unit having two connection points, assuming it is not earthed, can either be in open or closed
state. An earthed state can be introduced for maintenance purposes.

The functional behavior of a switching unit for a close and open commands is further specified in section 5
in flowchart diagrams. While the close/open commands are always initiated outside the switching unit
(e.g. by operator, DC grid controller, protection relay), the remaining of the sequence is executed based
on local information only. In fact, the switching unit consists not only of primary equipment (DC
switchgear and hardware components) but also of secondary equipment (automation, measurements,
monitoring) in order to execute open and close commands based on local information®.

DC Switching Station

Busbar unit
Busbar unit

Busbar unit
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FIGURE 4: Example of a switching station layout connecting one converter station to one transmission
line. The station includes two busbars connected by switching units (bus couplers) and an earth reference
connected to the neutral busbar through a switching unit. Other layouts are possible such as having a
single switching unit connecting the two neutral point of the two converter units.

41t should be noted that some secondary equipment and automation functions for coordinated switching unit
operations inside a DCSS can be located at central automation level of the DCSS.
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4.2 AC/DC converter station

The primary purpose of the AC/DC converter station is to exchange power between the AC grid and the
DC grid. Considering this, primarily control functions are assigned to the AC/DC converter stations,
whereas AC and DC switching functions are assigned respectively to the AC switchyard and the DCSS with
the exception of internal switchgears for self-protection and local earthing of the converter. This in
particular includes ACCB and NBS.

4.3 Energy absorber

The primary purpose of the energy absorber is to absorb dynamically excessive energy in case of
contingency scenarios to limit overvoltage within the HVYDC system. Typically, these devices are triggered
by over-voltage conditions arising from such contingencies. The Energy absorber is considered as a
separate subsystem because of its functional independence to the AC/DC converter station or the DCSS.
Due to the functional independence the physical placement is not limited to close vicinity of the AC/DC
converter station.

4.4 AC switching station

All AC switching elements are placed in the AC switching station. Physically, they are part of the AC grid.
However, some functionalities are also relevant for the protection or coordination of the DC grid. From a
functional perspective they can be activated due to both DCand AC events. It should be noted that in case
of activation due DC contingencies, the AC Circuit Breaker can be activated by protection relays located
at the DC side or by AC/DC converter stations according to the DC-FRT definition. More information is
provided in section 7. Note that a detailed functional description of the AC switching station is not in the
scope of this deliverable.

4.5 Power Park Modules

The PPMs are power generating modules consisting of multiple wind turbines, which are power park units
connected to the AC offshore grid. Due to the direct connection to offshore converters they are
functionally related to the HVDC system and may have direct or indirect control and communication
interfaces with the DCGC or other DC grid subsystems. For instance, in case of a DC contingency depleting
power export reserves, wind turbine curtailment needs to be coordinated throughout offshore connection
points and PPMs.

4.6 DC Point of Connection (DC-PoC)

DC-Point Of Connection (DC-PoC) means a point at which HYDC equipment is connected on the DC side,
at which technical specifications affecting the performance of the equipment can be prescribed. The -DC-
PoC should be accessible for converter stations and other subsystems to ensure and verify conform
operation. Voltage and current measurements shall be accessible without telecommunication. FIGURE §
provides an overview on the DC-PoC for the AC/DC converter station and for the DCSS. It should be noted
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that the AC/DC converter station is connected to an AC-PoC and a DC-PoC, whereas the DCSS is
connected to at least two DC-PoCs.5

AC/DC Converter Station DC Switching Station
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DC-PoC

FIGURE 5 Indication of DC- Point of Connection (DC-PoC) for AC/DC converter station and DC
switching station

4.7 AC-Point of connection (AC-PoC)

‘Connection point’ means the AC interface at a synchronous area at which the power-generating
module, demand facility, distribution system or HVDC system is connected to a transmission system,
offshore network, distribution system, including closed distribution systems, or HVDC system, as
identified in the connection agreement. The connection point is also typically referred to as the point
of connection (PoC) [2].

4.8 DC grid controller

The DC grid controller refers to the layer that handles coordinated functions across the HVDC system. It
comprises both continuous control such as computing setpoints, sequential control and monitoring
functionalities. It is interfaced with the AC/DC grid control layer, and with the HVDC subsystems, in
particular the converter stations, DC switching stations, and possibly PPM.

5 The definition of DC-PoC is subject to the subsystem’s ownership. Therefore, the exact electrical interface is
to be defined in detail on project level by the HVDC system owner, in coordination with the relevant system
operator, subject to the relevant connection agreement.
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5.Sequential Control

Within a given HVDC system topology, different DC connection modes are possible. The DC connection
modes describe the connection between the individual units within the HVDC system at their DC-PoC.
Those connection modes are determined by the individual states of all the switching devices within the
grid. Given the large number of such devices, all connection modes may hardly be described exhaustively
in a synthetic way such that “bipole” or “asymmetric monopole”. The sequential control describes all
planned actions that allow the HVDC system to go from one connection mode to another. Such actions
may be triggered automatically, or by an operator, or a combination of both. Change of connection modes
after protection action, e.g., line disconnection, are not seen as sequential control actions but rather as
protection actions.

On one hand, the handling of large number aggregated connection modes on a multiterminal HYDC
system level is not practical, due to the very large number of possible combinations. On the other hand,
the control of each individual switch by an operator or DC grid controller is also unsuitable. As such, the
main purpose of this workstream is to define the appropriate granularity to describe the switching devices
within the grid. It is proposed that the set of switches connecting two DC units (i.e. for one pole) is a
relevant aggregated level, called a switching unit. A switching unit may hence connect a converter unit to
a busbar (per pole), a busbar to the ground, a HV conductor to a busbar, etc. While some switching units
may have many more capabilities than others, they can all be described as a state machine® being open or
closed. The opening and closing of switching units will induce changes in other units throughout the grid,
for instance the energization of converter or transmission units. The concepts defined in this section
significantly differ from the ones introduced in [3], where an aggregation per feeder is adopted. As already
introduced in Section 4, all switchgears relevant for the HVDC system operation have also been grouped
in the switching station, whereas they may be part of converter stations in [3]. Those two modifications
are deemed to facilitate interoperability and compatibility between the different functional sub-systems,
as well as between HVDC systems with different topologies (bipolar with and without metallic return and
asymmetric monopole).

An overview of the control structure for sequential control is first presented in Section 5.1.The main units
constituting an HVDC grid and their states are then defined in Section 5.2. A functional definition of a
switching unit is provided in Section 5.3, including the transition from closed to open and from open to
closed.

5.1 Control structure for sequential control

An overview of the control hierarchy for sequential control of an HVDC system is depicted in FIGURE 6.
For sequential control purposes, the change of states of the units within the HVDC system or a network of
HVDC stations and switching stations connected on DC side may be directly controlled by a DC grid
controller, or similarly may be directly controlled by a national dispatch centre where software with similar

® A state machine is a model defined by a finite number of states, its initial state, and the inputs that trigger
each transition between two states.
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functionality exists. If necessary, local control of switchgear at the switching station level shall be possible.
States of the HVDC system or a network of AC/DC converter stations and switching stations may also be
controlled more locally for other purposes (e.g., protection). In the context of sequential control, the
functionality of the DC grid controller or relevant software being part of the TSOs national dispatch centre
may be:

> To propose operational simplification of default scenarios for planned reconfiguration. While the
exhaustive description of all connection modes of the grid and the transition between them shall be
defined by the relevant TSO in coordination with adjacent TSOs (if applicable) the macro-sequence
that allows to perform planned reconfiguration actions can still be coordinated by the DC grid
controller. Such usual actions for instance include: start-up and shut-down of the DC network,
connection or disconnection of a transmission line, or of a converter, and change of the system
earthing point location. The proposed macro-sequences can then be activated step-by-step by an
operator, or automatically. In all cases, the abortion of the sequence must be possible.

> To be able to respond to unscheduled events’, when required. Unscheduled events such as faults are
primarily handled by protection, ensuring the security of the HVDC system or the network of HYDC
converters stations. Sequential control actions can then be performed to improve the reliability of the
power system. Such actions may be included in the DC grid controller as “operational simplification”
as described above, or may be triggered automatically and locally if a faster action is beneficial.
Examples of unscheduled events that may benefit from automatic reconfigurations are:

> Recovery procedure after fault isolation in order to reconnect the part of the fault separation zone that
is healthy. Such a reconfiguration may also be performed locally as an auto-reclosing attempt, known
as “protective auto-reclosing”.

> Busbar reconfiguration after a busbar fault, for instance in case of double busbar single breaker scheme.

For any of such sequences, the commands will consist of open and close commands sent to switching
units. For convenience, such commands would be sent to the switching station automation, which will in
turn re-dispatch them to the switching units. However, the switching station has not been identified as a
relevant functional level for sequential control and may hence only pass the open and close commands to
the appropriate switching unit. In return, the switching units report their status to the DC grid controller,
through the switching station. In addition, a switching station may implement interlocks between
switching units to prevent non-suitable switching operation (e.g., closing onto an earthed unit, or
controlling an out of service unit). The DCSS will only issue a command to the switching unit if necessary,
interlock checks are satisfied.

As depicted in FIGURE 6, all interfaces for sequential control are deemed vertical. No horizontal
communication between different switching units, converter units, or switching stations and converter
stations are envisaged. Exceptions to this principle may be considered, if functionally required. If needed,
the DCGC can act as a communication bus to provide information to the relevant unit. However, this
approach would unlikely satisfy ultra-fast communication needs. In sequential control, no such
functionalities requiring fast horizontal communication have been identified yet.

Other functional devices may be present in switching stations, in particular protection relays for
protection purposes.

7 In the context of sequential control, unscheduled event refers to any fault that may affect the HVDC system.
It also comprises any opening or closing of switchgear that does not follow from the appropriate command,
such as a spurious trip.
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Beyond sequential control, many reconfigurations of the grid would also involve continuous control
actions, for instance for the dispatch of new power flow references. Such actions may be part of the
planned connection / disconnection of a converter or transmission unit or can also be used in a post-fault
recovery process.
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FIGURE 6: Sequential control architecture of an HVDC system: channels between the DC grid controller
and the converter or switching stations are an aggregation of the commands sent to the unit layer.
Interactions with AC side equipment such as PPM and AC switchyard are also included, though not
detailed in this chapter. Note that relays can also be included in switching stations, controlling one or
multiple switching units for protection purposes, see Section 7.4 for further details.

5.2 Interface and state of the main units

This section provides the main interfaces for the sequential control of the units within an HVDC system.
Based on those interfaces, state diagrams are proposed to illustrate the behaviour of the units. In[3], state
representation based on a three-pole aggregation (2 HV poles and neutral) is proposed, linking
“connection modes” of the AC/DC converter stations (bipole, monopole...) with the ones of the switching
station. By contrast, the functional scope split presented in Section 4 leads to a single pole (HV or neutral)
description of the connection states within the system. The proposed approach allows a clear definition
of the behaviour of the functional units of the grid, without the complexity of states of combined units
that would depend on specific topologies and configurations.

5.2.1 Switching station
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As discussed in Section 5.1, the switching station is not deemed a relevant functional layer for sequential
control. Its main role is to transmit commands from the upper layer (e.g. DC Grid Control) to switching
units, and to report feedback the other way around. In addition, it may implement interlocks between
switching units to prevent unsecure switching operations, such as closing onto an earthed subsystem. An
overview of the switching station interfaces is provided in TABLE 2.

TABLE 2: Interface of the DC Switching Station with DCGC and DC Switching Units

Top layer interface : Between DC grid control and DC switching stations

From DCGC to DCSS Commands for switching units: open, close, discharge (if applicable),
auto-reclose attempt enabled (if applicable), maintenance & earthing
(if applicable).

From DCSS to DCCG - Feedback on switching unit status (open, closed, maintenance...)

- Continuous measurements (V, 1)

- Failure of switching unit functionality (e.g. FSD function unavailable)
- Protection information: fault zone (from protection relay), and trip
command issued

Bottom layer interface: Between DC switching stations and switching units

From DCSS to Switching Commands for switching units: open, close, discharge (if applicable),
Unit auto-reclose attempt enabled (if applicable), maintenance & earthing
(if applicable).

FET ISV ML T RGN - Feedback on switching unit status (open, closed, maintenance)
DCSS - Continuous measurements (V, 1)

- Failure of switching unit functionality (e.g. FSD function unavailable)
- Trip report (following trip issued from protection relay)

5.2.2 Switching unit

A switching unit is defined as the switchgear that forms a connection path per pole between two units. A
functional view of a switching unit connecting two other units is provided in FIGURE 7. It may be
composed of one or more switching devices depending on the functionalities available. It is controlled by
the switching unit automation which is responsible for the control of each switching device within the unit.
Switching units can for instance be used

> between a HV transmission unit (cable) and a HV busbar

between a converter unit and a HV busbar

between a neutral transmission unit (cable) and a neutral busbar

between a converter unit and a neutral busbar

between a neutral busbar and the ground, to provide the ground reference for the network. Electrical
components associated with the ground reference (surge arresters, resistance...) are gathered in the
“grounding unit”.

The main role of the switching unit is to open or close the connection path. The corresponding close and
open commands are received from the DC Grid Controller for planned operation but can also be issued by
IEDs for protection purposes (i.e. trip). Optional functionalities of a switching unit include the ability to
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discharge one of the connected units (e.g. a cable), and to attempt to auto-reclose after a trip. In addition,
a switching unit can be earthed for maintenance purposes. In this state, all relevant earthing switches are
closed.

Switching Unit

Unit B

X

Unit A

_—— e e — — = =

FIGURE 7 Functional view of a switching unit connecting two units. The circuit breaker symbol is
indicative only as not all switching units may have fault separation capabilities.

When connecting passive units, such as busbars or cables, a switching unit can have the duty to earth
those units for maintenance purposes. Though it is those passive units that are in a maintenance state,
the commands are given to the switching unit. Additional commands and states are hence introduced to
account for such cases. When connecting an active unit such as a converter, this maintenance functionality
would typically not apply.

The interfaces of a switching unit are summarized in TABLE 3, and a corresponding state machine is
proposed in FIGURE 8. In case of a failure of an internal component of the switching unit, the switching
unit can be stuck in an intermediate state, which is reported to the DC grid controller (see detailed
flowcharts in Sections 5.3.2 and 5.3.3 for further details).

In some cases, a switching unit may have the possibility to connect more than two units (e.g. a HV
transmission unit may either be connected to a HV busbar, or to a MV busbar). In such cases, the
close/open state shall be supplemented with the relevant units, see Section 5.3.5 for more details.

TABLE 3: Interface of the switching unit automation for sequential control. It is assumed the switching
unit reports to the switching station the status of each action.

Switching Unit inputs Short description Mandatory/Optional
Go to maintenance The switching unit will go to a maintenance state
. . Mandatory
where all earthing switches are closed.
Prepare to connect The switching unit will go from the maintenance
P g 9 Mandatory

state to the open state and is ready to close.

_ The switching unit will open. Mandatory
The switching unit will close. Mandatory

Auto-reclose After a trip, the switching unit will attempt to .
Optional
auto-reclose.

DI EIGEIREREGIESIN  When open, the switching unit can discharge

unit A (or B) one of the neighbouring transmission units. Optional
Inter | | |
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Switching Unit inputs Short description Mandatory/Optional

After discharging, the switching unit remains
open and the neighbouring unit (A or B) are not
earthed.

EORIELEIEHGONINGGN  If open, the switching unit can provide
A (or B) maintenance earthing for the neighbouring Optional
transmission units.

CE G AECETR IR Removing the connection to ground from one of
CENERIESCHMIGTAN(E  the neighbouring transmission unit. Optional
B)

SWITCHING UNIT

Discharge unit A (or B)

Prepare to connect

Maintenance
earthed

Go to maintenance

Earth / Unearth
transmission
unit A (or B)

- Transmission Transmission
\ Unit B Earthed Unit A Earthed
\
\
N ~ -

—_——— e e ——

FIGURE 8: State diagram for the switching unit, including the discharge and earthing commands.
Switching units have the ability of earthing neighbouring passive units (busbars or cables). It is assumed
that earthing of both neighbouring transmission units is equivalent to the switching unit being earthed
itself (dashed-lines).

5.2.3 Transmission unit

A transmission unit typically refers to subsea/underground cables and overhead transmission lines. A
transmission unit consists of a single pole conductor, which may either be HV or MV (for neutral path). A
busbar can also be considered as a special case of transmission unit, being particularly short and having
typically more than two connection points. Within the HVDC System, the neutral path shall be connected
to the ground to provide reference to the neutral path for the entire grid. Such reference is typically
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established within a switching station by the closing of a dedicated switching unit between the neutral
busbar and the ground.

Transmission units are passive components and do not include any switchgear, assuming they are earthed
through the neighbouring switching units when they are out of service. As such, no control interface is
associated with such units. A state machine can still be established to model the behaviour of a
transmission unit, but all transitions will only depend on other units within the grid. Thus, states of a
transmission unit depend on the number of connected units as well as whether DC voltage has been
established:

> It is considered the “ready to connect” state assumes residual voltage has been reached. It is thus
mandatory when going from “Energized” to “ready to connect” to use the “open & discharge”
command of the switching unit. In “ready to connect”, all earthing switches are open.

> After the closing of a single DC switching unit, the transmission unit is connected to another DC unit
but cannot transmit power. Depending on whether the connected unit is itself energized, the
transmission unit may either be energized, or only connected.

> A transmission unit connected to at least two DC switching units is either “aggregated” or “ready to
transmit” depending on whether the connected units are energized and also connected to other DC
systems.

> A busbar can be connected to more than two DC switching units and remains in “ready to transmit”
state if energized, or in “aggregated” state if not energized.

The state diagram for a DC transmission unit is pictured in FIGURE 9.

_ ey
DC voltage

Connected (1SU
closed, no DC
voltage)

Aggregated (>1 SU
closed, no DC
voltage)

DC Close, no DC voltage

DC open

DC Open, no
DC voltage

DC Open &
discharge

Preapre to connect

Ready to
connect (no
DC voltage)

Maintenance
earthed

Go to maintenance

DC Open &
discharge

C Close & Vdc
established

DC Close /
Open

Energized (1 SU
closed)

Ready to transmit
(>1SU closed)

DC Close/Open

DC Close & Vdc
established

FIGURE 9: State diagram of a transmission unit. All transitions are induced by the actions of the
switching units (SU) connecting the unit to the rest of the grid. States are further distinguished
depending on whether DC voltage is established or not. Transitions in dashed (1) and (3) are caused by
operation of remote units. The energization of multiple DC units already aggregated can for instance be
due to a single unit closing. Going from “Ready to transmit” to “connected” (2) using a DC open and
discharge command should be carefully considered as the remaining closed unit should not be
connected to a live DC grid. For busbars, it is possible to be connected to more than two other units (4).

5.2.4 Converter station and unit

From a sequential control perspective, a converter station only consists in one converter unit (monopole)
orthe aggregation of two converter units of opposite polarity (bipole). Only the interfaces of the converter
unit are thus further detailed. In addition to the inputs listed in TABLE 4, the converter unit shall report
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the corresponding status (e.g. “ready to energize”) after completion of a command. Those status shall be
communicated to the DC grid control or any equivalent upper layer control. It should be emphasized that
the connection of the converter to the DC grid is determined by the closing of the relevant switching units,
which are not part of the converter stations. Any converter unit may still include relevant switchgear for
protection purposes, including an AC breaker.

TABLE 4: Sequential control interfaces of the converter unit. In addition, the converter unit reports
whenever the commands have been executed.

Converter Unit inputs Short description

Go to maintenance The converter unit will go to a maintenance state where all earthing
switches are closed. The submodules are discharging.

Prepare for energization The converter unit will go from the maintenance state to a “ready to
connect” state. The energization may either come from the AC or DC
side.

Close AC side The converter will close the ACCB within the converter area (additional
ACCB can be located further on the AC switching unit).
Open AC side The converter will open the ACCB within the converter area.

(@ N TLINE g N (I Closing of the local earthing switch to provide neutral reference.
Typically used for STATCOM operation.

(O] SN E IR HNGEEEN TN Opening of the local earthing switch.

The states of a converter unit depend on whether it is connected on the AC and/or DC side, as well as on
the presence of voltage or not (energization). A state diagram of a converter unit is provided here in Figure
10.

The proposed states can be modified by the converter itself through the following commands:

> Prepare for energization: this step is a prerequisite to any connection to the HVDC system, and
comprises multiple actions such as opening of the maintenance switches, preparation of internal
controls, establishing a DC reference to ground

> Prepare for maintenance.

> AC Close and AC open, as this action controls the AC side breaker of the converter. Note that operation
of more AC breakers may be required to effectively connect the converter to an AC bus.

By contrast, DC side connections are established through the closing and opening of DC Switching Units,
included in DC Switching Stations and not in the converter station. As the converter may be connected to
dead subsystems (so called “aggregated” state), the energization may be induced by the closing of remote
units in the system.

The converter unit can either be energized from AC or DC side, leading to the “ready to STATCOM" or
“ready to be islanded” modes, respectively. When connected on both sides and energized, the converter
is “ready to transmit”.

Closed loop controls concepts are intentionally not specified as sequential states. As such, blocked or
deblocked state as well as control modes (STATCOM, islanded...) do not appear in FIGURE 10.
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Energized from
AC (« ready for
STATCOM »)

AC Close /
Open

CONVERTER UNIT DC Close /Open

AC Aggregated
(no AC voltage)

Prepare for energization
(incl. DC ref to ground
established)

AC&DC
Aggregated
(no DC voltage)

Ready to
transmit

Ready to
connect

Maintenance
earthed

Prepare for
maintenance

DC Aggregated
(no DC voltage)

DC Close /
Open

AC Close/
Ope

Energized from DC
(« Ready for Islanded » )

FIGURE 10: State diagram of a converter unit. Plain arrows indicate transitions due to the switching
units at the PoC of the converter, while dashed arrow transition may be due to remote switching units
within the grid. The only transitions handled locally at the converter unit are between “"maintenance
earthed” state and “ready to connect” and to open & close the AC side.

5.3 Detailed specification of the switching unit

5.3.1 Switching unit connecting two units

A switching unit may comprise one or more switches, depending on the desired functionalities. An
exemplary overview of a switchgear arrangement is provided in FIGURE 11 of a switching unit with full
capabilities (fault separation, energization, discharge, earthing...). It is reminded a switching unit may
comprise much less switchgear if less functionalities are needed. In addition, the arrangement presented
in FIGURE 11 is indicative only, and the same functionality may be satisfied with different set-ups. For
instance, if it is required to bypass the entire switching unit during maintenance, all the SU switchgear
shall be within disconnectors.

Those switches are further specified in TABLE 5, from a functional point of view. It is assumed that the
residual current switch (RCS) also embeds the making current capability.
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SWITCHING UNIT

I = I
| |
| PLES PLES |
I Keips Pes PLDs:
: Diswctor FSD RCS Disconnector |
Unit A | D D I Unit B
| IVa Tvb |
= = |
| |
| |

Switching Unit Earthing Switches

FIGURE 11: Detailed functional description of a switching unit with full capabilities. The number of
switches and their arrangement is only indicative for illustration purposes. Additional energy dissipation
devices can be embedded whenever relevant, in particular within the FSD or the PCS.

TABLE 5: List of devices that can be included in a switching unit.

Disconnectors Switches with no current making nor interrupting
capability. In the absence of an RCS, the disconnectors
embed the aggregation and disconnection capabilities of
the switching unit.

Residual current NG Switch with ability to break small amount of current (typ.
switch residual current) and with making current capability.

Fault  Separation S]] Active device able to suppress fault current by producing a
Device counter voltage. Within switching units, such devices are
typically DCCB. FSD can be “activated” (fault current
suppressed) or deactivated (normal onload operation). By
extension, this device is able to suppress load current are
denoted as FSD with smaller capabilities.

Peak Current PCS Component that limits the inrush current at the closing of

Suppression the RCS, for instance a pre-insertion resistor (PIR). The PCS
can be inserted or bypassed by controlling the relevant
switches.

Pole Local pExES Switch connected to the earth with the ability to discharge

Discharge Switch an element (typically a cable) connected to the switching

unit, after the opening of the switching unit.

Pole Local Earthing =S Switch to the earth to permanently earth the transmission
Switch line for maintenance.

Switching Unit gsIel=S Internal earthing switches for maintenance of the switching
Earthing Switch unit itself.
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A switching unit having two connection points, assuming it is not earthed, can either be in open or closed
state. Those two states are further specified in the table below, depending on the specific switchgear that
composes the switching unit.

TABLE 6: Definition of the closed and open states for the switching unit. (*) In the specific case where
a switching unit does not include an RCS, the disconnectors should be open in the open state.

Short description

Maintenance All disconnectors are open, as well as residual current switches, if any.
If available, fault separation devices are deactivated (e.g. DCCB are not
tripped). All earthing switches are closed.

Open state All disconnectors are closed (*). Residual current switch is open. If
available, fault separation devices are deactivated (e.g. DCCB are not
tripped). All earthing switches are open.

Closed state Alldisconnectors are closed, as well as residual current switches, if any.
If available, fault separation device and peak current suppression
device are deactivated.

The functional behaviour of a switching unit for a close and open commands are further specified using
flowcharts. While the close/open command are always initiated outside the switching unit (e.g. by
operator, DC grid controller, protection relay), the remaining of the sequence is executed based on local
information only.

5.3.2 The close command

The transition sequence for a switching unit going from open to closed state is detailed in FIGURE 12.
The closing of a switching unit connecting two DC units may involve three different functionalities:

“Aggregation” of two units. This situation is characterized by the absence of voltage on both sides of the
switching unit (first check). The use of disconnectors is sufficient to handle this function.

“Energization” of one unit through the other one. This situation is characterized by the presence of
voltage on only one side of the switching unit. The inrush current resulting from the energization typically
requires the activation of a PCS.

“Synchronization” of two live HVDC subsystems. This situation is characterized by the presence of voltage
on both sides of the switching unit. A convergence of the voltages at the two sides of the switching unit is
typically expected before the switching unit is closed (check AV < Vsync). If a load current is scheduled
between the two subsystems, a voltage drop between the two sides of the switching unit will be observed.

Some of the failure modes are considered, whenever a component may fail or if one of the conditions
required for the proceeding of the sequence is not met (e.g., AV > Vsync). Such conditions are associated
to a timeout to avoid the switching unit being stuck in an intermediate step. Failure modes are handled
such that, as much as possible, the switching unit gets back to a stable closed or open state. This may not
be always possible however. It may for instance happen that a switching unit is closing onto a fault, or
more generally onto an earthed unit. This will result in a persistent current after the closing of the RCS.
Depending on the availability of an FSD at this switching unit, the switching unit may be able to get back
to a stable open state or may end up in a faulty state “closed onto fault”. In the latter case, it is
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recommended to deactivate the PCS to 1) avoid damage to the equipment, and 2) increase the current so
that the abnormal behaviour can be detected and handled by other protection equipment.

CLOSE SEQUENCE FOR PCS: Peak Current Suppression
SWITCHING UNIT RCS: Residual Current Switch

FSD: Fault Separation Device

PLDS: Pole Local Discharge Switch

Va|>Vres o

|Vb|> Vres
No
Open
Va|>Vres and
[Vb|> Vres A
No
Opposite
voltage

“’“e°”t

Y Eail Open RCS
Activate PCS Activate PCS A
Yes
Y Y \J Active FSD
Close RCS Close RCS Close RCS
I<Ires Persistent FSD available?
. current
timeout
Yes
Y
Deactivate
Deactivate PCS I<lload(*) PCS
timeout
Yes
y Closed onto
fault

FIGURE 12: Transition sequence of a switching unit for the close command. (*)The threshold used to
detect persistent current after the connection of two live sub-grids may be lower than the load current
lload.
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5.3.3 The open command

Closed

OPEN SEQUENCE FOR
SWITCHING UNIT

Open

PCS: Peak Current Suppression
RCS: Residual Current Switch
FSD: Fault Separation Device
PLDS: Pole Local Discharge Switch

Yes
I<Ires

AR Sequence

FSD Active?

» Open RCS

Fail

Failure Mode
to be defined

Discharge
unit A?

DISCHARGE SEQUENCE
FOR SWITCHING UNIT

Close PLDS
with PCS

No

Status:
opened and
earthed

Not possible

V<Vres Open PLDS

No .
Persistent
voltage

Yes
Yes Y
Open PLDS Status:
opened

/
> Open |t

| FIGURE 13: Transition sequence of a switching unit for the open command and discharge commands.

W Inter

0 P ERA Functional requirements for HVDC grid systems and subsystems | 39

Enabling multi-vendor HVDC grids



The transition sequence for a switching unit going from closed to open state is detailed in FIGURE 13.
This transition is typically performed after the switching unit has received an open request from the
switching station control. Though protection trips are typically issued by protection relays, they can
functionally be described within the “open” command framework. As for the close command, the open
command may involve two different functions:

> “Fault/Load separation” if the current is above residual current, in which case the activation of a FSD is
required. This function may also be used to disconnect a unit with load current.

> “Fault isolation” if the current is below residual current. This function is also used to disconnect a unit
with residual current only.

In a protection context, a trip command may comprise an auto-reclose request. Auto-reclosing can be
performed in either an automatic way, or in a coordinated way:

> Protective auto-reclosing is considered as a protection action. It assumes that the fault has been cleared
in some predefined time.

> Recovery procedure relies on the DC grid control to send the reclosing command, after the fault
isolation has been confirmed.

In addition to the open command, the ability of the switching unit to discharge the unit it is disconnected
fromis also considered. If such an action is desired, the open command should be supplemented with the
discharge command, specifying which unit should be discharged (e.g., open and discharge unit A). The
discharge command does not include the permanent earthing of the unit A (or B), which is controlled by
the corresponding earthing commands, as specified in TABLE 3.

5.3.4 Main functions of a switching unit

The specification of the behaviour of the switching unit for the close and open commands allows to
identify the main functions that can be embedded in a switching unit. Those functions are defined in
TABLE 7. Which specific functions (as well as the corresponding ratings) must be chosen for a specific
switching unit is a design choice, e.g., some switching units will provide only aggregation and separation
functions, while others may provide synchronization and isolation functions. More complex functions may
imply more basic functions, for instance a switching unit with the synchronization ability will have the
energization ability, and similarly the energization function includes the aggregation function.
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TABLE 7: Main functions that may be embedded in a switching unit, associated with the open and
close commands.

Aggregation Connection of two units without significant voltage.

Energization Connection of one unit without voltage to a unit with
established DC voltage. The inrush current during the
charging shall be limited to acceptable level.

Synchronization Connection of two units with significant DC voltage. The
inrush current during the discharge shall be limited to
acceptable level. The current oscillation during
synchronisation shall be sufficiently damped.

Disconnection Opening of the switching unit without significant current
nor voltage.
Separation Opening of the switching unit under fault or load current,

including suppression of the fault/load current.

Isolation Opening of the switching unit under residual current and
isolation of the two units.

DI EIGT-RI I Discharge Discharge of one of the units connected to the switching
(or B) unit, after the opening. The discharge current during the
discharge shall be limited to acceptable level.

Earth Unit A (or EE=EIgtlll] Earthing for maintenance purposes one of the units
B) connected to the switching unit, assuming the unit has
already been discharged.

The proposed function names are intended to help visualize the main use cases of the functions. It does
not correspond to an exhaustive description of what the functions can be used for. For instance, “isolation”
may be used in both the context of fault isolation, or in the context of a planned line disconnection.

5.3.5 Switching unit connecting more than two units

It may happen that a switching unit has the ability to connect to more than two units. In general, it is
considered that a switching unit, within a switching station, can only connect to one unit external to the
switching station (eg converter unit or transmission unit), but can connect to several connection points
within the switching station (eg busbar).

Two examples of such cases are:

> Switching unit connecting on one side a HV transmission unit with the ability to connect on the other
side either to a HV bus or to a MV bus, as depicted in FIGURE 14. Such a scheme allows the use of
the HV transmission unit as a backup or parallel MV path.

> Switching unit connecting on one side a transmission unit with the ability to connect on the other side
to two different busbars. Such a scheme allows the use of double busbar configuration.
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Unit A:
HV Cable

Unit B: Unit C:
HV Bus Neutral Bus

Switching Unit

FIGURE 14: Exemplary scheme where a switching unit connect a HV cable to eithera HV ora MV
busbar.

For such units, the close command remains valid but shall be specified with respect to which units are to
be considered. A close command shall for instance specify “close between unit A and unit B”. On the
opposite, the open command implies an opening with respect to all DC-PoC or only one of them.

The functional specification of such switching units should allow for different functionalities being
associated to the different current paths. A connection matrix can be used to specify such functions. An
exemplary connection matrix is provided in TABLE 8. It can be interpreted as the possible specification
of a switching unit connecting a HV transmission cable (unit A), a HV busbar (unit B), and a neutral busbar
(unit C). When connecting the HV path, the unit has the separation functionality, as well as the
synchronization ability. By contrast, the MV current path is limited to isolation and aggregation functions.
The discharge and earthing function, as it relates to a unit rather than to a connection path, is expressed
on the diagonal, when included. By construction, the matrix is symmetric.

TABLE 8: Exemplary connection matrix of a switching unit connecting three units

Unit A (e.g. HV| UnitB (e.g. HV busbar) Unit C (e.g. MV busbar)

Unit A (e.g. HV JEIBIHEEIflS Separation, isolation,  Isolation, Aggregation

cable) earthing synchronization

Unit B (e.g. HV Discharge & earthing Not allowed

busbar)

Unit C (e.g. MV Discharge & earthing
busbar)

The choice of specifying an architecture using such multi-terminal SU must be compared to a specification
using multiple two-terminal SU. The latter should be preferred whenever the use of multi-terminal SU
makes the design too complex.
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5.4 Functional requirements & parameter list

This section provides a summary of the functional requirements related to sequential control as well as

associated parameters.

TABLE 9: List of functional requirements and associated parameters for sequential control.

Command
routing

Interlocking

Aggregation

Energization

Synchronization

Disconnection

Separation

Isolation

Discharge

Inter
OPERA

Enabling multi-vendor HVDC grids

Short description

Associated

Subsystem
parameters
A switching station shall be able to o
. . Switching
receive and redispatch commands tothe  N/A Station
appropriate switching unit.
A switching station shall be able to block o
Switching
commands that lead to a non-safe NJA .
. . Station
operation of the grid.
A switching unit shall be able to connect  No-load current
two units without significant current nor  and no-load  Switching unit
voltage. voltage.
A switching unit may be able to connect  Maximum inrush
one unit without voltage to a unit with  current. o .
. I Switching unit
established DC voltage while limitingthe  Energy to be
inrush current. dissipated.
A switching unit may be able to connect Maximum current
two units with significant DC voltage  Maximum
hile limiting the inrush current. I o .
while limiting the inrush current vg tage Switching unit
difference.

Synchronization
time.

A switching unit shall be able to
disconnect two units without significant
voltage nor current.

Disconnector
characteristics

Switching unit

A switching unit may be able to suppress  FSD

a fault or load current. characteristics, cf  Switching unit
Protection WS

A switching unit may be able to suppress  Residual DC

of residual current and isolation of the
two units.

current to be
interrupted (Ires).
Isolation Time.

Switching unit

Ability to discharge one of the units
connected to the switching unit, after the
opening. The inrush current during the
discharge shall be limited to acceptable
level.

Discharge time.
Maximum  peak
current.

Switching unit
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Auto-reclose After activation of an FSD, the switching
unit may attempt to auto-reclose based
on local information only, assuming the
fault has been cleared.

O-C-Ocycletime  Switching unit

Earthing Ability to earth for maintenance
purposes one of the units connected to o .
the switching unit, assuming the unit has N/A Switching unit
already been discharged.

CE VLM The DC Grid controller may provide

sequence operational simplifications to perform a  Reconfiguration DCGC
reconfiguration sequence of the HVDC time.
system.
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6.Continuous control

The HVDC systems should deliver scheduled power while ensuring the security and reliability of the HVYDC
systems themselves to guarantee their continuous operation. It is imperative to prevent power flows and
DC voltages that exceed the physical capabilities of system components. Disturbances in the system can
disrupt the balance of power, resulting in fluctuations in DC voltages. In such instances, the AC/DC
converters within the system must promptly and collectively restore system energy equilibrium to prevent
violations of system limits.

In order to ensure both the scheduled power transmission and reliable, continuous system operation, the
overarching control architecture of HVDC systems is hierarchically structured, with defined roles and
responsibilities allocated to each layer and secure exchange and propagation of essential information
between each layer.

This chapter first delineates the physical and operational constraints that HVDC systems must
consistently satisfy, along with providing definitions of system-level operational DC voltage ranges and
system states in terms of DC voltage. It then elucidates the expected roles and responsibilities of each
control layer within the control hierarchy, considering the delineated constraints and limitations. Based
on those, the fundamental principles of DC grid voltage control, classified into primary and secondary DC
voltage controls analogous to the AC system frequency framework, are described. Finally, comprehensive
continuous control functional requirements for each subsystem are summarized.

6.1 HVDC System Physical and Operational Constraints

This section presents the pertinent physical constraints of the HVDC system that shall be ensured by
continuous control. Subsequently, it provides the definitions of system-level operational DC voltage
ranges and the system states in terms of DC voltage level.

6.1.1 Physical Constraints on the DC side of System Components

All components in the HVDC systems shall be designed to operate within the defined ratings and
withstand capabilities. The continuous control of the HVDC systems shall be designed to ensure
continuous operation without violating any physical limits. The following outlines pertinent physical
constraints to be considered in the design of continuous control.

> AC/DC Converters: AC/DC converters have inherent physical limitations regarding over and under
voltages, both in terms of terminal-to-ground and terminal-neutral voltages. While the network code
for HVDC systems [4] clearly stipulates the AC voltage and frequency ranges as well as associated
time within which the HVDC converter station must remain connected, it is important to note that it
only defines requirements for the AC side at AC-PoC, with no regulation currently in place for the DC-
PoC. Building on these statements, it is considered appropriate to adapt them for DC voltage in HYDC
systems. Thus, AC/DC converters shall be capable of staying connected to the DC network and
capable of operating within the DC voltage ranges for the time periods specified by the relevant
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system operator, in coordination with the relevant TSOs®. The required operational performance and
allowed protective measures must be consistent with the specified DC-FRT profile (see Section 7 for
more details). The HVDC system owner and the relevant system operator, in coordination with the
relevant TSO may agree on wider or narrower voltage ranges and associated period of time for
operational capability of individual AC/DC converter stations in order to ensure the best use of the
technical capabilities if needed, especially in case of radial and sparse DC network. Additionally,
AC/DC converters are subject to rated current equivalent to maximum current capabilities within
which their secure operation shall be ensured. The maximum current may change over time
depending on the constraints of the converter unit (e.g. problems with the cooling system).

> High Voltage transmission linesfunits: They shall be designed to withstand the temporary and
continuous DC voltage profile within the specified DC insulation capabilities. Additionally, they shall
be designed to have sufficient thermal capability to continuously carry the rated current. Temporary
overcurrent is possible due to the thermal capacity of the conductor, it depends on the environment
and external conditions (e.g. temperature), according to IEC 62067 [5].

> Neutral transmission lines/units: Neutral transmission lines and units, here referring to return
conductors such as DMRs, typically operate at much lower voltages relative to the ground and shall
be designed with adequate DCinsulation capabilities. Furthermore, like high voltage conductors, they
shall be designed to possess sufficient thermal capability to continuously accommodate the rated
current.

6.1.2 Operational Constraints at AC Connection Points

In addition to the physical constraints, HVDC systems are required to comply with the functional
requirements at each point of connection with the AC systems in accordance with [4]. In other words, the
AC/DC converters that interface with AC systems must meet the specified operational requirements. They
are broadly classified into those pertaining to transmission capability and those related to functional
requirements. The following introduces the essential transmission capabilities.

> AC active power exchange capacity: the maximum AC active power transmission capacity, denoted
by Py, shall be defined at the AC side connection point (AC-PoC) for steady-state condition. Py g
means the maximum continuous active power which an HVDC system can exchange with the AC
network at each AC-PoC as specified in the connection agreement or as agreed between the relevant
system operator and the HVDC system owner. In the case of a bipolar AC/DC converter station, this
must be defined separately for bipolar operation and monopolar operation, where one of converter
units is out of service. Unless otherwise specified, the AC active power transmission capacity shall be
defined for each direction of power.

> Reactive power exchange capacity: the AC/DC converter station or unit shall possess the constructive
ability of injecting or absorbing reactive power at the AC-PoC within the U-Q/Pmax profile specified
by the relevant system operator, in coordination with the relevant TSO. Additionally, when operating
at an active power output below its maximum AC transmission capacity, the AC/DC converter station

8 For instance, NC-HVDC Article 18 stipulates the minimum time periods an HVDC system shall be capable of
operating for AC voltages deviating from the reference 1 p.u. value at the connection points without
disconnecting from the network.
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shall be capable of operating in every possible operating point, as specified by the relevant system
operator, in coordination with the relevant TSO and in accordance with the reactive power capability
set out by the U-Q/Pmax profile specified.

6.1.3 Functional requirements at AC connection points:

The functional requirements that the HVDC system and each of AC/DC converter station or unit within the
system must satisfy are comprehensively stipulated in [4]. For the sake of self-containment, please see
Appendix 9.1 for a concise summary of these requirements.

6.2 Definition of System-Level DC Voltage Ranges

The system-level DC voltage ranges are one of the most important parameters for achieving secure and
reliable operation of the HVDC system?. The system operator shall aim to maintain voltages at all nodes
in the system within these voltage ranges. They must be carefully established so as not to violate the
rated design constraints of the components in the system in the event of credible and dimensioning
disturbances®. This ensures the proper operation of the DC grid and desired power flow while also
respecting the compliance with the operational requirements at each of the AC-PoCs.

The system operator shall aim to maintain voltages at all nodes in the
system within these ranges.

They shall serve as the basis for monitoring the system’s condition and
for coordination of specific requirements for individual equipment.

It should be noted that terminal-to-neutral and terminal-to-ground voltages may vary depending on the
topology of the HVDC system and operating conditions. Therefore, the definition of DC voltage ranges
must be specified, indicating which voltage they refer to. In the context of continuous control, the DC
voltage specifically refers to the pole-to-neutral voltage, unless stated otherwise. This is because pole-to-
neutral voltage is relevant for most control considerations. On the other hand, the pole-to-ground voltage
is considered pertinent for aspects related to design and protection, as well as insulation coordination.

The behaviour of DC voltage in HVDC systems can broadly be categorized into three ranges with respect
to time: transient, dynamic, and steady state.

9 For AC systems, SOGL Article 27 defines system voltage ranges as the voltage limits that each TSO shall
endeavour to maintain at each AC-PoC within the system during operation.

*|n a sparse DC grid with long-distance transmission lines, applying uniform voltage ranges to all converter
stations may not always result in the most economical design. While the general principle of maintaining
consistent voltage ranges across all nodes should remain valid, specific voltage ranges can be agreed upon
between HVDC system owner and the system operator, in coordination with the relevant TSOs, when deemed
necessary. Please refer to Article 18(2) of for the corresponding formulation in AC systems.
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The transient time range is primarily characterized by fast electromagnetic stress induced typically by a
fault or switching event in the system. The relevant voltage levels and envelopes should be determined
within the protection design, accounting for transient stress and insulation coordination, and it is thus not
part of the continuous control. The behaviour and withstand capability of the system during transient
phenomena is discussed in Section 7.3.

The time range following this is defined as the dynamic time range, where the speed at which the system
reaches a steady state is predominantly determined by the controller performances. To the extent
possible, overshoot and undershoot of the dynamic response related to an event shall not exceed the
dynamic voltage range in order to guarantee continued operation of the system and avoid triggering
unintended protective actions. Additionally, the system should exhibit sufficient damping to achieve a
new steady-state within the desired settling time.

In the steady-state time range, voltage profiles are predominantly determined by the load flow and DC
system resistance. In this state, the DC voltage of each node shall fall within a specified range, ensuring
the entire system is capable of operating permanently without violating physical capabilities. It's
important to note that security margins may be different depending on pre-contingency operating
conditions. Thus, the system operator shall strive to maximize the safety margins in steady-state
operation to be prepared for realistic incidents that might happen.

FIGURE 15 presents the conceptual illustration of the system-level DC voltage profile, indicating also the
parameters essential for this definition.
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The parameters are defined as follows:

Voltages ybyn ybyn Maximum/Minimum dynamic DC voltage limits
Cont jCont | ini : imi
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uNor, uNor Maximum/Minimum normal operating DC voltage limits
Time ty STReC —ty TR here denotes the maximum time for full voltage

recovery time to dynamic voltage range (see Section 7.3.2)
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Furthermore, the system’s security is characterized by various other voltage levels, including, but not
limited to, the energy absorber unit activation voltage and converter blocking undervoltage. Therefore,
the parameters delineating this profile should be specified by the system operator by comprehensively
considering all relevant factors, with particular emphasis on the worst-case scenario, i.e. potentially
identified dimensioning incidents.

In the following, the detailed definitions of the DC voltage ranges characterized by the introduced
parameters within the respective time ranges are presented, focusing on steady-state and dynamic time
ranges, along with their implications in terms of HVDC system operation and the expected functionality
of the equipment within the system.

6.2.1 Static DC voltage range in Steady-State time range

> Normal Operating DC Voltage Range [UN%" UNST |- This range is defined as an interval around the
nominal DC voltage between specific upper and lower voltage levels, i.e. UNo", UNo"  This range does
not have to be symmetrical. It is expected that the voltage at any point within the system falls within
this range under normal operating conditions. Therefore, this range shall be established to encompass
all foreseeable power flow condition and network configuration. This means that the voltage

setpoints of any converter station or unit must fall within this range.

> Continuous Operating DC Voltage Range [U,f{{ﬁt, Uﬁ{}{}f]: This range refers to a designated voltage
range within which voltages shall be contained in case of ordinary contingencies, provided that such
contingencies do not exceed the overall capability of the system. All equipment shall be capable of
continuously operating within this range without compromising its security. In the event of
contingency, the DC voltages of the node within the HVDC system may deviate beyond the normal
operating DC voltage range, but in steady state, they are expected to remain within this continuous
operating DC voltage range. The relevant system operator is thus responsible for determining the
appropriate primary DC voltage control parameters of each converter station/unit, ensuring that the
voltages of all nodes within the system remain within this range in steady state in the event of all
credible contingency scenarios.

> The continuous operating voltage range inherently encompasses the normal operating voltage range,
however, in cases where voltages fall within this range but outside of the normal operating DC voltage
range, it is deemed undesirable due to the reduced security margin. Therefore, remedial control
action, such as secondary DC voltage control, shall be taken within the specified time frame to bring
the voltage back into the normal operating DC voltage range.

> Abnormal over/undervoltage ranges [—oo, U597 | and [USSGY, oo]: These ranges are defined as the
range outside the continuous operating DC voltage range. In the event of a disturbance in the HVDC
system leading to an overvoltage or an undervoltage and exceeding the continuous operating DC
voltage range, it is imperative to promptly take appropriate discrete countermeasures.
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6.2.2 Dynamic DC voltage range in Dynamic time range

> Dynamic DC voltage range [Uﬁﬂl, U,%Z
dynamic DCvoltage levels, [Uﬁfﬁ U,[,E,’LZ] Inthe event of a disturbance, it is expected that the primary

]: This range is defined by the maximum and minimum

DC voltage control (See Section 6.5) contains peak DC voltage overshoots and undershoots within
this range, to the extent possible given the physical and operational capabilities. The primary DC
voltage control shall be designed to contain the voltages within these ranges considering the credible
and dimensioning disturbances.

> Additionally, after any disturbance, it is expected that voltage oscillations are damped and falls within
the continuous operating DC voltage range within the specified maximum settling time Tymar . The
system operator is responsible for ensuring those limits. To achieve these objectives, the system
operator, in coordination with the relevant TSOs, must specify the dynamic behaviour required for
each converter.

6.2.3 Transient DC voltage range in Transient time range

Transient voltages are highly location-dependent phenomena and are not considered as the
representation of the system state. They are associated with local protective measures and the DC-FRT
requirements of AC/DC converter units. For further details on the functional requirements pertinent to
transient time range, please refer to DC-FRT requirements of converters defined in section 7.3.

6.3 Definition of System States in terms of Steady-State
DC Voltage

Continuous monitoring of the system condition through gathered measurements and relevant
information is essential for ensuring the reliable operation. Following the AC system convention clearly
delineated in Article 18 of SOGL [6], the system state shall be categorized into “normal,” “alert,” and
“emergency” states according to the defined criteria. Then, for each state detected, predefined actions
shall be taken.

The states of the systems are typically defined by multifaceted factors. In AC systems, these factors
include AC voltage levels, power flows, frequency deviations, and the availability of both active and
reactive power reserves to withstand contingencies in the established contingency list.

Concerning HVDC systems, it is crucial to establish the relationship between the voltage ranges defined
in the previous section and the DC voltages observed in a steady state. The following outlines the criteria
for distinguishing between the system states from the observed DC voltages. It is important to note that
these criteria shall be complemented by other conditions in a disjunctive relationship. The applicability of
the following definitions is, hence, limited to the observable DCvoltages. For additional definitions related
to contingencies, please refer to Section 7.2.1.

6.3.1 Normal state in terms of DC voltage:

In terms of DC voltage, the HVDC system shall be in normal state when the following conditions are
fulfilled:
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> the voltages of all the nodes in the system are within the normal operating DC voltage range.
> the conditions established for the alert and emergency state are not fulfilled.

The normal state in terms of DC voltage is associated to the normal operating DC voltage range. The
overall HVDC system is expected to ensure sufficient margins to keep the system within the continuous
operating DC voltage range in case of ordinary contingency, provided that such contingency does not
exceed the overall capability of the system. The system shall strive to maintain or always restore the
system voltages back to the normal operating range through the secondary DC voltage control by the DC
grid controller during operation.

6.3.2 Alert state in terms of DC voltage:
In terms of DC voltage, the HVDC system shall be in alert state when:

> All nodes are within the continuous operating DC voltage range, but one or more nodes are outside the
normal operating DC voltage range for a period longer than the alert-state trigger time.

> The alert state means that even though the voltages at all nodes in the system stay within the
continuous operating range and meet the security requirements in terms of DC voltage, the operation
in a state of reduced security margin persists. This condition indicates a state of alert due to potential
issues with the remedial action scheme and the need for promptly re-establishing the necessary
security margins.

6.3.3 Emergency state in terms of DC voltage:
In terms of DC voltage, the HVDC system shall be in emergency state when:

> The voltages do not meet the criteria for either the normal or alert state defined above.

6.4 Continuous Control Architecture

IEC TS 63291 [3] presents the general continuous control architecture, which consists of four distinct
control layers. Each layer is associated with an indicative typical cycle time for actions. The purpose of this
hierarchy is to provide clarity regarding the scope of responsibility, the priority of actions (which must be
higher as the layer goes down), the availability of data, and the actuators involved. For more details
regarding the IEC definitions of the continuous control hierarchy and the defined information propagation
through the control layers, please refer [3].

6.4.1 General Continuous Control Hierarchy

While ensuring the consistency with the definitions in [3], FIGURE 16 depicts the assignment of the
functional hierarchy to the subsystems defined in Section 4.
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FIGURE 16: General continuous control hierarchy. Additional communication interfaces may be
required, though not explicitly depicted in the figure, particularly for the coordination with PPMs.

The following sections outline the expected roles of the subsystem(s) corresponding to each level in the
continuous control architecture as well as the generic description of each function.

6.4.2 Dispatch-Level

The dispatch-level, introduced as the highest layer in the continuous control architecture in [3] and is
designated as "Integrated AC/DC system control" in IEC 62747 [7], conceptually represents a control
system that governs the integrated operation of AC and HVDC systems in a power system.

From the perspective of an HVDC system, this is an external control system that serves as the only
interface through which the DC grid controller receives all necessary set-points and instructions essential
for ensuring the stable operation. It is envisaged that no other interface bypassing this is in place unless
there are no communication issues, although in future different design concepts may evolve depending
on special design need of the TSOs or HVDC project owners.

This level shall provide the DC grid controller with the active power transmission order for the upcoming
dispatch cycle as well as all the other setpoints at the ACand DC connection point (such as but not limited
to reactive power set-points, constraints, and any other operational instructions as specified by the
relevant TSOs). These inputs, although not strictly limited, may regularly be updated in conjunction with
the dispatch program schedule, as specified by the relevant TSO in coordination with adjacent TSOs and
hence, may be updated alongside any other generation units in the grid. Therefore, in accordance with
the IEC standard, these set of input values for a given time period are hereinafter referred to as converter
schedule.
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6.4.3 Operational-Level

The operational level in the hierarchical continuous control architecture corresponds to the DC grid
controller, which is an interface for obtaining information on the power flow conditions and accessing all
electrical nodes in the HVDC system. The primary objective of the DC grid controller is to achieve the
converter schedules set by the dispatch-level while ensuring compliance with all the security constraints
within the HVDC system, as specified by the relevant TSO. During operation, internal and external system
conditions may change. Thus, the DC grid controller shall be capable of taking appropriate measures to
prevent overloading and overvoltage of any equipment and to achieve the Normal Operating DC voltage
ranges as specified in Section 6.2.1, even though it may result in deviation from the initial converter
schedules received. The DC grid controller shall ensure that this deviation is both reasonable and
justifiable to all stakeholders involved, and then report to the higher control hierarchy, i.e., the dispatch-
level.

6.4.3.1 HVDC System state analysis

Like the state estimation commonly conducted in existing AC systems, the DC grid controller shall be
aware of the actual conditions of the HVDC system. The system’s state is determined based on available
real-time measurement. The minimum set of information required for the system state analysis is
specified in [3] and categorized as status signal and physical quantities. The system state analysis can be
categorized into three main components for convenience:

> Element status analysis: The DC grid controller shall comprehend the real-time status of every
element within the HVDC system. This involves gathering continuously communicated essential
system state variables and equipment state, defined as “station Information”, from the AC/DC
converter, AC and DC switching stations, energy absorption devices, as well as PPMs.

> System topology analysis: Based on the element status analysis, the DC grid controller shall identify
the actual grid topology. In general, contingencies can result in the outage of different grid
components such as cables or converters that may lead to new grid topologies, such as a system split.

> Element limitation analysis: A particular emphasis is given to the importance of comprehending the
actual capabilities of converter stations. While the tolerable maximum and minimum values for the
DC voltage are typically determined by the design of the component, the limitation regarding active
power, as well as reactive power capabilities of an AC/DC converter station may deviate from the rated
values during operation due to the state of the cooling system and power electronic devices.

6.4.3.2 DC power flow optimization

One of the essential functionalities expected from the DC grid controller is to establish an adequate DC
power flow by sending out appropriate set-points to the AC/DC converter stations. This includes a
verification of the received converter schedules and an assessment of its feasibility in accordance with the
actual state of the system.

Under changing grid conditions, including deviations in offshore wind generation from forecasted levels
or limitation on the transmission capacity due to disturbances, the DC grid controller must accordingly
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determine the optimal DC power flow while ensuring all the security constraints of the system described
in Section 6.1. These constraints encompass the voltages of all nodes, including the neutral voltages, the
physical and operational constraints of the AC/DC converter units, and the current capacity of conductors
including DMRs.

The objective function for the optimal power flow calculation shall be the operational discretion of the
relevant TSOs. Potential factors to be considered, though not exhaustive, include:

> Loss minimization

> Security margin

> Minimization of deviation between pre- and post-contingency situation at each PoC-AC
> Adherence to repartition factor (pre-defined power sharing ratio between control areas)

The parameters required for DC power flow optimization depend on the selected optimization criteria,
which shall be left to the discretion of the system operator. It is imperative that the operator identifies
these essential parameters beforehand and adequately provides them as input to the DC grid controller.

6.4.3.3 Secondary DC voltage control

Analogue to the hierarchical structure of frequency control in AC systems, which is divided into primary,
secondary, and tertiary frequency control, the DC voltage control in DC grids shall also be composed of a
hierarchical manner. While the primary DC voltage control is a local control mechanism and thus
implemented at each AC/DC converter station, the secondary DC voltage control is an overall HVDC grid
control scheme.

Details of the required functions are provided in detail in the dedicated section: Section 6.7.

6.4.3.4 Ramp rate coordination

In general, an abrupt change in power can stress and threaten the AC system stability and, thus, should
be avoided. The power set points are usually associated with ramp rate limits. In practice, there are various
instances where the power set-point change shall be limited by the specified ramp rate, and typical ramp
rate depends on the situation.

The power transmission order for an HVDC system can potentially change significantly from one to the
next market time unit**. In order to ensure the interconnected AC systems’ stability, restrictions are
imposed on the ramp rate for power flow change. Such ramp rate limitations shall be predetermined by
the relevant TSOs through the assessment of the frequency stability and voltage sensitivity and are
normally in the order of minutes. Therefore, for each change of market time unit, an adequate ramp rate
must be applied to the set-points to be sent out to the AC/DC converter stations.

DC voltage and power restoration through the secondary DC voltage control following an unscheduled
event requires a substantially faster timeframe than the typical dispatch operation.

In addition, for AC ancillary services, such as Emergency Power Control (EPC) and automatic Frequency
Restoration Reserve (aFRR), ramp speed specifications are determined by the relevant TSOs of both the
receiving and supplying sides for each service, respectively. For instance, in the case of EPC, an automatic
reduction orincrease of power pursuant to an instruction from the applicable TSO, which may also involve

* “Market time unit” means the period for which the market price is established .
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power reversal, the ramp rate limitations or requirements are typically in the order of seconds, e.g. up to
999 MWJs.

It is also imperative to acknowledge the distinction between onshore and offshore stations connected to
PPMs. The technical specifications on the feasible ramp speed of the connected PPMs must be
considered.

Moreover, applying the same ramp rate limitation across all stations, while power step orders differ
among them, can lead to potential power imbalances during the ramping process, seen as a disturbance
to the HVDC system. Thus, it is desired that the ramp rate limitations are coordinated within the technical
specifications and assigned to each AC/DC converter station differently in line with the power step orders
such that secure transition of operating points can be ensured.

Consequently, given the significant differences in expected ramp rates for dispatch, re-dispatch following
unscheduled events in the HVDC system, and potentially AC ancillary services, the DC grid controller shall
be capable of adequately coordinating the ramp rate of individual converter stations to ensure the power
balance during the ramping process.

6.4.3.5 Offshore power curtailment

Offshore power curtailment refers here to the intentional reduction of power generation of offshore PPMs
below their maximum potential production. This measure may be required to prevent congestion within
the DC grid and must be done in accordance with the regulatory agreements. While such considerations
shall be taken into account in the DC power flow optimization process, as detailed in Section 6.4.3.2, this
section places particular emphasis on the interface requirement of the DC grid controller and the offshore
power curtailment in emergency scenarios.

In the event of a disturbance in a DC grid, the primary DC voltage control of AC/DC converter stations
handle the power imbalance and contains the DC voltage excursion. However, it is crucial to acknowledge
that the power limitations of converter stations inherently impose constraints on their ability to contain
such disturbances.

Consider a scenario where the incoming power from PPMs exceeds the total export capability of the HVDC
system, due to power limits of the onshore AC/DC converter stations, or a fault on AC side of an onshore
station or in an interconnector cable. When the total power injection exceeds the maximum export
capacity of the HVDC system, it will result in a persistent increase in DC voltages. It is imperative that this
surplus energy must be dissipated by immediate activation of the energy absorber units upon detection
of overvoltage exceeding a predefined voltage threshold. However, since the energy absorber unit can
dissipate energy only for a limited duration, the wind power curtailment process must be initiated before
exceeding the time constraint of the energy absorber units.

To achieve this, various technical options are possible. One such option involves a direct communication
channel between the DC grid controller and the PPM controllers. Upon detection of the fault or activation
of energy absorber unit, the DC grid controller dispatches a new power limit with a specified ramp-down
rate to each of the relevant PPM controllers in order to initiate their offshore power curtailment, which
then can limit the PPM output power accordingly. Alternatively, communication from the DC grid
controller to offshore AC/DC converter station is also a viable option. In this scenario, the offshore
converter station would take the necessary measures to curtail the wind power. This could be achieved

Inter
0 PERA Functional requirements for HVDC grid systems and subsystems | 55

Enabling multi-vendor HVDC grids



either by communicating with the PPM controllers of the connected wind turbines or by modulating the
electrical signals that are detected by the wind turbines, prompting them to adjust their output [2].

Moreover, in case of an AC grid experiencing congestion, upon receipt of a request from the responsible
AC system TSO, sending a curtailment order to the PPM is also envisioned as a role of the DC grid
controller.

6.4.3.6 Converter control mode coordination

Prior to operation, the HVDC system operator, in coordination with the relevant TSO, is responsible for
predefining the control mode and the associated parameters of each converter unit, within the parameter
range specified. Frequent modifications and update of control parameters are not anticipated, expect
perhaps on a seasonal basis, or in certain situations like modification to another grid configuration or
change in network constraints. The appropriate parameters associated with any control modes values
should be selected in accordance with the parameters and parameter ranges specified during planning
and testing phases as outlined in [8]. Prior to actual operation, those values shall be thoroughly assessed
for various load flow conditions and a set of contingencies. Through this process, all pertinent
stakeholders shall agree on the criteria for selecting control modes and associated parameters for each
converter unit across various operational situations.

The DC grid controller should be responsible for setting the control modes and their associated parameter.
During the operation, the DC grid controller shall oversee the coordination of the control modes and their
associated parameter, making necessary adjustment to meet requirements, all while adhering with
predefined criteria.

6.4.4 Station-Level

The station-level encompass high-level control systems responsible for the control, monitoring, and
protection functions within an AC/DC converter station. It shall receive the comprehensive converter
schedule from the DC grid controller, which shall include at least the valid set-points for active power and
DC voltage for each converter unit in the station.

Furthermore, given that this level has access to all the information within the AC/DC converter station, it
shall possess the capability of continuously sending the specified set of signals to the DC grid controller.
This shall include essential state variables and equipment status signals and those defined as station
information in [3], as well as any additional signals specified by the relevant TSOs.

Additionally, in case of a bipolar configuration, control systems are divided into bipolar and pole controls,
in alignment with IEC 62747 [7]. Note that bipolar control is defined as a control that necessitates the state
variables from both the positive and negative converter units, whereas pole control shall rely exclusively
on the pole quantities, independent of the counterpart.

6.4.4.1 Bipole Control
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In bipolar configuration, an AC/DC converter station comprises positive and negative AC/DC converter
units. It is essential that the functional requirements at the AC PoC are fulfilled, either by the station as a
whole orindividually by each converter unit, in alignment with the specifications set by the relevant TSO*2.

In the case of bipolar configuration with DMR, from the perspective of the DC connection point and DC
functional requirements, a bipolar AC/DC converter station possesses two distinct fundamental degrees
of freedom: positive and negative AC/DC converter units, yet the physical configuration to which the
station is interconnected consists of three conductors: positive, negative, and DMR, as shown in
FIGURE 17. Therefore, this configuration inherently entails a degree of flexibility in associating the
control capabilities of the two converter units within the station with the system variables that are subject
to the regulation. Depending on how the control capabilities are associated with the variables, a control
function can be classified either as bipolar control or pole control.
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One option is to directly correlate the operational capabilities of each converter unit with the physical
quantities of its respective pole. This ensures a clear distinction of the responsibilities and independent
control over the positive and negative poles. The DC voltage droop control (detailed in Section 6.5) can be
understood as controlling the interrelation between voltage and power (or current) in each pole in
accordance with the specified characteristic with no consideration for other pole. It is important to note
that in scenarios involving changes in the system's configuration, especially the loss of the DMR
connection, the independence among the positive and negative pole variables changes. Such changes in
the system must be detected and appropriate measures should be taken by the DC grid controller. It can
also be considered that, as shown in FIGURE 18, a backup function implemented locally at the station-
level, be in place to take the necessary action to regulate/limit neutral quantities when communication
with the DC grid controller is lost.

2 Unless otherwise specified, specific features of the AC system may be implemented at the station level or at
the unit level, at the vendor's discretion.
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FIGURE 18: Conceptual illustration of the option ensuring independent control over the positive and
negative poles, alongside bipolar level control reconfiguration is mentioned. Only the signals relevant
are displayed.

Nonetheless, under normal operational conditions, these controls are pole independent controls that do
not depend on the quantities of the other pole option; and hence, categorized as pole control. However,
it can be noted that this option does not inherently provide any mechanism for controlling the quantities
associated with the neutral (or metallic return) conductor.

To address this concern, two innovative solutions have been proposed, summarized as follows.

Option 1, as introduced in [1], originates from the traditional symmetrical components transformation
(Fortescue transformation) used for 3 phase AC systems and extends this methodology to DC systems.
This approach involves relating the quantities of each pole, specifically, pole voltages and currents,
through predefined coupling matrices, deriving balanced and residual mode voltages and currents. By
considering the derived quantities as control variables and adopting a similar approach to the set-points
forthe AC/DC converter station, the positive and negative AC/DC converter units are linearly transformed
into two decoupled subsystems in the balanced and residual components. FIGURE 19 shows the
conceptual illustration of this option.
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| FIGURE 19: Conceptual illustration of Option 1, within which only the signals relevant are shown.

Option 2, on the other hand, maintains the fundamental independencies between the positive and
negative poles while introducing supplemental control measure over the neutral quantity. This approach
leverages the inherent and intuitive separation of the poles, while employing the supplemental measure
aimed at neutral quantity to manage the issue arising from the asymmetrical power flow conditions.
FIGURE 20 provides a conceptual depiction of this option.
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The comparative performances of these solutions have been demonstrated by their respective entities
proposing the solutions. In addition, both have been thoroughly investigated analytically. While they are
significantly different in terms of the operating principles and associated design space, they share a
certain commonality in terms of the regulation over the neutral quantities, which necessitates, in both,
coordination in measurement and actions from both the positive and negative converter units.

As delineated in Section 6.1, while it is imperative to ensure all the physical and operational constraints
during operation, the bipolar control shall be capable of managing the following operational conditions of
the station:

1. Normal operation of the station: This assumes an ideal bipolar operation with the presence of a DMR
connection, where the identical functioning of the positive and negative pole units would be
expected.

2. Operation in the event of disconnection with the neutral (DMR connection loss)

3.  Asymmetric monopolar operation due to the loss of one of the pole converter units or a pole
conductor

4. Asymmetric operating set-points of power between positive and negative units: This situation arises
when there's a difference in power injection between the positive and negative poles, which might
occur due to decoupled AC busbars in offshore stations connected to PPMs, maintenance activities
on one of the pole converter units, or the loss of a pole conductor connecting a station. Different
operating set-points between the positive and negative units also implies a difference in the available
headroom capacity between the units.

5. Asymmetric power capability: This involves scenarios where there is a problem, such as in an AC
transformer in one of the units, affecting the converter unit’s power capability and necessitating
asymmetric operation.

Ultimately, it falls upon the system operator’s responsibility to clearly define the functional specifications
and interface signals between operational level and station level, considering all relevant factors and
potential operational conditions. Nonetheless, the actual implementation of the solution is at the
discretion of the vendor, provided it complies with all the defined functional specifications.

6.4.4.2 Pole Control
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Pole control, as defined in accordance with [7], refers to the control system dedicated to the management
of each converter pole within an AC/DC converter station. The pole control shall be implemented and
managed individually for the positive and negative poles. The functional requirements for the pole control
shall be defined for the behaviour of that pole, independent of the counterpart pole.

6.4.5 Unit-level

The unit level includes the internal converter control and the valve control of each converter unit. This
level represents the lower most part in the continuous control hierarchy and is highly specific to the
technology and the proprietary designs of each vendor.

Regarding converter control, there are two distinct control schemes: Grid Following (GFL) and Grid
Forming (GFM). These schemes differ in the fundamental design principles, leading to differences in the
withstand capability and dynamic performance requirements that can be fulfilled. For a detailed definition
and the required performances of GFM, please refer [2].

The converter control must be designed and tuned such that all the functional requirements and
performance requirements specified by the system operator and the relevant TSO are met.

6.5 Primary DC Voltage Control

This section first recalls the conventional control modes, namely fixed DC voltage control mode and fixed
active power control mode. It then focuses on primary DC voltage control based on the principle of droop.
Formal definitions of the droop and relevant terminology are provided.

6.5.1 Definitions of conventional control modes

The fixed DCvoltage controlis an extension of the conventional master/slave control method in traditional
point-to-point systems. In this setup, only one station in the grid is responsible for maintaining the DC
voltages of the system constant, while the other track the respective active power set-points. The
following provides a brief description of the two conventional control modes.

6.5.1.1 Fixed DC voltage control mode

When operating in fixed DC voltage control mode, the AC/DC converter station or unit shall be capable of
maintaining the DC voltage of its DC-PoC at the reference specified by the system operator or the DC grid
controller by adjusting active power injection/absorption according to the specification set by the system
operator. The adjustment of the active power response shall be limited by the maximum HVDC active
power transmission capacity of the converter or otherwise specified (in each direction).

6.5.1.2 Fixed active power control mode
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When operating in fixed active power control mode, the AC/DC converter station or unit shall be capable
of regulating its active power according to the specifications set by the system operator, in coordination
with the relevant TSOs, according to NC-HVDC Article 13 [4].

6.5.2 Definitions of DC voltage droop

The concept of the primary DC voltage control, based on DC voltage droop control, is well recognized
today; however, existing literature presents notable discrepancies in the definitions of DC voltage droop.
IEC describes in [3] the DC voltage/DC power droop as the change of active power in response to a
deviation of the DC voltage from its reference value, while CIGRE TB69g [9] mentions that the droop value
“is the inverse of the proportional controller gain used in the actual implementation.” In previous research
initiatives such as PROMOTioN and BestPaths projects, droop is introduced as the parameter defining the
characteristic of the droop control mode, determining the reference values for active power [10] or the DC
voltage [11], from implementation focused perspectives, rather than providing a functional, quantifiable
definition.

In light of varying interpretations existing in the literature, and referring to the definition of droop in AC
system formulated in RfG Article 2 (23) [12], we suggest the definition of the DC voltage droop as follows:

The "DC voltage droop” refers to the ratio of a steady-state deviation of
DC voltage to the steady-state change in active power output.

It is noteworthy to state that this definition is universal and solution agnostic, neither excluding nor
prescribing any specific implementation methods.

In accordance with the above definition, the ratio, k, can be mathematically expressed as follows:

AUy,
_ Udcn
k = T [pu]
Py
where
Steady-state deviation of DC voltage: AUy = Uge — U3
Steady-state deviation of active power: AP = p — pset
and
Ugen Nominal DC voltage
P, Nominal power
Uzet DC voltage setpoint at DC-PoC
pset Power setpoint
Uge Measured DC voltage at DC-PoC
P Measured power

While the droop is formally defined as the ratio between two variables: the numerator being DC voltage
deviation and the denominator as active power output, a more precise clarity in the interpretation of these
variables is required to ensure the consistency among the AC/DC converter stations or units within the
system.
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Convention of power flow direction

In accordance with IEC 62747 [7], the power flow through the AC/DC converter flowing from the DC-PoC
into the converter and further on from the converter into the AC-PoC is designated with a positive sign.
This definition is illustratively represented in FIGURE 21.

AC-PoC L]
a N
O

= —0

| FIGURE 21: Representation of the convention of power flow direction as defined in IEC 62747 [7].

Definition of numerator and denominator variables

Concerning the numerator variable of the droop, the definition of DC voltage presents some ambiguity.
DC voltage could be interpreted as the pole-to-ground voltage, pole-to-neutral voltage, or other forms
such as balance or residual mode DC voltages, as proposed in [1]. An imprecise definition of the DC voltage
could lead to different interpretations of the numerator variable in the droop, resulting in inconsistent
behaviour among the AC/DC converter stations within the system. It is essential that a consistent
definition is uniformly applied across the system. The system operator should make this selection with
careful consideration, as altering them at a later stage could introduce significant challenges. For
compatibility with symmetrical monopolar configurations, it is recommended that this DC voltage to be
defined as the pole-to-neural voltage at DC-PoC.

Similarly, the denominator variable in the droop, referred to as active power output, is acknowledged that
it encompasses the possibility of being defined as either the AC active power at AC-PoC or DC power at
DC-PoC, as well as either the converter unit's power or the bipolar station power. The current preference
is to use AC active power, as it aligns with the existing network code and is more directly relevant to the
TSOs®. However, considering the future evolution of the network code, the adoption of DC power shall
not be excluded. In principle, whether defined as AC active power or DC power, achieving full compliance
with the droop by controlling the other requires consideration of loss characteristics, which typically
remain less than 1%.

General implication of DC voltage droop

FIGURE 22 illustrates the implication of varying droop. Drawing an analogy to frequency droop in AC
systems, the value of the DC voltage droop can be understood as the change in DC voltage at the DC-PoC
causing the converter to change its power by 1 p.u. in steady state. For instance, a 0.05 p.u. DC voltage
droop implies that a 0.05 p.u. deviation in voltage leads to a 1 p.u. change in power output of the AC/DC
converter in steady state.

3 The decision to adopt AC active power or DC power ultimately depends on where the power for dispatch is
defined within the system.
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I FIGURE 22: Example of characteristics in different droop.

To summarize, with a larger droop, the power output is less sensitive to changes in DC voltages, leading
to a smaller contribution to DC voltage regulation. Conversely, with a smaller droop value, the power
becomes more sensitive to fluctuations in DC voltage, resulting in a greater contribution to DC voltage

regulation.

6.5.2.1 DC Voltage Droop Characteristics

Foranintuitive representation of the steady-state behaviour of an AC/DC converter, including factors such
as set-points and maximum power constraints, it is common practice to plot it as a continuous linear or
piecewise linear function on a two-dimensional plane. In this representation, the vertical and horizontal
axes correspond to the numerator and denominator variables of the DC voltage droop, respectively. This
representation is hereinafter referred to as “"DC voltage droop characteristic”, and is formally defined as

follows:

The ”"DC voltage droop characteristic” is defined for each converter
station or unit as a representation of a desired static performance.

Neglecting the maximum power constraints, a typical DC voltage droop characteristic with an indicative
droop of 0.05 p.u. is depicted in FIGURE 23. The dot in the figure represents the set-point assigned to

the converter, i.e. [PS“, Uggt] =[0.0p.u.,1.0 p.u.].
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| FIGURE 23: Example of DC voltage droop characteristic with a DC voltage droop of 0.05 p.u.

The DC voltage droop characteristic is derived directly from the droop. Following the definition of DC
voltage droop, a mathematical manipulation results in two identical equations:

Voltage form:
P — Pset
Uge = kP— Ugen + U&qcet
n
Power form:
Set
p= Ugc — Udc Py + pset
k Udcn
As mentioned in CIGRE TB69g [9], if the DC voltage droop characteristics are plotted on a plane that is
different from the chosen definitions of the numerator and denominator of the droop, the resulting
characteristic will appear as a nonlinear function. This underscores the importance of adhering to the

defined numerator and denominator in subsequent discussions or analyses.

The position of the DC voltage droop characteristics on the plane is determined by the assigned set-points,
as can be inferred from the equations above. FIGURE 24 and FIGURE 25 show the droop characteristics
employing the same droop, with FIGURE 24 demonstrating the effect of changing the DC voltage
setpoint and FIGURE 25 depicting the impact of modifying the power setpoint, respectively. As
observed, adjusting the DC voltage set-point results in a vertical shift of the characteristic, whereas
modifying the power set-point results in a horizontal shift in the characteristic.
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6.5.3 Static requirements of primary DC voltage control

In order to achieve improved security while achieving the maximum exploitation of the DC grid
operation by overcoming the limitations of the single section droop characteristic, the implementation of
multi-segment droop characteristic is essential [13]. In the context of multi-vendor, multi-terminal DC
grid, ensuring interoperability between AC/DC converter stations supplied by different vendors requires
the establishment of precise definitions and functional requirement for each segment, as well as
comprehensive clarification of all essential parameters necessary to be specified.

The primary DC voltage control is defined as the control capability of an AC/DC converter station or unit
in which the active power output changes proportionally to a change in DC voltage, in such a way that it
prevents power imbalance in the DC grid and supports reaching an equilibrium point for the system.

To achieve efficient DC voltage regulation and ensure steady-state voltages remain within the continuous
operating DC voltage range established in Section 6.2.1, the primary DC voltage control is divided into at
least three distinct operating modes, each defined with specific operational requirements:

DC Voltage Sensitive Mode: or DCVSM means an operating mode that primarily focuses on the
behaviour within the normal operating DC voltage range.

Limited DC Voltage Sensitive Mode-Overvoltage: or "LDCVSM-0" means an operating mode that is
activated when the voltage exceeds the upper limit of the normal operating DC voltage range up to the
maximum continuous operating DC voltage value.

Limited DC Voltage Sensitive Mode-Undervoltage: or "LDCVSM-U"” means an operating mode that is
activated when the voltage exceeds the lower limit of the normal operating DC voltage down to the
minimum continuous operating DC voltage value.
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In addition to the above modes, the following two supplemental operating modes are relevant to the
primary DC voltage control in order to enhance the security of the system.

DC Voltage Limiting Mode: or "DCVLM" means a supplemental operating mode that is activated when
the voltage is outside the continuous operating range, provided that the full active power headroom was

not yet reached*.

Power Limiting Mode: or "PLM"” means a supplemental operating mode that aims to limit the active
power output to the maximum and minimum power capability.

FIGURE 26 provides an illustrative overview of the operational implication of each mode, depicted
collectively within a single plane.
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FIGURE 26: Example depiction of typical droop characteristic of an AC/DC converter station or unit in
each primary DC voltage control related mode.

Each of these modes shall be defined with specific capability requirements, which are illustratively
described in the form of droop characteristics, and associated parameters detailed in the subsequent
sections, along with the dynamic requirements outlined in Section 6.6.

The priority of these modes and other AC side functionalities, such as FSM and LFSM-O/U, as well as the
conditions under which blocking of these functionalities is permitted, shall be determined by the system

operator in coordination with the relevant TSOs, if applicable.

*The DCVLM serves as a security backup, depending on other mode parameter selections (e.g., the LDCVSM
setting reaching the power limit before reaching the voltage limit). If the converter depletes all available
headroom capacity, the DCVLM cannot be activated and, consequently, does not appear in the multi-
segment droop characteristic. For an alternative definition of DCVLM, please refer to Section g.3.
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6.5.3.1 DC Voltage Sensitive Mode (DCVSM)

When operating in DCVSM, the AC/DC converter station or unit shall be capable of responding to DC
voltage deviation in the connected HVDC system as indicated in FIGURE 27 and in accordance with the
parameters detailed in TABLE 10 and

TABLE 11. These parameters shall be specified by the system operator within the ranges predefined for
each parameter.

AUge
Udcn
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Overvoltage
AUdClO
APlu Udcn SlO
B 6tigera
e o
1 v > 7
Slu :::;,/’ APIO n
AUgery B,
Udcn
DCVSM

| FIGURE 27: Droop capability of an AC/DC converter station or unit in DCVSM.

TABLE 10: Definitions of basic parameters and variables used for defining active power voltage
response in DCVSM.

Variables Definitions Unit
Ugen nominal voltage of the DC network for which the DCVSM kV
service is provided
P, nominal active power MW
Prax agreed maximum power defined for the connection MW
point of the converter station or unit
Ppin agreed minimum power defined for the connection point MW
the converter station or unit
Uzet DC voltage set-point at DC-PoC kv
pset active power set-point MW
Udgcru undervoltage threshold value kv
Udcio overvoltage threshold value kV
AP change in active power by the AC/DC converter station AP = p — pset
or unit with respect to the present operating point
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AU, voltage deviation of the DC network for which the AUy = Uge — U3
DCVSM service is provided®s

TABLE 11: Parameters for active power voltage response in DCVSM

Variables Definitions Unit

APy, agreed power change at reaching the voltage threshold MW
value AU4.qy

APy, agreed power change at reaching the voltage threshold MW
value AU 4.1,

S1u droop at undervoltage p.u.

S10 droop at overvoltage p.u
AUge1q undervoltage deviation threshold value AUgery = Ugern — USE
AUge10 overvoltage deviation threshold value AUgeio = Ugero — UGE
AUge, ap deadband of the power voltage response kv
AUge, tor1 voltage response insensitivity (permissible tolerance) %

The following provides a detailed description of the definition of each parameter.

Maximum and Minimum power limits Py & Prin
The maximum and minimum power limits, denoted by P, & P,,,in, are defined for the connection
point of each converter station or unit by the relevant system operator.

Those values shall be the maximum and minimum continuous active power which the AC/DC converter
station or unit can exchange with the AC network at each AC-PoC as defined in the connection agreement
or as agreed with the relevant TSO. It shall not be obligatory for the AC/DC converter station or unit to
provide active power beyond these specified limits. Therefore, if the active power voltage response in
DCVSM results in the maximum and minimum power limits being reached, active power shall be
maintained at these limits.

35 In AC systems, the frequency is a global variable. This means that any frequency deviation Af is formally
defined as the deviation from the nominal frequency f,, i.e. Af = f — f,,. In a steady state, the frequency
deviation is the same at all local measurements throughout the system. Conversely, the voltage in DC
system is not a universal variable. Instead, in steady-state, the voltage at each node varies due to line
resistance and other factors causing voltage drops. As a result, the DC voltage deviation measured at any
given converter unit must be relative to the converter’s own DC voltage set-point, i.e. AUy, = Uy — USEL.
When a converter under droop control is operating without any deviation of power, i.e. AP = 0, itimplies

a condition where the voltage deviation equals zero (AUg. = Uy, — UzEt = 0).

® Here, the adoption of AC power at the AC-PoC is assumed due to its direct relevance for the TSOs.
However, the adoption of DC power shall not be excluded. For further details, refer to Section 6.5.2.
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Undervoltage/Overvoltage threshold values Ugeqy & Ugeto

The undervoltage and overvoltage threshold values, denoted by U .1, & U410, are defined as the
system level values consistent for all AC/DC converter stations or units within the DC grid. Within the
voltage range defined by those two values, the AC/DC converter station or unit in DCVSM must fulfil
the functional requirement in accordance with the parameters specified by the system operator.

It is recommended to establish the system level common under and over DC voltage threshold values
Ugeru & Uger0, Which are consistent across all AC/DC converter units and do not change depending on the
power flow conditions ¥7. This approach allows to standardize the response to voltage deviations, ensuring
a consistent and predictable operational framework for the entire grid. Then, the DC voltage deviation
threshold values are defined with respect to the system level DC voltage threshold values as follows:

> AUgc1o = Ugero — U5E" is the upper DC voltage deviation threshold below which the AC/DC converter
station or converter unit must provide the DCVSM response according to the parameters specified for
overvoltage, and

> AUgery = Ugern — USEt is the lower DC voltage deviation threshold above which the AC/DC converter
station or converter unit must provide the DCVSM response according to the parameters specified for
under voltage.

The implications of the above definitions in the DC voltage droop characteristic plane are illustrated in
the FIGURE 28.

From atechnical standpoint, those voltage threshold values can be established independently of the static
DC voltage ranges defined in Section 6.2.1. However, it is a common practice in AC systems to align the
FSM and LFSM threshold frequencies with the maximum steady-state frequency deviation of the
system?®8. Therefore, in accordance with the customary practice of AC systems, it is advisable to align
those voltage thresholds values with the voltage levels that define the static DC voltage range. This
suggests that [Ugciw Udero] = [U,’X‘l’,f, U,’,\{ZQ]. Consequently, the range of DC voltage within which the
DCVSM s required to provide specified responses corresponds directly to the normal operating DC

voltage range.

It shall be noted, however, that in a sparse and/or radial DC grid, particularly with long-distance
transmission lines, there may be instances where the same voltage thresholds cannot be applied to all
converter stations, necessitating the definition of specific voltage threshold levels for particular stations.

7 The droop characteristic of a given converter varies vertically in accordance with the designated U3¢,

which can vary during the operation depending on the power flow condition. Therefore, from the TSO's
point of view, if DCVSM thresholds are specified with respect to “deviation”, it means that each converter
will transition the control modes at different grid voltage levels, depending on its pre-contingency power
flow condition. To circumvent this and ensure uniformity across the grid, establishing the system level
common under and over DC voltage threshold values Uy 1y & Uge1o is recommended such that it is
consistent across all AC/DC converter stations or units and do not change depending on the power flow
conditions.

18 Article 15 of SOGL  specifies the maximum steady-state frequency deviation of the synchronous
areas. According to ENTSO-E guideline document, droop for FSM should be calculated to make sure the
reserve power capacity could be fully deployed for the synchronous area reference frequency deviation
(i.e 200 mHz for CE, 500 mHz for GB).
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As the DC grid evolves and becomes more developed and meshed in the future, the need for such specific
voltage thresholds may decrease.
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FIGURE 28: lllustration of the implications of the definitions of undervoltage and overvoltage DC
voltage threshold values in the DC voltage droop characteristic.

Droop 51y & S10
AC/DC converter stations or units should have the capability of implementing the droop settings for
DCVSM.

The droop s, & 1, are parameters specifying the expected characteristic in the DCVSM. Selecting the
appropriate droop parameter is at the discretion of the system operator. It is indispensable that AC/DC
converter stations or units possess the capability of implementing the droop setting for DCVSM.
Nevertheless, the application of this capability can vary significantly depending on the operational context
of the system, as evidenced in the practice of AC systems®. The following further elucidates the
implications of these different contexts and provide corresponding recommendations.

Neglecting the deadband, the droop for overvoltage can be expressed by:

9 For Frequency Sensitive Mode (FSM), the AC system counterpart of the DCVSM, NC-HVDC Annex
[l.1.1.(c) stipulates that HVDC systems must possess the capability of adjusting the droop for upward and
downward upon aninstruction from the relevant TSO. In practice, whether the droop for FSM is fixed over
its entire exploitation period or changed regularly depends on the operational context, and both are
prevailing practice. For the former, the droop is determined in the initial contractual agreement and
remains fixed until this contractual agreement is renewed. In the latter case, the droop is considered as a
variable that ensures the provision of FCR (Frequency Containment Reserve) services. For a practical
example, please refer to . Thus, the droop setting is regularly adjusted based on the portfolio of the
balance responsible party and the outcomes of FCR market auctions. Theoretically, this means that the
actual droop could potentially be modified every dispatch cycle.
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AUclclo

Udcn

S10 = ~Ap, [p-u.]
P,

Here, AUg4.4, is the overvoltage threshold value, s;,, is the droop for overvoltage, and AP, is the agreed
power deviation at reaching the voltage threshold value. The equation indicates that only two of the
parameters AUgc10, S10, and APy, can be independently chosen, as the remaining parameter is
determined as a consequence of the other two. FIGURE 29 illustrates the relation between the three

parameters.
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| FIGURE 29: Inherent relationship between the parameters.

Given that AUy.4, is determined by the system level DC voltage deviation threshold value, the different
operational contexts can be effectively reduced to prioritizing either droop s;, or power deviation AP, ,.

From the above reflection, two distinct operational contexts for the DCVSM are possible within the
functional framework, namely, basic and advanced options. The choice between the basic and advanced
options should be made by the system operator, considering factors such as the size of the grid and the
number of converter units within the system, as well as the impact on the interconnected AC systems.

Basic option: In this option, priority is given to the droop. The droop for each AC/DC converter station or
unit is fixed and is not frequently adjusted, even when operating set-points change. The droop values
determine the distribution of disturbance power between converters in steady state, which shall be
agreed upon and may be updated (e.g., seasonally) to reflect the changing conditions of the connected
AC grids. The trade-off for this option is that the power deviation at reaching the DC voltage threshold
values is no longer specifiable.

Advanced Option: In this option, the power deviation at reaching the voltage threshold is prioritized over
droop. Here, the assigned quantity of power is considered a specifiable attribute for the overall system
management, analogues to FCR service provision in AC systems. The droop settings of each unit are
adjusted to ensure the provision of the agreed power. The droop can be theoretically updated at every
dispatch cycle.
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FIGURE 30: lllustrative representation contrasting the basic and advanced options, highlighting their
respective impacts of the change in DC voltage setpoint and active power setpoint.

FIGURE 30 illustratively depicts the relationship between droop and the power deviation at reaching the
voltage threshold in each option, highlighting their distinct impacts those options have on the change in
DC voltage setpoint. In the basic option, the amount of power contribution at reaching the voltage
threshold U1, is determined by the voltage setpoint and the specified droop gain, indicating that the
extent of the contribution of the AC/DC converter station or unit to maintaining the voltage within the
normal operating range varies depending on the DC voltage setpoint. Conversely, in the advanced
solution, the droop settings are adjusted to ensure the provision of the agreed-upon active power
contribution when reaching Ug.q,. Ultimately, the selection between the basic and advanced options
depends on the operator's assessment of the grid's needs. The primary advantage of the basic option lies
in its simplicity, coupled with reduced communication and reliability issues. This benefit holds true
irrespective of the grid’s size. While the advanced option may allow for a more flexible system operation,
it requires more sophisticated management and control systems capable of handling frequent droop
adjustments.

Deadband & Insensitivity

The HVDC system owner and the relevant system operator, in coordination with the relevant TSO
may agree on the implementation of deadband for DCVSM in the AC/DC converter stations or units
and the capability of adjusting the deadband settings for DCVSM. The insensitivity of active power
voltage response for DCVSM should be less than the value specified by the system operator.

Definitions:

Deadband: refers to an interval centred around the set-point. This is used intentionally to make the DC
voltage control unresponsive.

Insensitivity: refers to an inherent feature of control system specified as the minimum change in the DC
voltage or input signal that results in a change of output power or output signal.

Ifimplemented, the deadband should be adjustable according to the operator’s needs. While no stringent
technical considerations mandating the implementation of the deadband have been identified, the
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deadband may be viewed as a means to provide additional flexibility for the system operator, potentially
used to prevent undesirable interactions. It is important for the system operator to ensure that not every
converter station in the system is set to operate with a deadband, since it is essential that at least one
converter in the system must regulate the DC voltage.

Concerninginsensitivity, this unintentional characteristic typically arises from the measurement accuracy.
The system operator shall specify the reasonable upper limit for sensor accuracy requirements, while
ensuring consistency with other functional specifications.

6.5.3.2 Limited DC Voltage Sensitive Mode-Overvoltage (LDCVSM-O)

In addition to the requirements of DCVSM, the following shall apply with regard to LDCVSM-O. The
AC/DC converter station or unit shall be capable of responding to DC voltage deviation in the connected
DC grid according to FIGURE 31 and the parameters detailed in TABLE 10 and TABLE 12. These
parameters shall be specified by the system operator within the ranges defined for each parameter.

AUg.
Ucicn
A
AUﬂcho L
Ud.cn
AUd.clo -
Ud.cn
Over-voltage Inverting
AP
»
B
AP,,
B,

| FIGURE 31: Droop capability of an AC/DC converter station or unit in LDCVSM-O.

TABLE 12: Parameters for active power voltage response in LDCVSM-O.
Variables Definitions Unit
AP,, agreed power change at reaching the voltage threshold value MW
AUdcz
S20 droop at overvoltage p.u.
Udcto overvoltage threshold value that triggers LDCVSM-O kv
Udczo overvoltage level below which the AC/DC converter or unit kV
shall adjust the active power according to the parameters
specified for LDCVSM-O
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Overvoltage level Ugepp

The overvoltage level, denoted by U ;.,,, is defined as the DC voltage value consistent for all AC/DC
converter stations or units within the DC grid. Below this level, the AC/DC converter station or unit in
LDCVSM-O must fulfil the functional requirement in accordance with the parameters specified by the
system operator.

The parameters specified for LDCVSM-O applies the voltage range defined by this Ug.,, and the
previously established overvoltage threshold value Uy.,. The LDCVSM-O is triggered upon detecting an
overvoltage that surpasses the threshold U;.1, and is required to provide active power adjustment up to
AP, or the specified maximum power limit. This shall be executed up to the voltage level Uycz,-

Similarly to the DCVSM, this voltage level can be established independently from those defining the static
DC voltage ranges defined in Section 6.2.1. However, following the convention in AC systems, it is
recommended that this voltage level to be aligned with the maximum continuous DC voltage limit, i.e.
[Ugezol = [UESHE]. This implies that the AC/DC converter station or unit in LDCVSM-O shall provide the
specified response up to the maximum limit of the continuous operating DC voltage range.

Droop 55,
AC/DC converter stations or units should have the capability of implementing the droop settings for
LDCVSM-O.

The droop for LVSM-O can be mathematically expressed in a slightly different form compared to the case
with DCVSM:

AUcho - AUdclo

[ Udcn — Ucho B Udclo Pn [p u ]
2 % APy, Uacn
Py

Here, Ugczo — Ugcto is the difference between the system level overvoltage threshold value for LDCVSM-
O and that of DCVSM, s,,, is the droop in LDCVSM-O, and AP,, is the power deviation at reaching the
voltage threshold value for the LDCVSM-O. The equation above indicates that, owing to the previously
established system level voltage threshold values, the degree of freedom in selecting parameters in the
LDCVSM-O is governed by a more stringent triangulation relationship. This relationship differs from the
case in the DCVSM, where the influence of the voltage setpoint remains unavoidable. By the principle of
droop, only two of the parameters Ugcoo — Udcios S20, @nd AP,, can be independently chosen, as the
remaining parameter is determined as a consequence of the other two.

Given that Uy, is to be determined as the system level DC voltage, and thus Ugeo — Ugero is @ fixed
value, two different operational contexts namely, basic, and advanced option can be considered, as
previously introduced.

Basic option: In this option, priority is given to the droop over the power level. The droop for each AC/DC
converter station or unit is fixed and is not frequently adjusted. The trade-off for this option is that the
power deviation at reaching the overvoltage level AP,,, which is indeed subject to the limitation of the
available converter headroom, cannot be considered as a specifiable parameter.

Advanced Option: In this option, the power deviation at reaching the voltage threshold is prioritized over
droop. Here, the assigned quantity of power designated for the LDCVSM-O is considered as a specifiable
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parameter. Subject to the constraint by the available headroom capacity of the converter, the system
operator can adjust the desired power deviation at reaching the overvoltage level, AP,,, to ensure the DC
voltage security of the HVDC system, as well as the AC system security, especially when there is a
congestion. The droop can, in theory, be updated at every dispatch cycle.

Basic option Advanced option
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A 1 APZO 1 A : | IT] ':APZII)’
Ucho - "_:W“ Ucho - i ':F ' : ==
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| FIGURE 32: lllustrative representation contrasting the basic and advanced options in LDCVSM-O.

FIGURE 32 illustratively shows the implication associated with the two options. In the basic option,
where the droop is fixed, there is no degree of freedom, and as long as it remains within the available
headroom capacity, its droop contribution before reaching the voltage level U, is always fixed at the
value determined by the assigned droop for LDCVSM. Therefore, the droop must be meticulously chosen
to ensure the capability of coping with any ordinary contingencies when operating at any possible
operating power set-point. In contrast, in the advanced option, the droop is determined in order to adjust
the amount of contribution of the power at reaching the voltage level Uy, within the availability of the
headroom capacity. Again, ultimately, the selection between the basic and advanced options depends on
the operator's assessment of the grid's needs.

6.5.3.3 Limited DC Voltage Sensitive Mode Undervoltage (LDCVSM-U)

In addition to the requirements of DCVSM and LDCVSM-O, the following shall apply regarding LDCVSM-
U. The AC/DC converter station or unit shall be capable of responding to DC voltage deviation in the
connected DC grid according to FIGURE 33 and the parameters detailed in TABLE 10 and TABLE 13.
These parameters shall be specified by the system operator within the ranges defined for each parameter.
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| FIGURE 33: Droop capability of an AC/DC converter station or unit in LDCVSM-U.

TABLE 13: Parameters for active power voltage response in LDCVSM-U
Variables Definitions Unit
APy, agreed power change at reaching the voltage level AU .5y, MW
Sou droop at undervoltage p.u.
Ugctu undervoltage threshold value that triggers LDCVSM-U kv
Ugcou undervoltage level above which the AC/DC converter or unit kv
shall adjust the active power according to the parameters
specified for LDCVSM-U

Undervoltage level Ugeay

The undervoltage level, denoted by U .., is defined as the system level value consistent for all
AC/DC converter stations or units within the DC grid. Above this level and below U ;.¢,, the AC/DC
converter station or unit in LDCVSM-U must fulfil the functional requirement in accordance with the
parameters specified by the system operator.

The parameters specified for LDCVSM-U applies the voltage range defined by this Ug., and the
previously established under threshold value U 14,

The LDCVSM-U is triggered upon detecting an undervoltage that surpasses the threshold Ug¢q, and is

required to provide active power adjustment down to the specified maximum power limit.

Similarly to the LDCVSM-O, it is recommended that this voltage level to be aligned with the minimum
continuous DC voltage limit, i.e. [Ugcoy] = [U,fl‘;;‘t] This implies that the AC/DC converter station or unit
in LDCVSM-U shall provide the specified response down to the minimum limit of the continuous operating

DC voltage range.
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Droop sy,
AC/DC converter station or units should have the capability of implementing the droop settings for
LDCVSM-U.

Similarly, to LDCVSM-O, the droop for LDCVSM-U can be mathematically expressed as:
AUdclu — AUchu

- Uicn _ Udciu = Ugcou P [p u ]
. % AP,y Uacn o
by

Here, U1y — Ugeay is the difference between the system level under threshold value and the LDCVSM-
U undervoltage level, s, is the droop for LDCVSM-U, and AP,,, is the power deviation at reaching the
voltage threshold value for the LDCVSM-U. Since Uy, is to be determined as the system level DC
voltage, and thus Ugc1y — Ugeon, the same, basic, and advanced options can also be considered, as
previously introduced.

6.5.3.4 DC Voltage Limiting Mode (DCVLM)

In addition to the requirements of DCVSM, LDCVSM-O, and LDCVSM-U, the following shall apply with
regard to DCVLM. The AC/DC converter station or unit shall be capable of responding to DC voltage
deviation in the connected DC grid according to FIGURE 34 and the parameters detailed in TABLE 10
and TABLE 14. These parameters shall be specified by the system operator within the ranges defined for
each parameter.
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| FIGURE 34: Droop capability of an AC/DC converter station or unit in DCVLM.

TABLE 14: Parameters for active power voltage response in DCVLM.
Variables Definitions Unit
S30 droop at overvoltage p.-u.
S3u droop at undervoltage p.-u.
Uaczo overvoltage threshold value that triggers DCVLM kv
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Ugcou undervoltage threshold value that triggers DCVLM kv

Activation of DC Voltage Limiting Mode
DC Voltage Limiting Droop Mode shall be activated when detecting the voltage exceeding the
overvoltage level U,,, and similarly below the undervoltage level U,,,,.

The parameters specified for DCVLM applies the abnormal voltage range above the previously defined
overvoltage level Uy, and below undervoltage level Ugepy,.

The DCVLM s triggered upon detecting an overvoltage that surpasses the threshold Uy.,, or an
undervoltage below Ug.zy,.

Expected roles of DC Voltage Limiting Mode

This mode is activated following the full engagement of the LDCVSM-O or -U. Whether the entire reserve
capacity is depleted before exceeding Uy, O Ugceoy depends on the selected parameters and the pre-
contingency operating conditions. The DCVLM becomes relevant only in the scenarios where the
LDCVSM-O or -U of an AC/DC converter station or unit does not deplete all available headroom capacity
before reaching the voltage threshold values, implying the potential to evacuate or inject more power.

When the excursions of the DC voltages surpass the thresholds, Ugcz, OF Ugezy, the AC/DC converter
stations or units with available capacity are expected to contribute up to their maximum or minimum
power limits. In instances where more than one converter is capable of additional power
injection/evacuation, a power sharing mechanism is needed to prevent conflicts arising from simultaneous
voltage control by multiple converters (Such as multiple converters in fixed DC voltage control mode
inadvertently work against each other.)

DCVLM is designated to address such situations. Upon activation, an AC/DC converter station or unit is
expected to contribute to the voltage containment until it exhausts its maximum or minimum capability
in accordance with the specified parameters.

Droop of DC Voltage Limiting Mode s3, & S3,,

Given that the primary objective of this mode is to contain abnormal voltage excursion that falls outside
of the continuous operating range, the droop of this mode is naturally set to be low.

As this mode serves as an emergency measure for the system operation, it should be designed to provide
a robust and reliable response. Therefore, altering the control configuration related to this mode after
commissioning should not be considered.

Alternative DCVLM definition

An alternative definition of the DCVLM offers a different perspective for specifying the capability
requirements of this control mode and addresses the different needs of AC/DC converter operation. For
a detailed explanation on this alternative DCVLM definition, readers are encouraged to refer to Section

9.3
6.5.3.5 Power Limiting Mode (PLM)
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In addition to the requirements of DCVSM, LDCVSM-O, LDCVSM-U, and DCVLM, the following shall
apply regarding PLM. The AC/DC converter station or unit shall be capable of protecting itself from
reaching its capability limits during transient and limiting the power to the maximum and minimum power
limits Pyax & Py in steady state.

Expected roles of Power Limiting Mode

Pax @and Py, are the maximum and minimum active power which the AC/DC converter station or unit
can continuously exchange with the network at each connection point as specified in the connection
agreement or as agreed with the relevant system operator. On the other hand, power capability limits are
design parameters dependent on the manufacturer.

In steady state, power should be confined within Py, and Pp,;,. During dynamic time range, power
should not reach the capability limits of the converter.

The implementation of the scheme and the dynamic characteristics of this mode are subject to the
discretion of the converter manufacturer.

6.5.4 Necessary considerations for dynamic requirements of primary DC
voltage control

In the previous section, static requirements for the primary DC voltage control related control modes,
which define their static bahavior, were presented. In the event of a disturbance, the parameters
specifying those static behavioral characteristics uniquely determine the post-contingency equilibrium
state of the system. However, they do not determine the dynamic behavior of the system, nor do they
guarantee the system stability.

In the context of multi-vendor multi-terminal HVDC systems, the applicable methods, required inputs,
and constraints for conducting preliminary design studies would be significantly different from those of
turnkey Point-to-Point (PtoP) HVDC projects delivered by a single vendor. In such a system, although it is
ultimately imperative to assess overall system security and ensure the absence of interoperability issues
through comprehensive system-level tests in an integrated testing environment —incorporating all C&P
systems together with detailed representation of the entire HVDC system equipment and adjacent AC
systems in a real-time simulation framework- it is equally important to facilitate the integration process
and minimize the interoperability risks by establishing standardized DC side dynamic performance
requirements upfront. This also implies setting clear expectations for the performance of each AC/DC
converter station. Achieving this, however, requires addressing several key considerations.

6.5.4.1 General System Expectations for Primary DC voltage Control

The consensus on the general expectations among TSOs for the primary DC voltage control and the
corresponding definition of the system-level DC voltage ranges are outlined below:

In the event of the identified worst-case scenario (for instance, the maximum sudden loss of infeed or
load), the DC voltage at any node within the system shall be maintained within the predefined system-
level DC voltage parameters outlined in Section 6.2, which entails:
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> Ensuring that the post-contingency steady-state voltages at any system node remain within the
continuous operating DC voltage range,

> Limiting the dynamic voltage overshoot exceeding the continuous operating DC voltage range to
no more than the value specified as a percentage of the nominal voltage,

> Ensuring that any oscillations to be settled within T,Z?g:, and

> Preventing the primary DC voltage control from triggering any unintentional protective actions
of any equipment during such events.

In addition,

> Converters with the same droop parameter equally contribute dynamically to the extent feasible,
provided they are equidistant electrically from the source of the event and connected to AC
networks with respective similar grid strength.

> The primary DC voltage control shall not render the system unstable in any circumstance.

> Accessibility to all relevant parameters, deemed necessary and mutually agreed upon for
ensuring system stability and future expandability.

The relevant TSO is responsible for selecting all static parameters as detailed in Section 6.5.3, which
theoretically define the "Static" characteristics of the system under a given disturbance. However, as
illustrated in Section 9.4, even when two stations have identical droop settings, variations in droop control
implementations can lead to significant differences in their dynamic behavior. These differences affect
key parameters such as response time, damping, and stability margins. This demonstrates that droop
settings alone do no not dictate the dynamic response of the converter, and consequently, the overall
system dynamics.

This implies that the dynamic characteristics of the overall system cannot be ascertained until the
integrated testing environment is established, incorporating the actual control solution of each vendor
altogether. As a first mitigation step, it is imperative for the system operator to establish standardized
"dynamic performance requirements for individual AC/DC converter stations" upfront. These
requirements must be adhered to by each converter manufacturer in their controller design.

A viable approach is to adhere to established formal definitions, such as those provided by IEC for step
response and ramp response. For instance, IEC IEV 351-46-12 “reference-variable response of the control
system” [14] defines the set of parameters that describes the dynamic response of a system. The
definition involves the step response of a control system, triggered by the application of a step function
to one of the input variables, as well as dynamic response to exogenous events, such as disturbances.

Alignment to such formal definitions could offer a fundamental basis for evaluating dynamic performance
and ensuring consistency across AC/DC converter stations in multi-vendor systems.

6.5.4.2 General description of dynamic requirements for primary DC voltage related
control modes

The system operator shall establish a comprehensive specification with which the dynamic response of
the AC/DC converter station or unit must comply. In the absence of a standardized specification
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methodology for DC-side control dynamics, several different approaches for dynamic performance
specification can be considered, including, but not limited to:

> Step Voltage Reference Response
> Step Power Disturbance Response
> Step Voltage Disturbance Response
> Step Power Reference Response?°

According to IEV 351-46-12 (reference-variable response of the control system) [14] and IEV 351-46-13
(disturbance response of the control system) [15], a set of parameters is defined to describe the dynamic
characteristics of a closed-loop feedback control system. Building upon these definitions, the dynamic
performance requirements specification should include, but are not limited to, the following parameters,
with their graphical representation provided in FIGURE 39 and FIGURE 41:

> Steady-state deviation Ax,,
> Overshoot x,,

> Control rise time T,

> Control settling time T,

> Specified tolerances Axg

The implications of these parameters may vary depending on the respective specification approach

outlined above.

In addition, to ensure the overall system stability, AC/DC converters must provide sufficient damping
when interfaced with various grid configurations under different operating points, while meeting the
specified dynamic performance requirements.

The following section provides an in-depth discussion of the rationale behind these specification
approaches.

6.6 Performance requirements and recommendation of
behavioral specification procedure

The dynamic behavior of an HVDC system is inherently complex, as it is influenced by the dynamic
characteristics and interactions of all its subsystems. To meet the overall system stability and reliability
expectations of the overall HVDC system, each AC/DC converter station or unit within the system must
possess specific performance capabilities. These capabilities are influenced by both their physical design
parameters (e.g., inductor and capacitor sizes) and control design parameters (e.g., proportional and
integral gains).

However, the actual dynamic behavior also depends on the control architecture of the control scheme,
which may vary between manufacturers, as well as on the connected AC system dynamics. Consequently,

20 Article 12 of NC HVDC specifies the active power controllability, including the control range and
ramping rate requirements at AC-PoC. In the context of a DC grid, assessment of the behavior of power
at DC-PoC is equally important and is therefore considered here.
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the dynamic characteristics of an AC/DC converter station or unit cannot be fully defined by design
specifications alone. Instead, they must be defined as behavioral specifications, which are subject to
assessment under specific environment and evaluated against specified criteria.

This approach aligns with established practice in AC systems?*. Behavioral specifications are essential
because they capture real-world interactions and dynamic responses that design specifications alone may
not predict, especially when integrating converters from multiple vendors.

This section aims to provide a clear and transparent description of the general framework for the DC side
behavioral specification and their evaluation procedure. Along with the various possible options and their
respective advantages and disadvantages, it provides preliminary recommendations.

6.6.1 HVDC system stability classification

In alignment with the conventions in AC systems, the dynamic expectations of an HVDC system can be
broadly classified into large-disturbance stability and small-disturbance stability [16]. These
classifications are made to streamline the following discussions and are not intended to serve as rigid
standards. Itis anticipated that they will be refined and adapted as experience and developments in HVDC
systems evolve.

Large-disturbance stability:

In general terms, large-disturbance stability refers to the ability of a system to maintain stable operation
following significant disturbances. When applied to DC systems, it can be understood as the system’s
ability to maintain the voltages after relatively large disturbances, such as DC faults, the loss of AC/DC
converter station or unit, circuit contingencies, or intentional change in power for ancillary services. To
ensure large disturbance stability of the system, each AC/DC converter station or unit must possess
adequate dynamic performance capabilities, aligned with the functional requirements, to cope with
worst-case disturbance scenario in the system for the given converter.

Small-disturbance stability:

Small-disturbance stability, also known as small-signal stability, is a common concern across all types of
systems. It refers to the system’s ability to remain stable when subjected to small disturbances. It is
typically related to inadequate damping of oscillations or undesired control interactions. For analytical
purposes, linearization of the system under consideration is generally acceptable. To ensure small-
disturbance stability, each AC/DC converter station or unit must provide sufficient damping when
interfaced with various grid configurations under different operating points. This must be accomplished
without compromising the fulfilment of the dynamic performance requirements.

Dynamic performance requirements for large-disturbance stability:

** For example, VDE-AR-N 4131 specifies the functional requirement for dynamic AC voltage control by
stating “The control behaviour shall be evaluated based on a step change of the voltage at the connection point.”
It also provides the associated dynamic performance evaluation metrics. Additionally, it assigns the
responsibility to the system operator to predefine the network short-circuit impedance for the evaluation.
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For large-disturbance stability, the dynamic performance requirements for the AC/DC converters must
be specified. These requirements are typically aligned with corresponding functional requirements. In the
context of DC systems, ensuring large-disturbance stability requires a focus on performance requirements
associated with the converter control modes, such as DC voltage droop control. Compliance to the
specified dynamic performance requirements shall be evaluated in an adequate environment, which
should include clearly defined criteria and evaluation methods.

Stability performance requirements for small-disturbance stability:

For small-disturbance stability, the stability performance requirements for AC/DC converters must also
be thoroughly evaluated to ensure the absence of any undesired contribution to the small-signal
instability. In AC systems, harmonic stability requirements are traditionally assessed through harmonic
stability studies. For DC systems, similar practical stability performance requirements can be established,
tailored to account for the absence of fundamental frequency. These aim to minimize the risk of undesired
control interactions and oscillatory behaviors, ensuring that the system remains stable under various
operating conditions.

6.6.2 Scope definition for MV-MTDC system design & testing framework

This section provides an overview of the design and testing framework for MV-MTDC systems. The key
stages are referred to as the specification stage, the design stage, and the integration stage.

Throughout the project lifecycle, the MTDC system is developed, tested, and validated to meet the
functional and performance requirements established during the Specification stage. In traditional point-
to-point HVDC projects, compliance processes are divided into distinct phases: Energization Operational
Notification (EON), Interim Operational Notification (ION), and Final Operational Notification (FON).
These phases outline compliance checkpoints critical for system approval and integration also relevant for
Multi-terminal HVDC systems.

In the Design stage, each vendor conceptualizes and designs the C&P system for each converter to meet
the dynamic and stability performance requirements specified by the relevant system operator or TSOs .
To receive an EON from the relevant system operator or TSO, the HVDC system must demonstrate
design-phase compliance with specified fundamental requirements. This stage includes initial design
validations to confirm that core functional and safety criteria are met, aligning the system'’s capabilities
with the grid's operational standards.

Following the design stage, the project advances to the Integration Stage. In this phase, all C&P systems
from each vendor are integrated and subjected to coordinated testing. This stage encompasses a
comprehensive assessment of all HVDC system equipment and components, validating their collective
functionality and interoperability. All potential interactions between subsystems will be thoroughly
assessed with high degree of certainty of each subsystem'’s behavior to ensure that the entire system
performs as expected. Successful compliance in this phase allows the HVDC system owner to obtain an
ION, authorizing subsequent system testing on site.

To achieve the final FON, the system must demonstrate compliance in actual operational conditions
through on-site measurements and performance evaluations. This phase serves as the final compliance
checkpoint, verifying that the HVDC system meets performance requirements compared to site
measurements and certifying the system for operational integration into the system.
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FIGURE 35 provides a conceptual overview of the general converter control system design and testing
framework for MV-MTDC systems. While the flowchart remains general, it is specifically tailored to
highlight aspects related to DC-side dynamic performance studies and harmonic stability studies in the
design stage. As such, it may not fully capture other aspects not directly associated with them. The dashed
line represents the additional interface required for constructing the DC grid from scratch, different from
expanding the system, in alignment with the InterOPERA context.

For detailed complementary information on the specification stage, readers are encouraged to refer to
InterOPERA deliverables D3.1 [17] and any forthcoming related deliverables. For the integration stage,
please refer Deliverable D1.3 [18]. and future deliverables as they become available.

Specification Specification
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Stage Preparaticn of technical specifications, including functional parameters and performance checking sheets =
» Functional requirements

= Performance checking sheets | * Testenvironment
-------------------------------------------------------------------- (AC & DC grid equivalent)
» Etc

= Functional parameters { Test methods

Control design

o) ‘ C&P systemdesignand updates by
£8 £ E eachvendor Updated DC grid equivalent models
2o =g
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i & oo D Tl
B = a namic studies
Design stage gl B i
5 . . o w
9L e Dynamic Performance Studies Impedance acquisition/provision
5o 55 conducted and reported by each vendor
Zh 2 R .
’ g Preliminary impedance of the converter Derivation of impedance profiles at each
DC-PoC, while considering the uncertainty in
fenssssssssnsssnnsnnnsnnnnnnnnnnnn other design parameters and varying grid
[ configurations, power flow conditions, etc.
Stabilitystudiescunductedinfrequen:y d
domain and reparted by eachvendor Impedance profiles at the respective DC-PoC
. System integratinn tests
Integration , I ‘ ‘ .
Incorporating all C&P systems together with detailed representation of the entire HVDC system equipment.
Stage Frequency domain analysis of the MIMO system using the scanned impedance of each subsystem

FIGURE 35 Overview of the general converter control system design and testing framework for MV-
MTDC systems. For comprehensive details on the project phases and studies to be conducted in each
stage, please refer to InterOPERA D1.3 [18].

The necessary specifications, comprehensively addressing the dynamic and stability requirements, must
be provided to the vendors upfront to enable them to proceed independently with the C&P system design
process in the design stage. The essential inputs for the design stage are, thus, the specified functional
requirements, functional parameters, and performance checking sheets, which will be detailed in the
subsequent section.

It is important to note that during this design stage, development is carried out independently. In multi-
vendor MTDC projects, different vendors may simultaneously develop other sub-systems in parallel. This
parallel development introduces an inherent uncertainty, as some critical design and control parameters
of other subsystems that could have significant influence on the dynamic characteristic of the system
remain unknown. This uncertainty must be mitigated through the careful formulation of dynamic
performance specification and execution of harmonic stability studies. This is a particular challenge when
constructing an MTDC grid from scratch, whereas it is less critical when expanding an existing DC grid.
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The key steps within the design stage are as follows:
Control Design Step: During this stage, each vendor designs and updates their respective C&P systems.

Dynamic Performance Studies: This step involves conducting dynamic performance studies to evaluate
compliance with the prescribed dynamic performance requirements, subject to the connection with the
respective AC and DC grid equivalents introduced in Section 6.6.3.

Harmonic Stability Studies: Harmonic stability studies are carried out to assess the harmonic stability
performance of individual AC/DC converter. The system operator or system integrator, in coordination
with the relevant TSOs, shall provide frequency-dependent impedance profiles representing the DC grid
as seen from the DC-PoC under a range of possible operational conditions. If necessary, these profiles are
derived using the preliminary impedance profiles of converter stations, see FIGURE 35.

The respective specifications and their assessment through the studies depend on the scope of interest
and the associated conditions on which these specifications and assessment are based, such as the range
of frequency of interest. The detailed formulation of the dynamic performance requirements and
harmonic stability requirements, along with the recommendations for the associated studies for their
evaluations, are provided in the subsequent sections.

6.6.3 General workflow for compliance testing

This section outlines the general workflow for compliance testing in the design stage. In alignment with
the practices in AC systems, the dynamic performance and stability requirements, along with their
compliance testing procedures are structured through the so-called “Performance Checking Sheet"22.
This practice is used by TSOs to validate the grid code compliance of an HVDC system connected to the
transmission grid [19] [20]. This typically comprises the following elements: test objective, test
environment, test methods, signals to be reported, and evaluation criteria.

Test objective

The test objective is a fundamental element of the performance checking sheet. For each test, the
objective may differ depending on the specific performance aspects to be evaluated.

Test environment

For each test, it shall clearly specify what the DUT must be interfaced with at its AC-PoC and DC-PoC,
respectively. The details of its AC and DC grid equivalents for each test shall be determined through the
coordination between the system operator, in coordination with the relevant TSOs and the HVDC system
owner. FIGURE 36 illustrates an example of a general test environment, where the Device Under Test
(DUT) considered is the positive pole converter unit of an AC/DC converter station. It should be noted that,
in some tests, the DUT may also encompass both the positive and negative pole converter units.

22 The term may vary and be referred to by another name depending on the TSO.
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DC grid AC grid
Equivalent Equivalent

FIGURE 36 lllustrative depiction of test environment
where the DUT considered is the positive pole converter
unit of an AC/DC converter station

Test methods
The specific test methods should depend on the objectives of each test.

For dynamic performance studies, time-domain simulations shall be conducted. For harmonic stability
studies, frequency domain analysis shall be conducted, and verified through time domain simulations.

Signals to be reported

The signals, as agreed upon between the vendor and TSO, must be monitored during the tests and
reported.

Evaluation criteria

The evaluation criteria for each test shall be clearly defined and based on the technical requirements
specified by the system operator and the relevant TSOs.

6.6.4 Dynamic performance requirements

This section outlines the detailed dynamic performance requirements specification for AC/DC converters
and provides recommendations for the evaluation methodology. It discusses the possible procedures and
the evaluation criteria that must be specified by the system operator in coordination with the relevant
TSOs.

6.6.4.1 Dynamic performance studies framework

In the specification of dynamic performance requirements specification and their evaluation, there are
two critical aspects to consider. This section outlines these aspects and provide a generalization of their
implications.
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Test environment for dynamic performance studies

To evaluate the functionality on the DCside, the AC grid equivalent can primarily be represented by an AC
voltage source with appropriate SCRs and X/R ratio values. These parameters should be adapted to
replicate the various AC grid conditions that the DUT may encounter during operation. The system
operator, in coordination with the relevant TSOs, should specify these values to accurately reflect the AC
grid characteristics at the AC-PoC.

On the other hand, unlike the well-established methods for representing the AC grid equivalent, there is
currently no standardized approach for modelling the DC grid equivalent. This absence of a defined
methodology allows for a range of possibilities, which remain subject to refinement based on experience
and evolving best practices. The DC grid equivalent is expected to be sufficiently representative for
evaluating the vendor's C&P system and capable of capturing the key properties of the DC grid to which
it will connect, while also being simple and easily adjustable.

The appropriate equivalent representations may differ depending on the type of test and other relevant
factors.

Given these considerations, the generalized test environment for dynamic performance studies is
illustrated in FIGURE 37.

DC grid equivalent

AC grid equivalent

1. Source 2. Impedance DC-PoC AC-PoC
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E : 1 impedance model :

| FIGURE 37 Generalized test environment for dynamic performance studies.

> Source element:

One of the key aspects in defining the DC grid equivalent is the selection of the source element,
which can be either a DC voltage source or a DC current (or power) source. This choice
significantly impacts the observable dynamics during testing and the insights gained about DUT.
Using a DC voltage source implies putting a primary focus on the DUT's ability to regulate current
or power in response to changes in DC voltage at the DC-PoC. However, as the DC voltage is
imposed by the source, the dynamic behavior of the DC voltage is suppressed by the source itself.
This means that any fluctuations or variations in the DC voltages, which might occur under real
operational conditions, cannot be fully assessed. Alternatively, the source element of the DC grid
equivalent can be represented by a DC current or power source. This approach is useful for
evaluating how the DUT manages voltage control response to changes in load, and its interaction
with current or power disturbances.

> Impedance element:
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The DC grid equivalent shall also include elements that replicate the impedance characteristics of
the actual system as observed at the DC-PoC of the DUT. As confirmed in Section 9.5.1, DC grid
impedance characteristics can vary significantly depending on the grid configuration and the
design parameters of its subsystems. When constructing a grid from scratch, grid impedance
characteristics are subject to high uncertainty. In this context, the findings in Section 9.5.1 are
particularly relevant, as the most critical grid characteristics can be effectively captured by using
two RLC combinations of a simple circuit, representing the highest and lowest DC grid stiffness.
However, this remains subject to further refinement as more experience is gained in the future,
and the use of more sophisticated DC grid equivalent model should not be excluded from
consideration. In either case, the appropriate impedance values or profiles shall be specified by
the system operator, in coordination with the relevant TSOs.

Test methods for dynamic performance studies:

According to the relevant dynamic performance requirements, appropriate test methods should be
applied. Several plausible candidates exist for dynamic performance specifications and the associated
compliance assessment methodologies. These are:

1. Step voltage reference response test
2. Step power disturbance response test
3. Step voltage disturbance response test
4. Step power reference response test3

Each of these methods serves to assess specific aspects of dynamic performance. In addition, ramp
response, such as ramp voltage disturbance response or ramp voltage reference response tests, could also
be considered. Furthermore, dynamic performance assessment tailored for specific event-based
scenarios, such as post-fault dynamic behavior, may also be relevant (See Section 7.3.5 on post-fault
active power recovery)

The four test methods listed above are described in detail in the following sections. Although the dynamic
performance studies will primarily focus on DC voltage droop control, the test methodology can be
directly applied to other control modes as well. TABLE 15 provides a summary of the applicability of the
tests for each control mode, with the following notations: v indicates straightforward applicability, N/A
signifies unequivocal non-applicability, and ( v) indicates that while applicable, its relevance is
questionable.

TABLE 15: Test applicability to each DC-side control mode.

1.Step voltage 2.Step power 3.Step voltage (4.Step power
reference response disturbance response  disturbance response | reference response)
DC voltage droop mode v v v )
Fixed DC voltage mode v v N/A N/A
Fixed Active power mode N/A N/A ) v

23 Step power reference response test is not directly relevant to the specification and assessment of the
primary DC voltage-related mode. Article 12 of the NC HVDC outlines the requirements for active power
controllability, including the control range and ramping rate requirements at AC-PoC. However, in the context
of a DC grid, it is crucial to evaluate the behavior of power at the DC-PoC. Therefore, this is included here for
consideration.
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6.6.4.2 Step voltage reference response test

Test objectives:
The objectives of the test involve the following:

> To ensure the capability of the AC/DC converter unit to adhere to the DC voltage set-point at its
DC-PoCin a steady state.

> To assess the closed-loop dynamic behavior of the DUT under varying DC grid connection
conditions

Test environment:
The test shall be carried out for each of the AC/DC converter units in the relevant AC/DC converter station.

The schematic illustration of the test environment for the step voltage reference test is shown in
FIGURE 38.

DC grid equivalent AC arid equivalent

DC-PoC DUT AC-PoC

pos
I dc

RAC XAF
Vo —(n)
pos =
Udc

FIGURE 38 Schematic depiction of test environment for step voltage reference response test, where
the DUT considered is the positive pole converter unit of an AC/DC converter station.

> ACgrid equivalent:

The AC grid equivalent shall be specified by the system operator, in coordination with the relevant TSOs.
A conventional approach is to represent it as a Thevenin equivalent, modelled by an ideal voltage source
with appropriate SCR and X/R ratios. In that case, the specific values for SCR and X/R ratios should be
determined by the relevant TSO, to accurately reflect the actual AC grid characteristics at the AC-PoC.
When deemed necessary, the AC grid equivalent may also incorporate additional details, such as inertial
dynamics and generic primary frequency response of the AC grid, which can be particularly pertinent for
assessing the effect of GFM capabilities.

> DCgrid equivalent:

The DC grid equivalent shall include a current or a flexible current source to inject/draw constant power,
to replicate the initial power flow conditions for the study. Additionally, it must incorporate an impedance
element to represent the adequate DC grid stiffness seen at the DC PoC. The impedance values should be
selected to replicate both the highest and lowest DC grid stiffness at the DC-PoC. The system operator, in
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coordination with the relevant TSOs, is responsible for determining the appropriate impedance profiles
for the test.

Test description:

1. Initial state:
a. Theinitial power flow P; should be set to one of the specified power flow conditions.
b. The DCvoltage at the DC-PoC of the DUT should be set to the normal DC voltage, i.e.
Uzt =U, =1p.u.
2. Without a ramp limiter on the DC voltage set point U3¢¢, increase U3¢t of the DUT by AUj. In the
absence of data in the test sheets, the default value shall be AU; = 0.02 p.u.24
3. Thetest shall also be conducted with a step change in the DC voltage setpoint in the negative
direction.
4. Repeat 1-3 with all the initial power conditions specified in 1.

TABLE 16 summarizes the relevant parameters to be specified by the system operator for the test
scenario of the step voltage reference response test.

TABLE 16: Relevant parameters to be specified by the system operator for the scenario of the step
voltage reference response test.

Symbol Variable Default value
P, Initial power flow condition N/A25
Use DC voltage set point N/A
AU Magnitude of step change in DC voltage setpoint 0.02 p.u.

Signals to be reported

Time domain simulations must be carried out on an industry-standard EMT simulation platform. The
HVDC system vendor is responsible for performing these simulations and provide the resulting time
domain.

The HVDC system vendor shall provide the following signals obtained by the simulations:

> Measured signals at DC-PoC

o Pole-to-neutral DC voltage

o DCcurrent

o DCpower

o Pole-to-ground DC voltage

o Neutral-to-ground DC voltage
> Measured signals at AC-PoC

>4 A 2% value is considered sufficient to capture the dominant DC voltage dynamics while staying within the
continuous operating range. However, this value is provided as an example and is subject to agreement
between the vendor and the relevant system operator.

25 These initial power flow conditions should remain within the maximum power limits (in each direction)
required of the converter station. The specific values should be determined through agreement between the
vendor and the relevant TSO, based on the converter’s intended purpose and desired operational capability.
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o ACactive power
o ACvoltage

Evaluation Criteria

The evaluation criteria for the test can follow the definitions outlined IEV 351-46-12 “reference-variable

response of the control system” [14].
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FIGURE 39 Parameter definition for the evaluation of the step voltage reference response test (The
figure reproduced following the definition in IEV 351-46-12 “reference-variable response of the control

system” [14].

TABLE 17 summarizes the evaluation criteria for the step voltage reference response test.

TABLE 17: Evaluation criteria for the step voltage reference response test.

variable Corresponding Default value
variable
X0, X0 Steady-state value of the controlled uget,usget, 1,1+ AU26
variable
Ax, Steady-state deviation N/A
2 Axg Specified tolerance +0.05 AU,
[ 2,5, Overshoot < 0.2 AU
T, Control response time < 200 ms
T, Control settling time < 300 ms

The DUT is considered compliant with the dynamic performance requirements if the reported signals
meet the evaluation criteria specified by the system operator, in coordination with the relevant TSO.

Test demonstration:

For the demonstration purpose, FIGURE 40 depicts the demonstration using an exemplary DUT solution,
where a step change in the DC voltage set-point (AUg = 0.02 p.u) is applied. The initial power is set to
1000 MW in inverting mode. The impedance element in the DC grid equivalent is configured by the RLC

26 Different voltage levels may also be considered accounting for the desired operational conditions of the

DUT.
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circuit with two combinations derived in the studies in Section 9.5, which represents the highest and
lowest DC grid stiffness conditions. The grey area represents the forbidden regions in accordance with the
default evaluation criteria metrics for the test. The TABLE 18 summarizes the evaluation results of the

test performed.
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I FIGURE 40 Demonstration of step voltage response test using an example DUT.

TABLE 18: Example evaluation results of the step voltage reference response test performed.

symbol Default value Highest stiffness Lowest stiffness
X 1+ AUS p.u. 1.020 1.020
Ax,, N/A 0.000026 0.000047
[ 2| < 0.2 AUSEP 0.0018 0.0009
T, < 200 ms 159 ms 98 ms
T.s < 300 ms 299 ms 98 ms

6.6.4.3 Step power disturbance response test

Test objectives:
The objectives of the test involve the following:

> To evaluate the closed-loop dynamics of the DUT under various possible operational conditions.
> To assess whether the DUT possesses sufficient disturbance rejection capability to handle worst-

case disturbances.

Test environment:
The test environment remains the same as those for the step voltage reference response test. However,
in this test, the power source is utilized not only to determine the initial power flow condition but also to

generate the power disturbance.
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Test description:

1. Initial state:
a. Theinitial power flow should be set to one of the specified power flow conditions.
b. The DC voltage at the DC-PoC of the DUT should be set to the specified value, e.g.,
Uzt = 1.0 p.u.
2. Generate a power disturbance by changing the value of P; to P; + AP;.
3. Repeat 2 with all the initial power conditions specified in 1.

TABLE 19: Relevant parameters to be specified by the system operator for the scenario of the step
power disturbance response test.

variable Default value
P, Initial power flow condition N/A27
AP, Change in power injection value N/AZ28
Use DC voltage set point 1.0 p.u.

Signals to be reported:

The signals to be reported remain the same as those for the step voltage reference response test.

Evaluation Criteria

The evaluation criteria for the test can follow the definitions outlined in IEV 351-46-13 (disturbance
response of the control system) [15].
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FIGURE 41 Parameter definition for the evaluation of the step power disturbance response test (The
figure reproduced following the definition in IEV 351-46-13 (disturbance response of the control
system) [15]"

27 Similarly to the previous test, the specific values should be determined through agreement between the
vendor and the TSO.

28 The magnitude of the disturbance is defined by AP, with the default value left unspecified. The set of values
of AP, should be determined based on the agreed-upon initial power flow conditions and considering the
maximum power capability of the DUT, ensuring that its operational limits are not to exceeded.
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TABLE 20 summarizes the evaluation criteria for the step power disturbance response test.

TABLE 20: Evaluation criteria defining variables for the step power disturbance test.
symbol VCLED] Corresponding variable Default value
x Controlled variable Uge N/A
X0, Xo Steady-state values of the Uggf, Uge, oo N/A
controlled variable
Ax, Steady-state deviation AUy, N/A
X4 Desired value N/A
[X 0| Over/Undershoot < 1.0 (X, — Xy) p-u.
2 Axg Specified tolerances +0.1 * (Xo — Xo)
T, Control rise time < 200ms
T, Control settling time < 300ms

The DUT is considered compliant if the reported signals meet the evaluation criteria specified by the
system operator, in coordination with the relevant TSOs.

Test demonstration:

For demonstration purpose, FIGURE 42 shows the step power disturbance test using the same exemplary
DUT solution, where a step power disturbance of —1000 MW (AP, = —1.0 p.u) is applied. The initial
power is set to 1000 MW in inverting mode. The impedance element in the DC grid equivalent is
configured by the RLC circuit with two combinations derived in the studies in Section g.5. TABLE 21
summarizes the evaluation results of the test performed.
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| FIGURE 42 Demonstration of step power disturbance response test using an example DUT.

TABLE 21: Example evaluation results of the step power disturbance response test performed.

symbol Default value Highest stiffness Lowest stiffness
X N/A 0.955 0.956
X < 1.0[X,, — X,| 0.023 0.031
T, < 200 ms 58 ms 20 ms
T, < 300 ms 254 ms 147 ms
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6.6.4.4 Step voltage disturbance response test

In addition to the two previously presented test methods, which are grounded on well-established closed-
loop control performance evaluation, an alternative testing approach may also be considered. As this
alternative test method fundamentally differs from the prior approaches, it requires additional
consideration that warrants careful attention.

Test objectives:
The objectives of the test involve the following:

> To assess the set-point tracking capability
> To assess the open-loop quasi-static behavior of active power response to changes in DC voltage

Test environment:

The test shall be carried out for each of the AC/DC converter units in the relevant AC/DC converter station.
While the AC grid equivalent remains the same as in the two previous tests, the current or power source
in the DC grid equivalent is replaced by a voltage source. The parallel capacitor connected to the voltage
source should be removed, as the voltage is solely set by the connected voltage source. The voltage source
is utilized to generate voltage disturbance.

DC grid equivalent AC grid equivalent

Volage source DC-PoC DUT AC-PoC

pos
1 de

> \/\ Rac Xac
—#—o— MW —()
pos =
Use

,,,,,,,,,,,,,,,,,,

FIGURE 43 Schematic depiction of test environment for step voltage disturbance response test where
the DUT considered is the positive pole converter unit of an AC/DC converter station.

Test description:

1. Initial state:
a. Theinitial power flow injection P; should be set to one of the specified power flow
conditions.
b. The DC voltage at the DC-PoC of the DUT should be set to the specified value, e.g.,
Uzt =Uy=1p.u.
2. Generate a voltage disturbance by changing the value of U, to U; + AUj. In the absence of a
specific value, the default value shall be AU; = 0.02 p.u.
3. Repeat 2 with all the initial power conditions specified in 1.
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TABLE 22: Relevant parameters to be specified by the system operator for the setup of the step
voltage disturbance test.

variable Default value
P, Initial power flow condition N/A
AU, Change in voltage value [-0.02,0.02] p. u.
Use DC voltage set point 1.0 p.u.

Signals to be reported:

The signals to be reported remain the same as those for the previous two tests.

Evaluation Criteria

The evaluation criteria for this test can be drawn on the practices in some AC-side functional specification.
For instance, the specific dynamic performance requirements for FSM can be found in NCHVDC Annex I,
A(2), as well as Article 71(6) [4]. The requirements for AC voltage control are outlined in article 22(3) and
71(3). For both, the requirements are predominantly characterized by activation times.

Adapting this to the DC counterpart, the evaluation criteria can be formulated as a set of activation times.
The evaluation criteria defining parameters for the step voltage disturbance response test, along with its
illustrative depiction, are provided in FIGURE 44 and TABLE 23.
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FIGURE 44 Parameter definition for the evaluation of the step voltage reference response
(specifically illustrating the case where the initial power P, = 0).

TABLE 23 summarizes the evaluation criteria for the step voltage disturbance response test.

TABLE 23: Evaluation criteria for the step voltage disturbance response test.

variable Corresponding Default value
VCLED]
t Activation time As fast as inherently
technically feasible
t, 50% provision < 50 ms
ty 90% provision < 300 ms
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The DUT is considered compliant if the reported signals meet the evaluation criteria specified by the
system operator, in coordination with the relevant TSOs.

Test demonstration

FIGURE 45 presents the step voltage disturbance response test results using the same exemplary DUT
solution. In this test, a step DC voltage disturbance of 10 kV (AU; = +0.02 p.u.) is generated by the
voltage source, with the initial power set to 0 MW. As previously noted, the impedance element in the DC
grid equivalent is configured using the LR circuit, with values derived from the two combinations identified
in the studies in Section 9.5.

A notable discrepancy in steady-state behavior is observed between the two cases, which is attributed to
the resistance of the DC grid equivalent. This resistance influences the steady-state voltage at the DC-side
connection point observed by the DUT. The dynamics immediately following the disturbance are strongly
affected by the time constant of the LC circuit.

The relationship between observed dynamic behavior in this test and the actual behavior of grid remains
an open question. Nevertheless, this test remains valuable for evaluating quasi-static behavior and
assessing steady-state compliance for both DCVSM and LDCVSM modes.
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| FIGURE 45 Demonstration of step voltage disturbance response test using an example DUT.

TABLE 24: Example of evaluation results of the step power disturbance response test.

symbol Default value Highest stiffness Lowest stiffness
t, As fast as inherently
technically feasible
t, < 50 ms 50 ms 31 ms
t, < 300 ms 228 ms 155 ms

6.6.4.5 Step power reference response test

The functional specification and evaluation of active power control’s dynamic performance at AC-PoC
are well-established practices. The following provides a concise overview and a typical example, with the
intention of extending the scope of the existing practice to incorporate quantities at the DC-PoC.

Test objectives:
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The objectives of the test involve the following:

> To evaluate the ability to adjust the setpoint upon receiving an order
> To assess the set-point tracking capability
> To assess the capability of adjusting the power ramp rate

Test description:

1. Without ramp limiter

a. increase PS¢t of the DUT by AP,.

b. Inthe absence of data in the test sheets, the default value shall be AP; = 0.1 p.u.
2. With aramp limiter

a. increase PS¢t of the DUT by AP, with maximum ramp rate prescribed

b. Inthe absence of data in the test sheets, the default value shall be AP, = 0.1 p.u.

TABLE 25: Relevant parameters to be specified by the system operator for the setup of the step
power reference test.

variable Default value
AP Change in power set point +0.1 p.u
a Maximum ramp rate N/A29

Signals to be reported:
The HVDC system vendor shall provide the following signals obtained by the simulations:

> Measured signals at DC-PoC

o Pole-to-neutral DC voltage

o DCecurrent

o DCpower

o Pole-to-ground DC voltage

o Neutral-to-ground DC voltage
> Measured signals at AC-PoC

o ACactive power

o ACvoltage

o ACcurrent

Evaluation Criteria

e The steady-state error of active power shall be less than 0.002 p.u.

e Nodisturbances shall be observed on the AC voltage

e Inthe test with ramp limiter, the prescribed ramp rate shall be adhered
e The DUT shall maintain stable operation without blocking or trip.

29 The value shall be specified by the relevant operator.
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6.6.5 Harmonic stability performance requirements

Small-disturbance stability, or small-signal stability of a system generally refers to how effectively each
AC/DC converter contributes to the damping of small oscillations within the system. Since converters are
coupled through the network, the way oscillations propagate across the system and how multiple
converters interact with these oscillations significantly impact the small-disturbance stability of the
system. Importantly, small-signal instability can occur at any frequency.

The dynamic performance requirements for DC voltage droop control mode or other operational modes
are primarily dictated by the expected dynamic behavior of the system that they directly influence. In
contrast, the stability performance requirements for an AC/DC converter should be viewed as a
comprehensive evaluation of the converter’s combined characteristics, including the converter's design
parameters, the inner controller, and sensor delays, all of which play equally critical roles in determining
its stability performance.

This section defines the harmonic stability performance requirements, along with the recommendations
for the evaluation methodology and important considerations for its application.

6.6.5.1 Stability performance studies framework

This section outlines the framework for stability performance studies. Its fundamental concept aligns
with traditional practices of harmonic stability studies in AC systems. The primary objectives of these
studies are:

> Toensure the small-signal stability characteristic of the DUT at the DC-PoC under a range of
operational conditions
> Toensure the readiness of the DUT's stability performance prior to system integration tests

Test environment for stability performance studies

The studies shall be conducted in frequency domain. For these studies, the system operator or system
integrator, in coordination with the relevant TSOs, shall provide frequency-dependent impedance profiles
that accurately represent the DC grid as seen from the DC-PoC in a range of possible operational
conditions. The frequency range of the provided impedance shall sufficiently encompass the key dynamics
where potential interactions may arise. Since the impedance of the grid is highly dependent on the grid
configuration, power flow conditions, the other converter stations control modes, and other factors, the
impedance profiles to be provided shall account for sufficient variations in those factors to capture a
sufficient range of potential grid conditions.

Test methods for stability performance studies

The stability performance requirements of the DUT, under a range of possible operational conditions,
shall be evaluated based on the Nyquist stability criterion and also validated in time domain simulations.
To validate the frequency-domain stability results in the time domain, a representative DC grid
equivalent is required.
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The DUT will be deemed compliant if it meets the evaluation criteria specified by the system operator, in
coordination with the relevant TSOs, across the range of operational conditions reflected in the grid
impedance profiles.

Limitations and considerations in stability performance studies

The methodology presented includes several important considerations that require attention. One
notable limitation arises when the grid is being constructed from scratch, as several subsystems may be
designed in parallel during the design stage. This is in alignment with the InterOPERA context. In such
cases, the grid impedance seen from a DC-PoC is dependent on the other subsystems that are still in the
processes of design. In this scenario, it is a prerequisite that each vendor provides a preliminary impedance
profile, as illustrated by the dashed arrow in FIGURE 35.

Additionally, the accuracy and applicability of the harmonic stability assessments rely on how well the
obtained impedances represent various grid configurations and operational conditions observed at DC-
PoC, as this variability could significantly affect the overall compliance results. Additional details can be
found in Section 9.6.

While the proposed methodology focuses exclusively on behavior at DC-PoC, it is important to note that
actual converters are multi-port systems. Therefore, the overall stability of the system cannot be
guaranteed without considering the charcteristics of the AC grid to which each converter is going to be
connected.

Given these points, it should be emphasized that the stability performance requirements and this
assessment procedure for individual DUTs are primarily aimed at derisking and mitigation. Once the final
C&P systems of all subsystems are provided by the respective vendors, incorporating all C&P into a
detailed environment and thoroughly assessing all potential interactions based on full certainty on each
subsystem, obtained by individual impedance scanning, remain crucial in ensuring the stability of the
entire system.

6.7 Secondary DC Voltage Control

Like the primary AC frequency control, the primary DC voltage control is concerned with containment of
DC voltage excursions and maintaining power balance in the DC grid using proportional control.
Therefore, when a disturbance occurs in a DC grid, the primary DC voltage control will find a new
equilibrium point, but it will be different from the pre-contingency DC voltage profile and power flow.

Similar to how secondary frequency control in AC systems corrects the area control error and restore the
frequency to the nominal value after the primary frequency control action, the principal objectives of the
secondary DC voltage control are [21]:

> To correct and maintain the active power interchange over the DC grid.
> To maintain or restore the power flow and DC node voltages within the specified limits.

It is imperative to acknowledge the fundamental difference between AC and DC systems. While the
frequency serves as a global variable that reflects the generation and demand balance of the whole
system, it is not the case in a DC grid as the DC voltage at each node varies due to the voltage drop across
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the cables and depends on the load flow conditions [22]. Consequently, unlike secondary AC frequency
control, which dispatches power references to generators, secondary DC voltage control must transmit
not only the appropriate power set-points but also the DC voltage set-points to the converter stations.

According to the optimal set-points calculated by the dedicated optimal DC power flow calculation
algorithm, which takes into account the security constraints and objective function, the secondary DC
voltage control ensures that the converter stations effectively track these set-points while respecting all
the constraints [13].

6.8 Continuous Control Functional Requirements of
Subsystems & Parameter Lists

TABLE 26 provides a comprehensive summary of the functional requirements and associated parameters
related to the continuous control that subsystems must comply with, in addition to those stipulated in the
NC HVDC
investigations. During Phase Il of the InterOPERA project, these recommendations will undergo a

[4]. This set of parameters and their range are preliminary proposal based on initial

thorough validation process.

| TABLE 26 Continuous Control Functional Requirements of Subsystems & Parameter Lists

FR

Element
status
analysis
System
topology
analysis
Element
limitation
analysis

DC power
flow
optimization

Secondary DC
voltage
control

Ramp rate
coordination

Offshore
power
curtailment

Short description

The DC grid controller shall be capable to
ascertain the real-time status of every
element within the HVDC system.

Associated
parameters, if any

Subsystem

DC grid controller

The DC grid controller shall be capable of
accurately determining the actual
configuration of the grid topology

DC grid controller

The DC grid controller shall be able to
comprehend the actual capabilities of
each converter station within the system.

DC grid controller

The DC gird controller shall be able to
calculate the optimal DC power flow,
adhering to the objective function
specified by the relevant TSO.

DC grid controller

See Section 6.7

DC grid controller

The DC grid controller shall be capable of
adequately coordinating the ramp rate of
individual converter stations or unit to
ensure the power balance during the
ramping process.

DC grid controller

See Section 6.4.3.5

DC grid controller
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Control mode
management

The DC grid controller shall oversee the
coordination of the control modes and
their associated parameter when there is
a need, such as a change of topology,
according to predefined criteria.

DC grid controller

Fixed
voltage
control mode

DC

See Section 6.5.1.1

AC/DC converter
station or unit

Fixed active

power control
mode

See Section 6.5.1.2

AC/DC converter
station or unit

DCVSM

See Section 6.5.3.1

Static requirements:
TABLE 10,
TABLE 11

Dynamic requirements:

TABLE 17, TABLE

20, TABLE 23

AC/DC converter
station or unit

LDCVSM-O

See Section 6.5.3.2

Static requirements:
TABLE 10, TABLE 12
Dynamic requirements:

TABLE 17, TABLE

20, TABLE 23

AC/DC converter
station or unit

LDCVSM-U

See Section 6.5.3.3

Static requirements:
TABLE 10, TABLE 13
Dynamic requirements:

TABLE 17, TABLE

AC/DC converter
station or unit

DCVLM

20, TABLE 23
See Section 6.5.3.4 Static requirements: AC/DC converter
TABLE 10, TABLE 14 station or unit
See Section 6.5.3.5 Puax & Purin AC/DC converter

station or unit
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7.DC grid protection

The protection of DC systems should follow the same objectives as in AC systems: Ensuring a reliable and
secure HVDC system operation during contingencies and component failures. The deployment of a multi-
terminal multi-vendor HVDC system protection presents new challenges compared to Point-to-Point
HVDC systems where protection measures are turnkey solutions at the boundary of the HVDC system.

In a large scale HVDC system the shutdown of the entire system is not compliant with power system
criteria which imposes the use of DC-FSDs in order to limit the impact for a single contingency event. In a
multi-vendor context different subsystems need to work seamlessly together. For instance, different fault
separation concepts and devices at DCSS level need to be compliant with FRT concepts of AC/DC
converter stations in order to avoid unexpected loss of power. The functional framework should provide a
guideline that allows different technical solutions to connect to an evolving HVDC system while ensuring
a reliable and secure DC grid protection with respect to constraints at both AC and DC points of
connection.

The outline of this section is as follows. The first sub-section 7.1 defines relevant terms in the context of
DC grid protection. Sub-section 7.2 defines overarching protection system level requirements and system
states ensuring a coordinated DC grid protection design while respecting AC and DC system boundary
conditions. Sub-section 7.3 defines converter station DC-FRT requirements. DCSS fault separation
requirements are defined in sub-section 7.4. Preliminary standalone compliance tests are described for
converters with regards to the DC-FRT requirement and for DCSS with regards to the fault separation
requirement. Section 7.6 and 7.7 discuss insulation coordination and DC system grounding in a multi-
terminal multi-vendor context. Finally, sub-section 7.8 provides an overview on functional requirements
related to DC grid protection with assignment to the subsystems as defined chapter 4.

A guideline on how to apply protection requirements is provided in appendix section 9.8. This includes an
assessment of applicability and verifiability at the DC-PoC as well as a verification of satisfying system
level behaviour with regards to pre-defined key performance indicators. A second key investigation in
appendix section 9.9 assesses the compliance of temporary blocking as part of the DC-FRT specifications
with regards to islanded operation of DC connected PPMs offshore.

7.1 Terminology

7.1.1 DC grid protection function definition

> Protection : The provisions for detecting faults or other ordinary contingencies in a power system for
enabling fault clearance, for terminating ordinary contingencies and for initializing signals or
indications.

> DC grid protection scheme : The objective of a DC protection scheme is to prevent damage to system
equipment, guaranteeing human safety and to keep the power system stable by isolating only the
components under fault, whilst leaving remaining part as possible in operation and preventing the
system from blackout, it includes the DC grid main protection and the backup protection to ensure a
safe and reliable operation of the DC grid.
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>

DC grid main protection (addressing the functions of several subsystems): The primary or main
protection is designed to immediately sense and respond to faults in order to isolate the faulty part of
the system from the healthy part. The DC grid is divided into fault separation zones (see FSZ below).
For each zone there is a specific protective scheme. When a fault occurs in an FSZ, it is the duty of the
primary or main relays and protection components to detect the fault and take inherent action to
isolate the faulty element.

DC grid backup protection (addressing the functions of several subsystems): The backup protection
provides the backup to the DC main protection whenever it fails to operate, or it is out of service for
maintenance. Different types of backup protections exist:

. Remote backup protection: Primary and backup protection are executed at different locations.
. Local backup protection: The backup protection is performed locally by triggering adjacent switching

units located at the same DC switching station.

. Relay backup protection: Primary and backup protection relays are connected to the same switching

unit. Backup protection is activated when primary protection fails to detect the fault.

Fault separation zone (FSZ): A FSZ defines a zone in which a fault current can be suppressed by
operation of FSD at the borders of the FSZ. Two different types of FSZ exist (for illustration, see single-
line diagram in FIGURE 46:

Selective FSZ: Comprises a single fault isolation zone which is equal to the FSZ (see FIGURE 46, FSZ2
and FSZ3). Fault separation function and fault isolation function are within the same switching unit.
The fault discrimination functions are redundant as they cover the same zone. After fault isolation, no
reconfiguration is possible.

Partially selective FSZ: Comprises several fault isolation zones which are unequal to the FSZ but
included within (see FIGURE 46, FSZ1 including FIZ1.1 and 1.2). Fault separation function and fault
isolation function may or may not be in the same switching unit. The fault discrimination functions
are not redundant as they do not cover the same zone. After fault isolation, a reconfiguration is
possible and reclosing of the healthy part can be considered.

Fault isolation zone (FIZ): A fault isolation zone defines a zone in which a fault can be isolated by
operation of an RCS at the border of the FIZ.

FIGURE 46 lllustration of selective FSZ (FSZ2, FSZ3), partially-selective FSZ1 including three FIZ 1.1,

1.2 and 1.3 (single pole representation)
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> DC Fault-ride-through (DC-FRT) : Defining the required withstand capability of a converter station to
remain connected during protection actions related to DC contingencies including faults,
disturbances and dynamic responses.

7.1.2 Protection component definition

The following devices are of relevance for protection function executions and are part of the switching
unit as defined in section 5.3.

> Fault separation device (FSD)3°: Subsystem component with fault neutralization and fault current
suppression capability

> Passive fault current limiting: Fault current limiting by passive devices, e.g. DC reactors or
Superconducting Fault Current Limiters (SFCL).

> Zone distinction device (ZDD) [1]: Physical device that enables non-unit fault discrimination within a
protection zone, e.g. DC reactor.

> Residual Current Switch (RCS): Switch with ability to break small amount of current (typically residual
current) and with making current capability.

7.1.3 Switching unit protection function definition

The following protection function definitions consider a simplified FSD system level representation with
ideal ON/OFF operation as shown in FIGURE 47. Note that the FSD is part of the switching unit. The
terminology and associated times are illustrated in FIGURE 48.

- Main branch

[ o > -

j Energy absorption
branch

—

FIGURE 47 FSD system level representation consisting of main branch and energy absorption branch

[23]
>

> Fault detection: Functionality to detect a fault based on local measurements of the protection relay
located at unit level.

> Fault discrimination: Functionality to distinguish between faults inside and outside of the protection
zone (located at unit level) based on local measurements only (non-unit based) or with remote end
telecommunication (unit based).

> Fault neutralization: Fault neutralization describes the moment when the peak fault current is
reached. In case of a FSD this implies that the transient interruption voltage (TIV) is sufficiently
established.

> Fault neutralization time: The time interval between fault arrival and the instant when the fault current
starts to decrease (peak fault current). Due to the TIV created by the FSD the fault is effectively
neutralized and the system voltage for the healthy part of the system can start to recover [24]. The
fault neutralization time includes the relay time for fault discrimination and internal current
commutation time.

3° For the first set of definitions a simple framework with focus on the main system-level functionality of the
FSD is assumed (operating in ON/OFF mode)
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> Relay time: Time interval comprising fault detection and fault discrimination time. The relay time starts
with the fault arrival and ends with the reception of the trip order at the FSD [24].

> Internal current commutation time: Time interval between the reception of the trip order and the
reach of peak TIV.

> Fault current suppression: Fault current suppression describes the moment when a residual current is
reached.

> Fault current suppression time: This is the time interval between fault neutralization and the instant
when the current has been lowered to residual current level (or below) [24]

> Fault current interruption time : Time from fault arrival until reaching residual current level.

> Fault isolation: Physical disconnection leading to a current zero (suppression of residual current). It

should be noted that galvanic disconnection is achieved by a RCS, additional opening of disconnector
switch is optional.
Fault Trip Fault Faultcurrent  Fault

arrival order neutralization suppression  isolation
r

Peak fault current

Voltage across FSD

Fault

/ current

Pre-faultcurrent System voltage

o]
>
» >
> >
Relay Internal current
time  commutationtime R !:ault_
. . " — isolation
Fault neutralizationtime Fault current suppressiontime time

»
>

\ 4

Faultcurrentinterruption time

| FIGURE 48 Fault current interruption process; main system functionalities of an FSD

7.2 DC system level requirements

7.2.1 Grid operating states during contingencies

Both the IEC TS 63291 and the SOGL distinguishes between normal operation, alert state, emergency
state and blackout state [3] [6]. The main difference between IEC and SOGL is the time perspective. The
IEC TS 632091 state definition is looking at the currently measured state of the system and whether
something unplanned has happened in the past. Whereas SOGL is meant to be looking at the currently
measured state of the system and making an analysis of unplanned events threatening the system
stability in the future. As states are implying needs for operator actions, this makes quite a difference in
the operating philosophy. TABLE 27 provides a grid operating state description and provides high level
examples of DC grid contingency scenarios and dedicated countermeasures and remediation actions
without considering a particular notion of time which may be subject to further discussions.

> Countermeasures are all planned actions which react on all contingencies with the primary objective
to keep the system within operational limits: Two baselines can be distinguished:
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> Planned local protection actions when encountering ordinary contingency from the list of ordinary
contingencies
> Local primary control actions releasing available reserves
> Remediation actions are additional actions which are activated when countermeasures have not
prevented the system to enter emergency or blackout state. If in emergency state, remediation
actions shall bring the system back to normal state before it enters black-out state. Examples are
activation of energy absorber units and curtailment of PPMs.
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TABLE 27 Grid operating states during DC contingencies, countermeasures and remediation actions

Normal
state

Alert state

Emergency
state

Blackout
state

Grid operating state
description

Normal state means a
situation in which the
system is within
operational security limits
(no voltages or currents
exceed operational limits).

Alert state means a
situation in which the
system is within
operational security limits,
but an ordinary
contingency has been
detected leading to major
deviations compared to
the initial power flow
schedule. In alert state the
system may not have
sufficient primary reserves
to encounter a second
contingency. Remediation
actions are foreseen to
bring the system back to a
normal operating state

Emergency state means a

state in which one or more
operational security limits

are violated.

Blackout state means the
state where the operation
of part or all the
transmission system has
stopped.

W Inter
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DC grid contingency
scenarios

Small deviations from
scheduled load flow due to
mismatch between
scheduled and actual wind
power production or
ordinary contingencies
without violation of
operational limits.

All DC grid ordinary
contingency scenarios
(faults, unavailability of
devices) including
dedicated primary and
backup protection
sequences considering
sufficient primary reserve.

All extraordinary
contingencies or ordinary
contingencies if available
reserves are depleted.

Counter measures /
Remediation actions

Primary control provides
local actions to avoid any
violation of operational
limits.

Counter measures are
foreseen to keep the
system within operational
limits (e.g. primary control
ensures within the available
reserves that operational
voltage limits are not
exceeded.

Remediation actions are
necessary to bring the
system back to normal
state (e.g. send out a new
optimal operating point for
the degraded system (see
section 6.7, Secondary
control).

In emergency state,
countermeasures are
depleted. Immediate
remediation actions may be
required to avoid blackout
state and to bring all
system components back
into operational limits.

Coordinated protection
actions may be necessary
to avoid blackout state.
Coordinated
reconfiguration/ restoration
towards a safe operating
state may be necessary.

Start-up of remaining DC
grid

Functional requirements for HVDC grid systems and subsystems | 108



The classification of DC faults as ordinary contingencies is subject to TSO investigation of likelihood and
risk assessment. The DC grid protection and other counter measures and remediation actions shall be
designed such that for all ordinary contingencies both AC and DC systems do not run into emergency or
blackout state. Note that the association of DC contingencies to either ordinary or extraordinary is not in
the scope of this report as this is a question of power reliability impact, acceptable maximum loss of infeed
and desired availability which needs to be carefully coordinated by system operators. A classification into
ordinary and extraordinary contingencies for the InterOPERA demonstrator topology has been provided

in[17].

Disturbances classified as extraordinary contingencies can cause the system to enter emergency or
blackout state (see TABLE 28). In small DC grids with limited primary reserves intermediate remediation
actions may be necessary if primary reserves are depleted (e.g. Energy absorber unit activation and PPM
curtailment). As blackout state should be avoided, coordinated remediation actions may be necessary3*.
The protection design shall be coordinated in a way that it responds to the boundary conditions imposed
by the system operators by eliminating unsafe conditions and prevent collateral damage in a safe and
selective way. For this purpose, individual protection requirements need to be coordinated with each
other. This concerns in particular the DC-FRT requirements of converters and the fault separation
requirements of the DC switching station.

| TABLE 28 System state after ordinary and extraordinary contingency and counter measures

Ordinary contingencies Extraordinary contingencies
System May result system in a system alert ~ May result in a system emergency or
state state (No violation of operational blackout state (Violation of operational
limits in post-fault operation) or in limits in post-fault operation)

emergency state if
countermeasures are depleted.

Protection sequence is foreseen, No dedicated protection sequence
Counter protection equipment is rated for foreseen. Primary control actions are
measures/ fault separation. activated (see section 6.5).

Primary control actions are
activated (see section 6.5).

If primary reserves are depleted, Remediation actions may be required,

remediation actions such as energy  some active network elements may
FEGCEEIETT W absorber unit activation and PPM enter into limited mode (primary
action curtailment may be activated. reserves exhausted) or disconnection

(individual converters may disconnect
due to DC-FRT violation).

7.2.2 Boundary conditions at AC side offshore

The state of the art for AC offshore grids is, that the offshore converter is operated in V/f control mode
while PPMs operate in grid following mode. In case of offshore converter disconnection or blocking, both
frequency and voltage are uncontrolled and may exceed operational limits as specified in [4]. In case of an
overvoltage event, PPMs may disconnect according to AC OVRT specifications [4]. A disconnection of
PPMs requires a time-consuming manual restoration sequence. Therefore, disconnection of PPMs must
be considered as a permanent loss of active power. For this reason, the DC-FRT behaviour of the offshore

3t The definition and classification of extraordinary contingencies is not in the scope of this report.

Inter
0 P ERA Functional requirements for HVDC grid systems and subsystems | 109

Enabling multi-vendor HVDC grids



converter shall not provoke a disconnection of the PPMs by exceeding the specified OVRT limits during
DC faults. Two cases must be distinguished for DC-FRT considerations:

> The converter remains in continuous operation and provides continuously a V/f-reference to the PPMs.

> The converter temporarily blocks during DC fault transients and deblocks after DC voltage recovery.
When temporarily blocked, the offshore converter behaves as an uncontrolled diode rectifier and does
not provide a V/f reference to the PPMs32. An overview of the macro-sequence is provided by FIGURE
49. From converter blocking to DC fault neutralization the DC voltage drop leads to a voltage drop on
the AC side. After fault neutralization, DC voltage recovers leading to an overvoltage ride-through
event on the AC side which persists until deblocking of converter.

Total
converter
blocking

DC Fault Converter
neutralization deblocking

DC Fault

inception

ACLVRT
AC OVRT

Uncontrolled diode rectifier — no V/f control

FIGURE 49 Perception of DC-FRT by PPMs in case of temporary blocking of offshore converter in V/f
control

Note that in D2.2 the term “temporary islanding” is used to address DC-FRT requirements during
temporary blocking of the offshore converter. In addition, alternative grid forming control concepts for
PPMs have been proposed to facilitate a DC-FRT with temporary offshore converter blocking [2].

The temporary blocking of the offshore converter during DC fault transients is compliant as long as
voltage and frequency ranges at the AC side do not lead to a disconnection of PPMs. To ensure this, an
alignment between OVRT requirements of PPMs and DC-FRT requirements of the converter station is
needed. Applicable AC requirements for offshore PPMs such as OVRT profiles and frequency deviation
limits as well as other limits (e.g. loss of synchronization due to phase jumps) shall be considered and
carefully assessed.

In section 9.9 an extensive investigation is carried out with focus on the compliance between the DC-
FRT requirements including temporary blocking and existing AC requirements for PPMs. The overall
sequence from DC fault inception to full restoration of PPMs is investigated in a step-by-step
approach highlighting challenges and solutions for islanded mode operation and resynchronization.
The performance of each of the proposed solutions is evaluated based on EMT simulations followed
by key conclusions and recommendations.

7.2.3 Boundary conditions at AC side onshore

32 Considering decoupled operation of positive and negative pole at the offshore side. Note that in case of
coupled operation during a PtG fault, the V/f control would be ensured by the healthy pole converter.
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HVDC power loss characteristics should at least comply with existing AC requirements. Any power loss in
the DC grid should be less than the maximum loss of infeed for the considered AC zone. The permanent
loss of active power shall comply with the Frequency Restoration Reserve (FRR) of the corresponding
bidding zone (see exemplary values in TABLE 29). It should be noted that respecting those limits is a
planning issue which depends on boundary conditions and reliabilities assumed on AC and DC side (e.g.
classification of ordinary and extraordinary contingencies according to availability data and risk
assessment of the relevant TSO). More explicitly, ordinary contingencies on the DC side shall respect the
maximum loss of active power of surrounding AC grids and existing requirements at the AC-PoC as
stipulated in [4].

| TABLE 29 Boundary conditions in surrounding AC grids

Related AC parameter Value

Maximum loss of infeed UCTE: 3 GW
Nordic grid: 1,4 GW

FRR per bidding zone Dependent on country

7.2.4 DC grid protection coordination

As part of DC grid protection coordination, fault separation zones (FSZ) shall be defined such that all
ordinary contingencies are isolated while respecting AC boundaries as defined above. The FSZ shall in
particular respect the maximum loss of infeed constraints from surrounding AC grids and ensure stable
DC grid operation after fault separation.

The switching units at the boundaries of FSZs shall be equipped with FSDs which are capable of separating
all ordinary contingencies within a maximum fault neutralization time Tn,max-

Converters outside a fault separation zone will remain connected to the DC grid and are expected to
recover and operate after fault separation33. The main purpose of the DC-FRT profile at the PoC of the
converter is to ensure:

> Converter connection during fault separation
> Converter operation after fault recovery
> Safe disconnection of the converter in case of protection failure

FIGURE 50 provides an illustrative example on FSZ definition and operational expectations after fault
separation. Faults in FSZ1 and FSZ2 are expected to be separated by associated switching units with DC
current breaking capability (blue color). The converter station is outside FSZ1 and FSZ2 and is therefore
expected to be operational after fault separation which is ensured by a DC-FRT profile as introduced in
section 7.3. For faults in a FSZ3 the fault separation sequence involves the activation of both FSD on the
DC side and the ACCB on the AC side of the converter. The activation of the ACCB is ensured by a
dedicated fault detection and discrimination function for FSZ3. The example underlines the following
points:

33 Note that all elements inside a FSZ including converters are separated from the DC grid and out of operation
after fault separation. In this case, the triggering of the ACCB is part of the protection sequence and shall not
be confused with triggering when exceeding the DC-FRT profile which is due to protection failure
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> Converter station inside FSZ: The DC-FRT profile does not apply for ordinary contingencies in
protection zones which involve AC Circuit Breaker (ACCB) operation.

> Converter station outside FSZ: The converter station is expected to operate after fault separation.
This involves to respect on the one hand the DC-FRT requirements and on the other hand relevant AC
side requirements3#

FSZ3

CNVS I
FSz1

I—CKZ)%L DC-PoC

DCSS

FIGURE 50 lllustrative example on fault separation zone definition and DC-FRT profile application at
DC-PoC; blue and white boxes inside a DCSS indicate respectively switching units with and without FSD

The following sections 7.3 and 7.4 define respectively DC-FRT requirements for AC/DC converter station
and fault separation requirements for DCSS. From the example given above, it is clear that the maximum
DC system recovery time for the converter DC-FRT requirement must be at least as long as the maximum
fault neutralization time Tn,max Of any FSD in the system. In other words, the converter shall not trip before
expected fault neutralization time. FIGURE 51 shows this interdependence between fault neutralization
time, converter overcurrent capabilities and DC reactor size considering half-bridge converters with very
limited fault current control capabilities during DC faults. Supposing a limited overcurrent capability of
converters, the fault either needs to be eliminated very fast or a significant DC reactor size need to be
considered to limit the increase of fault current sufficiently. To ensure a technological agnostic definition
of functional requirements, the following points shall be considered:

> Fault neutralization time shall be chosen such that FSD technologies can be considered
> Overcurrent capabilities shall not be pre-set to avoid excluding some converter solutions
> DCreactor sizes shall be chosen such that dynamic control objectives are satisfied

In order to ensure an inclusive specification and design of both converter and FSDs while limiting the
need for large DC inductors alternative means to ride through DC faults including temporary blocking
will be considered in the DC-FRT description. Such alternatives may reduce the need of DC reactors
significantly.

34 Requirements may be different depending on onshore or offshore grid connection
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FIGURE 51 Interest of temporary blocking during DC-FRT: Interdependence between system level
protection parameters considering continued operation

7.3 DC-FRT requirements of converters

Disclaimer: To ensure a certain degree of technological openness, this deliverable describes all
possible ways of riding through DC faults. The relevant TSO decides whether functions such as
"temporary blocking" can be used as a protective function in the event of DC faults. Especially as
continuous operation in the healthy protection zones has a high priority for the TSOs and the impact
on the AC grids (offshore and onshore) shall be as small as possible in order to guarantee the overall
system stability. To provide a sufficient basis for such decisions, detailed information on the behavior
of the converters and the resulting effects are provided in section 9.8 for the DC side and in section
9.9 for the AC offshore grid. The technical investigations provide insights on the applicability and
MTDC system behaviour of the DC-FRT requirement including temporary bocking. Further
investigations shall be focused for example on whether all phases are or only individual phases are
blocked, how long the blocking process takes, how long it take to reach the pre-fault operating point
(or the new operating point as adjusted by the grid controller) and in particular, how many converters
could be affected and what is the impact for the AC on- and offshore grids. It shall be noted that
temporary blocking might not be readily available in all current market solutions for AC/DC converter
stations. Beyond the simulation assumptions made in the key investigations, detailed investigations
might be required for some vendors before such a functionality can be offered commercially.

Inthe AC grid code, the FRT requirement serves to define the capability of the converter to stay connected
during low voltage conditions. Based on this, a disconnection of generating or power exchanging units
during protection action is avoided when outside the protection zone. The AC-FRT description is generic
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in the sense that it is not topology dependent and does not consider the specific performance of the AC
switchgear. It neither distinguishes between a FRT curve for primary or backup protection nor between
individual FRT curves for each protection zone in the AC grid. There is one single FRT curve ensuring a
clear functional split between withstand capability of the generating / power exchanging unit and fault
clearing of AC switchgear [4].

Inthe IECTS 63291, a design / topology dependent approach for the converter DC-FRT definition has been
chosen following a protection zone matrix approach. Different operational concepts for each PoC-AC and
each PoC DC are defined: Continued operation (CO), Temporary stop (TS) and permanent stop (PS). For
each converter in the HVDC system a protection coordination matrix is established which defines the
operational behaviour requirement for each fault separation zone and each protection sequence
(primary/backup) individually. Hence, the converter FRT requirement changes depending on the location
of the fault and the associated protection sequence. With such a design / topology dependent approach,
a DC-FRT curve would need to be defined for each operational concept and each protection sequence with
a dependability between converter FRT and fault clearing. In addition, the temporary stop in the same DC
grid may lead to a different state of the AC grid depending on AC system characteristics (e.g. network
strength, clearing times, onshore or offshore connection).

FIGURE 52 shows an example following the design / topology dependent approach proposed by the
IEC TS 63291. A converter unit is inside FSZ3 and connected to FSZ1 and FSZ2 via a DC switching station.
The converter has an individual FRT requirement for each FSZ. It should remain in continued operation
(CO) for FSZ1, temporary blocking (TB) is allowed for FSZ2 and a permanent stop (PS) is foreseen for FSZ3.
Focusing first on FSZ1 and FSZ2, the converter FRT compliance cannot be ensured by the converter unit
itself. It rather depends on the design of the individual switching unit connection FSZ1 and FSZ2. In fact,
with this approach a strong coordination between the converter design constraints (e.g. overcurrent
capabilities) and the switching unit design constraints (FSD operating time, fault current limiting device)
is unavoidable. For a busbar fault (inside FSZ3), the converter unit is in permanent stop, meaning
permanent disconnection on both AC and DC side. The definition of FSZ3 and the assignment of a
converter behaviour is an example of how in a topology / design dependent approach fault separation and
converter FRT definition are interdependent. A converter FRT definition for a FSZ covering the converter
itself is obsolete since fault separation is handled by converter protection actions.

FSZ3 - PS
CNVS |
FSZ1 - CO

DC-PoC
._CZZML ~ DCSS

(11213 T FSZ2 - TS
j ,_: :——- ﬂ——

Grid expansion

| FIGURE 52 Example of design / topology dependent DC-FRT description (based on [3])
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Extending this example further, a future grid expansion consisting of an additional converter connection
to the same busbar as indicated by the dashed line in a design dependent approach reveals the question
of inclusive grid design. To which extent does the initial design of the first converter unit (e.g. overcurrent
capabilities) and the switching units (e.g. fault neutralization time, fault current limiting device and current
breaking capability) restrict other subsystems with lower performance to connect at a later stage?

A design-based approach is tentative for small MTDC grid configurations as it potentially leads to an
optimized design for a given sub-grid or node and connected converter stations and DC switching stations.
However, a design-based approach implies a strong coordination of key design parameters between
subsystem vendors. For instance, the fault current limiting devices (e.g. DC reactors, SFCL, ...) need to be
coordinated between DCSS and converter station such that it corresponds to the transient withstand
capabilities of the converter (e.g. overcurrent limit, energy limit, ...) with respect to the fault neutralization
time of the FSD and the respective current breaking capability. Any advanced FRT functionality such as
temporary blocking or energy-based control would need to be assessed individually.

Different approaches of defining DC-FRT capabilities have been discussed within the DC grid protection
workstream. They differ mainly in terms of genericity (generic or design / topology dependent) and the
quantity they are expressed in (DC voltage or DC current). An evaluation of different DC-FRT profiles
based on the following criteria is provided in appendix 9.7. The following sub-sections describe the
resulting DC-FRT profile and relevant parameters.

> Technological agnostic: Are the functional requirements permitting different technological solutions
or are they restricting, excluding certain technologies?

> Functional split: Are functional description and design of subsystems independent? How to split
functional responsibilities?

> Oversizing: Does the decoupling of subsystem requirements and the genericity / system independence
generate an oversizing?

> Standardization: Is the DC-FRT description subsystem-dependent or generic? Do several DC-FRT
profiles co-exist?

> Verifiability : Can the DC-FRT profile be specified at the DC-PoC based on local measurements?

The functional requirements apply at the DC-PoC of the converter station. All parameters that are defined
in the following refer to verifications at the DC-PoC, DC voltage specifications are pole-to-ground voltages
(see Upc.rrt, FIGURE 53). It should be noted that there might be current limiting devices such as DC
reactors installed as part of the converter station in order to comply with the DC-FRT profile at the DC-
PoC.
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| FIGURE 53 AC/DC converter station - illustration of reference point for DC-FRT definition

7.3.1 Low voltage ride-through (LVRT) requirements

Disclaimer: Different approaches of defining DC-FRT profiles have been discussed within the DC grid
protection workstream. Appendix 9.7 shall be seen as a complementary section providing background
information on alternative descriptions highlighting the main differences and outlining advantages and
drawbacks of each DC-FRT profile. This annex documents the author’s interpretation of the current status
of ongoing technical discussions with regards to DC-FRT. A final assessment of the presented options
must be based on technical and economical evaluations which cannot be fully concluded in the scope of
InterOPERA.

To leave freedom to the vendors to come up with different design strategies, only a DC-LVRT profile is
described, and no overcurrent capabilities are prescribed. The actual fault current level in the converter is
left unspecified and then depends on the design strategy of the converter’s vendor. It can be the result of
converter control or of its protection. Converter control requirements for DC grid voltage stability may
somehow frame the converter’s fault current contribution during a voltage dip. But different technical
solutions for converter protection may exist and lead to differentiated fault current contributions. The
IGBT components are highly sensitive to overcurrents, and limits may vary depending on the vendor. To
protect them, different solutions to limit the increase of converter fault current during DC faults exist:

> The limitation of current increase can be adjusted by means of fault current limiting devices such as DC
reactors.

> Some sub-module topologies (e.qg. full-bridge) allow to control fault currents.

> For half-bridge topology, innovative temporary blocking can further avoid damage of IGBTs by taking
them out of the circuit during transients while ensuring stable operation after DC voltage recovery.

The LVRT profile that the converter shall withstand is meant to be an outer envelope including all realistic
undervoltages related to faults in a DC system that do not depend on the converter fault current
contribution which is vendor specific and depending on the individual technical solution. This can be at the
cost of oversizing.

Connection requirement (CR): The primary requirement of the converter station during a DC-FRT is to
stay connected from fault arrival to fault current suppression and to ensure stable operation after DC grid
recovery. Hence, any disconnection that leads to permanent loss of active power as for instance the
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triggering on an ACCB shall be avoided. The connection requirement is ensured by a DC voltage FRT
profile which defines a conservative outer envelope related to DC fault transients (see FIGURE 53, solid
line). Characteristic values are listed in TABLE 30. Further reasoning on the determination is provided in
the following sub-sections.

Operational requirement (OR): DC faults lead to transients with significant undervoltages at the DC-PoC
of the converter. From fault arrival until DC voltage recovery, the converter station is mainly exposed to
the fault transients with limited controllability of active power. Imposing continued operation with full
controllability would impose major design constraints on the converter even though the purpose is not
clear. Therefore, the operational requirement is limited to the definition of the converter operation
after DC voltage recovery: The converter shall continue stable operation after the power system has
recovered following fault clearance. The way the converter respects those requirements is a technical
solution, not a requirement3s. CO, TB or any other intermediate solution is authorized from fault arrival to
DC voltage recovery as long as a trip/disconnection on AC or DC side is avoided and stable operation after
voltage recovery is guaranteed.

The operational requirement is represented by the dashed lines in FIGURE 54. Uy, is a blocking limit
under which the converter is allowed to block if no grid serving requirement until fault neutralization is
prescribed (see section 7.3.10). Uuv,-» is a voltage limit at which the converter shall be able to deblock3®.
Uuvs-1 and Uuy,-» shall be aligned with the dynamic voltage control bands that are defined in section 6.2.2
and the diode rectifier voltage level after fault separation in case of small DC grids. In extended DC grids
Uuv,-2 is linked to dynamic voltage bands. The diode rectifier voltage condition applies for small DC grids
as a worst-case assumption considering temporary blocking of all converters. Note that the number of
simultaneously blocking converters can be limited by applying a firewall functionality to individual
switching units to ensure limited voltage drop in adjacent sub-grids. The maximum number of
simultaneously blocked converters depends on the grid design and risk assessment of the relevant TSO.

ltis evident that the converter shall be capable of controlling voltage and current quantities inside dynamic
voltage bands and ensure stable operation with absence of blocking. Whenever the converter blocks
during a DC-FRT within the CR, deblocking shall be ensured after DC voltage recovery to dynamic voltage
bands within a maximum deblocking time ATgpi. For the specification of ATgbi, maximum fault current
suppression times and converter process times for deblocking shall be considered.

Outside of dynamic voltage bands, the converter can ride through the fault by different means: CO, TB or
any other intermediate solution is authorized as long as a trip/disconnection on AC or DC side is avoided
and stable operation after voltage recovery is guaranteed.

35 It should be noted that the technical solution shall be compliant with requirements that apply at both AC-
PoC and DC-PoC.

31t should be noted that the blocking limit Uuv,- is optional, the converter may or may not block during DC
fault transients. This depends on the technical solution and capability of the individual converter. However, if
blocked the deblocking above Uuv,-» is mandatory within ATdpik.
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FIGURE 54 DC undervoltage FRT profile at DC-PoC for connection requirement definition, Pole-to-
Ground voltages

TABLE 30 Characteristic parameters related to DC-FRT

Parameter [Require- |Description Parameter definition

ment

Uyvi CR Worst-case undervoltage related to fault arrival Uyvi = krw UViax
considering traveling wave reflection at inductive
terminations. krw is an adjustment factor.

Uyvz CR Worst-case undervoltage related to fault arrival Uyvz = krw de UViax
considering traveling wave reflection at inductive
terminations for distant faults considering cable
damping by adjustment factor d..

Uyys CR Partial instantaneous recovery voltage level after
fault neutralization

Dyn
min

Ugva—1 CR&OR Optional undervoltage blocking limit outside Ui = 272 1)
minimum dynamic voltage bands UE&’S
considering a security margin kPY". In the
transient region, the converter is allowed to block

below this limit.

Upys—2 OR Deblocking threshold after full system voltage Uyvay = UrII)l;lrIx:
recovery to minimum dynamic voltage bands
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UDyn

min *
region, the converter shall deblock above this
voltage limit. The deblocking shall be ensured

If the converter is blocked in the transient

within a maximum deblocking time ATgp k-

Uyys CR Full voltage recovery to minimum static voltage U, — 15T Ugggt

bands US%™tconsidering a security margin k€ont
min
to avoid unwanted and irreversible converter

disconnections.

Trect CR Maximum partial voltage recovery time related to Thzent = siirese ar
fault neutralization time3® Ty ax considering a
security margin Ty, (buffer time).

Note: The maximum fault neutralization time may
include backup protection. In case of backup
protection Tye¢; would be at least two times the
maximum fault neutralization time of the FSD

Trec2 CR Maximum full voltage recovery time to dynamic /
voltage bands

T CR&OR Maximum full voltage recovery time to static /
voltage bands

ATgpik OR Maximum deblocking time after system voltage at /
DC-PoC reaches dynamic voltage bands. For the
specification of ATgp, maximum fault current
suppression times and converter process times for
deblocking shall be considered.

Exceptions

There are exceptions where the DC-FRT profile does not apply, mainly when the activation of the ACCB is
part of the protection sequence and a dedicated fault detection and discrimination function is foreseen to
immediately trigger the ACCB.

> Converter station inside FSZ: The DC-FRT profile does not apply for ordinary contingencies in
protection zones which involve ACCB operation. For such faults there shall be dedicated detection
function 2 Immediate trip (see illustrative example in FIGURE 50).

> Internal converter station faults: The DC-FRT profile does not apply = Immediate trip

> Backup protection sequences which lead to an isolation of the converter unit

37 Static voltage bands to be aligned with static voltage control bands, see section 6.2.
38 Fault neutralization time includes both relay time and Internal current commutation time
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7.3.2 LVRT parameter description

7.3.3 From fault arrival to fault neutralization

This sub-section focusses on characteristic parameters during transients and more precisely from fault
arrival to fault neutralization.

Trecl
The maximum fault neutralization time Tn,max characterizes the maximum time between fault arrival and

full establishment of the Transient Interruption Voltage (TIV) of the FSD including the relay time for fault
discrimination. Trec, shall be defined by the system planner in a way that the desired system behaviour is
reached while opening up for FSD solutions with different performances. For the definition of Tec: the
following points shall be considered:

> Maximum fault neutralization time of a FSD for primary protection
> Maximum fault neutralization time of a FSD for backup protection (if applicable)
> Buffer time (Security margin)

Uyv1& Uyyz

The LVRT profile should represent an outer envelope including all realistic undervoltages related to faults
in a DC system that the converter shall withstand without depending on the specific converter fault
current contribution which is vendor specific and without depending on the individual technical solution39.
The DC-LVRT profile is described based on undervoltages related to fault transients. Considering a DC
fault, the most severe voltage drop is not caused by the closest fault but by a fault on a conductor due to
traveling wave reflection at the terminal [25]. FIGURE 55 compares voltage and current evolution for a
fault at the cable termination and a distant fault on the cable. The distant fault provokes a voltage reversal
at the cable termination which leads to a temporarily steeper increase of fault current.

39 Connection requirement and associated withstand capabilities mean to avoid any disconnection, the
operation itself during fault transients is not specified. For instance, temporary blocking, fault current control
or any other mean to withstand the fault transients are allowed.
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FIGURE 55 Comparison between close fault (blue) and distant cable fault (red); Voltage drop at cable
termination (top), DC current evolution (bottom); solid line: frequency dependent cable model, dashed
line: traveling wave approximation [25]

Theoretically, the traveling wave reflection at a conductor termination may lead to severe voltage drops
of up to 2pu. This gives a first boundary for a conservative outer voltage envelope at the DC-PoC4 from
fault arrival to fault neutralization. It should be noted that a minimum impedance between the DC-PoC of
the converter and the fault is not specified. This is mainly due to the fact that the main requirement of the
DCSSisto separate the fault in a given time T, max but a specific device to limit the increase of fault current
is not imposed (e.g. a DC reactor). At this stage, it would not be appropriate to restrict the fault current
limiting to a specific device or value. With this in mind, the outer voltage band due to fault transients at
the cable termination shall be considered as a withstand requirement at the converter DC-PoC. The outer
voltage envelope has been assessed by using a simplified traveling wave generating model for various
fault distances as shown in FIGURE 56 for Ty,max=5ms (more information on the model is provided in
[25]). Even though the approach is simplified, and the values have pure illustrative purposes, it shows how
an outer voltage envelope for the DC-PoC of the converter can be defined between fault arrival and fault
neutralization independently from the converter type. The converter type, rating or control may or may
not have an influence on the actual voltage at the DC-PoC but this does not change the outer envelope
related to DC fault transients. This outer envelope related to fault transients is represented in the DC-FRT
profile shown in FIGURE 57.

4° A requirement on a specific fault current limiting device (type and minimum value) is not defined at DCSS
level.
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FIGURE 56 Investigation on outer DC voltage envelope using a simplified traveling wave generating
model with variation of fault distance for Trec;=7ms (example)
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FIGURE 57 Outer voltage envelope defining the converter withstand capability at the DC-PoC from
fault arrival to Trea

Minimum impedances or other considerations which lead to a narrower voltage band during fault
transients for Uyy,and Uyy, may be considered by an adjustment factor kpy < 1. For Uyy, @ damping
coefficient of the cable d. shall be considered. The adjustment factor ktyy shall ensure that Uyy4 and
Uyy, provide a realistic outer envelope for DC system undervoltages before fault neutralization.

UUV1 = kTW UVmax

Uyvz = krw dc(Tnmax) UVimax
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7.3.4 Maximum recovery time to dynamic and static voltage bands

DC voltage recovery starts with the full establishment of the TIV. For converters in close vicinity of the
fault the imposed TIV leads to an instantaneous increase of voltage at the DC-PoC. For distant converters
the voltage drop is likely to be less severe, but the voltage recovery time is longer. The DC-FRT profile
shall provide an envelope for both cases, avoiding unnecessary disconnections of converters.

The DC voltage recovery process is specified by the following parameters:

> Uuvs (Treca): Minimum voltage recovery level at fault neutralization. In order to keep the voltage FRT
profile as simple as possible, there is no time frame associated leading to a vertical representation.

> Uuv,-1: Optional undervoltage blocking limit outside dynamic voltage bands (see dynamic control
bands, section 6.2.2) considering a security margin kPY™. In the transient region, the converter is
allowed to block below this limit.

_ 1,.Dyn y{Dyn
UUV4—1 - k v Umin

> Uuv,-2 (Trec2): Deblocking threshold after full system voltage recovery to dynamic voltage bands (see
dynamic control bands, section 6.2.2). If the converter is blocked in the transient region, the converter
shall deblock above this voltage limit. The deblocking shall be ensured within a maximum deblocking
time ATabik. (see dynamic control bands, section 6.2.2).

— byn

UUV4——2 - Umin

> Uuvs (Tst): Voltage recovery to static voltage bands (see static voltage band ranges, section 6.2.1). A
security margin according to the static voltage band can be applied by k“°" to avoid unwanted

converter disconnections.

_ 1,Cont y7Cont
Uyvs = K=" Upin

7.3.5 Post-fault power recovery

After DC voltage recovery to dynamic voltage bands, a new post-contingency operational set-point is
defined by the P-Vdc characteristic (see section 6.5).Post-fault power recovery requirements shall be
coordinated with dynamic response requirements as described in section 6.6.

7.3.6 Converter compliance testing for DC-FRT

This section is intended to provide a guideline to test converter DC-FRT compliance in a standalone test.
The expectation on the DC grid equivalent in the context of DC-FRT is to capture the most influential
properties of DC fault transients in a generic way while not being restricted to a specific topology or grid
design. It is evident that any simplification of the DC grid will inevitably result in the loss of some of the
grid specific information or individual subsystem design parameters. An analogy to AC-FRT requirements
and dedicated standalone tests with AC Thévenin equivalent can be drawn.

The development of the DC grid equivalent for DC-FRT compliance testing is based on several
assumptions which will be detailed in the following. FIGURE 58 shows an exemplary part of a DC-grid
consisting of a converter station with an equivalent DC side inductance Ldcvmc connected to a DCSS three
additional feeders connecting to other parts of the grid via DC switching units. Inside the switching unit
two elements are highlighted in particular as being relevant for protection functions: The DC reactor
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Ldc SU as a mean to limit the increase of fault current and the switchgear to connect or disconnect each
of the feeders.
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FIGURE 58 Assumptions for converter station standalone test development and DC grid equivalent
definition

The numbers in green colour indicate the assumptions and simplifications which will be detailed further
below.

1

(@)

(b)

The DC-FRT profile shall be applicable for all possible grid configurations. The lowest voltage support
and the highest current increase of the converter is expected when adjacent lines are not connected,
for example due to maintenance.
The DC-FRT test circuit of the converter is functionally decoupled from the DCSS and does not
consider any design assumptions of the DC switching station as an input. The DC reactor inside the
DCSS is essentially designed to allow fault current interruption without prescribing a fault current
limiting requirement (see section 7.4) The worst-case assumption for the converter DC-FRT voltage
profile is to have no DCinductance inside the DCSS, for example due to very fast FSDs or other means
of fault current limitation. The voltage profile directly applies at the DC-PoC of the converter, no
minimum DC impedance is considered between the fault and the converter.
DC fault transients
Cable characteristics: Some parameters have an important impact on the damping of the traveling
waves leading to a reduction of amplitude of fault transients. The most influential parameter is the
screen resistivity and thickness as well as permeability. The DC voltage envelope shall be defined
considering cable properties with the lowest damping coefficient [26]. It should be noted that the
voltage profiles in this section are obtained based on model assumptions. They could be refined
based on cable data from manufacturers.
Distant cable faults may provoke more severe voltage reversals compared to solid faults at the
terminal due to the reflection of traveling waves at the converter termination. An approximation of
the equivalent impedance can be made based on an RLC circuit as described in [27]. With increasing
DC inductance, the transmission coefficient is approaching a value of 2 resulting in a significant
amplification of the incoming voltage surge. A transmission coefficient of 2 is considered as a
worst-case assumption to guarantee an outer envelope.
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FIGURE 59 (a) Impact of DC inductor size on voltage transients at cable termination after fault at
4okm distance; (b) Transmission coefficient approximation at DC-PoC depending on the equivalent DC
inductance of the converter; characteristic impedance of DC cable assumed to be 35Q, Zr=wL

Considering this, a preliminary minimum test circuit for DC-FRT compliance testing can be defined as
depicted in FIGURE 60. On the AC side, the system strength and short-circuit ratio shall be represented
by an AC Thevenin source. On the DC side a controlled voltage source shall emulate a DC voltage step of
pre-defined amplitude Umin,avg With a duration of the DC voltage recovery time Trec;. The amplitude is
depending on the recovery time as shown in FIGURE 61. It is determined by integrating the observed
fault transients at the DC-PoC over the DC voltage recovery time. The minimum undervoltages have been
obtained simulating various fault distances on a DC cable and selecting the lowest average voltage.

1 t1+Trect
Umin,avg = T__I Vg dt

recl Jt,
In the current test set-up, the DC grid impedance is equal to zero. However, the converter DC-FRT only
applies for DC faults outside of the converter's own fault separation zone. Consequently, for every fault
that is relevant for converter DC-FRT, there is a fault separation device in between the respective
converter and the fault location. Depending on the fault current limitation device of the DCSU vendor
there may be an inductance inside the DCSU which is currently not considered. Thereby both inductance
value and fault neutralization time are assumed as a worst case. If a minimum inductance can be foreseen
by the system operator for a given fault neutralization time in the future, this could be considered in the
standalone test as a DC grid impedance. This could potentially reduce the design constraints of the
converter, imposed by this superposition of both worst-case assumptions.

AC- — DC-
PoC - PoC Ugerest [pu] &
’—<:>ﬁ§§L _O—l Uny
~
1 L
— L umin,avg
. . . — . (Trecl)
AC grid equivalent DC grid equivalent >
TO Trecl t

FIGURE 60 Minimum test circuit for converter FRT compliance testing at DC-PoC. All electrical
components of the converters including potential DC reactors are considered in the test circuit
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Taking hypothetically an example of Treca=7ms, a voltage step with an amplitude of -0.25pu of DC voltage
would be applied to the DC-PoC of the converter over a time of 7ms. The overall goal of the DC-LVRT
compliance test is to prove compliance with both the connection requirement and the operational
requirement, meaning no trip of ACCB and stable operation after DC voltage recovery.
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FIGURE 61 Average undervoltage amplitude for DC-FRT compliance testing depending on Tre;
example (blue dashed): Minimum average voltage Umin,avg=-0.25pU for Trea=7ms

Different technical solutions inside design space of functional framework

The overall goal of the DC-FRT definition is to describe the requirements in a most technology-agnostic
way. The following examples as listed in TABLE 31 illustrate at a high level how different technical
converter solutions (non-exhaustive) meet the requirements.

Converter 1 has no temporary blocking function and no fault current control function.

The requirement of staying connected and ensuring stable operation after fault neutralization can be
achieved by proper sizing of the converter DC inductance Lq4awmc such that the overcurrent is kept below
the IGBT overcurrent capabilities (vendor specific).

Converter 2 has no temporary blocking function but can control fault currents (e.g. due to full-bridge
topology).

Due to this functionality, the requirement of remaining connected and ensuring stable operation can be
ensured without a specific fault current limiting device and AC side controllability is ensured as well.

Converter 3 has a functionality of temporary blocking, meaning fast deblocking of blocked sub-
modules after fault neutralization.

The converter can ensure to continue stable operation after the DC-FRT and fulfils requirements at AC-
PoC.

TABLE 31 Example of different technical solutions for converter stations (non-exhaustive)
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Temporary blocking function No No

Fault current control function (e.g. Full-bridge No No
topology)

7.3.7 Guidelines for DC reactor sizing

Disclaimer: In the presented framework, the choice and the design of fault current limiting devices is
subject to the vendor. The following examples tend to provide a guideline for DC reactors inside a
converter without advanced functionalities to ride through DC faults. It is further assumed that the
converter behaves as a constant DC voltage source. Those guidelines can only serve as an indication where
a hypothetical DC overcurrent limit is considered, the actual arm current limit could be different.

To obtain an estimation of the DC reactor the following equation has been used. In this assumption the
DC voltage of the converter is assumed to be of rated value v, riding through a voltage step
characterized by U qvg as described above. The results are shown in FIGURE 62.

Vacr — umin,avg (Trecl)
Lymc 2 : recl
IdCMax,CO — lacr

> Idcygy co is @ hypothetical DC overcurrent limit of a converter

v

Trec1 is the DC voltage recovery time

> vpc,andipc, are system parameters representing respectively reference DC voltage and DC
current. The reference voltage shall represent the upper limit of the steady-state system voltage
range (see Uly%%, FIGURE 15). In this example the values are respectively 525kV and 2kA.

> Uminavg(Trec1) is the step voltage applied to the fault part DC grid equivalent. The amplitude
depends on the voltage recovery time (see FIGURE 61)
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FIGURE 62 Minimum equivalent converter DC inductor size Lqcvmc depending on DC voltage recovery
time Tycq and maximum overcurrent capability /dcy gy co considering a rated current of 1,9kA
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7.3.8 OVRT requirements

Similar to the LVRT definition, the overvoltage ride through (OVRT) requirements are intended to provide
a framework of converter withstand capabilities. An outer envelope of overvoltage levels and time frames
related to all critical but planned events in a DC grid shall be specified at the DC-PoC of the converter (see
FIGURE 53). The converter shall withstand the OVRT specifications while remaining connected and
ensure stable operation during the OVRT-event.

All overvoltage levels are defined with reference to ground but not all pole-to-ground overvoltages lead
to higher stresses of the converter unit itself. In fact, the actual converter unit voltages stresses are
measured with reference to the neutral. This is illustrated by the following non-exhaustive list of critical
events for transient and dynamic overvoltage level determination.

Overvoltage on healthy pole during a PtG fault: A PtG fault leads to an inherent increase of the fault
current in the faulty pole. The earth return current leads to a conduction of the neutral-to-ground
arresters. The voltage level in the neutral rises to the arrester clamping voltage. The offset on the neutral
is directly reflected to the healthy pole resulting in an overvoltage with an offset of the arrester clamping
voltage. The overvoltage persists until fault current suppression. Note that the pole-to-neutral voltage of
the converter unit is not affected by this event.

Overvoltage during fault current/load current suppression: The fault current suppression by an FSD
requires to impose a TIV which is higher than the rated DC voltage provoking a decrease of fault current.
In case of load current suppression, the conductor under load at the remote end of the FSD imposes an
offset to the TIV of the FSD. The voltage across a fault current limiting device (FCLD) such as a DC reactor
needs to be considered when assessing realistic overvoltages during current suppression. Further
investigation will be included in the final version of the report. It should be noted that this event affects
both pole-to-ground and pole-to neutral voltage stresses.

Loss of load: An unexpected loss of load leads to an inherent mismatch between power infeed and export.
The imbalance is compensated by reserves of adjacent converter stations and energy absorption devices
if reserves are depleted. The converter stations are exposed to dynamic overvoltages during such a loss of
load event. It should be noted that this event affects both pole-to-ground and pole-to neutral voltage
stresses.

Operation after contingency: After fault separation, the operational voltages may be different to pre-
fault set-points which is mainly due to droop adjustments. The converter station is expected to operate in
the specified voltage ranges until secondary voltage control frees-up the voltage reserves (see static
voltage bands, section 6.2).

The OVRT profile is shown in FIGURE 63 and characteristic values are given in TABLE 32.
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I FIGURE 63 OVRT profile for the AC/DC converter station at the DC-PoC (indicative)

TABLE 32 OVRT parameter description for the AC/DC converter station at the DC-PoC (indicative)

Parameter |Description

Uov, Overvoltage withstand capability related to static voltage bands (see section
6.2)
Uov; Overvoltage withstand capability related to static continuous voltage bands

(see section 6.2)

Uov, Overvoltage withstand capability related to dynamic voltage bands

Uova Overvoltage withstand capability related to transient overvoltages

Tova Time frame related to transient overvoltage events

Tova Time frame related to dynamic overvoltage events

Tovs Time frame related to static overvoltage events (Primary control = secondary

control)
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As stated above, the OVRT profile is a mean to specify overvoltage withstand capabilities of the converter.
However, the definition of protective actions when exceeding the OVRT is less evident compared to LVRT,
where an inherent action is to trip the ACCB to suppress the fault current. The trip of the ACCB in case of
OVRT may not be an effective action since the overvoltage on the DC side will persist. Hence, the
overvoltage protection shall be foreseen on the DC side.

7.3.9 On-site application of DC-FRT profile

On-site, the DC-FRT profile is a means for the converter to detect abnormal DC fault transients that are
outside the specified times and amplitudes in which the DC grid protection is supposed to operate. This
section is intending to clarify on the application and verification of the DC-FRT profile in an MTDC system.

A fault or a contingency in the DC grid results in a voltage deviation at the DC-PoC of the converter. This
will determine the triggering time t.. FIGURE 64 shows an illustrative undervoltage event of oscillatory
behaviour, where multiple transitions between undervoltage and normal voltage bands occur. If not
specified, different interpretations for the triggering and reset of an undervoltage event in case of
oscillatory behaviour are possible.

> Trigger voltage level: Defined as the voltage level at which an undervoltage event is detected by the
converter and from which measurements at the DC-PoC are verified against the DC-FRT-profile. The
trigger voltage level shall be equal to the highest undervoltage threshold (in this case U_UVs).

> The reset level is defined as the minimum voltage recovery level after a LVRT event and associated
minimum time from which a new DC-FRT event is considered to occur.

> Thereset time shall allow to clearly distinguish between a new LVRT event and for instance oscillatory
behaviour. An example of possible recurrent LVRT events in a short time frame is a tentative of
reclosing after an overhead line fault considering a de-ionisation time of several hundreds of
milliseconds. In case of a persistent fault, the reset time shall allow to consider the sub-sequent LVRT
event as an independent event.

> The maximum number of recurrent ride through events shall be specified and coordinated at least
with the number of reclosing tentatives of FSDs.

Reset
voltage

Trigger
voltage

Unn‘m
uvs
UuM-

uv3

quz

Um;l-

0, %
Reset time

FIGURE 64 lllustration of trigger voltage level, reset voltage and reset time for on-site DC-FRT
verification; in this example, the LVRT profile is shown in a discretised format
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7.3.10 Grid-serving requirements

Grid-serving requirements describe converter functionalities which support the DC grid during a transient
event before fault neutralization. In AC, such functions are specifically designed for the event of a fault
(such as reactive current injection for voltage support). Grid-serving requirements may also exist during
the DC-FRT of a converter, which would require a certain level of controllability during a DC fault. The
need for grid serving requirements and possible definitions could be investigated considering the existing
framework of DC grid protection related requirements.

7.4 Fault separation requirements (DCSS)

7.4.1 Software requirements

Protection relays are defined per protected section or zone and not per feeder, they can have access to
multiple local current and voltage measurements of multiple switching units. DC fault detection and
discrimination functions are defined at unit level. The DCfault detection and discrimination functions shall
cover all ordinary contingencies as specified by the relevant TSO. Fault detection and discrimination shall
be ensued within a relay time which, together with the FSD operation time, does not exceed the maximum
fault neutralization time. If a minimum time between detection (pre-activation) and discrimination is
required, this needs to be specified. If the border of a FSZ is on the AC side (e.g. ACCB) or at converter
level, a fault detection and discrimination shall be foreseen to activate the fault separation function of
such devices.

An overview on communication interfaces related to DC grid protection is provided in FIGURE 65. It
should be noted that this is a functional view which does not represent the individual system component
deployment which might be different.
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FIGURE 65 Communication interfaces between functional levels for DC grid protection; fault
detection/discrimination at unit level, (Tele-)communication between subsystems at station level
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Fault detection and discrimination is located at unit level (i.e. switching unit or busbar unit) whereas
(tele-) communication interfaces between sub-systems are at station level (e.g. between two DCSS). In
practical application, different protection relays may require access to measurement of several devices at
field level. For example, protection relays in busbar units will request tripping of the relevant switching
units. A switching unit shall be able to send status updates to the DC switching station. If remote
information or measurements are needed for the purpose of backup protection, additional fast
(tele-) communications with remote end switching stations shall be foreseen.

7.4.1.1 DC fault detection and discrimination

HV pole

The objective of fault discrimination is to distinguish between a fault inside or outside a specified part of
an HVDC grid either for fault separation or for fault isolation. A fault separation zone (FSZ) defines a zone
in which a fault current can be suppressed by operation of the FSD at the borders of the FSZ. Two different
types of FSZ exist: Selective and partially selective (see definitions in section 7.1).

When defining functional requirements related to fault discrimination, the existence of different
protection zones shall be considered. It shall be further distinguished between fault discrimination
requirements for fault separation and fault isolation as they are not equally critical.

Primary protection for fault separation shall be based on non-unit4* algorithms whenever technically
feasible in order to reduce the relay time. Zone distinction devices (ZDD), e.g. DC reactors, shall be
designed accordingly. Non-unit fault discrimination shall be considered as a design criterion for protection
zoning. Possible exceptions are an FSZ with several local measurements (e.g. DC busbar), primary
protection during maintenance (aggregation of two primary protection zones) and fault isolation.

Backup protection sequences for fault separation at remote ends without telecommunication* are
technically challenging. For the time being the option of having communication is maintained but
communication delays shall be as small as technically possible (e.g. telecommunication via fibre optic
link). An overview is provided by TABLE 33.

Non-unit fault discrimination is not mandatory for fault isolation because it is less time critical and may be
technically challenging. However, whenever technically feasible non-unit fault discrimination shall be
prioritized in order to limit horizontal telecommunication interfaces between subsystems.

The method of fault discrimination (non-unit, unit) shall be specified for all relevant protection zones

according to the list of ordinary contingencies (including primary and backup protection).

TABLE 33 Authorization of telecommunication for fault discrimination; X: Not allowed, (X): if non-unit
protection not technically feasible (intertripping), O: Allowed

Fault separation Fault isolation

Primary protection (local) X (X)
| Backup protection ) 0

“* Non-unit: Single ended fault discrimination without communication; Unit: Double-ended fault
discrimination with communication

42 The term telecommunication is only used for remote-end communication, unit-based algorithms at a
busbar are considered local
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DMR

The detection and discrimination of DMR faults is less time-critical compared to HV pole faults. A DMR
fault may resultin a ground return current but the overall system operation is ensured. Therefore, the fault
detection and discrimination shall be ensured but in a less restrictive time frame compared to HV pole
faults. A unit-based principle relying on communication may be used considering the fact that the
detection of DMR faults may be more challenging compared to HV pole faults. This is mainly due to the
limited voltage drop in the neutral system which might result in small or even no increase of currents in
case of a fault“3.

7.4.1.2 Auto-reclosing

A reclosing after fault current suppression“+ supposes that the faulty element has been isolated and that
parts of the FSZ are healthy. Two main reclosing sequences can be distinguished: Auto-reclosing and
coordinated reclosing (see FIGURE 66). The preferred reclosing sequence shall be specified for each fault
separation zone.

The term auto-reclosing is defined as an autonomous reclosing sequence by the switching unit. Dedicated
timers for protective auto-reclosing shall be specified and backup actions for the case of auto-reclosure
on a fault shall be specified. The maximum number of protective auto-reclosing attempts shall be
specified and the energy rating of relevant components (e.g. surge arresters) shall be designed
accordingly. The FSD shall be designed for a dedicated reopening sequence in case of persistent fault.

Coordinated reclosing sequences (e.g. for partially selective FSZ) shall be specified at DC grid control level.

Fault current

suppression

Fault isolation

Stop
(Maximum number of
attempts reached) Fault isolation

status

Timeout

Coordinated
reclosing

Auto-reclose
(Voltage restoration)

— T~

Non-isolated Isolated
fault fault
L ] T~

[ Power restoration

| FIGURE 66 Example of reclosing sequences after fault current suppression

7.4.1.3 Monitoring and status for DC grid protection

43 A fault on an unloaded DMR may lead to zero fault current.
44 Note that auto-reclosing is not limited to overhead line faults but could also be required in cable based grids
(e.g. in case of partially selective FSZ)
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The FSD is part of a switching unit. The FSD may be triggered due to a local request by a protection relay
or by a global request from the DCGC (corresponding to an open command, as defined in Section 5.3.3). If
the FSD trip is issued by a local protection relay, this information is reported to the DCSS and DCGC layers.
Beside of the close open and close status, an intermediate state “status closed — FSD activated” is defined
for protection sequences. Open commands are distinguished from trip commands such that FSD
technologies may apply fault current separation or load current separation sequences (with reduced TIV
if applicable).

> Status closed — FSD not activated

> Status closed — FSD activated: Activation of FSD is an intermediate step which lead to fault current
separation without galvanic isolation (RCS closed). Possibility to go back to status “closed — FSD not
activated” if an auto-reclosing is performed (e.g. in case of an Open-Close-Open sequence (OCO)).

> Status open: Achieved once the RCS has successfully opened providing a galvanic isolation.#

Converter operational states to be reported to the DCGC:

> Blocked state4®
> ACCB activation [ trip
> Normal operation

7.4.2 Hardware requirements

7.4.2.1 DC fault separation

The fault current evolution due to a DC fault is highly transient and has various influencing factors such as
topology, converter ratings and the type of transmission line. In addition, the presence and sizing of DC
reactors or other fault current limiting devices has an important impact on the evolution of fault currents.
The DC reactor can be seen as a multi-purpose device ensuring both protection zone distinction and fault
current limiting. The choice of fault current limiting devices shall be compliant with the performance of
the FSD in terms of current breaking capability and operating time.

The switching unit and more precisely the FSD shall be rated such that it can interrupt all fault currents
related to ordinary contingencies as specified by the relevant TSO within the maximum time Tn,max. A
specific list of ordinary contingencies is subject to failure mode analysis and dedicated risk assessment of
the relevant TSO. In this context, Tn,max May be specified for both primary and backup protection
sequences®.

The FSD shall be equipped with a sufficient energy rating to absorb the maximum energy due to faults.
The number of OCO sequences Noco as specified by the TSO shall be considered for energy absorption
rating. If Noco>1, the maximum reclosing time shall be respected. Due to the high interdependencies of
fault neutralization time, fault limiting device and current breaking capability, it is recommended to
design them in a coordinated way ensuring fault current interruption for all relevant ordinary

45 Note that an operation of RCS might be required for certain FSD solutions to proceed to auto-reclosure.

46 For the reporting of a blocked state permanent blocking and temporary blocking shall be distinguished. For
temporary blocking no particular action from the DCGC is expected since the converter deblocking is based on
local measurements.

47 Note that Tn,max imposes both hardware and software requirements on the FSD as it includes the relay time
for fault detection and discrimination. More information is provided in the relevant section.
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contingencies“®. Note that the device for fault current limiting is not specified in order to ensure an
inclusive and technology-agnostic description of the functional requirements according to the system
needs. From a protection perspective several combinations of protection equipment ratings are possible.
However, the impact on the DC grid controllability should be thoroughly investigated to ensure stable
operation. Relevant parameters should be specified in a coordinated and compatible way. Functional
requirements related to fault separation shall be specified at switching unit level.

7.4.2.2 DC fault isolation

DC fault isolation describes the sequence of physical isolation of the faulty device by operating the RCS
after fault current suppression. With the opening of the RCS, the fault current decreases from residual
current level to zero current.

Functional requirements regarding residual current breaking capabilities in terms of amplitude and time
shall be specified.

7.4.2.3 Auto-reclosing

Hardware requirements related to auto-reclosing shall be specified at switching unit level. The maximum
number of auto-reclosing attempts shall be specified. Relevant switchgear and pre-insertion devices shall
be designed accordingly.

7.4.2.4 Current withstand capabilities

During DC faults the DC switchgear could be exposed to very high fault currents while the primary or
backup protection is operating. The DC switchgear inside a DCSU shall have an overcurrent withstand
capability corresponding to the expected fault current amplitudes and durations during protection
sequences. It should be noted that the tripping of the ACCB might be part of a protection sequence related
to DC faults which might entail longer durations compared to protection actions on the DC side.

7.4.3 Compliance test for DC fault separation

Disclaimer: This standalone test is related to the DC fault separation requirement which could be assigned
to a DCSU. It should be noted that other requirements such as maximum current withstand requirements
in closed state could be assigned to the same or adjacent DCSU which might require separate compliance
tests.

The obvious requirement for switching units inside a DC switching station with fault current breaking
capability is to achieve fault current suppression for all associated DC faults considered as ordinary
contingencies as specified by the relevant TSO. The expectation on the DC grid equivalent is to capture
the most influential properties of DC fault transients in a generic way while not being restricted to a
specific topology or grid design. It is evident that any simplification of the DC grid will inevitably result in
the loss of some of the grid specific information or individual subsystem design parameters. The
standalone tests shall provide a test environment which ensures to verify fault current suppression

48 This deviates from IEC TS 63291 where a separate specification of fault current limiters and FSD capabilities
is proposed.
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capability for the relevant types of faults considered as ordinary contingencies. The following
simplifications and assumption are made.

1 The DCSS has several DC-PoCs. In case of a fault outside of the DCSS, at least one PoC is connected
to the faulty part of the system whereas the remaining PoCs are connected to the healthy parts of
the DC grid. For faults within the DCSU all PoC are connected to the healthy system. In an expandable
DC grid, the detailed characteristics of each of the feeders might not be known in a planning stage.

2 The maximum increase of fault current occurs when all feeders are connected. As a worst-case
assumption in terms of fault current contributions, the healthy part of the DC grid can be represented
by an ideal DC voltage source of rated value.

DC fault transients

3.1 Cable characteristics: Some parameters have an important impact on the damping of the traveling
waves leading to a reduction of amplitude of fault transients [26]. The most influential parameter
is the screen resistivity and thickness. The DC voltage envelope shall be defined considering cable
properties with the lowest damping coefficient [26] .

3.2 Distant cable faults may provoke more severe voltage reversals compared to solid faults at the
terminal due to the reflection of traveling waves at the converter termination. An approximation of
the equivalentimpedance can be made based on an RLC circuit as described in [27]. With increasing
DC inductance, the transmission coefficient is approaching a value of 2 resulting in a significant
amplification of the incoming voltage surge. A transmission coefficient of 2 is considered as a
worst-case assumption to guarantee an outer envelope (see FIGURE 60).

The DUT can be either the DCSS as a whole or an individual switching unit. In the following, standalone
test circuits for both DUTs will be defined. It should be noted that the tests are limited to primary
protection scenarios. Tests for fault current interruption during backup protection could be specified in
addition. The DUT shall be able to handle current interruption according to the defined backup protection
strategies.

7.4.3.1 Standalone test for a DC switching unit

A DC switching unit (DCSU) connects external or internal units A and B (see section 5.3.1). Examples for
internal units and external units are respectively busbar units and transmission units. For external fault
current interruption compliance testing the DC grid equivalent shall represent one of the connected units
under fault condition and the remaining units in normal condition. To test internal faults, both units shall
be represented under normal conditions. It is recommended to execute at least one standalone test for
each of the connected units. A generic standalone test circuit of a DCSU is shown in FIGURE 68 where
one side is connected to DC grid equivalent representing the faulty part and the other side is connected to
a DC grid equivalent representing the healthy part. The step voltage of the faulty part is characterised by
a voltage step in dependence of the fault neutralization time Ty of the device under test as defined in
FIGURE 67. This is because the average step voltage may be more severe for faster fault neutralization
times. Hence, the test ensures to represent the most severe current increase during the fault
neutralization time of the individual DUT.
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The test objective is to demonstrate fault current interruption capability within both the specified fault
neutralization time Tn<Tn,max and the current breaking capability icc#9. For a successful compliance test it
is expected that the DUT imposes a transient interruption voltage (TIV) at the latest at Tn. The test shall
demonstrate successful fault current suppression to residual current.

The faulty part DC grid equivalent consists of a controlled DC voltage source which emulates the outer
envelope of fault transients depending on the fault neutralization time Ty of the DUT.

0 T
lllustrative example: g
01 TNJHG.Y = 5ms —\—b L. b
-0.2 . 4
-
0.3 . T
E 0.4 [ jyustrative example: T
T?‘j 05 7um.in,aug (TN = 21‘[15)' B
g .
E "
E’ 067 ~"7°7 T b
= |
-0.7 : b
" 1

0.8 } 1
1

09 ! ]
1

; | . ‘ .
0 2 4 6 8 10 12
Ty [ms]

FIGURE 67 Average undervoltage depending on the fault neutralization time of the DUT; Example
shows a step voltages of (-0.6pu) applied to the standalone test circuit for a DUT with a fault
neutralization time of Ty=2ms considering a maximum fault neutralization time of Tn,max=5ms

Note that the voltage test profile depends on the unit the DCSU is connected to:

> Ifthe faulty part represents a transmission unit Umin,avg Shall represent an outer envelope of
traveling wave propagations. The step voltage level Umin,avg shall be chosen based on
FIGURE 61 while considering Tn.

> If the faulty part represents a busbar unit, Umin,avg is equal to zero representing a solid fault.

The healthy part DC grid equivalent is represented by an ideal DC voltage source of reference voltage and
an equivalent DC grid impedance. The reference voltage shall represent the upper limit of the steady-state
system voltage range (see Uiy, FIGURE 15). The DC grid impedance could incorporate effects of
different DC grounding schemes and dedicated grounding resistances or minimum DC grid impedances if
applicable. In this framework it is assumed that the worst case in terms of fault current increase is covered

when considering ideal grounding (0Q).

49 |t should be noted that fault discrimination is not part of the fault separation test. The relay time for fault
discrimination is considered as an additional delay with regards to the internal current commutation time of
the DUT
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FIGURE 68 Standalone test circuit for fault current interruption considering a DC switching unit as
DUT,; udc,test: Voltage test profile corresponding to outer envelope of cable fault transients or solid fault
depending on connected units, up: Indicative expected transient interruption voltage profile imposed
by the DUT

7.4.3.2 Standalone test for a DC switching station

In this setup the DC switching station is considered as the subsystem to be tested. The DCSS is likely to
integrate several DCSU between two points of connection. The DCSUs may be designed either all equal
or with different performances according to the requirements for each of the DCSU. It is possible that
some DCSU are equipped with a FSD whereas others are not. The standalone test shall be applied to all
DCSU inside a DCSS with fault current interruption. Different to the individual testing, the DCSS vendor
can make use of the fault current limiting devices in adjacent feeders as they are part of the test circuit as
shown in FIGURE 69. In a) an example of a DCSS as a 4-feeder configuration is shown where three out of
four DCSU have a fault current interruption capability indicated in blue colour. If all DCSU are identical, an

aggregation to an equivalent is possible, where the equivalent inductance can be formulated as

Laceq = Ld:f" with n being the number of adjacent feeders. The representation of the healthy and faulty

part DC grid equivalent is identical to the individual testing of a DCSU. The fault current interruption shall
be demonstrated for:

> Faultsin external units the DCSS is connected to
> Internal faults, for example a fault on an internal busbar unit
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FIGURE 69 Standalone test circuit for fault current interruption considering a DC switching station as
DUT, left side connected to healthy part DC grid equivalent, right side connected to faulty part DC grid
equivalent; a) Example of a DCSS as a 4-feeder configuration, b) Aggregation of healthy feeders to a
single equivalent of the DCSS considering all feeder being designed equally

7.4.3.3 Guidelines for DC reactor sizing

Disclaimer: The choice and the design of fault current limiting devices is subject to the vendor. The
following examples tend to provide a guideline for DC reactors inside a DCSU or a DCSS considering
different fault neutralization times on the one hand and different current breaking capabilities on the
other hand. Those guidelines can only serve as anindication and are specific to a DC reactor as fault current
limiting device. To obtain the DC reactor with respect to a given current breaking capability and fault
neutralization time, the following equation has been used. The results are shown in FIGURE 70.

> i.pcand Ty are respectively the current breaking capability and fault neutralization time, those
parameters are specific to the DUT.

>  vpcrandipc, are system parameters representing respectively reference DC voltage and DC
current. The reference voltage shall represent the upper limit of the steady-state system voltage
range (see UZb%¥, FIGURE 15). In this example the values are respectively 525kV and 2kA.

> Uminavg(Tn) is the test voltage applied to the fault part DC grid equivalent (see FIGURE 67)

> nisthe number of adjacent feeders equipped with equal DCSUs

For standalone test of individual DCSU (see section 7.4.3.1)

Upcr — umin,avg (TN) .

Lpcsy = Ty

lebe — lper

For standalone test of DCSS with equally equipped DCSUs (see section 7.4.3.2)
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Upcr — umin,cwg (TN)

= 1
(icbc - iDC,r)(l + H)

Lpcsu - Tn
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FIGURE 70 Definition of minimum DC reactor sizes depending on fault neutralization time Ty and
current breaking capability icg¢; (@) DUT: DCSU, (b) DCSS with equally designed switching unit, four
feeders

Standalone test validation

The following study aims to validate the standalone test definition and in particular the assumptions with
regards to healthy and faulty grid representation. Therefore, the current and voltage levels found in a
multi-feeder DCSS will be compared to those in the standalone test.

The proposed model of the multi-feeder DCSS is presented in FIGURE 71. It is composed of a DCSS with
4 feeders, each feeder connected to a cable and each cable connected to an ideal source. The study is
assuming a DCSS with all DCSU having an exemplary fault neutralization time of 5 [ms]. Then, 2 variations
as shown in TABLE 34 will be tested against the standalone test. Case 1 considers equally long cables of
8ookm connected, whereas case 2 considers variable lengths of adjacent cables.

| TABLE 34 Cases proposed for the standalone test validation
Case ] L3 (WA Converter

8ookm 8ookm 8ookm disconnected

_ 100km 4ookm 8ookm disconnected

Switching
station

FIGURE 71 Model used to validate the standalone test. A Ty of 5 [ms], and a DCR per DCSU of 200 [mH]
are fixed (equivalent of a I = 15 [kA] following FIGURE 70).
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FIGURE 72 Standalone test for a converter station with Ty = 5[ms], and V=-0.4[pu]. As an illustrative
example, the test is also performed with V=o[pu] to be compared to a fault at the PoC. However, the
standalone test used to size a DCSU should use V (Ty).

The standalone test is presented in FIGURE 72. Assuming that the DCSS is provided by a single vendor,
the healthy side impedance is the equivalent impedance of the known adjacent feeders (Lg4. sy/3). The
faulted side follows a voltage drop depending on Ty. Fora Ty = 5 [ms], the equivalent voltage is -0.4 [pu]
(see FIGURE 67). These hypotheses are presented in Section 7.4.3.2. The standalone test setup is also
used in this example with V' = 0 [pu] to be compared to a fault at the PoC (f1 in FIGURE 71). Only the
standalone test for case 1 is considered.

The results of this verification are presented in FIGURE 73 and FIGURE 74.

Comparison for a fault at PoC Comparison for a fault at 400km
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FIGURE 73 Voltage comparison between the standalone test for case 1 and the test system. (a) Voltage
at Vi for fault at f1, (b) voltage at V¢ for a fault at f2, (c) voltage across the DCSU under test (V+-Vy) for a
fault at f1, and (d) voltage across the DCSU under test (V¢-Vy) for a fault at f2.
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Comparison for a fault at PoC Comparison for a fault at 400km

Currents [kA]
Currents [kA]
)

Case 1
Case 2 4
------------- Standalone test - PoC 2r testCase | 1

Time [ms] Time [ms]

(a) (b)
FIGURE 74 Current comparison between the standalone test for case 1 and the results of the 4 cases
proposed for (a) fault at the PoC (f1), and (b) fault at 400[km] (f2)

FIGURE 73a presents the voltage at V; of the DCSU under test (DCSU connected to L1) for cases 1 and 2
and the applied voltage on the standalone test. For this case, there is no difference between the voltages
applied, at the faulted side (V). The voltages at the terminals of the DCSU under test are presented in
FIGURE 73c. The difference between the applied voltage on the standalone test and the test system is
evidenced. The voltage difference can be explained by two main factors: the simplifications of DC grid
equivalent of both, healthy and faulty sides.

Healthy DC grid equivalent: In the standalone test the healthy grid is represented by an ideal stiff DC
voltage source and the equivalent impedance of adjacent switching units. In the test system, the stray
capacitance of the adjacent cables is limited, leading to a decrease of voltage over time. The cable length
has an impact on the equivalent stray capacitance. The decrease of voltage over time is more important
for case 2 representing shorter cable lengths. However, regarding FIGURE 743, there is a small difference
between the fault current measured in the standalone test (red dotted line) and the test system (blue line).
Furthermore, while changing the test system conditions (case 2) the current remains comparable to the
current imposed in the standalone test.

Faulty DC grid equivalent: In the standalone test the faulty grid is represented by an equivalent voltage.
FIGURE 73b and FIGURE 73d show the voltages at the faulted line side (V) and the voltage across the
DCSU under test for a fault at 400 [km]. In this case, there is a noticeable difference between the voltage
used in the standalone test and the voltage measured in the test system. This is mainly due to the
conservative assumptions made for the standalone test, which provide the worst conditions to size the
DCSU ensuring interoperability (see Section 7.4.3). This difference is also noticeable when comparing the
currents (red dotted and blue lines) in FIGURE 74b. However, for the sake of this study the voltage and
currents gaps are considered to be acceptable, ensuring a generic standalone test definition without
depending on the actual design of the DCSU under test.

7.5 Coordination between DC-FRT and fault separation
requirements

The DC voltage recovery time needs to be carefully coordinated with the maximum fault neutralization
time leading to the minimum requirement Tre= Tn,max. It is evident that the DC voltage can only recover
after relevant protection actions have effectively separated the fault from the healthy part of the system.
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In that sense, Trecz and Tn,max are global parameters for a given HVDC grid or sub-grid. This means that for
all converters in a subgrid, the same DC-FRT profile is prescribed for converters and the same maximum
fault neutralization time need to be respected by all DCSS vendors.

A sub-grid is characterized by being connected to other sub-grids with different functional specifications
at one or several connection points. Assuming an HVDC grid which consists of two subgrids connected via
one connection point as shown in FIGURE 75, it is possible to have different protection requirements
defined for the upper and the lower sub-grid as long as they are identical within the subgrid.

Ac/DC#2
Onshore Converter
Station

AC/DC #1 DCSS #1
Offshore Converter Station DC Switching Station Doss a2

DC Switching Station

L
Tw.
hc
I
— 1
Subgrid 1 with

|
TN,max1 and Trec1,1 B I
[

AC/DC#5
Offshore Converter Station

DCSS (stand-alone) #5
DC Switching Station

TN,max12=min(TN,max1’ TN,max2)
Trip for fault in slower subgrid

)

"
Ev_i AC/DC #4
DCss #4 Onshore

DC Switching Station Converter Station

AC/DC#3 DCSS #3
Offshore Converter Station DC Switching Station

2

E

m 8 o [ Subgrid 2 with : .
-I—N,maxzand Trec1,2

FIGURE 75 Definition of Tn,max and Trex @s a global parameter of individual subgrids with a Tn,maxs- at
the connection point being the minimum out of both Tn,max to be compliant with both voltage recovery
times Trec; Of sub-grids.

In the following preliminary recommendations for additional requirements at connection points are
considered.

> All DCSUs in subgrid 1 and subgrid 2 need to neutralize the fault within a time equal or faster than
Thmaxa @and Tamaxa respectively. In both subgrids, the minimum condition applies: Trecs,1=Tn,maxa @and
Trec1,22TN,maxz-

> When connecting those two grids, the FSDs at such connection points need to ensure at least that the
lower fault neutralization time out of both sub-grids is respected (1).

> The DCSU at the connection point need to operate as a primary protection device to separate the
subgrids for any fault in the subgrid with high fault neutralization time (2). The DCSU could be
reclosed after after fault neutralization in the subgrid under fault. In this case, no support from
the adjacent subgrid can be expected and the subgrid shall be able to reach normal operating
conditions when separated. The dedicated protection relay shall be able to detect all faults in the
subgrid.
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> Ifthefault occursinthe subgrid of fast fault neutralization time, the DCSU at the connection point
does not need to operate for primary protection purpose but could be foreseen as a backup
protection.

This ensures that the DC voltage recovery time in both subgrids is respected for any fault in the
interconnected system. It should be noted that other requirements may need to be defined to ensure
the interoperability between two functionally independent subgrids.

7.6 Insulation coordination

Insulation coordination involves the selection of insulation levels of HYDC components and the choice of
equipment (e.g. surge arresters) that minimize the impact of overvoltages resulting from switching
operations, faults and lightning impulses.

Within T2.1 a screening of the state of the art of insulation coordination and the existing standards was
carried out and is provided hereafter. No functional requirements are proposed at this stage. Ongoing
challenges are pointed out and guidelines for continuing the study on the subject are provided. Insulation
coordination studies and related simulations are not scope of this section.

7.6.1 State of the art

IEC standards

IEC standard 60071-1 [28] defines the term insulation coordination as follows: “selection of the dielectric
strength of equipment in relation to the operating voltages and overvoltages which can appear on the
system for which the equipment is intended and taking into account the service environment and the
characteristics of the available preventing and protective devices".

IEC 60071-1 applies to high voltage three-phase AC systems and it specifies the procedure for the selection
of the rated withstand voltages for the phase-to-earth, phase-to-phase and longitudinal insulation of the
equipment. It also gives the lists of the standard withstand voltages from which the rated withstand
voltages should be selected.

Regarding the insulation coordination for HVDC system, the reference standard was the IEC 60071-5
“Procedures for high-voltage direct current (HVDC) converter stations” which covered LCC converter
station type (VSC were excluded). Due to the increasing number of HVDC projects based on VSC
converters, in October 2016, IEC Technical Committee 28 (Insulation co-ordination) established AHG 8
(Ad hoc group 8) to make the roadmap for HVDC system insulation co-ordination standards. A new series
standard for HVDC system has been established:

> |EC 60071-11 [29]: “"Definitions, principles and rules for HYDC system”; It specifies the principles on the
procedures for the determination of the specified withstand voltages, creepage distance and air
clearances for the equipment and the installations of these systems.

> |EC 60071-12: [30] ” Application guidelines for LCC HVDC converter stations”. This part of [EC 60071
applies guidelines on the procedures for insulation co-ordination of line commutated converter (LCC)
stations for high-voltage direct current (HVDC) project, whose aim is evaluating the overvoltage
stresses on the converter station equipment subjected to combined DC, AC power frequency,
harmonic and impulse voltages, and determining the specified withstand voltages for equipment.
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> |EC 60071-13: “Application guidelines for VSC HVDC converter stations”, not yet available.
> |EC 60071-14: “Insulation co-ordination for AC/DC filters”, not yet available.
> IEC 60071-15: “Insulation co-ordination for DC transmission line”, not yet available.

IEC 60071-11 currently stands as the reference document regarded as the state of the art for HVDC
insulation coordination. It is noteworthy that, despite the initiation of this new series of standards for
HVDC systems, a standard for HVDC switching stations is not anticipated.

Voltage levels

In IEC 60071-11 it is mentioned that the nominal voltage, nominal current and insulation levels for HYDC
system are not yet as standardized as the AC system. FIGURE 76 shows an extract of the annex C of IEC
60071-11 which proposes indicative insulations levels for DC voltages between 200 kV and 8oo kV for

outdoor installation.

Table C.1 - Typical DC voltages and switching/lightning impulse withstand voltage

. F d rated switching Pr d rated li
Typical DC voltage impulse withstand voltage withstand voltage
kv KV kv
{peak value) (peak value)
550
200 550
650
550
550
650
250
650
650
750
650
650
750
750
320 750
850
850
850
950
850
850
850
400 950
a50 1050
1175
950
as0
1050
1050
1050
500/525° 1175
1175
1175 1300
1425
1175
1175
1300
1300
600 1300
1425
1425
1425
1 550
1550
1550
18675
800 18675
1675 1800
1950
The corresponding values shall be chosen depending on the specific system configuration.
3 Either of 500 kV or 525 kV is applicable.

FIGURE 76: Extract of Table C.1 of Annex C, IEC-60071-11, Typical DC voltages and
switching/lightning impulse withstand voltage
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General procedure for insulation coordination

The IEC60071-11 proposes a general procedure for the choice of voltage insulation levels for AC system,
see FIGURE 77. Voltage stresses can be minimized by using surge arrester, insertion resistors in
switching devices, DBS, controlled closing, low impedance grounding, etc.

Step1

Parameters :
* Maximum steady-state Step 2

¢ Choice of SA, number,
location, energy
* Other protection devices

voltage * Determine equipment
* Temporary voltage protective level
¢ Transient voltage

FIGURE 77: Simplified view of procedure for the determination of voltage withstand levels
coordination procedure proposed by the IEC 60071-11

The amplitude, shape, and duration of voltage stresses are generally determined using system transient
analyses. Transient analysis results should identify voltage stresses as depicted in FIGURE 78 for pole-
to-ground, pole-to-pole, pole-to-neutral, neutral-to-ground overvoltages and longitudinal overvoltages
(voltage appearing between open switch contacts). EMT simulations will be required to quantify transient
overvoltages within the system. Due to the limited experience with MTDC grids, special attention will be
required to accurately model the HVDC system equipment as well as the AC side and determine the
appropriate level of possible modelling simplification.

Table 1 — Classes and shapes of overvoltages, standard voltage shapes
and standard withstand voltage tests

Low frequency Transient
Class
Continuous Temporary Slow-front Fast-front Very-fast-front
i .
Voltage or 10z (\ﬁ W
over- ] £
V4
s | AT |
shapes T Tt [ "
F L J I T2
I, s 100 ns
T, =3600s f
Range of ' 10Hz < f=<
voltage or | 7 _ ¢ _ =350 Hz or 500 Hz Wus<Tys 01ps<T;< 03MHz <, =
over- t = 60 Hz 5000 ps 20 ps 100 MHz
voltage bz T,z3600s [002355S) 7 copme T, <300 s
shapes £, <2500 Hz 3600 s IWkHz < f, =
300 kHz
e 1, 7’ {’\
Standard | fepene o p i
voltage |ui ¥y a
shapes T
Tt A BN +—|J‘72
Tz -
AU . =
AU o, f=S50Hz | 4BHzsfs - -
T, e ar 60 Hz 89 He ‘Tﬂ 250 ps Iy=12us
5 73 L=g0s | T=2500us T,=50ps
Standard dﬁr;?c;n
withstand | DC voltage N ower Switching Lightning impulse N
vt;::?e test @ lrl:]uency impulse test test
test
2  To be specified by the relevant apparatus committees.
®  Unless otherwise specified by the relevant Technical Committees, standard voltage shapes should be in
accordance with IEC 60060-1.

| FIGURE 78: Classes and shapes of overvoltages (Table 1 of IEC-60071-11)

The standard IEC 60071-11 defines the maximum overvoltages that would be limited by the surge arresters
considering the corresponding Switching Impulse Protective Level (SIPL), lightning impulse protective
level (LIPL) and Steep-Front Impulse Protective Level (STIPL). A margin between the maximum calculated
overvoltages to be expected (considering the protecting devices) and the equipment withstand level is
proposed by the standard. Those margins consider several aspects such as data and model limitations,
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surge arrester ageing and characteristics tolerances and are shown in FIGURE 79. It is worth to note that
the way aging of the equipment is managed (decrease of the withstand voltage versus time) is not clear in
DC. The choice of lightning impulse and switching impulse withstand level of subsystem, see FIGURE 6,
should at the end be higher or equal to the Required Switching Impulse Withstand Voltage (RSIWV) as per
IEC 60071-11, Required Lightning Impulse Withstand Voltage (RLIWV), Required Steep-Front Impulse
Withstand Voltage (RSTIWV). FIGURE 80 shows an example of a solidly earthed system with correctly
dimensioned arresters for the different overvoltage regions: the arresters limit the slow front, fast front
and temporary overvoltages below the equipment withstand voltages.

Table 3 — Indicative values of ratios of required impulse
withstand voltage to impulse protective level

Indicative values of required impulse
Type of equipment withstand voltage/impulse protective level® ©
RSIWVISIPL RLIWV/LIPL RSFIWVISTIPLP

AC switchyard — b_usbars. oluldoor insulators, 1,20 125 1.25
and other conventional equipment

AC filter components 1,15 1,25 1,25
Transformers (in oil)

line side 1,20 1,25 1,25
valve side 1,15 1,20 1,25
Converter valves 1,15 1,15 1,20
DC valve hall equipment 1,15 1,15 1,25
(?l?cﬁjv;;t::gédfiﬁil:lspgghtand DC reactor) 1.15 1.20 1,25

# Indicated values are stated for general design objectives only. Appropriate final ratios (higher or lower) can

be selected according to the chosen performance criteria.
b STIPL for LCC valve arresters.

¢ Indicative ratios are on the basis that any equipment is directly protected with a surge arrester.

FIGURE 79: Table 3 IEC-60071-11, Indicative values of ratios of required impulse withstand voltage to
impulse protective level

5 T T

Possible voltages without arresters
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4
|
\ Withstand voltage of equipment
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-
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Voltages limited by arresters
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(Lightning overvoltages) ~ Switching overvoltages (Seconds) Equipment U,
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FIGURE 80: from IEC-60099-05 [31], example of a solidly earthed system with correctly dimensioned
arresters.
Acknowledgements: The authors thank the International Electrotechnical Commission (IEC) for permission
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Inter
0 P ERA Functional requirements for HVDC grid systems and subsystems | 147

Enabling multi-vendor HVDC grids


http://www.iec.ch/

General principles for the application of surge arresters

The principle of insulation coordination for a power system is given in the standard IEC 60071-11. The IEC
60099-5, “Surge arresters — Part 5: Selection and application recommendations” proposes general
principles for the application of surge arrester coordination for AC system, see FIGURE 81. Selecting a
surge arrester for a specific application is a compromise between its protective level, TOV capability and
energy dissipation capability [32]. Increasing the TOV capability (e.g. higher SA rated voltage) increases
the possibility of the SA to survive temporary system overvoltages but reduces the margin of protection
provided by the SA for a given insulation level. Higher SA energy rating reduces the risk of failure, but it
means increased cost.

Collect data relevant to:

Metwaork configuration

System Operating Conditions
Lightning, Switching, TOV Conditions
Equipment LIWY, SIWY

Establish system parameters

Mature of studies:

« Paper based estimation

Transient analysis study + Computer simulations

+ Type of analysis:
deterministic/probabilistic

« Models relevant to study case

+ Operational scenarios

Identify surge arrester requirements:

» Arrester rated voltage from maximum temporary

v overvoltages

Evaluate overvoltages + MNominal discharge current for required U, or U,

s  Repetitive charge transfer rating and thermal
energy rating for required charge transfer and
total energy including temporary overveltages

+ Required short-circuit current rating

Surge arrester logistics:
h J

Arrester selection + Locatien
» Proximity effects
& Earthing
+ Connection Leads

Optimize surge arrester performance:

hJ
Repeat study with SA selection

+ Confirm protective margins

« Adequate charge transfer and energy handling
capability

« Any effects on system are identified

IEC

FIGURE 81: IEC-60099-05, Typical procedure for a surge arrester insulation coordination study for AC
system.

FIGURE 81 shows the procedure for SA rating selection for AC system as proposed by [32].
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> Choice of Uc: the SA continuous operating voltage, For AC system, Uc is defined as the designated
permissible rms value of power-frequency voltage that can be continuously applied between the SA
terminals®°.

> Choice of Ur: the SA rated voltage, Ur, is the maximum permissible rms. value of power-frequency
voltage between its terminals at which it is designed to operate correctly under temporary
overvoltage conditions. It is worth noting that different SA could have same continuous operating
voltage Uc but different rating voltage Ur if they are designed for the same system voltage but they
for different TOV amplitude and duration.

> Choice of SA protective level: as already mentioned above, the protective level of the SA has to be
chosen by means of insulation coordination procedure as proposed by IEC 60071-1. The most
important parameters relevant in this process are the prospective amplitude of overvoltages, number
and position of SA, the insulation level of protected equipment, safety margin for equipment
insulation.

> Selection of energy capability: the energy stresses for temporary, slow front and fast front overvoltages
has to be calculated as a function of the arrester protective level and current duration. IEC 60099-5
introduced two ratings regarding energy absorption capabilities from 2014 forth on. The repetitive
charge transfer rating, which defines the maximum charge transfer of a single impulse or multiple
impulses within 2 seconds the arrester can handle. The thermal energy absorption, which a surge
arrester can absorb within 3 minutes. Both ratings have to be ensured during insulation coordination
processes.

Determine highest system operating Select SA continuous operating
voltage voltage for SA

Determine TOV amplitude and

duration Select SA rated voltage

Insulation coordination selection

Procedure from IEC 60071- :
rocedure from 0071-11 of SA protecting level

Calculate energy stresses for different
overvoltages

Selection of energy capability

| FIGURE 82: Procedure for surge arrester choice, based on [32]

TB CIGRE 472

The CIGRE Working Group B4.71 “Application guide for the insulation coordination of Voltage Source
Converter HVDC (VSC HVDCQ) stations”, will deliver a Technical Brochure TB 471. The document will
present typical causes of overvoltages within a VSC converter station and will include a section regarding
surge arrester arrangement within the station. Nevertheless, the insulation coordination related to multi-
terminal HVDC grids based on bipolar configuration and including DC circuit breakers is not covered.

5° Note that for DC system, the relevant IEC standard is the IEC 60099-9: Metal-oxide surge arresters without
gaps for HVDC converter stations.
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Identified gaps
The following are a list of identified gaps of existing literature toward the definition of a methodology and
rules for insulation coordination for MTDC HVDC grids:

> The insulation coordination methodology for HVDC system proposed within IEC 60071-11 is directly
derived from the ACinsulation coordination. The application of this methodology for future HVDC grid
based on bipolar system need to be reevaluated considering the framework of multi terminal and multi
vendor DC grid.

> Values for switching and lightning impulses withstand levels for HYDC components are not yet
standardised. In the offshore context this is particularly important for HVDC cable, for which
temporary overvoltages withstand levels are not yet standardised.

> There are no rules that clearly state the adequate placement of surge arresters within the grid, neither
who has the responsibility to define it.

> An exhaustive mapping of possible voltage stresses that can occur within a bipolar HVDC grid,
including switching actions for load or fault current interruption by DC circuit breakers is missing in
literature.

7.6.2 Discussions

This section covers a selection of drivers and problems that can be further investigated to help defining a
methodology for insulation coordination for MTDC grids.

Grounding

The type of grounding of neutral of the system has a direct impact on the insulation coordination for poles
and DMR. A higher grounding resistance and surge arrester protective level at the neutral leads to higher
temporary overvoltages at the poles and DMR.

Cable OV

Cables are considered one of the weak points in HVYDC subsystems when it comes to dielectric insulation
withstand. The CIGRE Technical Brochure TB 852, titled "Recommendations for Testing DC Extruded
Cable Systems for Power Transmission at a Rated Voltage up to and Including 8oo kV," outlines the tests
to be performed to ensure temporary overvoltages for the cables:

> Switching impulse same polarity

Switching impulse opposite polarity

Lightning impulse

Very slow front Temporary Over Voltage (TOV)
Very slow front TOV with chopped tail

V V.V VYV

Zero crossing damped temporary overvoltage

TB 852 primarily focuses on point-to-point HYDC symmetric monopolar systems. Therefore, additional
research is recommended for multi-terminal HYDC grids based on bipolar systems. It is important to note
that, at present, the quantification of parameters of temporary overvoltages are not standardized, and
different HVDC point-to-point systems may have different parameters. As an illustrative example,
FIGURE 83 shows the very slow temporary overvoltage profile and parameters proposed in TB 852.
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I FIGURE 83: Very slow temporary overvoltage profile and parameters proposed in TB 852

The overvoltages profiles proposed by the TB 852 are very specific to point-to-point systems and cannot
be used directly. Nevertheless, they could be used as starting point for insulation coordination studies for
MTDC grid, and, on the other way, the insulation coordination studies can give recommendation for cable
overvoltages withstand.

Interface between insulation coordination and converter OVRT specifications

Section 7.3.8 outlines the OVRT requirements at the converter's DC-PoC. It specifies that the converter
must remain connected during the OVRT (refer to OVRT profiles in FIGURE 63) while remaining
connected and maintaining stable operation during the OVRT event. The OVRT profile is associated with
overvoltage profiles that may occur within the system and could, therefore, be related to the insulation
coordination of subsystems. It is important to note that insulation coordination concerns the equipment’s
dielectric strength, while OVRT concerns the converter stable operation during overvoltage events. A
relevant question might be: what is the impact of the OVRT profile on insulation coordination, and vice
versa? FIGURE 84 presents potential options for selecting the transient overvoltage SA protection level
in relation to the transient OVRT profile. In this example SA protective level can have two options:

> In option 1 the SA protective level is higher than the transient OVRT profile, which means that SA is
not activated during transient overvoltages that could impact the stable operation of the converter. In
practice, it means that the SA do not play a major role to ensure that the overvoltage transients are
below the OVRT profile.

> In option 2 the SA is activated during the transient OVRT and therefore it plays a role to limit the
transients. It could be argued that if the SA limits the transient overvoltage than it could be reasonable
to set the SA protective level to the OVRT profile as shown in option 3.

Option 1 is the recommended choice. For transient overvoltage conditions, the SA should not interfere
with the OVRT profile. The surge arrester role is to protect the system components by handling dielectric
stress, while the OVRT profile ensures that the converter remains connected during these transient
events. Each function addresses different aspects of system performance and protection, and they should
operate independently of one another. It is worth noting that the surge arrester should not be designed
to be active during the Uov. overvoltage to limit unnecessary energy requirements/stresses on the
arrester. However, if the Uov is high, the arrester can conduct and this must be taken into account on the
design of the SA.
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FIGURE 84: Example of possible options for the choice of the transient overvoltage SA protective level
versus the transient OVRT profile.

SA protective level and placement

The choice of the SA placement will impact the system overvoltages as already mentioned above. Annex
A of IEC 60071-11 shows a typical arrangement of SA within a bipolar converter station; however, there is
currently no common consensus on the placement of SA within multi-terminal HYDC grids. Determining
who will be responsible for the choice of SA protective level and placement within the grid and possibly
within the subsystem is an important question that needs to be addressed. Inadequate choice of SA
protective level and placement could lead to uneven SA energy absorption and damage the equipment
(the impact of energy sharing between arresters throughout the system is due to slow front overvoltages).
The number of surge arrester within the system (and within the subsystems) should be carefully evaluated
and optimized, as the presence of each pole-to-ground surge arrester introduces an additional potential
weak point (risk of insulation failure), i.e. having too many surge arresters could ultimately reduce the
overall reliability of the system. On the other hand, IEC 60071-2 mentions that for lightning and fast front
transients (usually not a consideration of cable and indoor systems) surge arresters offer a limited
protection range, typically spanning from a few meters to several tens of meters, and they should be
installed as close as possible to the equipment requiring protection. The key question related to SA
protective level and placement could be formulate as well: if the vendor defines SA placement and
protection levels based on standardized levels (withstand levels and minimum margins), can we be certain
that there will be no issues with energy sharing among the SAs?

7.6.3 List of identified scenarios that can generates overvoltages

A mapping of the overvoltage scenarios that can appear in a multi terminal DC grid in bipolar configuration
with DMR is shown in TABLE 35. Type of overvoltage are based on Table 1 of IEC-60071-11, see FIGURE
78.

TABLE 35: Proposal of mapping of overvoltage scenarios for poles and DMR. Where multiple types of
overvoltage are indicated, detailed EMT simulations are needed to determine which type is actually
seen for each event.

Type of Overvoltage Consequences /| Comments
Continuous Operating DC  Low frequency - Continuous This is not really an overvoltage, but it is
Voltage Range - poles dimensioning for the pole to ground SA.

Thermal stress should be lower than a certain
threshold during normal operation.
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Continuous Operating DC
Voltage Range - neutral
Pole to ground fault

Pole to DMR fault

Pole to pole to ground
fault

Opening of more than one
DCCB during pole to
ground fault

Harmonic overvoltage
DCCB opening - load
current

Single phase to ground
fault (AC valve side
transformer)

Loss of load

Converter blocking
Operation after

contingency
Lightning

Low frequency - Continuous

Transient - Fast-front
Transient - Slow-front
Low frequency - Temporary

Transient - Fast-front
Transient - Slow-front
Low frequency - Temporary

Transient - Fast-front
Transient - Slow-front
Low frequency - Temporary

Transient - Slow-front

Low frequency - Temporary
Transient - Slow-front

Transient - Slow-front
Low frequency - Temporary

Low frequency - Temporary
Transient - Slow-front
Low frequency - Temporary

Low frequency - Temporary

Transient - Fast-front

Stress on neutral to ground SA during normal
operation

Pole to ground overvoltage, due to the opening
of the DCCB.

Pole to neutral overvoltage.

Healthy pole to ground overvoltages, as
consequence of possible neutral voltage shift,
depending on the value of the grounding
resistance.

Pole to ground overvoltage.

Pole to neutral overvoltage.

Healthy pole to ground overvoltages
Consequences are probably similar to pole to
ground fault.

Pole to neutral overvoltage. It is supposed that
those type of fault will not produce
overvoltages on the poles, but they could
produce higher overvoltages on DMR because
of the short circuit current contribution coming
from both poles.

Pole to ground overvoltage.

In this situation two DCCBs are opening at the
same time, due for example to a sympathetic
trip.

Pole to ground overvoltage

Pole to ground overvoltage.

Situation in which the DCCB is activated to
open a load current and the total TIV (e.g. 1.5
pu) is imposed.

Pole to ground overvoltage.

Pole to neutral overvoltage.

Neutral to ground voltage.

Pole to ground overvoltage.

Pole to neutral overvoltage.

Pole to ground overvoltage.

Pole to neutral overvoltage.

Pole to ground overvoltage.

Pole to neutral overvoltage.

Pole to ground overvoltage.

Pole to neutral overvoltage.

Neutral overvoltage.

Not applicable for 100% based cable system.
Investigation of LI overvoltages and related
insulation coordination requires different
models and methodologies.

The mapping is intended to be a first proposal and could be used as input for the insulation coordination
methodology, see FIGURE 85.
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FIGURE 85: Methodology applicable for the determination of insulation coordination rules for the
subsystems.

7.6.4 Conclusions

A review of the state of the art of insulation coordination for HVDC systems has revealed that while
standards and literature exist for point-to-point HVDC systems, there remains a significant gap in the
development of rules and procedures for insulation coordination in multi-terminal DC grids. The
methodology for insulation coordination can be based on the procedure outlined in IEC 60071-11;
however, further analysis is required to validate its applicability to HVDC grids that include DC circuit
breakers. Specifically, the following critical issues must be addressed: the determination of switching and
lightning impulse withstand voltages for HVDC equipment, and the assigning of responsibility for defining
surge arrester protection levels and their optimal placement. This is even more challenging in a multi-
vendor context. is important to note that even if a new series of standards for HYDC systems has been
initiated, a standard for HYDC switching station is not foreseen. As a next step, it is proposed to undertake
a thorough identification of all potential transient overvoltage scenarios that may arise within a DC grid.

7.7 DC system grounding

Basics of neutral system grounding for HVDC grid based on bipolar with metallic return architecture have
been reported in section 6.6 of [33] and main conclusions are reported hereunder.

> The grounding of neutral shall provide a reference voltage for the neutral of the stations.

> Typically, only one station has the neutral grounding solidly (or through a grounding resistor Rg or
impedance Zg) connected to earth. This grounding connection should be realised within a switching
station to be independent on the availability of connected converter stations. Only when
disconnected from the DC grid (STATCOM), a converter station may utilize a reference to ground of
its own.

> Temporarily, multiple solid grounding points can be tolerated, after a fault or during a reconfiguration
two stations can have the neutral grounding solidly connected to earth. For example, the load current
can flow through the ground for few seconds.

> Typically, the steady state current through the ground should not exceed few Amps.

> The solidly grounded station can have a grounding resistance, for example of 10-20-50-100 ohm to
avoid the problem of non-zero current crossing at the AC side grid during a SPG fault at valve side.
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> All switching stations need to have the neutral point grounded through a SA to limit overvoltages in
case of faults. SA installed in converter stations should be coordinated with the DCSS SA such, that
they do not impact the rating of the DCSS SAs. The neutral surge arrester shall be designed to ensure
limited steady state current through the earth during unbalance operation and to limit overvoltages
during faults.

> Toallowredundancy, all stations can switch from solidly grounded neutral to a neutral point grounded
through a SA and viceversa.

7.7.1 Impact of grounding resistance during pole to ground fault

In the event of a pole-to-ground fault, the grounding resistance has a significant influence on the fault
current as well as the resulting voltage shifts and overvoltages. In this section the focus will be on the
overvoltages and shall be illustrated usinig the exemplary DC grid shown in FIGURE 86.

e

W

W o JOfi

FIGURE 86: Example Grid with pole to ground fault and grounding via resistor in central DC Switching
station. The fault circuit via ground and the grounding resistor is shown in orange.

The DC grid is grounded via a grounding resistor in the central DC switching station and by surge arresters
in every converter station. A pole-to-ground fault is considered at the positive pole of a remote onshore
converter connect via 300 km of cable. The value of the grounding resistance will be varied to exemplarily
show the influence on overvoltages at the points (1) — (4).

For pole-to-ground-faults, the fault circuit closes through the ground via the grounding resistor, resulting
in a voltage drop AVrenp across the grounding resistor and AVpmr along the DMR cable route. These
voltage drops can influence the voltages in the whole system which will be shown exemplarily for points
(1)-(4). These points focus solely on the converter and the switching station; however, voltages along the
cables may be higher due to the superposition of traveling waves.

For point (1), the neutral bus of the onshore converter, the potential will jump initially as the positive
converter pole is pulled to ground potential and the converter is still injecting its full voltage. The voltage
at point (1) would then be determined by the voltage drops across the grounding resistor and DMR cable
as long the fault is not cleared by DC and AC circuit breakers after ~100 ms if no arrestors were present in
the neutral. However, in the exemplary DC grid the converter neutrals are grounded via surge arresters,

Inter
0 P ERA Functional requirements for HVDC grid systems and subsystems | 155

Enabling multi-vendor HVDC grids



designed to limit the voltage to 100 kV. The voltage at point (1) is shown in FIGURE 87 a) for different
values of the grounding resistor.
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FIGURE 87: Effect of the grounding resistor on overvoltages at the converter station during a pole-to
ground-fault

a) Neutral-to-ground voltage at point (1) in FIGURE 86

b) Pole-to-ground voltage in the healthy negative pole (point (2) in FIGURE 86)

It can be seen that the arrester responds in all cases and limits the voltage to -100 kV. The arrester remains
active until fault clearing for all cases but very small values of the grounding resistor (0 Q and 1 Q). While
the overvoltage is the same for higher values of the grounding resistor, the value grounding resistor
greatly influences the energy absorption capacity of the neutral arresters at point ().

The pole-to-ground fault in the positive pole also effects the voltage in the healthy negative pole due to
the voltage shift in the neutral bus. This leads to overvoltages as shown in FIGURE 87 b). The
overvoltages are mostly limited by the neutral arresters. Thus, the maximum overvoltage is roughly the
same for all values of the grounding resistor.

Overvoltages occur not only in the faulty bipole but also in the healthy parts of the DC system as all use
the same grounding point in the central DC switching station. Thus, the voltage rise AVzenp across the
grounding resistor is manifested in the DMR throughout the entire system. This voltage rise depends on
the size of the grounding resistor as depicted in FIGURE 88 a). Only for solid grounding (o Q if resistance
of grounding system is neglected) no voltage shift occurs.

The voltage shift in the DMR also affects the pole-voltages and leads to overvoltages in the negative pole
as show in FIGURE 88 b).
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FIGURE 88: Effect of the grounding resistor on overvoltages in the healthy parts of the DC grid during
a pole-to ground-fault

a) Neutral-to-ground voltage in the central DC switching station (point (3) in FIGURE 86)

b) Pole-to-ground voltage in the negative pole (point (4) in FIGURE 86)

The effects seen in this exemplary DC grid can be summarised as follows:

> During a pole-to-ground-fault a voltage shift occurs in the neutral pole at the affected converter
station due do voltage rises over the grounding resistance and DMR cable. The voltage shift is
limited by the neutral arrester and thus the same for all values of the grounding resistance.

> The voltage in the healthy negative pole is shifted accordingly leading to an overvoltage

> The voltages in the healthy parts of the DC network are also affected. The voltage shift and
overvoltages are directly influenced by the value of the grounding resistor

7.7.2 Summary selection of grounding system

As shown in the previous sections, several effects must be considered when selecting a value for the
grounding resistance, as shown in FIGURE 89.

‘_J

| FIGURE 89: Trade-off when selecting a value for the grounding resistance Renp

For solid grounding and small grounding resistances, missing zero crossings occur in the AC circuit-
breaker in the event of SPG fault at valve side or converter internal faults. This can be avoided with higher
grounding resistances, but for these resistances higher overvoltages occur in the DC system in the event
of pole-to-ground faults. Especially the impact on the voltage in the healthy parts of the DC grid increases
with increasing grounding resistance.

The possible range of the grounding resistance for all topologies must be made known to the subsystem
designer. This can also happen by the specification of neutral voltage and current ranges and requirements
on the allowable ranges for grounding resistances in the subsystem.
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;8 DC grid protection Functional Requirements of
Subsystems & Parameter Lists

TABLE 36 provides a comprehensive summary of the functional requirements and associated
parameters related to DC grid protection that subsystems must comply with.

TABLE 36 Functional requirements for DC grid protection

Functional Short description Associated
Subsystem
requirement parameters

DC-FRT The AC/DC converter station shall stay FIGURE 54 AC/DC
connection connected during DC fault separation according ~ TABLE 30 converter
requirement to DC-LVRT profile FIGURE 64 station
DC-FRT The converter shall continue stable operation AC/DC
. . FIGURE 54
operational after the power system has recovered following converter
. . TABLE 30 .
requirement fault separation. station
The AC/DC converter station the converter AC/DC
DC-OVRT A . FIGURE 63 /
B — station shall stay connected during overvoltage TABLE 32 converter
9 events defined by the DC-OVRT profile station
The switching units at the boundaries of HV
Fault separation FSZs shall be equipped with an FSD which is
P capable of interrupting DC fault current related TN,max Switching unit
HV & neutral . : . s .
to all ordinary contingencies within a maximum
fault neutralization time Tn,max.
EU YT ETEVG M AC/DC converter stations at the boundary of a AC/DC
AC/DC FSZ shall ensure fault separation by its own converter
converter means or by activation of the adjacent ACCB. .
i station
station
The switching units at the boundaries of an FIZs ~ Residual
. . shall be able to isolate all ordinary current
Fault isolation . . s . . . . . Lo .
contingencies within a maximum fault isolation interruption Switching unit
HV & neutral .
time. level, Fault

isolation time

Subsystems shall withstand fault currents in Overcurrent AC/DC
terms of amplitude and duration while primary amplitude, converter
or backup protection is operating. overcurrent .
PP P 9 . station, DCSS
duration
Each subsystem at the border of a FSZ shall
ensure fault discrimination for fault separation Switching
Fault based on local measurements without station /
. . s . telecommunication, ZDDs shall be designed TnN,max (Trelay, switching unit,
discrimination . . .
. accordingly. The relay time shall be coordinated ~ Top) AC/DC
FSZ - primary . ; . .
with the internal commutation time of the converter
related FSD to comply with the maximum fault station
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Fault
discrimination
FSZ - backup

Each subsystem at the border of a FSZ shall
ensure fault discrimination for fault separation
which shall be based on local measurements if

Fault
discrimination
FIZ

Fault
discrimination
neutral path

Tele-
communication

Protective auto-
reclosing

Coordinated
reclosing

Monitoring

. . . Switchin
technically feasible. The relay time shall be Tn,max (Trelay, station 9
coordinated with the internal commutation Top) o .

. . switching unit
time of the related FSD to comply with the
maximum fault neutralization time for backup
protection.
Fault discrimination for fault isolation shall be Switching
. . TN,max (Trelay, .
ensured telecommunication. Tor) station /
r switching unit
Fault discrimination on the DMR pole shall be Switching
ensured within the specified time. station/
switching unit
In case of unit-based fault discrimination, a L
o . Switching
telecommunication interface with remote-end .
. . station /
subsystems shall be provided. Signals and o .
. . switching unit
communication protocol shall be coordinated.
In case the switching unit is required to have the
ability to re-energize the healthy part of the
FSZ, the number of OCO sequences Noco and
associated maximum reclosing time shall be Noco, Tc switching unit
respected in case of a persistent fault. The
energy absorption rating shall be designed
accordingly.
Communication interfaces for coordinated o

; Switching
reclosing of several subsystems shall be station /
provided. Switching units shall be able to o .

. . switching unit
receive reclosing commands.
States related to protection sequences shall be converter
reported to the DCGC station: Switchin
Blocked state, <tation 9
ACCB
R AC/DC
activation converter
DCSS: FSD .
o station
activation /

deactivation
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9. Appendix

9.1 Functional Requirements at AC connection point

The functional requirements that the HVDC system and each of AC/DC converter station or unit within the
system must satisfy are comprehensively stipulated in [4]. The following provides a concise summary of
these requirements, with references indicated.

> Active Power Controllability (Article 13): The AC/DC converter shall be capable of regulating the
active power up to the value in the active power control range in compliance with the
performance requirements specified by the relevant TSO.

> Ramping Rate of Active Power Change (Article 13): The AC/DC converter station shall be capable
of adjusting the ramping rate of active power variations within their technical capabilities
according to the instructions sent by the relevant TSO.

> Frequency Sensitive Mode (FSM) (Article 15): The HVDC system shall be capable of responding to
frequency deviations in each connected AC network by adjusting the active power transmission
in accordance with the parameters specified by each TSO within the ranges specified.

> Limited Frequency Sensitive Mode — Overfrequency (LFSM-O): In addition to the requirements
specified for FSM, when operating in LFMSM-U, the HVDC terminal shall be capable of adjusting
active power frequency response to the AC network or networks according to the parameters
specified for LFSM-U by the relevant TSO.

> Limited Frequency Sensitive Mode — Underfrequency (LFSM-U): In addition to the requirements
specified for FSM, when operating in LFMSM-U, the HVDC terminal shall be capable of adjusting
active power frequency response to the AC network or networks according to the parameters
specified for LFSM-O by the relevant TSO.

> Short Circuit Contribution during AC Faults (Article 19): If specified by the relevant system
operator, the AC/DC converter shall have the capability to provide fast fault current at the ACside
connection point in case of symmetrical faults in accordance with the specified requirements.

> Reactive Power Control Mode (Article 22): The AC/DC converter station shall be equipped with
different reactive power control modes, as specified by the relevant system operator in
coordination with the relevant TSO.

> AC Voltage Droop Control Mode (Article 22): When operating in the AC voltage droop control
mode, the AC/DC converter station shall be capable of contributing to voltage control according
to the parameters specified by the relevant TSO.

> Dynamic ACvoltage control (VDE-AR-N Section 10.1.9): In case of large AC voltage deviation, the
AC/DC converter station must be capable of contributing to voltage control by rapidly injecting
reactive power, as specified by the relevant system operator in coordination with the relevant
TSO.

> Frequency Control (Article 16): If specified by the relevant TSO, the AC/DC converter shall be
equipped with an independent control mode to modulate the active power output depending on
the frequencies in order to maintain stable system frequencies.
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9.2

Priority to Active or Reactive Power Contribution (Article 23): The AC/DC converter station or unit
shall be equipped with a control function logic to prioritize either active or reactive power
contribution during low or high voltage operation and during faults for which fault-ride-through
capability is required. If priority is given to active power contribution, its provision must be
established within a time from the fault inception as specified by relevant onshore TSO.

Post fault active power recovery (Article 26): The AC/DC converter station shall be capable of
restoring active power after a fault in AC network in compliance with the allowed time and levels
of AC voltage and active power recovery specified by relevant TSO(s).

AC Fault Ride Through Capability (Article 25): The AC/DC converter station or unit shall remain
connected and continue stable operation when its connection point voltage stays within the
specified voltage-time series profile.

Priority Ranking of Protection and Control (Article 35): The control scheme of protections and
control devices consisting of different control modes, including settings of the specific
parameters, shall be organized in compliance with the following priority ranking, listed in
decreasing order of importance:

> Connected AC network system and HVDC system protection; (interpreted as this includes
DC voltage droop mode)

> active power control for emergency assistance;

> syntheticinertia, if applicable;

> automatic remedial actions, including blocking FSM, LFSM-O, LFSM-U
> LFSMV;

> FSM and frequency control; and

> power gradient constraint

Power Oscillation Damping Capability (Article 30): The HVDC system shall be capable of
contributing to the damping of power oscillations in connected AC networks. The control system
of the HVDC system shall not reduce the damping of power oscillations.

Examples of Multi-Segment Droop Characteristics

with Varying Power Setpoints

The following illustrates several multi-segment droop characteristics based on the functional

specifications established in Section 6.5. Note that the selection of these parameters depends on the

system and is subject to the discretion of the system operator. Thus, the values utilized in the following

demonstration are only indicative.

First, the influence of the power set-point on the multi-segment droop characteristic is demonstrated. The

following figures illustrate how variation in set-point, specifically [+1.0, +0.5, 0, -0.5, -1.0] p.u, affects the

shape of the droop characteristic. All associated parameters, such as the voltage levels and droops, are

summarized on top of each figure and remain consistent across all figures.
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The power set-point plays a crucial role in determining the available headroom capacity in each direction.
When the set-point is close to the maximum or minimum power limit, power voltage response along the
specified droop may soon exceed the power transmission capability. As mentioned in the functional
requirements for each mode, namely, DCVSM, LDCVSM, and DCVLM, the active power shall be
constrained by the maximum and minimum active power transmission capacity. Consequently, the droop
characteristics of those mode shall cease progression upon reaching these maximum and minimum power

limits.
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FIGURE 90: Multi-Segment Droop Characteristics lllustration with Setpoint [P5¢¢, US¢'] = [+1.0,
0.98].

An observation across the figures indicates that certain slopes associated with the droop characteristics
of specific modes may not appear, depending on the power set-point. Each droop characteristic
determines the power deviation associated with the respective section. Consequently, if these deviations
accumulate to the extent that they reach the maximum or minimum power transmission capacity, no

remaining capacity is available to accommodate certain modes.
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Main DCVSM LDCVSM DCVLM PLM

Param| Value Param| Value Param| Value Param| Value Param| Value
Ugen | 525kV U, 1.00 Us, 1.05
P, [tooomw Uty 0.95 Uz 0.90
Pet] 04 s10 | 0.15 530 | 005 [[sso [ 001 ] ] [ ~/a ]
uset 0.98 Shu 0.15 S3u 0.05 |«3,,| 0.01 | | | N/A |
Paz 1.0
Pin | -10
dUps 0
dUp., 0
Prin FPrvax
L | L
Dd{*Qn?
—
=4
5 /45
=
:S’i Usero /— Uden
S rset
[ U
)
[
L ;
E Ugetn i
2
= i
O
a
Usieon
e bifyin, i T T T T nverting
Teeatifying P.‘:‘ct 1 ting
PZu ‘Dlu Plo PEo

Power P/P, (p.u.)

FIGURE 91: Multi-Segment Droop Characteristics lllustration with Setpoint [P5¢¢, US¢'] = [+0.5,
0.98].
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I FIGURE 92: Multi-Segment Droop Characteristics Illustration with Setpoint [P5¢t, US¢*] = [0.0, 0.98].
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A noticeable difference can be observed between FIGURE 92 and FIGURE 93. In FIGURE 92, the
maximum transmission capacity is fully exploited before the multi-segment droop characteristic reaches
the overvoltage level Uy.,,. However, in FIGURE 93, the full power capacity is not exhausted at Uz,
where power reaches P,,. This suggests that in case where a large headroom capacity is available,
depending on the selected droops, the full power capacity may not be fully utilized before reaching Udczo.

Given that exploiting the full power capacity is not stipulated as mandate condition for LDCVSM-O and -
U, a countermeasure is necessary to immediately utilize the available capacity once Uy, is exceeded.
This is the role expected of DCVLM.

Main DCVSM LDCVSM DCVLM PLM
Param| Value Param| Value Param| Value Param| Value Param| Value
Ugen | 525KV Uro 1.00 Usy 1.05
P, [tooomw Uy 0.95 Uz 0.90
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FIGURE 93: Multi-Segment Droop Characteristics lllustration with Setpoint [P5¢t, US¢t] =[—0.5,
0.98].
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Main DCVSM LDCVSM DCVLM PLM
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FIGURE 94: Multi-Segment Droop Characteristics lllustration with Setpoint [P5¢¢, US¢!] = [—1.0,
0.98].

9.3 Alternative DCVLM definition

This section introduces an alternative definition of the DCVLM mode that was discussed within the
Continuous Control Workstream of InterOPERA Task 2.1. This alternative definition was collectively

acknowledged as a valid option.
The following provides a detailed description of this alternative definition and associated advantages.

FIGURE 34 and TABLE 14 illustrate the DCVLM capability and parameter definitions under the
alternative DCVLM definition.
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| FIGURE 95: Droop capability of an AC/DC converter station or unit in alternative DCVLM definition.

TABLE 37: Parameters for active power voltage response in DCVLM.

Variables Definitions Unit
S30 droop at overvoltage p.u.
S3u droop at undervoltage p.u.

ugont maximum continuous operating DC voltage p.-u.
Usert  minimum continuous operating DC voltage p.u.

Activation of DC Voltage Limiting Mode
DC Voltage Limiting Droop Mode shall be activated when the voltage reaches the slopes positioned
below US%™ and above US%™, with these slopes characterized by the droops s3, and s3,,.

In this alternative DCVLM definition, the trigger voltages are determined by the intersection points of the
LDCVSM characteristics and the slopes defined for the DCVLM. This ensures that the converter’s
operational range remains confined within the voltage band defined by U$%% and U597, Consequently,
the triggering conditions for DCVLM become functions of the converter’s set-points and the droops

assigned to other modes, such as DCVSM and LDCVSM.

Concerns in the Current DCVLM Definition

In the current formulation, the DCVLM is primarily viewed as a security backup, activated only when the
defined voltage bands are exceeded due to unforeseen circumstances, and when the converter still has
available headroom capacity. Although deviations beyond these bounds are expected to be marginal and
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can be limited to the upper threshold determined by the DCVLM droop**, the actual exceeding voltage
levels are not universally fixed and left undefined in the current framework.

It is important to note that USYY and U521 should not be interpreted as the voltage levels beyond which
the converter ceases operation. Additional voltage withstand capability limits above and below these
thresholds are necessary to account for certain contingency scenarios, such as DBS activation. However,
the current formulation does not clearly stipulate the relation between the droop characteristic and the
converter design constraints.

Advantages of the Alternative DCVLM Definition
This alternative DCVLM formulation provides several key advantages:

1. Operational Boundaries Alignment: By confining the operation within US%% and US9™, this
formulation establishes a clear and direct link between the voltage bands and the converter’s
designed operational voltage range, within which the converter must be capable to operate with
its full capacity.

2. Efficient utilization of voltage capability: This alternative formulation eliminates the need for

additional voltage levels beyond US3% and US™. This allows for full utilization of the
converter's designed voltage capability of a converter, which may be under-utilized in the

current formulation.

Implementation Considerations of the Alternative DCVLM Definition
Since the triggering conditions in this alternative formulation are not universally fixed and depend on the
set-point, which may vary during operation, the following additional considerations may be required:

> From the TSO Perspective: The TSO must take into account the more complex DCVLM
activation logic in performing contingency analyses and determining the droop parameters.

> From the Vendor Perspective: Vendors must implement the activation logic within the
controller to adapt to the varying nature of the triggering conditions.

9.4 Implementation options of DC voltage droop
controller and recommendations for droop selection

The stability of the system is determined by the dynamic response of each AC/DC converter and their
interactions through the network. In a multi-vendor and multi-terminal DC grid, each converter controller
would likely be unique to each vendor, reflecting different control design concepts. Moreover, the
complexity of converter controller, especially those involving IP-sensitive solutions, challenges the
application of conventional control design procedures in a single vendor system. Therefore, the
established static requirements for the primary DC voltage control must be complemented by appropriate
dynamic requirements such that the risk of interoperability issues in a multi-vendor HVYDC systems can be
minimized.

5t E.g., with s3, = 0.5%, the theoretical maximum exceeding voltage is s;, * 2pu = 1%.
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In this section, the implementation of DC voltage droop controller, the crucial element that characterize
the system dynamics is first discussed. Then, the principal determinant factors that shall be considered in
selecting the droop are discussed.

9.4.1 DC Voltage Droop Controller Implementation

First, recall that the DC voltage droop is formally defined as the ratio between the steady-state DC voltage
deviation to the steady-state change in the active power of the converter, which can be mathematically
expressed by

_ AUg, _ Ugc — Uggt

k = .
AP~ P —pset

However, the actual implementation of droop controller is subject to arbitrary manipulation because the
governing equation is fully determined by the specified droop k, set-points U3¢ and PS¢, and local
measurement, Uy and P. This gives a rise to a flexibility in the derivation of different control laws from
the same definition in the above equation.

In FIGURE 96, the proportional action by droop acts on the mismatch between the DC voltage setpoint
and the measured DC voltage, modifying the active power reference which interfaces with the
subordinate control layer. Assuming the power reference tracking capability of the AC power controllerin
steady state, the control law of this option can be expressed by:

1
PReS = E (Udc - Uggt) + Pcigcﬂ = Py

In FIGURE 97, on the other hand, the proportional action of droop acts on the mismatch between the
active power setpoint and the measured value, modifying the DC voltage reference which is interfaced
with the subordinate control layer. Assuming this time the DC voltage reference tracking capability in
steady-state, the control law for this configuration can be given by

UReS = k(P — PSeY) + U3 = Uy,

DC Node Voltage

Converter control
Control

Py — Uy droop

Set
Pac

AC power controller

Ref

Set.
Udc

l____|_ ________________
Uge Fac
| FIGURE 96: Droop implementation option 1.
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I FIGURE 97: Droop implementation option 2.

The aforementioned examples theoretically demonstrate that two implementation options can both
comply with the static behavioural requirement and will behave similarly in the static sense. However, the
underlining difference of the cause-effect relation between the DC voltage and power could result in
possible discrepancies when dynamic aspects are considered.

One such example is the implication of the droop gain as both a steady-state indicator and control
parameter that impacts the dynamic response of the converter. FIGURE 98 illustrates a use case of a
three terminal DC system comprising the two DC voltage droop implementations described (Station 1
operating with option 1 and Station 2 operating with option 2), while Station 3 operates in constant power
mode. The response, depicted in FIGURE 99, shows that the two implementations can co-exist in one
DC grid in stable manner and that both lead to the same steady-state response (with the same droop gain
for both stations, the two stations equally share the contribution to the primary DC voltage control).
Nevertheless, due to the different implementation, the dynamic response of power for the two stations
are different.
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FIGURE 98: An exemplary three-terminal DC grid with Station 1 in Droop control option 1, Station 2 in
Droop control option 2, and Station 3 in Constant active power control.
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FIGURE 99: DC voltage (top) and AC power (bottom) response to a disturbance of a DC system
comprising two droop implementation options.
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In different scenarios, including additional analyses not detailed here, both options have demonstrated
comparative performance. Despite the necessity for more in-depth exploration, particularly concerning
different converter control schemes such as GFL and GFM, the evidence gathered thus far provided no
clearrational for excluding either and rather support retention of both options until and unless further
analysis potentially reveals decisive factors.

9.4.2 Determinant factors for system dynamics

Droop gain

From the above section, it was shown that the implication of the droop gain from a dynamic perspective
is dependent on the respective controller implementation. This raises the question of the minimum and
maximum feasible droop gain. In fact, referring to the control block diagrams in FIGURE 96 and FIGURE
97, an extremely low value of droop gain for option 1 could lead to high gain instability as the active power
reference becomes more sensitive to variations in the DC voltage. Similarly, a risk of high-gain instability
for option 2 comes when a high droop gain is employed, since the DC voltage reference signal
becomes more sensitive to variations in the active power, rendering the controller incompatible. An
example of high gain instability for option 1 is shown in FIGURE 101, where a four terminal DC grid
(shown in FIGURE 100) is simulated. In the MTDC grid, two stations operate in DC voltage droop mode
and the other two stations operate in constant active power control. A disturbance from station 4 is
introduced to the system at t = 2s. A droop gain of 0.002 pu is used in the station operating with droop
control option 1 which renders the system unstable.

Station 3 Station 1

U“’§ — = | — %7”
1
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Station4 . ________ Station 2

L =\ %
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| FIGURE 100: An example four terminal DC grid under study.
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| FIGURE 101: DC voltage response of a station operation with Droop option 1 at k; = 0.002 pu.
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DCreactor size

The sizing of DC reactors (DCRs) in a DC grid is commonly based on fault currents limiting considerations.
However, the effect of DCRs on continuous control operation and the system response to disturbances
needs to be further analysed. In FIGURE 102 a comparison between the DC voltage response in the same
DC grid depicted in FIGURE 100 with respect to different DCR sizes is highlighted. It is clear that the DCR
has a negative effect on the damping of the DC voltage. This impact should be considered in the design
requirements of the DCR and the dynamic performance requirement for the primary DC voltage control.
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I FIGURE 102: DC voltage response for different DCR values.

The negative effect of the DCR on the DC voltage damping is different for different power flow conditions.
This is demonstrated in FIGURE 103, where two different initial power flow scenarios are compared with
the same disturbance and the same system parameters. The difference between PF1 and PF2 lies in the
direction of the power flow. In PF1, Fixed P control mode (P-mode) stations supply power to the DC grid,
while DC voltage droop mode stations evacuate the injected power. This is inverted in PF2, where P-mode
stations evacuate power from the DC grid.
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FIGURE 103: Effect of the initial power flow on the system response to disturbances. PF1: P-mode
stations inject power to the DC system. PF2: P-mode stations evacuate power from the DC system.

From the above result, the negative effect of the DCR size on the damping of the DC voltage is augmented
when P-mode stations operate in inverter mode. The so-called negative impedance instability of constant
power loads is clearly visible. Different power flow scenarios should be included in the interaction studies
of the system as well as in the compliance testing process to determine the worst case at which an MTDC
could operate. If necessary, dedicated active damping controllers should be implemented.
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Other determinant factors

As has been mentioned in this section, the dynamic response of the DC network is a function of both the
physical elements of the grid and the active control provided by converter stations. The above two
subsections demonstrated by simulation the implications of the droop gain and the DCR size on the grid’s
dynamic performance. However, other system constraints participate in shaping the dynamic response.
These constraints include the AC grid strength alongside the internal controls of the respective converter
stations.

9.4.3 Design space of droop

The previous section can be seen as an initial step in identifying the determinant factors that affect the
system dynamic performance. A second step is to obtain a range of feasible control parameters that would
satisfy both the static and dynamic requirements of the DC grid. FIGURE 104 illustrates that, depending
on how droop control is implemented, there is either a minimum or a maximum droop gain that ensures
stability52. By considering conservative upper and lower limits for droop gains, both implementation
options can coexist in the same DC grid, ensuring a satisfactory dynamic response.
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k P

k=0 min 7 Feasibledesign  \  koptemz =
space of droop i ! i
1 : :
. . I p '
Unstable Droop gain range (Option 1) ! cniaier |
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DC voltage : : Unstable
1 conroller Droop gain range (Option 2)
! :
b N N
: i < "'i >1' Droop: k
Komi Parameter range Komax
of droop

| FIGURE 104: Example design space for droop gain based on the two droop implementation options.

9.5 Example for application and verification of dynamic
performance requirements

This section outlines key considerations for the dynamic performance requirements specifications, with a
particular focus on DC grid equivalent modelling. The effectiveness of the dynamic performance
requirements specifications and the evaluation methodology described in Section 6.6.4 is verified through
simulations conducted using the InterOPERA demonstrator grid model.

52 In Option 1, an infinite droop gain means the system operates in a constant active power mode, while a droop
gain of zero leads to high-gain instability, making Vdc-mode control unfeasible regardless of the droop gain
value. Option 2, on the other hand, allows for Vdc-mode control with a zero-droop gain. A high droop gain in
this case makes the system unstable, rendering the P-mode unfeasible.
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9.5.1 DC grid stiffness at DC-PoC

The dominant DC voltage dynamics are typically observed in a relatively low frequency range (e.g. below
10 Hz53). This suggests that these dynamics are largely characterized by the interaction between the
AC/DC converter stations and the grid in this frequency spectrum. The behavior of both the grid and the
AC/DC converter stations in this range can be fully represented by their respective impedances. Therefore,
to accurately evaluate the dynamic performance of a converter, it is crucial to first adequately model the
grid to capture impedance within this frequency range.

FIGURE 105 depicts the sensitivity analysis results of the impedance scan of the InterOPERA
demonstrator grid observed at the DC-PoC of CNVS2. For details on the InterOPERA demonstrator grid
topology, please refer to D3.1 [17]. The design parameters include the uncertainty in the size of DCR
located at each DCCB, with the range [100, 150, 200] mH, and MMC inertia constant H,,,,,. in the range
[30,40,50] ms. While the DCR size is a design parameter dependent on vendor specific FSD
characteristic, its range has been chosen to reflect the typical values outlined in Section 7.3.7. Similarly,
the range of Hypc has been selected based on a typical value of 4oms, accounting for variations around
this value. The grid configurations vary from 3 to 5 terminals, where "a" represents a meshed grid
configuration and "b" represents a radial grid configuration by removing line L1. The global behavior of
the grid can be influenced by the control modes of other stations and their combinations. As an initial
attempt, the worst-case operational scenario from a DC voltage regulation standpoint is assumed for this
analysis, where no other stations operate in DC voltage droop mode; therefore, all other stations, both
onshore and offshore stations, are set to fixed power mode. Justifications for this assumption is provided
through an analysis of the frequency domain characteristics presented in FIGURE 111, as well as in the

subsequent section, further supported by time domain simulations.
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FIGURE 105 Sensitivity analysis results of the impedance scan of the InterOPERA demonstrator grid
observed at the DC-PoC of CNVS2.

As observed, the impedance profile varies significantly depending on the grid configuration and the
sensitivity parameters, making their generalization challenging. However, it can be noticed that in the
low-frequency range (i.e. 1 to 10 Hz), the impedance profiles exhibit similar trends, with the primary
difference being the location of the first resonance peak. This allows these characteristics to approximate
into a simplified model, such as a simple RLC circuit.

53 For a second-order approximate system with a damping ration of 0.7, the natural frequency can be
approximated from the 95% control settling time T,¢95 Using the relation w,, = 3/T,ss. For instance, in case
of DC voltage control tuned to a 100ms settling time, the corresponding natural frequency f,, is approximately
4.8 Hz. For a more detailed description, please refer to .
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Using a curve fitting technique [34], the fitting results up to 10 Hz, for the two extreme cases, which exhibit
the lowest and highest first resonance frequencies ([, f,M&| = [3.96, 9.02] Hz), are summarized in
FIGURE 106.
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a) The case with the lowest first resonance b) The case with the highest first resonance
frequency (M = 3.96 Hz) frequency (f,M%* = 9.02 Hz)

FIGURE 106 Curve fitting results to an RLC circuit, up to 10 Hz, for the two extreme cases exhibiting
the lowest and highest first resonance frequencies.

Based on the derived fitting results, the step DC voltage reference responses of a simple set-up where the
DUT interfaces with the RLC circuit, as shown in FIGURE 107.a are compared to those obtained from the
detailed demonstrator grid simulations as shown in FIGURE 107.b. The subject station, CNVS2, is in DC
voltage droop mode (implementation Option 2 as described in Section 9.4.1) with DCVSM droop of
0.05 p. u.. In alignment with the previous presumption of the worst-case operational scenario, the other
stations are assumed to operate in fixed power mode. For the parameters of the demonstrator grid

simulation, see Section 9.5.2.

a) DUT interfacing with the RLC circuit b) Detailed demonstrator grid
| FIGURE 107 Simulation setups for the step DC voltage reference response comparison.

The comparison of the resulting DC voltages at the DC-PoCs are shown in FIGURE 108. For both extreme
cases, the step response of the DC voltage at DC-PoC obtained with the detailed demonstrator grid is
accurately replicated by the simple RLC circuit. It is also observed that the case fitted to ;4% exhibits
significantly slower dominant dynamics compared to the case with £ Therefore, these two extremes
are referred to as representing “the highest DC grid stiffness” and “the lowest DC grid stiffness” from
the perspective of the DC-PoC. It is important to note that this does not directly imply the inherent
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strengths of the DC system. The highest DC grid strength can be achieved when all converters participate
in DC voltage control. Instead, the notion of grid stiffness should be understood as a characterization of
the control effort required to maintain the system voltage.
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FIGURE 108 Comparison of DC Voltages at DC-PoCs obtained with the DUT interfacing with the for
both extreme cases.

To explore whether such a generalization is feasible, the RLC fitting results for all sensitivity parameter
combinations across different grid configurations are summarized in FIGURE 109.

As shown, the two extreme cases representing the highest and lowest DC grid stiffness effectively
encompass the range of parameter variations. Specifically, some configurations exhibit a higher
inductance value, but have a lower capacitance value, resulting in an overall higher resonance frequency.
Conversely, some feature lower inductance but higher capacitance. These combinations of inductance
and capacitance contribute to the overall dynamic characteristic of the DC grid. Consequently, the
selected extreme cases effectively encapsulate the full spectrum of possible DC grid characteristics within
the frequency range under consideration.
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FIGURE 109 RLC fitting range; (pink: highest DC grid stiffness, green: lowest DC grid stiffness, red:
median).

To generalize the proposed concept of DC grid stiffness, FIGURE 110 shows the sensitivity analysis
results of the impedance for the demonstrator grid seen at the DC-PoC of another onshore station,
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CNVS4. Although the impedance profiles differ noticeably from those observed at CNVS2, similar general
trends are confirmed in the low-frequency range. This suggests the applicability of the proposed concept
across different DC-PoCs. However, it also highlights the importance of considering the grid characteristic
at each DC PoC, as a DC grid characteristic may considerably change depending on the topology of the
grid as seen from the specific DC-PoC.
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FIGURE 110 Sensitivity analysis results of the impedance scan of the InterOPERA demonstrator grid
observed at the DC-PoC of CNVS4.

One important aspect that shall impact the grid impedance seen at the DC-PoC is the control mode of the
adjacent converters. The following impedance scan demonstrates the impact of changing the control
mode of CNVS4 in the InterOPERA demonstrator grid from fixed power mode to DC voltage droop mode.
Zgria1 represents the grid impedance while CNVS is in fixed power mode. Z,,4, represents the grid

impedance as CNVSy is operating in DC voltage droop mode.
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FIGURE 111: Impedance of InterOPERA five terminal grid seen at DC-PoC of CNVS2 for different
control modes of CNVSg

As can be observed from FIGURE 111, CNVSy operating in DC voltage droop mode, has a positive impact
on the damping at low frequency range. While mid and high frequency ranges are not impacted by this
change of control mode. This can be understood intuitively as the inclusion of droop controlling stations
in the networks provides positive damping to the DC voltage compared to a grid consisting of only power
controlling stations.

To summarize, the comparison of impedance profiles, considering parameters sensitivity and various grid
configurations, has revealed that the DC grid exhibits a consistent trend in the low-frequency range. It
predominantly characterizes the dominant DC voltage dynamics through the interaction between the
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converter and grid in this frequency range. It has been confirmed that, under the aforementioned
assumptions, these trends can be effectively modelled using a simple RLC circuit.

The finding is particularly significant for the preliminary design of C&P system, as the dominant DC
voltage dynamics can be replicated by such a simplified setup, which has been confirmed through the
comparison with the detailed demonstrator grid simulations. Moreover, in the presence of high
uncertainty in the design parameters of other sub-systems in the grid, the two extreme cases,
representing the highest and lowest first resonance frequencies, have been shown to effectively
encapsulate the full spectrum of possible DC grid characteristics. However, it is important to note that any
simplification entails a loss of information. Therefore, to ensure the overall system stability, holistic
stability assessment using accurate impedance profiles of all subsystems will be needed, as discussed in
Section 9.6. It should be understood that the simplified DC equivalent should serve as input to the
preliminary C&P design process.

While a complete analogy is not feasible due to their inherent differences, certain parallels with AC
systems can still be drawn. In AC systems, the grid characteristics seen from an AC-PoC are typically
quantified by parameters such as the maximum and minimum SCR or X/R ratios, which provides a
quantitative measure of the grid strength at the AC-PoC. Similarly, in the context of DC grids, the two
chosen RLC combinations can be regarded as effective quantitative measures of the DC grid characteristic
at the DC-PoC. These measures offer a useful metric for evaluating dynamic performance requirements
during preliminary C&P system design while accounting for the system uncertainties.

9.5.2 Validation of the standalone dynamic performance evaluations through
system level simulations

This section provides a comprehensive evaluation and validation of the effectiveness, applicability, and
necessary considerations of the dynamic performance requirement specifications and evaluation
methodology described in Section 6.6.4. The simulations are conducted utilizing the InterOPERA
demonstrator grid model, as detailed in D3.1 [17]. Emphasis is placed on assessing the effectiveness of
evaluating standalone converter dynamic performance, based on the metrics defined in Section 6.6.4, in
the context of grid operation where different converter stations operate simultaneously. In particular, the
disturbance rejection capability, as assessed through the step power disturbance response test, is
identified as a critical aspect and is therefore compared with results obtained from detailed simulations.

Simulation assumptions

The simulation assumptions are summarized in TABLE 38. All MMCs are modelled using Type 3 AAM
model. Among various MMC control scheme available in the literature, the so-called Non-Energy-Based
control scheme is adopted. Onshore converter stations operate in either DC voltage droop control mode
or fixed active power mode. In the case of DC voltage droop control, a single droop section with a DCVSM
droop of 0.05 p.u. is employed.

The considered event scenario is the blocking of the positive pole unit at the offshore station CNVS3 at
t = 15, leading to a sudden loss of 1GW of power injection to the DC grid.
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| TABLE 38: Summary of simulation assumptions.

MMC parameters Values

MMC model Type 3 AAM model
Rated power 1080 MVA
AC primary voltage 400 kV
AC secondary voltage 280 kV
Nominal DC voltage 500 kV
Control parameters Values
MMC energy control Non-Energy-Based control scheme
Current control response time 10 Ms
DCVSM Droop constant 0.05 p.u

The same sensitivity parameters in Section 9.5.1 are considered. These include the size of DCR within the
range of [100,150,200] mH, and the MMC inertia constant H,,, ;¢ in the range [30,40, 50] ms. The grid
configurations are varied from 3 to 5 terminals, considering both meshed ("a") and radial ("b")
configurations.

KPIs
The simulations results are evaluated based on the following specific KPlIs:

e Control settling time

e Power settling time

e Healthy stations’ power deviation
e TOV at unhealthy station

Simulation results

FIGURE 112 and FIGURE 113 present the obtained results, showing the DC voltage at each DC-PoC
and the active power at AC-PoC of positive pole in response to the blocking of the positive pole unit at
offshore station CNVS3. FIGURE 112 shows the results with a single droop station (CNVS2), while
FIGURE 113 shows the results when both onshore stations, CNVS2 and CNVSg, are in DC voltage droop
modes.

It is observed that two cases exhibit noticeably different behavior. It is well known that the number of
droop stations directly impacts the static characteristics of the DC system. In addition, it also affects the
dynamic characteristic of the whole system. Typically, in the low-frequency range, an increase in the
number of droop stations enhances damping characteristic, resulting in shorter settling times and reduced
overshoot, in general. In order to assess the worst-case scenario from the operational standpoint, the
following analysis focuses on the case where only one station is in DC voltage droop mode operation.
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FIGURE 112 Simulation results showing the DC voltages at DC-PoCs (positive pole) and AC power at

AC-PoCs (positive unit) in response to the blocking of the positive pole unit at offshore station CNVS3.
Only CNVS2 in DC voltage droop mode.
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FIGURE 113 Simulation results showing the DC voltages at DC-PoCs (positive pole) and AC power at

AC-PoCs (positive unit) in response to the blocking of the positive pole unit at offshore station CNVS3.
CNVS2 and CNVS4 in DC voltage droop mode.

In FIGURE 114, the voltages at DC-PoC of the subject station CNVS2 for all combinations of sensitivity
parameters and grid configurations are shown. Additionally, the voltage responses obtained from the step

power disturbance response test for the highest and lowest DC grid stiffness cases, detailed in Section
6.6.4.3, are also shown for comparison.

As observed, the standalone test behaviors effectively capture the low-frequency range dynamics
observed in the detailed demonstrator grid simulations. However, in certain specific scenarios, oscillations
in the 30-40 Hz range appear. These oscillations are understandably outside of the frequency range that
the simple RLC circuit can capture and, therefore, are not fully represented. The high undershoots

observed immediately after the event are caused by non-linear converter blocking and shall be
disregarded.
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FIGURE 114 Simulation results showing the DC voltages at DC-PoC of CNVS2, compared with the
step power disturbance response test results of the DUT for both the highest and lowest DC grid
stiffness.

FIGURE 115 presents a summary of the KPI evaluation for DC voltages at DC-PoC of CNVS2 based on
the results shown in FIGURE 114. FIGURE 115.a provides an overview of the control settling time.
There is excellent agreement with the estimated control settling time, which nearly all cases falling within
the predicted range by the highest and lowest DC grid stiffness cases (shadowed by blue). Minor
deviations in a few specific cases are observed, but these are attributed to the local mode of remote
station (CNVSg). The participation factor of the subject station in this mode is considered small, and
therefore, the validity and effectiveness of the proposed methodology remains unaffected. FIGURE
115.b presents a summary of the undershoot values, calculated from 0.5 s after the event to exclude the
immediate post-event transient from consideration. While the results for the 5T and 4T cases generally
fall within the range estimated by the step power disturbance response tests, there are noticeable
discrepancies in the 3T cases due to the previously described medium frequency oscillations, which are
beyond the capturing capability of the simple RLC circuit models. It is important to note that the voltage
undershoot observed remains well above the DC-FRT profile for the corresponding range and the voltage
threshold below which temporary converter blocking may be permitted. Please refer Section 7.3 for more
details.
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FIGURE 115 Summary of the KPI evaluation based on the DC voltages at DC-PoC of CNVS2 shown in
FIGURE 114, compared with the step power disturbance response test results of the DUT for both the
highest and lowest DC grid stiffness.
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FIGURE 116 shows the AC power at AC-PoC of CNVS2 for all parameter and grid combinations. It is
observed that the power settling time can also be effectively captured by the appropriate standalone test
using a simplified test environment. This observation is further supported by FIGURE 117, where
FIGURE 117.a and FIGURE 117.b provide overviews of the power settling time and power undershoot,
respectively, for all combinations and compared to the standalone compliance test of the DUT under both
the highest and lowest grid stiffness cases.
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FIGURE 116 Simulation results showing the AC power at AC-PoC of CNVS2, compared with the step
power disturbance response test results of the DUT for both the highest and lowest DC grid stiffness.
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FIGURE 117 Summary of the KPI evaluation based on the AC power at AC-PoC of CNVS2 shown in
FIGURE 116, compared with the step power disturbance response test results of the DUT for both the
highest and lowest DC grid stiffness.

In FIGURE 118, the DC voltages at DC-PoC voltage and AC power at AC-PoC of healthy stations are
summarized. In FIGURE 118.a, noticeable local oscillations are observed at the distant station, CNVS4.
Those typical local mode are associated with the fixed power mode converter in inverting operation. Such
negative impedance characteristics may contribute to potential stability issues within the system. To
mitigate these issues, if feasible, a damping control similar to a DC-PSS should be implemented.

In FIGURE 118.b, the power at AC-PoC of healthy stations are shown. Other than a brief fluctuation
immediately after the event, no significant impact is observed. This indirectly indicates the adequacy of
DC voltage regulation that CNVS2 provides in all cases.
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| FIGURE 118 Simulation results showing the AC power at AC-PoCs of healthy stations.

Finally, FIGURE 119 shows the transient undervoltage observed at the blocked station (CNVS3). An
immediate undershoot occurs after the blocking, lasting for approximately 5o ms, which aligns with the
transient and semi-transient time range that any equipment must withstand. The control of the remote
stations has a marginal effect on this behavior.
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| FIGURE 119 Simulation results showing the DC voltage at DC-PoC of the unhealthy station.

9.5.3 Key conclusions and recommendations

To conclude, while the dynamic performance requirements should be specified as an intrinsic capability
to an AC/DC converter, its behavior observed in a system depends on the actual grid impedance seen from
its DC-PoC. The sensitivity analysis on the impedance profiles of the DC grid has demonstrated that these
profiles exhibit consistent trends in the low-frequency range. As this range primarily governs the dominant
DC voltage dynamics through the interaction between the DC-side control functions and the grid, it is
crucial in evaluating the dynamic performance requirements. These trends can be effectively modelled
using a simple RLC circuit, where RLC combinations can reflect the highest and weakest grid stiffness seen
from the DC-PoC.

The comparison between detailed demonstrator grid simulations and standalone test results confirms the
effectiveness of the standalone dynamic performance studies in assessing the converter's dynamic
response capabilities. These can adequately capture critical dynamics, such as settling time of DC voltage
and active power, which closely align with the behavior observed in detailed grid simulations. However,
some notable discrepancies have also been observed, particularly in the undershoot and oscillations in the
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DC voltages. The undershoot appears to be dependent on location of the disturbance and non-linearity of
the induced disturbance. In contrast, the observed oscillations are likely a consequence of the
simplification inherent in the DC grid equivalent model. The simple RLC circuit was tailored to represent
dynamics within a specific range of frequency. Consequently, oscillatory behavior outside of this specific
range cannot be captured by such a simplified model. These limitations underscore the necessity of
carefully evaluating the frequency range required for accurate representation in the DC grid equivalent for
the dynamic performance requirement specification.

The sensitivity parameter considered in this investigation included:

MMC energy (inertia constant)

DCSS DCRsize

Grid topology (number of converter stations in the system as well as grid topology (mesh vs radial)
DC PoC (different onshore stations)

vV V VvV V

It should be noted that careful attention should be given to the energy control concept of the MMC.
Different MMC control schemes in terms of the energy management are available in the literature, e.g.
[35], [36], [37], [38], [39] etc.). According to them, it is anticipated that a similar trend in grid impedance
within the low-frequency range may generally be expected for many of them. However, in some cases, a
significant discrepancy could arise between the assigned value of H,,;,,. and its effective value, depending
on the tuning parameters of the energy controller. In such cases, this added complexity must be managed
appropriately to ensure accurate modelling. Furthermore, the mere implementation of the DC voltage
droop controller, along with other potential AC side related controls (e.g. GFM control) might alter the
grid impedance observed at the DC-PoC. In addition, the operating points of power can also affect to the
grid impedance. These aspects should also be considered if such variations are relevant for DC-side
dynamic performance specifications and their testing procedures.

Overall, the dynamic performance compliance studies using simplified RLC circuits offer a practical and
efficient method for assessing the converter's dynamic performance, ensuring it meets the grid
expectation, and maintaining the large-disturbance stability of the under varying operational conditions.
However, the factors mentioned above can introduce additional dynamics and dependencies, warranting
further investigation as a potential research area to enhance the understanding their possible effects on
system behavior.

9.6 Example for application and verification of harmonic
stability performance requirements

This section outlines the essential considerations for assessing stability performance and identified key
factors that influence the system’s small-disturbance stability. The prerequisites for the general
framework for conducting the stability performance studies, as described in Section 6.6.5, are discussed.
It follows with a demonstration using system-level simulations, and the section concludes with
recommendations based on the findings.
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9.6.1 Expectations for stability performance studies

If DC-side small-signal stability is of concern, the classical impedance-based analysis in frequency-domain
can be applied. Consider the DUT interfaces with the grid at the DC-PoC, as illustrated in FIGURE 120.
Each sub-system can be represented by its small-signal admittance, ¥;,;,,-(s) and the Grid impedance
Zgria(s), respectively. Together, they form a closed-loop system, as shown in FIGURE 121. The stability
of the system is determined by the impedance ratio between the converter and the DC grid. The return
ratio L(s), which represents the open-loop transfer function of the system, is defined as L(s) =
YimmecZgria- The closed-loop system stability can then be assessed based on the Nyquist stability criterion.

DC-PoC

DUT Grid

O 1 |
1 AUqe grid
Zome® =Vome®™ | [ 2y

_ AUge
Al

I FIGURE 120 Interconnection of DUT and DC grid at DC-PoC.

.. . Disturbance evolves over time at the PoC
Original disturbance

‘/
\A
AU + AUy,
dco Yinme (5) » Algc

Zgrid (s)

FIGURE 121 Block diagram of a SISO closed-loop negative feedback system formed by the small-
signal impedance and admittance of the DUT and grid.

Focusing on the DC-side, this analysis can be readily extended to an N-terminal DC grid. Let the
impedance matrix, which represents the impedance between each node in the grid, be Z.qg4.(s) .
Additionally, denote the node admittance matrix as ¥,,4¢(s), which contains the small-signal admittance
of the individual converters. In this case, the system forms a MIMO closed-loop system, as illustrated in
FIGURE 122. The return ratio matrix of the system is given by L(s) = Z,q4¢(5)Y node(s). The small-
signal stability can be assessed by the Generalized Nyquist Criteria (GNC).

Ay —% Al .

Zedge (5) > AUdc

v

-

Ynode (S )

FIGURE 122 Block matrix diagram of a MIMO closed-loop negative feedback system formed by the
edge impedance matrix and node admittance matrix.
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It is now important to consider how this stability assessment criteria for a MIMO system can be translated
into performance requirements for individual DUTs. At the design stage, the scope of functional
requirements should be confined to individual sub-systems, and the evaluation of each DUT should
therefore be conducted independently. Preferably, performance evaluation metrics should rely solely on
the information provided for each manufacturer as inputs.

Consider a DUT to be connected to node k. First, by rearranging the above-mentioned MIMO system to
isolate the node admittance ¥, 54 1 () from the node admittance matrix, ¥, 4. (s), we obtain:

Y{010(s) = diag(ty(s), .., Yee1 (5,0, Vg1 (8D, o, Ya(5) ) = Vnoae (5) = Ve (S)Eye

where E}, is defined as diag(O0, ...,0,1,0, ...0 ). The green-shadowed area in FIGURE 123 corresponds to
the grid impedance at the DC-PoC of node k, denoted by Z g i ().

If Zgriak (s) is stable, the stability assessment of the whole system simplifies to be the same SISO system
stability assessment at node k as previously discussed. Therefore, the only required information for the
stability performance assessment of the DUT is the aggregated, stable impedance profile, which
represents the impedance seen at the connection point.

Zgrid,k
+ + Al
Al 4o = Zedge (s) » AU .

(k) -

Ald 0 Ynode (S) N v

O
Ey
AUge,

Ynode,k (S) «

| FIGURE 123 Isolated SISO system for stability assessment at DC-PoC of node k.

Thus, to conduct the SISO small-signal stability assessment, each vendor would require appropriate
impedance as seen from its respective connection point. This information can only be provided by the
entity in possession of the grid mutual impedance Z,44.(s) and the admittance profile of the respective
converter.

9.6.2 Confirmation by system-level studies

In this section, an application of the evaluation methodology to assess the stability performance
requirements, as described in Section 6.6.5, is conducted.

For the demonstration setup, the InterOPERA demonstrator grid, shown in FIGURE 124, is considered.
CNVS2 is considered the DUT, operating in an initial control configuration denoted Control A. The
considered grid configuration is a radial 5T grid. According to the test method, the system operator is
required to provide the grid impedance Zg,;4(s) at the relevant DC-PoC. The converter impedance
Zmme(S) can either be analytically obtained or measured by the vendor. To ensure consistency in
assessment, conditions for the measurement (including range, resolution, methods, ect.) should adhere
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to the criteria specified by the system operator. Small-signal stability analysis in the frequency domain
can be initiated once Z,;,,.(s) and Z,,4(s) are obtained for a given operating point.

T

I FIGURE 124: InterOPERA demonstrator grid, the Considered DUT is CNVS2

FIGURE 125 shows the Bode plots of the converter impedance Z,,,,.(s) of CNVS2 operating in
Control A, the grid impedance Zg,;4(s) and the return ratio L(s). It is worth mentioning that only the
positive pole converter impedance is considered for analysis. According to the Bode stability condition,
the system is stable if the phase difference between the converter and the grid impedances is less than
180° degrees at the frequency of intersection of the respective magnitude plots, which is equal to the
frequency at which the magnitude ||L(s)|| = 0dB. From FIGURE 125, at f. = 142 Hz, the phase angle
2L(s) > 180° indicating a negative phase margin, hence an unstable system.
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| FIGURE 125: Bode Plots of Zy;4(5), Zmmc(s) and the return ratio L(s) for the case of Control A

The results are supported by the Nyquist plot shown in FIGURE 126, where an encirclement around the
critical point (-1,0) indicates the existence of a RHP pole in the closed-loop system according to the
Nyquist stability criterion.
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| FIGURE 126: Nyquist plot of the return ratio L(s) for the case of Control A

A time domain simulation is conducted to check the validity of the small-signal analysis results. Initially,
CNVS2 with Control A, is connected to a meshed 5T grid configuration. At t=1.5, Line 1 is tripped and a
radial grid configuration is obtained, which corresponds to the grid impedance utilized in the small-signal
analysis, represented by Z,,4(s).The result, shown in FIGURE 127, reveals a slowly growing oscillation
of the DC voltage at DC-PoC2 with the exact frequency expected by the small-signal analysis results,
confirming the existence negatively damped mode at f = 142 Hz.
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| FIGURE 127: Simulation results showing instability at f =142 Hz.

A modified controller, Control B, is adapted for CNVS2, to provide positive damping at the frequency
range of interest. Although shown as an example, the modification of the controller can either be
implemented by adding a dedicated higher-level controller or by modifying the internal control of the
DUT. As can be observed in FIGURE 128, at ||L(s)|| = 0dB, the phase angle £L(s) < 180°, indicating
astable close-loop system. The phase margin (i.e. the phase angle of L(s) at the gain crossover frequency)
is 18°.
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I FIGURE 128: Bode Plots of Zy,4(s), Zym(s) and the return ratio L(s) for the case of Control B

The Nyquist plot considering the modified control, Control B, is shown in FIGURE 129, which confirms
that L(s) makes no encirclements around the critical point, indicating system stability.
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| FIGURE 129: Nyquist plot of the return ratio L(s) for the case of Control B

Finally, the simulation result shown in FIGURE 130, indicates that Control B can effectively damp the
mode at f = 136 Hz, which confirms the small-signal analysis results.
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FIGURE 130: Simulation results showing the converter with Control B providing positive damping at
f =136 Hz
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9.6.3 Conclusions

The converter interaction with the grid has been demonstrated through small-signal analysis in the
frequency domain. A use case of the InterOPERA 5T demonstrator grid has been analysed. The results
show that small-signal stability can partially be addressed in the standalone compliance testing stage
through the converter and the grid impedance at DC-PoC. The findings of small-signal analysis were
validated by system level time domain simulations.

In this analysis, only SISO stability considerations are addressed. Specifically, the closed-loop relationship
between the DUT and the grid impedance, observed from a given DC-PoC, is evaluated. For a more
comprehensive approach to small-signal stability, a MIMO stability analysis should be employed.
However, for standalone testing, MIMO stability analysis is impractical, as it requires additional
information about the grid configuration and the various DC-PoCs, which introduces higher complexity to
the standalone testing procedure. This type of detailed MIMO analysis is more applicable to system
integration studies, where sufficient grid information (including the final impedance characteristic of each
converter station) is available to identify the root causes of any instabilities, if present.
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9.7 Alternative DC-FRT profiles and evaluation

Different approaches of defining DC-FRT capabilities have been discussed within the DC grid protection
workstream. This section shall be seen as a complement to section 7.3 with the objective to provide
background information on the evaluation process highlighting the main differences and outlining
advantages and drawbacks of each of the solutions. It should be noted that a final assessment of the
presented options must be based on technical and economical evaluations which cannot be fully
concluded in the scope of InterOPERA.

TABLE 39 summarizes the different approaches of how a DC-FRT could be described. They differ mainly
in terms of genericity and the quantity they are expressed in.

TABLE 39 Different categories for DC-FRT definitions

Option Description Quantity

Design / topology DC Current based
dependent
Design / topology DC Voltage based
dependent
Generic DC Current based

4 (see section 7.3) Generic DC Voltage based

Evaluation criteria

> Technological agnostic: Are the functional requirements permitting different technological solutions
or are they restricting, excluding certain technologies?

> Functional split: Are functional description and design of subsystems independent? How to split
functional responsibilities?

> Oversizing: Does the decoupling of subsystem requirements and the genericity / system independence
generate an oversizing?

> Standardization: Is the DC-FRT description subsystem-dependent or generic? Do several DC-FRT
profiles co-exist?

> Verifiability : Can the DC-FRT profile be specified at the DC-PoC based on local measurements?

9.7.1 Generic vs design / topology dependent approach

Considering a design / topology dependent DC-FRT description, the following questions arise and reveal
potential drawbacks. For each of the identified drawbacks, the advantages of a generic DC-FRT
description as defined in section 7.3 are expressed.

Functional split: Are functional description and design of subsystems independent? How to split
functional responsibilities?

Standardization: Is the DC-FRT description subsystem-dependent or generic? Do several DC-FRT profiles
co-exist?

> For adesign /topology dependent approach as proposed in the [IEC TS 63291, a DC-FRT curve would
need to be defined for each operational concept and each protection sequence with a dependability
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between converter FRT and fault clearing. The current response and overcurrent limits depend on the
specific sub-system design.

> The DC-FRT voltage profile as described in section 7.3 defines an outer envelope which is valid for all
fault transients at the DC-PoC of the converter independently from the converter type. This approach
has been evaluated in EMT simulations based on a reference system. Functional requirements and
subsystem compliance standalone tests are generic and non-project, non-station specific.

Technological agnostic: Are the functional requirements permitting different technological solutions or
are they restricting, excluding certain technologies?

> The DC-FRT requirements as defined in section 7.3 do not distinguish between CO and TB. The overall
objective is to ensure stable operation after fault separation. It is well understood that converter IGBT
components are highly sensitive to overcurrents and dedicated limits must be respected to avoid any
damage. However, it must be acknowledged that several different technical solutions exist to limit
the increase of converter fault current during DC faults and that the functional description shall not
impose one of them. For instance, some sub-module topologies (e.g. full-bridge) allow to control fault
currents. In case of half-bridge topology, the actual converter overcurrent capability may vary
depending on the IGBT design. The limitation of current increase by means of fault current limiting
devices such as DC reactors.

> For half-bridge topology innovative control solutions such as temporary blocking can further avoid
damage of IGBTSs by taking them out of the circuit during transients while ensuring stable operation
after DC voltage recovery. From a technical perspective on the DC side, the performance of a
temporary blocking converter is not by default worse than a converter in continued operation.

Continued operation comes with costs, especially due to increased requirements on converter overcurrent
capabilities and increased size of DCreactor. Those can be significantly reduced with a temporary blocking
function and the impact need to be thoroughly assessed. The deblocking can be done quasi-instantaneous
once DC voltage and current recovered to operational range leading to a temporary blocking time range
of several ms to few tens of ms.

The DC-LVRT profile is therefore described independently from the actual converter fault current
contribution without distinguishing between continued operation and temporary blocking.

Functional split: Are functional description and design of subsystems independent? How to split
functional responsibilities?

> The protection zone matrix approach from the IEC TS 63291 defines converter FRT requirements for
each protection zone creating an interdependence between protection zoning and converter FRT
requirements.
A protection zone shall not be confounded with converter FRT requirements. A converter outside a
protection zone shall by definition avoid permanent stop and ensure operation after fault separation.
The DC-FRT requirement as defined in section 7.3 defines an outer envelope ensuring that converter
units have enough withstand capability to allow DC grid protection actions for fault separation. The
fault separation requirements are specified separately in section 7.2.4 and section 7.4.

Verifiability : Can the DC-FRT profile be specified at the DC-PoC based on local measurements?

> The design/topology dependent approach from the IEC TS 63291 defines operational requirements
to the converter for each FSZ independently. It remains unclear how such superposed requirements
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can be verified at the DC-PoC of the converter.
The DC-FRT requirements as defined in section 7.3 provide a clear split between converter unit and
switching unit functional requirements.

9.7.2 Alternative DC-FRT profiles

The DC-FRT requirements can be expressed either in DC voltage or DC current quantities, they can be
either generic or design-based leading to four options as listed in TABLE 40. Considering that the generic
voltage-based approach (option 4) has been described in section 7.3 as the preferred option, two current
based options (design based (1) and generic (3)) and one design-based voltage option (2) are described

and evaluated in the following.

Functional
requirement

1
Converter-
Connection
requirement

2
Converter-

Operational
requirement)

Option 1

DC Current
quantities
(design based-
CO)

converter station
must withstand a
predetermined
converter-
specific short-
circuit current
profile and
remain
connected

converter station
must remain in
continued
operation

Option 2

DC voltage
guantities
(design based-
CO)

converter station
must withstand a
predetermined
voltage profile
(conservative
outer envelope)
and remain
connected

converter station
must remain in
continued
operation

TABLE 40 Comparison of functional requirement definition for different DC-FRT descriptions

Option 3
DC current
guantities
(generic)

converter station
must withstand a
predetermined
short-circuit
current profile
(conservative
outer envelope)
and remain
connected

converter station
must deblock
after a certain
time if blocked
after voltage
recovery

Option 4
DC Voltage
quantities
(generic)

converter station
must withstand a
predetermined
voltage profile
(conservative
outer envelope)
and remain
connected

converter station
must deblock
after a certain
time if blocked
after voltage
recovery

All DC-FRT curves need to be defined in a way that enough withstand capability of the converteris ensured
to ride through the fault according to the same fault transients. A minimum circuit can be derived under
the assumption that adjacent lines are disconnected leading to the highest current contribution of the
converter (no voltage support from adjacent lines leading to the most severe voltage drop at the converter
DC-PoC). The simplified circuit is depicted in FIGURE 131. It consists of the following elements:

> Lpcss: DCinductance of the DC switching station
> Lgavmc: Equivalent DC inductance of converter unit

> Uqc: Rated converter DC voltage represented by an ideal voltage source
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> Urw: Controlled voltage source emulating DC fault transients including traveling wave phenomena
>  Lsum=Lbcss+Ldemmc

Laavmc

Locss
m DC-PoC
5"
/

Udc Utw

I FIGURE 131 Simplified circuit to determine equivalent DC inductance to ensure DC-FRT requirements

FIGURE 132 shows an example of DC voltage evolutions for different fault distances emulated by the
controlled voltage source Utw from fault arrival (T=os) to fault neutralization (Tn=5ms). The controlled
voltage source considers cable losses by a simplified damping factor and ideal reflection coefficient equal
to two. This is a worst-case approximation considering an inductive cable termination. This profile
represents an outer envelope for DC fault transients independently from the converter type. The converter
type, rating or control may or may not have an influence on the actual voltage at the DC-PoC but this does
not change the outer envelope related to DC fault transients.
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FIGURE 132 Possible DC voltage transients at cable termination depending on fault distance
(dr=50...1000km) for a fault neutralization time of 5ms (for illustration purpose); Uminavg: Minimum
average undervoltage during fault neutralization

For both design-based solutions an illustrative calculation example DC inductor sizes will be provided in
the dedicated section considering hypothetical boundary conditions (design constraints, see TABLE 41)
for converter station and switching station according to the simplified circuit shown in FIGURE 132.
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TABLE 41 Example parameters for equivalent DC inductance determination

Subsystem  Design parameter  Parameter Value
description

DC system Rated DC voltage Udc 525kV

Maximum fault TN, max 5ms
neutralization time

Converter DC overcurrent Idcmax,co LKA (2pu)
station limit for CO

DC Maximum DC lebe 20kA
switching current breaking
station capability

9.7.2.1 Option 1: Design based solution based on current for continued operation

The current based approach defines the DC-FRT based on overcurrent capabilities that the converter
station needs to withstand during fault neutralization while remaining in continued operation. It should
be noted that the approach focusses on primary protection and continued operation. Different DC-FRT
profiles are expected to be defined for backup protection and temporary stop (temporary blocking).

FIGURE 133 shows two concepts of DC-FRT profiles based on DC overcurrent. For both concepts it is
assumed that the TSO defines the following key parameters for an MTDC grid or a zone thereof:

> ldcwmax,co : DC overcurrent capability requirements of converter stations
> Emax,co / AQmax,co: Energy rating or charge of the converter station to remain in CO

> Tnmax: Maximum fault neutralization time (indirectly defined by Idcmax,co and max di/dt in
concept (a), explicitly specified in concept (b))

Concept (a) additionally defines maximum and minimum di/dt values:

> Max di/dt: Maximum increase of DC fault current

> Min di/dt: Minimum decrease of DC current during fault current suppression
For concept (b) the following design based approach has been proposed:

> Specify converter parameters: AQmax,co and ldcwmax,co
> Specify fault separation related switching unit parameters: Tn,max, ICBC (current breaking
capability)
> Specify inductances Lpcss and Ldcvmc
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FIGURE 133 Design based DC-FRT profile based on DC overcurrent; With and without specification of
maximum and minimum di/dt respectively represented by concept (a) and concept (b)

In concept (a), to ensure that min di/dt < di/dt < max di/dt the grid operator needs to choose the equivalent
DC inductance accordingly. This involves coordinating the DC inductance between the converter station
and the DCSS as the increase of the fault current is directly dependent on the design of both subsystems
as shown by the simplified circuit in FIGURE 131. The equivalent DC inductance is the sum of Lpcss inside
the DCSS and Lgevwmc inside the converter station assuming an ideal voltage source as a worst case. The
maximum di/dt represents an average current increase from fault arrival to fault neutralization (Tn,max)- It
should be noted that it can be temporarily higher (e.g. for close faults during voltage reversal). This should
be considered for the final definition of the design-based DC-FRT curve based on current as a temporarily
higher increase of current while remaining below the absolute current threshold shall not lead to a
disconnection of the converter. Simplified equations to determine minimum inductances to keep the
converter in continued operation are provided in  the following, where
Unmin,avg=-0.46 Udc and Idc=2kA correspond respectively to the minimum average undervoltage as
indicated in FIGURE 132 and the rated converter DC current in this example.

_ _ Udc - Umin,avg
I-‘sum - deMMC - N,max
IdCMaX,CO - IdCr

Udc - Umin,avg

T
Ipe —Ide, N

Lpcss =
Applying the example based on parameters listed in TABLE 41, a minimum total inductance of 1916mH
would be needed to ensure continued operation. The minimum inductance design for the DCSS would be
of 222mH. After coordination between DCSS vendor and converter station vendor, an optimized design
of 222mH for the switching station and 1704mH for the converter station is possible.

Technological solutions: The current-based approach is a pragmatic solution limiting the design space
due to pre-defined technical choices which directly defines converter functional requirements with
overcurrent capabilities which is understood to be the most critical design constraint. On the other hand,
overcurrent limits risk to exclude some converters with low overcurrent capabilities. Different from the
DC voltage FRT definition, where the transient part corresponds to an outer envelope of DC fault
undervoltages, the overcurrent is a response to undervoltage which depends on the technical solution.
Advanced technical solutions such as temporary blocking or fault current control (ex: full-bridge) are
penalized if the short-circuit level is chosen to make all vendors able to comply. In fact, for those advanced
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solutions, similar performance could be achieved with significantly lower requirements on both the
equivalent DC inductance and the converter requirements.

Interoperability-by-design: If the current response and overcurrent limit is tailor made, the response
according to faults is predictable. Further investigation is required to verify to which extend different
design concepts may coexist in an MTDC grid.

Standardization: Functional requirements and subsystem compliance standalone tests depend on the
specific project and/or station inside a project, they are project and/or station specific. By now it is not
clear how several DC-FRT curves may co-exist in this design-based approach (e.g. DC-FRT curve for CO,
TB, primary, backup). Application of several DC-FRT curves may add complexity.

Oversizing: The DC inductance design is tailor made with low overdesign for a pre-defined overcurrent
limit. However, the overcurrent limit could be seen as arbitrary since the primary purpose is to ride through
DC fault transients represented by a voltage drop. Imposing an overcurrent might lead to oversizing
restricting advanced technical solutions for converters (e.g. temporary blocking, energy-based control,
fault current control).

9.7.2.2 Option 2: Design based solution based on voltage for continued operation

The voltage-based approach defines the DC-FRT based on a voltage profile that the converter station
needs to withstand during fault neutralization while remaining in continued operation considering the DC
switching station design between DC fault location and converter station resulting in the simplified circuit
as shown in FIGURE 131. It should be noted that the approach focusses on primary protection and
continued operation. Different DC-FRT profiles are expected to be defined for backup protection and
temporary stop (temporary blocking).

The functional requirements and design constraints are formulated in the following:
Functional requirement

A worst-case retained voltage profile UV (see outer envelope, FIGURE 132) at the DC-PoC of the DCSS,
for which the DCSS must be able to interrupt the consequential current.

A minimum equivalent converter inductance Ldcmmc,min that the converter must provide. This, for
example, can be obtained by consensus amongst vendors.

A minimum equivalent DCSS inductance Lpcss,min that the DCSS must provide and a maximum
neutralisation time Tn,max-

DCSS vendor design

The DCSS vendor chooses a Lpcss, which must be no less than Locss,min, based on UV1, Lgcmmc,min, their
FSD’s T and Irsp,max, @assuming maximum DC system voltage behind the Ldacvmc,min inductance.

Converter vendor design

The converter vendor chooses a Lacmmc, Wwhich must be no less than Lacvmc,min, based on UVz, the Locss,min,
Tn,max and their converter’s overcurrent capability ldcma,co.

Applying the example based on parameters listed in TABLE 41, a minimum total inductance of 1916mH
would be needed to ensure continued operation. The minimum inductance design for the DCSS would be
of 222mH. No co-ordination between the converter station vendor and the DCSS vendor is needed
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because the two are decoupled by the Ldcmmc,min @nd Locss,min, at the cost of potential oversizing of
inductors.

Technological solutions: The voltage-based approach is a pragmatic solution which does not impose an
overcurrent capability which is understood to be the most critical design constraint. The converter vendor
can adjust the design in a way that continued operation is ensured, for example by adjusting the DC
inductance. This DC-FRT is limited to continued operation but can be extended to cover temporary
blocking functionalities and backup protection.

Interoperability-by-design: Further investigation is required to verify to which extend different design
concepts may coexist in an MTDC grid.

Standardization: The DC-FRT specifications in terms of DC voltage are specified at the DC-PoC of the DC
switching station with a certain dependence on the DC switching station design. By now it is not clear how
several DC-FRT curves may co-exist in this design-based approach (e.g. DC-FRT curve for CO, TB, primary,
backup). Application of several DC-FRT curves may add complexity.

Oversizing: The DC inductance design is tailor made with low overdesign for a pre-defined undervoltage
profile.

9.7.2.3 Option 3: Generic DC-FRT profile based on current

A generic description should result in a single DC-FRT curve based on DC current independent from
specific converter designs and DC grid topologies. Considering this, the DC-current envelope should be
valid for both continued operation and temporary stop (including advanced solutions such as temporary
blocking). Generic outer envelope for operational current limit and total overcurrent limit needs to be
specified. The operational limit needs to correspond to overcurrent in unblocked state, total overcurrent
limit needs to be specified for blocked state. It seems challenging to determine a generic envelope for the
rate of rise of fault current for both converter states. To cover all cases in a generic manner, the outer
envelope may lead very high short circuit currents (e.g. diode-rectifier fault current with strong AC grid).

9.7.2.4 Option 4: Generic DC-FRT profile based on voltage

See DC-FRT requirements of converters, section 7.3.
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9.8 Example for application and verification of protection
requirements

To test and verify that the protection requirements proposed in this document are valid and include all
main characteristics, a verification methodology is considered and illustrated in FIGURE 134. The
methodology starts with the definition of the protection-related functional requirements as presented in
this chapter and in particular in section 7.3 and 7.4 for DC-FRT and fault separation respectively. Based on
these requirements, the standalone tests are proposed to design the subsystems (i.e., converter and
switching stations). Then, the standalone tests are applied to the subsystems to have a design compliant
with the requirements. The last step is to include all subsystems in a common network to evaluate their
behaviour during the system-level verification. This last step uses EMT simulation and a set of KPIs to
corroborate that the results obtained are compliant with the system requirements. After the system level
verification, the results can be used to adjust the protection requirements including the learnings of the
network application.

o. Functional
requirements 1. Standalone test
definition

2. Subsystem 3. System-level
design verification

-

| FIGURE 134 Main stages of the methodology proposed to test the functional requirements in a system.

Disclaimer: The values and hypotheses considered in this appendix are used as example. The main goal of
this section is to provide an example for the application and verification of the protection functional
requirements.

9.8.1 Functional requirements definition

The grid protection functional requirements have been presented in this chapter. Starting from the
definitions in Section 7.1, defining the system requirements in Section 7.2, to the DC-FRT and fault
separation requirements in sections 7.3 and 7.4 respectively.

As presented in Section 7.3.6, the converter station must respect the FRT requirements at the DC-PoC.
According to FIGURE 54 the FRT profile can set with the parameters presented in TABLE 30. The
TABLE 42 presents the proposed values for the DC-FRT parameters used in this example. Based on these
values, the standalone tests can be applied, as presented the following section.

TABLE 42 Proposed parameters to test the DC-FRT
Parameters Value Hypotheses/
Reasoning
U 1[pu] Worst instantaneous transient found for a fault
uvi P near the PoC, see FIGURE 56
Uyvz -0.25 [p.u.] Average undervoltage based on FIGURE 61
' o (depending on Tyec1)
Uyvs 0.6 [p.u.] Estimated voltage recovery level
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Uyvs_1 075 [p.U.] Worst estimated undervoltage to keep an MMC
751P-Y- operational during Ty, related to Uuv,-»
Uyva—2 Based on dynamic operating bands defined in
0-8[p.u.] Section 6.2.2
Uyys Based on static operating band defined in
0-9[p-u] Section 6.2.1
Trect 7 [ms] Assuming Ty max = 5 [ms] and Tpyrrer = 2 [Ms]
Trec2 50 [ms] Estimated time to recover dynamic bands
Tt 200 [ms] Estimated time to recover static bands
ATgpik o [ms]* Assuming immediate converter deblock once the
operating conditions are recovered

*10 [ms] were initially proposed, for this study no delay is considered.

9.8.2 Standalone tests and subsystems design

9.8.2.1 Test network definition and modelling

As an example, a five terminals system based on the system proposed in [17], is used in this study to test
the protection functional requirements. The simplified model is presented in FIGURE 135, where the
locations and connections between converter (CS) and switching stations (DCSS) are presented.

S Vpc=525 kV CS2

) : :
~ : DCSS1 Line1 bbb -
T H H H I il :
St—m = { e {1 |—E ; :

cS3

FIGURE 135 Simplified schematic for the five terminal test system54. The offshore AC-DC converters
on the left are connected to windfarms and set in V/f control. The onshore converter stations on the right
are setin DC droop control. The blue DCSSs contain FSD, the red DCSSs contain only disconnectors.

Note that no energy absorbers have been considered. To ensure that after the considered contingencies
a load-flow within converter ratings is obtained, the initial load flow has been set as follows: CS1,3,5
injecting 320 [MVA] into the DC network. The CS2,4 are in droop control with Prf=450 [MW] and

54 The length of lines 1 and 3 are not the same lengths used for the 5 terminals demonstrator.
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Vrer=525 [kV]. With this initial power flow, in case of loss of one of the onshore stations (e.g., faultsin line 1,
3 or 5), the second one will take over without exceeding its rated power. The reactive power exchange has
been set to o [MVAL.

DCSUs

The model focusses on protection related aspects of a DCSU. Two types of DCSU have been considered,
the first DCSU without current breaking capability and the second with FSD. Both models are presented
in FIGURE 136. The DCSU with CBC uses a FSD representation with a surge arrester in the energy
dissipation branch (providing the TIV during the current breaking) in parallel to an ideal switch in the main
branch. The surge arrester V-1 characteristics is presented in TABLE 43. The DCR (L) is sized using the
standalone procedure presented in Section 7.4.3.

L RCS FsSD
RCS o—/Y\ N N o)

o—N—0

(a) (b)
FIGURE 136 Simplified DCSU models. (a) without current breaking capability, (b) including an FSD.

TABLE 43 V-| table for the surge arrester in the DCSU with CBC.

- D

0.0000001 | 0.451807229
0.0000002 | 0.518072289
0.0000005 | 0.572289157
0.000001 | 0.602409639
0.000005 | 0.63253012
0.00001 0.638554217
0.00005 0.644578313
0.0001 0.65060241
0.0005 0.656626506
0.001 0.662650602
0.005 0.674698795
0.01 0.680722892
0.05 0.722891566
0.1 0.771084337
0.5 0.837349398
1 0.861445783
2.5 0.903614458
5 0.945783133

10 1
20 1.072289157
40 1.168674699
100 1.445783133

For the considered system presented in FIGURE 135, DCSS1 and 5 consider DCSU with FSD, while
DCSS2,3,4 do not have current braking capability.
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AC equivalents

The onshore AC grid has been modelled as a strong grid with a short circuit power around 43 GVA, 50 [Hz]
and 4oo [kV]. Both, onshore and offshore converter stations, consider a transformer leakage of 15 [p.u.]
with onload losses of 1%, and magnetizing current of 1%.

The offshore AC side is modelled as an aggregated windfarm per DC pole operating at 66 [kVac]. The
simplified windfarm model is presented in FIGURE 137. The model is composed of a generator model,
that changes the generated power based on the wind speed. The model also considers an internal DC bus
interfaced by AC-DC converters, a DC chopper to avoid overvoltage, and AC filters at each AC terminal. In
case of an AC fault the windfarm is not tripped, it has a continuous, degraded, operation. The windfarm
model does not consider any disconnection strategy nor islanded mode operation. The frequency and
voltage amplitude on the offshore AC side are controlled by the AC-DC converters.

DC
chopper

1
17

Wind speed

| FIGURE 137 Simplified, aggregated, windfarm model.

Cable

The geometry of cable considered for the simulations is presented in FIGURE 138, while the main
parameters are presented in TABLE 44.

Resistivity: 2 [ohm™®m]
Aerial: Analytical Approximation (Deri-Semiyen)
Underground: Analytical Approximation (Wedepohl)
Mutual: Analytical Approximation (Lucca)
Z

SC Layer 1

%

| FIGURE 138 Geometry and spatial distribution of the cable model used.

Changing the electrical parameters of the cable can change the system behaviour. For instance, increasing
the resistivity of the second conducting layer (sheath), can increase the damping factor for transient
events. The cable considered for this analysis assume a low resistance (low damping) corresponding to an
aluminium sheath as a worst-case scenario.
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TABLE 44 Electrical parameters used for the HVDC cable model.

Core Resistivity 2.4357 ¥ [Q-m]
Relative permeability 1
First Semi-conducting layers Present
insulating | Relative permittivity 2.4
layer Relative permeability 1
First Resistivity 2.8e®[Q-m]*
ducti
conaueting | pelative permeability 1
layer
Second Relative permittivity 2.4
insulati . "
NSVISENG | pelative permeability 1
layer
Second Resistivity 1.8e7[Q-m]
ducti . "
conaucting | pejative permeability 10
layer
Third Relative permittivity 1
insulati
NSVEHNG | Relative permeability 1
layer

* If a lead sheath is considered, a resistivity of 2.14e7 [Q:-m] should be used.

Converters

The converter stations consider a non-energy based, average half-bridge MMC model, based on the
models developed by the CIGRE and available in [40]. The average model is equivalent to a type 4 defined
in [41].

The model was modified to block depending on the arm current and the DC voltage measured at the DC
PoC (external measurement as presented in FIGURE 139). The converter can be permanent blocked, for
converters designed for CO, or temporary blocked allowing the TB functionality. This blocking logicis only
implemented to test the DC-FRT and the TB functionality allowing the blocking by voltage.

LDC MMC

| VDC PoC

The blocking logic is presented in FIGURE 140. The absolute value of arm currents is compared to the
arm current blocking limit (in this case 4 [kA]) to trigger the blocking signal (FIGURE 140a). When the
current is below the threshold the blocking signal (by overcurrent) is deactivated instantaneously.
FIGURE 140b presents the blocking signal by voltage. In this case a hysteresis is used. The converter
blocks if the voltage is below 0.75 [p.u.] and deblocks if the voltage is above 0.8 [p.u.]. The converter is
blocked in one of the two signals is true. Consequently, the converter is only deblocked if the current and
DC voltage have recovered acceptable levels.

| FIGURE 139 Measurement of DC voltage at PoC.
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armupA

arm low A

— V 0.8
armupB Blk by DC PoC Blk by
arm low B ABS _’| max |_.| >Imax l_'current 075 VOltage

armup C

arm low C

(@) (b)
| FIGURE 140 Converter blocking implemented. (a) based on current and (b) based on voltage.

When the converter is blocked all Pl correctors are reset and the control is restarted slowly. This is achieved
with rate limiter that restarts the control in 0.1 [s]. This can be evidenced in FIGURE 158 where the TB
converter restart the AC reference in 0.1 [s]. This behavior increases the startup time after a TB. Different
control strategies during the TB can be adopted to reduce this time (e.g., freezing the PLL or synchronizing
with the AC voltage kept by the WFs).

The main MMC parameters, used in this study, are presented in TABLE 45. The blocking strategy based
on external voltage measurement has been implemented to reflect and test the proposed FRT. Converter
stations provided in the market might use different measurements to protect the equipment.
Furthermore, the TB capability is not widely provided for HYDC converters available in the market. This
functionality is considered in this example to explore its capabilities.

TABLE 45 Main MMC parameters.

Energy 40 [MJ]
Number of cells 278
Arm current blocking limit 4 [kA]
Arm inductance 43 [mH]

Depending on the FRT strategy
and standalone test

Rated power 1[GVA]

Blocking delay 150 [ps]

DCinductance

9.8.2.2 Converter design from standalone test

To evaluate the standalone test; two converter designs are proposed. A converter with TB functionality
and another without TB (reminding that the TB functionality is considered in this example to check its
impact on the grid stability). The test and results are presented below.

The proposed standalone test presented in FIGURE 60, where the voltage profile depends on the DC-
FRT parameter Ty (see FIGURE 61), has been proposed to respect the aforementioned DC-FRT
requirements.

One solution for the converter station to be compliant with the requirements is to change the DCR size
such that the converter does not reach internal overcurrent capability limits during the DC-FRT. However,
if the converter can provide the temporary block functionality, the DCR sizing depends, mainly, on the
conditions during the blocked state. A minimum inductance size can be calculated depending on each
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manufacturer designs. For instance, but not limited to this, the DCR can be size to respect the
semiconductor devices thermal capability.

Using an MMC generic model; considering the parameters presented in TABLE 45, the maximum arm
current has been measured depending on the DCR and are presented in FIGURE 141. It is worth noting
that additional requirements could be necessary to correctly size the DCR but; it depends on the sizing
criteria of each vendor. For this study, a DCR of 200 [mH] is considered for a converter design with TB.

Fault arm current

«weeess Max operational arm current considered (4 kA)
— Max. current with Trec = 7ms

o

200,114

Arm overcurrent [kA]

=3

0 500 1000 1500 2000 2500 3000
Ldc MMC [mH]

FIGURE 141 Maximum fault arm current measured, depending on the DCR. An MMC generic model
has been used considering the parameters presented in TABLE 45.

Following the FIGURE 61, the undervoltage for a Tyecy = 7 [ms] is ~-0.25 [p.u.]. Then, the converter
standalone test is simulated applying this voltage drop. A recovery overvoltage of 1.2 p.u. is applied to
stop the fault current, simulating the fault isolation. Once the current is stopped, the overvoltage is
removed and only the nominal voltage is applied as presented in FIGURE 142b. The DC current measured
at the converter terminals is presented in FIGURE 142a. It can be seen that the current can reach over
12 [kA]. The converter recovers to normal operating conditions after the simulated fault neutralization.

DC current DC voltage
14 T 14 T
12 —I
1
08
g ; 06
8 )
= g 04
S 2
0.2
ok
02 |
Py L L L L 04— L L L L
0.6 0.65 0.7 0.75 0.8 0.6 0.65 0.7 0.75 0.8
Time [s] Time [s]
(a) (b)

FIGURE 142 DC current in (a) and voltage in (b) measured at the terminals of the converter during the
standalone test for a converter with TB and DCR of 200 [mH].
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Arm current
Deblock signal|

Current [kA]
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o

0.6 0.65 0.7 0.75 0.8
Time [s]

FIGURE 143 Maximum arm current, and deblocking signal, in the converter with TB during the
standalone test.

The maximum arm current and the deblocking signal are presented in FIGURE 143. It can be noted that
the converter blocks when the arm current reaches 4 [kA] and it deblocks again once the current is below
this threshold. It is also noted that the arm current can reach over 12 [kA] which is deemed acceptable in
the chosen example but cannot be generally assumed for converter solutions available today. This
evidenced that the DCR sizing for a converter with TB functionality is linked to the capacity to withstand
the fault current during Tpecq -

On the other hand, if the converter should provide continuous operation during a fault event, the
converter supplier can increase the DCR size to withstand the overcurrent avoiding the converter blocking
or disconnection.

Applying the same -0.25 [p.u.] voltage drop in the standalone test setup, now for a converter without TB,
has led to the results presented in FIGURE 144 and FIGURE 145. The results were obtained with a DCR
of 980 [mH]. The DC side measurements are presented in FIGURE 144, while the internal arm current is
presented in FIGURE 145. It can be noted that the arm current does not reach the protection threshold
of 4 [kA], thus, it does not block.

DC current DC voltage
7 T 1.4 T
1.2 —\
1
0.8
2 3 06
5 8
5 K 04r
3 2
02r
of
02F ||
1 L L L 04 L L L
0.6 0.65 0.7 0.75 0.8 0.6 0.65 0.7 0.75 0.8
Time [s] Time [s]
(a) (b)

FIGURE 144 DC current in (a) and voltage in (b) measured at the terminals of the converter (without
TB) during the standalone test. The converter station is considered with a DCR of 9g8o [mH].
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Max. arm current
T T

T
Arm current
Deblock signal| |

Current [kA]
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I FIGURE 145 Maximum arm current in the converter (without TB) during the standalone test.

9.8.2.3 Switching unit/station design from standalone test

Similar to the converter design two DCSS designs with different neutralization times and the current
breaking capabilities are considered.

Disclaimer: The values are used to illustrate how FSDs with different performances are compliant with
the functional requirements, they do not intend to represent any vendor specific products.

> Ty = 2[ms]land I-gc = 15 [KA]
> Ty = 5[ms]and I-gc = 30 [kA]

The switching stations must be compliant with the standalone test. For these sub-systems, the standalone
test is presented in Section 7.4.3.

The test is used to size the DCR, of each SU, in order to respect the CBC. In this study, it is assumed that
the complete switching station is provided by the same vendor (design of DCSS as presented in
Section 7.4.3.2). Both DCSSs 1 and 5 are composed of four DCSUs therefore, the equivalent DCR for the
healthy grid side is Lp¢ sy/3 (assuming that all inductances in the DCSS are equal).

Based on the proposed standalone test, the undervoltage for Ty = 5 [ms]is Usese = —0.4 [p.u.] (FIGURE
67), and the analytically calculated DCR is 110 [mH] (see FIGURE 70).The standalone test has been
simulated and the results are presented in FIGURE 146.

For the DCSS standalone test, the recovery overvoltage is applied by the DUT. It can be noted that Uyeg;
remains at o [p.u.] after Ty. The maximum fault current does not reach the CBC of the DCSU of 30 [kA].

Similar results are presented in FIGURE 147 for the design with Ty = 2 [ms], with Uy, dropping down
to -0.6 [p.u.], validating the analytical sizing presented in FIGURE 70.
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FIGURE 146 Simulation cresults of the DCSS standalone test for a DCSU with a DCR of 110 [mH], Ty =
5[ms]and CBC = 30 [kA]. (a) DC voltages, (b) DC fault current.
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FIGURE 147 Simulation results of the DCSS standalone test for a DCSU with a DCR of 200 [mH], Ty =
2 [ms]and CBC = 15 [kA]. (a) DC voltages, (b) DC fault current.

In summary, the proposed designs are:
> TN =2 [mS] and ICBC =15 [kA] 9 LDCSS ~ 100 [mH]
> TN == 5 [mS] and ICBC = 30 [kA] 9 LDCSS =~ 110 [mH]

The surge arrester energy sizing is out of scope for this compliance test. This could be tested in a different
test. This sizing should be done in a more detailed study.

9.8.3 Key performance indicators

The key performance indicators (KPIs) can be defined for each sub-system and the integrated grid to
evaluate their behaviour in case of protection event e.g., DC faults.

> AC side: The impact of a DC fault on the AC grid (off- or onshore) can be evaluated based on existing
AC FRT requirements such as the undervoltage limits and duration. The impact on the frequency and
power can be also measured. Further AC grid requirements can be found in Appendix 9.1.
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> Switching station: The switching station compliance can be verified by measuring the effective fault
neutralization time, if the DC fault current is respecting the maximum current breaking capability and
measuring the fault current suppression time.

> Converter station: On the converter station the verification is based on the capability of the converter
to ride through the DC faults, but also measuring the maximal arm current and information about the
blocking events.

> System level: In general, if the subsystems have respected the functional requirements, the system
should be compliant with the protection design. However, additional verification can be done. The
verification of the DC-FRT at each PoC in all ranges (transient, semi-transient, dynamic and static) can
be used to obtain detail information about the system.

9.8.4 System level verification and simulation results

In this stage the subsystems are implemented in a simulation model to test their interactions. The results
are evaluated based on the predefined KPIs (see Section 9.8.3).

> Simulation cases: to test the interactions between the proposed sub-system designs, 4 main cases are
proposed.

> Case 1: all converter stations in temporary stop

> Case 2: all converter stations in continuous operation

> Case 3: offshore converter stations in continuous operation and onshore converter stations in
temporary stop

> Case 4: offshore converter stations in temporary stop and onshore converter stations in continuous
operation

Faultlocalizations:
L1PoC1

L1 (250 km from PoC1)
L1PoC2

L2PoC1

L2 (150 km from PoCg)
L2555

L3SSs

L3 (200 km from PoC2)
L3PoC2

0.L4PoC3

11. L4 (150 km from PoC3)
12. L4SS5

13. L5SSs

14. L5 (350 km from PoCg)
15. L5 PoC 4

Cases: DCSS1: DCSS 5:

1. Allintemp block ¢ 2ms/igkA —+ 2ms/15kA
2. AllinCO * 5ms/30kA * 5ms/30kA
3. Offshore in CO, onshore in temp block

4. Offshore in temp block, onshore in CO

B OoN N W B

FIGURE 148 .Four levels of design variations: converters (cases), two DCSSs, and fault location. A total
of 240 simulations cases have been run.

For each of the cases the design of the switching stations 1 and 5 (DCSSs with CBC, see FIGURE 148) are
changed along with the fault localization.

The simulations consider pole (positive)-to-ground faults as they are defined as one of the ordinary
contingencies in [17].The faults are located at the extremities of the cables (each PoC — 10 locations) and
along the cable (not exactly in the middle — 5 locations). A solid fault is considered.
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The following subsections present the aggregated simulation results, to check the tendencies. To simplify
the representations, the results related to converters permanently blocked are ignored. For instance, the
results on converter 2 (pole positive) are not presented when a fault is inside its protection zone (e.g., fault
online1or3y).

The detailed results of a simulation example are presented in Appendix 9.8.5.

9.8.4.1 Offshore AC system verification

The first KPI to check is the system compliance with AC grid requirements, especially the offshore AC-
FRT. The simulation results were compared to the German AC-FRT [42, 43] and presented in FIGURE
149. It can be noticed that even when the converters block temporally, the AC voltage drop can be
recovered under 150 [ms] to regain stability. As previously mentioned, the windfarm models are simplified
and do not consider the islanded mode operation functions (see Section 9.8.2.1), nor protection actions.
However, the obtained transients do not reach, or approach, the AC-FRT limits maintaining the PPMs in
normal operating mode. It can be also highlighted that even without advanced control strategies (either
on the windfarms nor the converter stations) the AC systems can recover steady-state conditions. Further
analysis, with a more detailed windfarm model, can be found in Section 9.9.

All results respecting the AC FRT
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FIGURE 149 AC voltage at the offshore stations for all simulations performed. None of the events have
violated the AC-FRT.

The active power of all offshore converter stations is presented in FIGURE 150. The power tends to
recover steady state conditions after the fault event, similar to previous results.
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All results respecting the AC FRT

Power [MW]

I FIGURE 150 Active power of all offshore converter stations, for all simulations performed.

9.8.4.2 Switching station verification

To validate the DCSUs designs, the maximum fault current is measured and presented in FIGURE 151. It
can be noticed that the maximum fault current does not exceed the 30 [kA] (for the 5 [ms] design), nor the
most restrictive design of 15 [kA] (for the 2 [ms] design). Additionally, changing the converter FRT
strategy from CO to TB does not change the maximum overcurrent to break (e.g., comparing results from
case 1 and 2). Reminding that these two cases have DCR on the converter station with a difference over
700 [mH], suggests that the converter station DCR size have a low impact on maximum DC fault current
to break (for a given Ty). The results validate the choice of DCR in the DCSSs.

Max. current per SU. TN = 2ms Max. current per SU. TN = 5ms

Current [kA]
Current [kA]

0
DCSU1L1 DCSU1L2 DCSUS5L2 DCSUS5L3 DCSUS5L4 DCSUSL5 DCSU1L1 DCSU1L2 DCSU5L2 DCSUSL3 DCSU5L4 DCSUSL5

(a) (b)
FIGURE 151 Maximum DC fault current measured for the DCSSs (a) with Ty = 2 [ms], (b) with Ty, =
5 [ms], for all simulations performed.

The relatively low DC fault current could be interpreted as a possible oversize of DCRs, however, the
DCSUs must be also sized for internal bus faults (not addressed in this study) that could be more
restrictive. Further studies should be addressing the optimal selection of DCR for DCSSs.

The operation of the DCSS in a system, can be also evaluated by measuring the fault current suppression
time (FCST - see definition in FIGURE 48). The FCST measured at each of the DCSU used in the study is
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presented in FIGURE 152. The maximum time registered do not exceed 37 [ms]. This FCST depends on
the grid topology, the inductances considered and the selected TIV of the involved FCDs.

max FCST per SU. TN = 2ms max FCST per SU. Tn = 5ms

40
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35| [ case 2 | 18+ [ case 2
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| FIGURE 152 Maximal fault current suppression time per DCSU and all cases.

9.8.4.3 Converter station verification

The DC voltages measured at the PoC are compared to the proposed DC-FRT and presented in
FIGURE 153. The FRT is applied depending on the travelling wave arrival to each PoC. In general, the
FRT requirement starts when the DC voltage at the PoC is below the static threshold Uyys. From the
results, it can be noted that most of the simulations respect the FRT. To better understand the cases
violating the proposed FRT, the FRT is divided into 4 ranges: transient (between the travelling wave arrival
and Tyecq1), semi-transient (between Tyeeq and Tyeez), dynamic (between T, and T;), and static (after
Ts¢). The different ranges are presented in FIGURE 154.

DC-FRT for all results - Complete range
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LVFRT
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| FIGURE 153 DC voltage at all PoCs of the system, compared to the proposed DC-FRT.

FIGURE 154a presents the transient region of the DC-FRT. During this range, the DC voltage is affected,
mainly, by the fault location and cable parameters [26]. The results obtained do not reach the maximum
undervoltage (-1 [p.u.] estimated in FIGURE 56) as the fault locations are not close enough to the PoC.
The closest simulated fault is at 150 km, while the worst undervoltage is obtained for faults located at less
than 5o km (see FIGURE 56 and FIGURE 59a).
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The semi-transient range is presented in FIGURE 154b. During this time the DC voltage is mainly
affected by the DC network topology and some fast control actions. For this example, some of the fault
scenarios violating the DC-FRT seem to be linked to network interactions, undamped oscillations, and
slow DC voltage recovery for distant converters. Some of the results from case 2 continue to oscillate and
violate the proposed FRT near the limit T}, . Detailed analyses have led to evidence that the most critical
fault locations are on line 2 (due to network interactions) and line 4 (due to unexpected oscillations).
Furthermore, the distant converters have a relatively slow voltage recovery, due to the travelling wave

across the system.

The dynamic range is presented in FIGURE 154c. This range is affected by the control strategy of the
converters connected to the grid. The few violations in this range are due to undamped oscillations already
present in the semi-transient range. These violations can be avoided by an adequate control tuning (out
of the scope of this example study).

The static range is presented in FIGURE 154d. Most of the simulations respect the proposed DC-FRT on
this region. The few violations are caused by the undamped oscillations mentioned above. The voltage
levels during the static region can be improved with appropriate droop repartitions.
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FIGURE 154 The different time ranges of the DC-FRT: (a) transient range, (b) semi-transient range,
(c) dynamic range, and (d) static range.
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The converter design can be evaluated checking how it behaves when operating connected to the studied
system. FIGURE 155 presents the maximum instantaneous arm current per converter station. In general,
the current does not exceed the maximum threshold set at 4 [kA].

Maximum instantaneous arm current
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| FIGURE 155 Maximal arm current in the converters for all cases and fault locations.
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FIGURE 156 (a) Maximal, and (b) average number blockings of each converter in a simulation, for all
cases and fault locations.

The maximum number of consecutive blocking events within one simulation is presented in FIGURE
156a while the average number of blockings per simulation is presented in FIGURE 156b. It can be
noticed that +MMC3 can be blocked 3 times in a single simulation but, in average, this converter does not
block every simulation.

The multiple blocking capability can lead to extended requirements for the converter. Future studies can
clarify the impact, adding additional criteria related to this point.

9.8.5 Detailed simulation results protection studies

Following the study presented in above, this section presents additional detailed results.

9.8.5.1 Time domain results, an example
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This section presents the detailed, time domain, simulation results of one simulation case. The general
simulation conditions are:

> Converter case 1: all converter stations with TB capability.

> Neutralization time: 5 [ms] for both DCSS1 and DCSSs.

> Fault localization: positive pole to ground fault at one of the terminals of line 2 next to the PoC 1,5.
Converter stations 1 and 5 are connected to the same bus through DCSS1.

The simulation starts with an initialization of the system and at 1.1 [s] the fault event is simulated. The
total simulation time is 1.5 [s]. Most of the figures show the initial time domain, only the FRT figures
modify the time scale to take into account the beginning of an undervoltage event (t=o [s]).

9.8.56.2 Offshore AC measurements

The AC RMS voltage measured at the WFs are presented in FIGURE 157. It can be noticed that the AC
voltage does not violate the AC-FRT requirements and only the affected WFs (1, 3, 5) diverge from the
nominal voltage of 66 [kV]. However, this measure alone is not conclusive. It cannot tell if the WF is
disconnected or not, because the model used do not consider the protections strategies (see Section o).
Thus, additional measurements are presented.

14 AC RMS voltage of WFs compared to the AC-FRT requirements
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FIGURE 157 AC RMS voltage measured at the terminals of the WFs, compared to the AC-FRT
requirements.

FIGURE 157 presented the AC RMS voltage, to check more in detail the impact of the DC fault on the AC
networks, the instantaneous AC voltages are presented in FIGURE 158. It can be noted that the affected
WFs (FIGURE 158a,c,e) have a reset of the AC voltage due to the blocking of the adjacent converters in
grid forming control (see FIGURE 135). This behaviour increases the transient time. To reduce this
transient time, different control during and after the converter blocking can be adopted (see Section 9.9).
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the different length of the AC cable (10 [km] instead of 5 [km]) considered for the converter station 5 as



Active power WFs
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| FIGURE 159 (a) Active and (b) reactive power per WF.

9.8.5.3 Converter station measurements

The converter station figures are limited to the converters connected to the positive (faulted) pole. The
DC voltage measured at the PoC are presented in FIGURE 160a, and compared to the DC-FRT in
FIGURE 160b. It can be evidenced that the DC voltage have violated the proposed DC-FRT. A zoom into
the different regions of the DC-FRT is presented in FIGURE 161.

FIGURE 161b shows that the voltages in the semi-transient regions take more time to recover than DC-
FRT curve. The proposed DC-FRT is too restrictive for these transients. As the system recover stability
after the fault, the parameters affecting the semi-transient region of the DC-FRT can be adjusted to avoid

unnecessary converter disconnections.
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| FIGURE 160 DC voltages (a) measured at the PoCs and, (b) compared to the DC-FRT proposed.
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FIGURE 161 Different regions of the DC-FRT. (a) transient, (b) semi-transient, (c) dynamic, and (d)
static region.

FIGURE 162 presents the DC voltages measured at the PoC of all converters compared to the adjusted
DC-FRT curve, proposed in Section 9.8.6 (Uyyz = 0 [p.u.]).

DC voltages compared to the adjusted DC-FRT
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| FIGURE 162 DC voltages compared to the adjusted DC-FRT curve.

The DC current and power per MMC are presented in FIGURE 163a, and FIGURE 163b respectively.
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FIGURE 163 Measurements at the converters connected to the positive pole. (a) DC current, (b) DC
power.

The maximum arm current is presented in FIGURE 164. It shows that the maximum current measured is
3 [kA], which is the below the overcurrent limit of 4 [kA]. However, as presented in FIGURE 165, the
converters have blocked multiple times. This is because the converters are also blocked by undervoltage
measured at the PoC (see Section o). This blocking condition is only used in this example to test the
proposed DC-FRT definition.

Max arm current
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+MMC4
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Current [kA]

Time [s]

| FIGURE 164 Measurements of the maximum instantaneous arm currents in the MMCs.

FIGURE 165 also shows that the converters can block multiple times during a fault event. Converters 1,
2, and 5 have blocked 2 times. Despite these multiple blocking events they all recover stability and remain
deblocked until the end of the simulation. Another interesting result is that at 1.11[s] there are 4
converters simultaneously blocked, including MMC2 in Vp. droop control. It suggests that fast
simultaneous blocking do not lead to instabilities. However, further studies must be carried out to
determine the limitations of simultaneous blocking as it depends on the converter controls, system
topology, cable lengths, etc.
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FIGURE 165 Blocking signals per converter. MMCz,3,5 are in grid forming control, and MMC2,4 in Vp
droop control.

9.8.5.4 DCSS measurements

To check the behaviour of the DCSSs the DC current is presented in FIGURE 166. It can be noticed that
the maximum current measured is below the CBC of the DCSU, i.e. 30 [kA]. It can also be noticed that the
TIV application is after 5 [ms] of the front arrival. For the DCSUz L2 the fault is at its terminals so there is
no delay between the fault and the travelling wave arrival. On the other hand, the DCSUs L2 has a delay
due to the distance. Both DCSUs operated correctly.

Instantaneous DCSU current
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Current [kA]
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1.09 1.095 1.1 1.105 1.11 1115 112 1125 1.13 1.135 1.14
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| FIGURE 166 DC current at the DCSSs adjacent to the fault.

9.8.6 Conclusions

As proposed in Section 9.8.3, the system verification can validate the sub-system designs individually and
their interactions. From the results analysed above it can be concluded that most of design combinations
have respected the system requirements. However, a few points should be highlighted:

> Standalone test: The proposed methodology, including the definition of the standalone test for the
subsystems have led to satisfactory results on the system level integration. The subsystems designs
are compliant with the operational limitations stablished for the standalone test. For instance, the
converter stations remain in CO during the fault events and the maximum DC fault current opened by
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the FDS are not higher than the predefined level. Furthermore, based on the different mix between
converter and DCSS designs, the subsystem designs have shown interoperability.

> Converter stations with or without temporary blocking (TB): this preliminary study has evidenced
that the TB functionality could be beneficial for the HVDC systems showing an acceptable impact on
both the DC grid and the adjacent AC grids. As presented above, a converter station with TB can
significatively reduce the DCR size. Further analysis show that the TB functionality can also reduce
the average DC voltage and DC power recovery times as presented in FIGURE 167a,b, where the
case 1is all converters with TB functionality and case 2 all in CO.

> Furthermore, FIGURE 168 presents the cumulative maximum blocking time of converters for all cases
and fault locations (removing the results where the converter is disconnected e.g., disconnection of
converter station 2 for a faultin line 1 or 3). It can be noticed that the blocking time of converters does
not exceed 18 [ms], making TB functionality a fast action.

> From the results obtained, there is no suggestion that the TB will affect negatively the AC offshore grid.
The results do not show instability issues, and all transients respect the AC-FRT requirements (voltage
measurements). Further results can be observed in Section 9.9. However, further studies must be
conducted to validate these conclusions (e.g., considering more realistic WF models). Moreover, the
impact of TB on the converter design is not clear. Adapting the control and sizing the equipment can
be subject to additional functional requirements (e.g., number of consecutive blockings that the
converter should be capable to withstand).

> On the other hand, the solutions in CO have evidenced possible control-related issues. The results
obtained for case 2 have presented undamped oscillations that increase the time to recover normal
operating conditions (see FIGURE 169). The relation between the protection and control
requirements should be study in future studies.
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I FIGURE 168 Maximum blocking time per converter, for all cases and fault locations.

> DC-FRT profile: The proposed FRT was tested, and it is in accordance with most of the transients
obtained. The voltage measurements did not exceed any of the prescribed ranges in the transient part
of the profile. However, during the semi-transient region the parameters could be changed to relax
the restrictions. Additional studies can be carried out to verify the impact of the control strategies on
the dynamic region of the DC-FRT.

> It is worth to note that the FRT definition should agree with the control requirements presented in
Chapter 6. The dynamic and static bands should be coordinated between the protection and control
standalone test (as suggested in TABLE 42).

> New Uyy;3: based on the results the modification of the undervoltage threshold Uyy5 to o [p.u.] can
relax the restrictions on the semi-transient region. FIGURE 169 presents the new DC-FRT compared
to all voltage transients. It can be noted that most of the transients comply with the newly defined
semi-transient region (FIGURE 169b). There are still violations at the interface with the dynamic
region due to undamped oscillations, essentially for case 2 which might be due to the increased size
of DC reactors compared to the other cases. Note that optimisation of control dynamics was not in
the scope of this study and further investigations may be required. The new proposal is also presented
in FIGURE 162 for the detailed example of Appendix 9.8.5.
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FIGURE 169 Voltage transients of all simulations compared to the new DC-FRT curve with Uyy; =
0 [p.u.]. (@) the complete DC-FRT range, (b) semi-transient range.
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> Modelling: the models used are generic and simplified. Further studies can confirm the results
considering more detailed models including line surge arresters, different grounding strategies, more
detailed DCSS model, etc.

> Control tuning: one of the principal inconveniences found on this work is the lack of adequate control
tunning strategy leading to undamped oscillations. As this work focused on the protection strategy
other control related KPIs were neglected.

> Topology-dependent problems: the preliminary studies done to determine the standalone test have
neglected the topology-dependent problems. For this example, the results suggest that the grid is
sensible to pole-to-ground faults in line 2. Note that this study did not consider reduced configurations
(i.e. due to system split or maintenance of components). Such reduced configurations could lead to
more severe voltage transients which could be investigated in further studies. Additional
investigations should also confirm the interactions between the grid topology, the control tuning and
the observed undamped oscillations.
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9.9 Temporary blocking offshore

Disclaimer: This study focusses on state-of-the art control solutions: Offshore converter in V/f control and
DC connected PPMs in GFL control. From there, additional control functions for islanded operation are
investigated. It should be noted that other control schemes for PPMs such as GFM are other means to
achieve enhanced DC-FRT during temporary blocking of the offshore converter. Some TSOs see
additional beneficial services such as instantaneous reserves which could be provided by PPMs in GFM.
This is already requested in current grid code specifications of several TSOs.

The DC-FRT requirements described in section 7.3 allow temporary blocking in order to ensure aninclusive
design of both converters and FSDs while reducing the size of DC reactors which might improve the overall
controllability (see also section 6.5). With regards to converters connected to an offshore grid consisting
of DC connected PPMs, the converter is likely to be in V/f control mode. When temporary blocking of an
offshore converter occurs, the voltage and frequency reference of the PPMs is temporarily lost, PPMs are
temporarily in islanded operation. The objective of this section is to investigate if the DC-FRT
specifications, and in particular if the temporary blocking of a converter is compliant with existing AC grid
specifications for PPMs. The sequence will be decomposed and the impact of each event for the AC
offshore grid will be analysed step-by-step as shown in FIGURE 170. The additional functions required
for the DC-FRT of the PPM will also be presented in this section in FIGURE 171.

Total DC Fault Converter AC voltage
converter o . and power
neutralization deblocking

DC Fault

inception

restoration

blocking

ACLVRT

Uncontrolled diode rectifier = no V/f control

Phase 1.2

| FIGURE 170 Sequence of temporary blocking on the AC offshore side

For the AC grid, the initial DC fault is not immediately observed, as the fault current is initially provided by
the submodule capacitors of the converter and due to the fact that DC faults are likely to be cleared much
faster than AC faults. According to the DC-FRT profile, the converter may block which leads to a drop of
AC voltage. This constitutes what has been referred to as phase 1.1 in FIGURE 170. By respecting the
LVRT profile defined in [44], the PPM are required to remain connected during DC fault clearing. This
phase does not require additional functions compared to classic LVRT protection and results confirming
this can be found in section 9.9.2.3.

After fault neutralization the DC voltage is restored. For the AC grid, this means that the offshore
converter which behaves as a diode rectifier, becomes non passing as, the DC voltage is much higher than
the AC voltage. However, the PPM keeps feeding constant power. As none of the power produced is
evacuated, the control action of GFL turbines will cause the voltage and frequency to increase until either
a physical modulation limit of the PPM is reached, or the voltage is high enough to make the converter
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passing and the produced power to be evacuated again. This is referred to as phase 1.2 in FIGURE 170.
In order to prevent any undesired disconnection due to OVRT violation, protection functions shall ensure
the ability of the PPMs to operate in islanded mode. Results obtained in 9.9.2 show how integrated
functions limit the voltage magnitude, and the frequency deviation to simplify the resynchronization of
the deblocked offshore converter.

Finally, the offshore converter deblocks and resynchronizes, initiating phase 2 where the offshore
converter takes over the control of the AC offshore voltage and frequency. Results obtained in 9.9.2.3
show that a resynchronization function for the converter are recommended to prevent a phase jump
between the converter and PPMs in islanded mode operation. The strategy for the transition from
islanded mode to GFL mode might require to reset the control and the active power restoration.
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FIGURE 171 Functionality of AC grid converters with temporary blocking functionality and PPMs in
islanded mode operation

First, the overall sequence from DC fault inception to full restoration will be presented. Secondly,
challenges and solutions will be presented for both the islanded mode operation during converter blocking
and the resynchronization after deblocking. The performance of such solutions will be evaluated based on
EMT simulations. Finally, conclusions and recommendations will be drawn.

9.9.1 Model description and modelling hypothesis

9.9.1.1 Topology

The topology of this investigation considers PPMs in decoupled operation connected to a multi terminal
DC grid. The focus of this paper is the ability of the PPM to stay connected to the offshore grid despite a
temporary blocking of the offshore converter and the ability of the converter to reconnect to the AC grid
after blocking. Therefore, the DC grid will be simplified as much as possible while maintaining realistic
behavior in voltage. The topology used throughout this section is shown in FIGURE 172.

Inter Functional i ts for HVDC grid syst d subsyst [228
OPERA unctiona reqU|remen STOor gl’l SyS ems and su SyS ems

Enabling multi-vendor HVDC grids



I FIGURE 172 Topology of the offshore and DC grid

> Thetwo wind turbines (WT) are aggregated models, each representing a PPM. The wind turbines
are considered to be type IV -Permanent Magnet Synchronous Generator (PMSG) [45] models
and as such need to be connected through back-to-back full-scale converter (FSC) to the AC grid.
For simplification and due to their absence of synchronization with the offshore grid, the WT and
machine side converter (MSC) are replaced by a controlled current source and constant power
reference as the mechanical dynamics available directly at the WT level and MSC are way slower
than the electric transients considered in this study. [46]

> Each grid side converter (GSC) is connected to the AC offshore grid where both transformers of
the PPMs and the offshore converter are represented. The cable array is modelled as a mt-section.

> The offshore converter is considered part of a bipole although only the positive pole will be
considered in this study.

> The DCgrid is composed of two parallel feeders represented by ideal DC sources via a DCCB and
a DCR. One feeder will face a DC fault while the other one will provide a path for power
exportation after DC voltage recovery.

9.9.1.2 Control structure

The system control strategy shown in FIGURE 173 illustrates the topology considered for this study. The
current PPMs using HVDC connection currently relies on a control strategy similar, at least in general
concept, to the one presented in this section:

PPMs are in GFL and the offshore converter is in V/f mode to provide the reference of voltage and
magnitude for the PPMs. The system modelled in EMT software to obtain the hereafter presented results
only include converters models for the GSC and the offshore converter.
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FIGURE 173 Overall offshore grid topology, references and measurements of PPMs and offshore
converters

The GSCis in GFL. In normal operation priority is given to active power. The FRT-control mode is activated
when the measured AC voltage exceeds a band of more than 10% compared to the nominal value. The
GFL GSCregulates Vdc in regular operation and Vac in FRT mode (FIGURE 174), while always respecting
its own limitation in current and voltage modulation. The regular and FRT control of the WT is presented
in FIGURE 174 (a) and (b) respectively.
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I FIGURE 174 Control of the WT:(a) in regular operation, (b) in FRT mode

9.9.1.3 PPM and offshore converter protection functions

The wind turbine is equipped with four different protections:

> A DC chopper in charge of limiting the voltage of the back-to-back link under 1.07 pu.

> Anovercurrent protection that trips the OWF if the current at the WT exceeds 1.1 pu despite the
current limiter present in the control

> Anovervoltage/undervoltage protection which compares the voltage to a predetermined
voltage profile

> Arate of change of frequency (ROCOF) protection which triggers when a maximum value of 2.5
Hz/s is exceeded

Among those protections, the last two will be disabled to observe the dynamics of the system.
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According to the DC-FRT profile specifications, the offshore AC/DC converter could temporary block if the
voltage at its DC-PoC exceeds dynamic voltage ranges (see section 7.3). Until DC voltage recovery the
converter could stop switching and operate as a diode rectifier.

9.9.1.4 Simulation scenario
To study the temporary blocking, the sequence as shown in TABLE 46 is applied.

TABLE 46 Simulation sequence for temporary blocking investigation

Time (s) Event

o.5to0.9 WT power ramp up

1.2 DC fault on feeder1

~1.208 Offshore convert blocking
1.210 DCCB opens, neutralizing fault
1.5 Converter is deblocked

In section 9.9.2, the last event will not be considered as the focus is the islanded operation. It should be
noted that the deblocking and resynchronization is artificially delayed in order to investigate islanded
mode operation and resynchronization as independent events. With regards to the DC-FRT the temporary
blocking is significantly shorter limited to several tens of milliseconds (see FIGURE 168).

9.9.1.5 Simulation parameters

TABLE 47 Parameters of the study

| Parameters of thewind turbine
Total rating 495 MW
Number of WT 33
Generation per WT 15 MW
Generator nominal voltage 0.9 kVRMSLL
Grid nominal voltage 132 kVRMSLL
DC link nominal voltage 1800V
Frequency 50 Hz
Xtransfo 0.1pu
Rtransfo 0.001 pu
Lfilter 0.05 pu
Rfilter 0.0015 pu
Parameters of the AC grid
Resistance 0.056 Ohm/km
inductance 0.000369 H/km
Capacitor 0.000000196 F/lkm
Default distance 5 km
Voltage level at the WT 900 VRMS LL
Voltage level on the AC grid 132 kVRMS LL
Voltage level at the offshore converter 300 kVRMS LL
Parameters of the offshore converter
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Rating 1000 MVA
Voltage HVDC 525 kV
Xtransfo 0.15 pu
Rtransfo 0.001 pu
Xarm 0.15 pu
Capacitor energy in each submodule 40 kJ
Number of submodules 278

9.9.2 Islanded operation of WT

Islanding operation of WT is a subject well developed in literature as well as the problems that come with
trying to operate a GFL converter in islanded operation. [47] [48] describes precisely the phenomenon
observed. In the following, the phenomena in islanded mode operation are investigated in a two-step
approach referring to the control functions described in FIGURE 171. It should be noted that other
control functions for islanded mode operation may exist, more investigations on alternative control
functions could be carried out. It should further be noted that other control modes such as GFM are other
means to achieve enhanced DC-FRT during temporary blocking of the offshore converter. From the
4GTSO point of view additional beneficial services such as instantaneous reserves could be provided by
PPMs in GFM which is already requested in current grid code specifications.

9.9.2.1 Islanded operation without PLL saturation and voltage limiter

In this stage both islanded mode operation functions are disabled. Results are shown in FIGURE 175. At
t=1.2s, the DC fault occurs, causing the HVDC voltage to drop to a first level at around 250 kV, where the
capacitors of the MMC are discharging into the fault, until the blocking of the MMC, which causes the
second drop in HVDC voltage down to zero. At t=1.210 5, The DC fault is neutralized, causing the HVDC
voltage to increase rapidly thanks to the TIV of the DC switching unit. Afterwards, the HVDC voltage
oscillates around the diode rectifier voltage of the offshore converter. The AC grid is not impacted in the
first instances of the DC fault due to the discharge of the MMC submodules. Once the MMC is blocked,
the fault current is provided by the AC grid, thus the AC voltage drops and the frequency deviates due to
the power unbalance. Once the DCvoltage is restored, the frequency diverges, and the voltage magnitude
increases compliant with observations in [47] [48]. The frequency increase is due to the Phase-locked loop
(PLL): to fulfil the objectives of the control of the WT, i.e. the required P and Q transfer, The control
generates an angle reference theta* slightly different from the measured angle theta of the grid to enable
the power transfer. However, this relies on the fact that another converter somewhere on the grid controls
the angle and frequency. While the offshore converter is blocked it is not the case, leading to a shift of
angle and to an increase of frequency.

The explanation for the voltage increase observed relies on the same logic that can be explained in
different ways. Another explanation is, while the AC offshore voltage is too low for the diodes of the
blocked offshore converter to be passing, the offshore grid is connected to the GSC on one side and can
be considered as an open circuit on the other side. The result is, the control of the GSC increases the
voltage at the WT to obtain the desired power flow, but it fails as the grid is comparable to an open circuit
so no current, therefore no power is flowing, so the GSC tries to increase the voltage even more to achieve
its control objective until it reaches its modulation limit.
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FIGURE 175 (a) AC and DC grid response to offshore converter blocking; (b) Power injected by the
WT on the offshore grid

Disclaimer: in FIGURE 175, PPM protection functions are omitted to observe the evolution of a simple
GFL model without the WT tripping.

Depending on the design of the offshore grid, the AC voltage will saturate for one of the two following
reasons considering no additional control functions:

» The AC voltage is limited by the modulation level of the GSC. When reaching this limit, the AC
voltage becomes constant. For instance, in case of FIGURE 175(a) , the voltage is limited at
precisely 1.31 pu.

» The ACvoltage level can be lower if the offshore HVDC converter diodes become passing before
the GSC reaches its modulation limit. This results in an undesired export of AC power during
islanded mode operation.

For example, in FIGURE 175 the AC voltage saturates to a constant value due to the modulation limit
because the voltage is only high enough to export about 10% of the produced power.

It can be concluded that three aspects are of concerns when trying to operate an GFL PPM in islanded
mode:

» Thefrequency divergence
» Theincrease in voltage magnitude
» The power injection to the HVDC grid through diodes

As mentioned before, the injection of power to the HVDC grid is a consequence of the voltage increase so
those two issues are linked. The increase of frequency is also a concern for potential deblocking, an
important frequency deviation may create a stronger transient when deblocking the offshore converter
and may provoke difficulties when resynchronizing the converter and the offshore grid. To mitigate those
issues islanded mode operation with PLL freeze and AC voltage limitation will be investigated in the next
subsection.
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9.9.2.2 Islanded operation with PLL saturation and voltage limiter

The problem of frequency divergence of the PLL during islanded mode operation is well documented in
literature and can be solved by limiting the PLL deviation, for example by saturating or freezing triggered
by the measurement of an abnormal situation, here the voltage magnitude for instance. The overvoltage
on the AC offshore grid must be limited so that the converter diode cannot become passing which can be
realized by a voltage limiter added to the control or a combination of DC crowbar and GSC modulation
limitation. Control solutions illustrating this general idea can be found in [48] [49]. Other solutions
including AC chopper can also exist but will not be considered as they would require additional component
not initially present in the AC grid under investigation.

The implemented islanded mode functions are solutions that do not require a change of control mode
concept in normal operation. The GSC can resume GFL mode after the offshore converter is deblocked.
The islanded mode triggers when the voltage measured by the WT exceeds 1.2 pu and has 2 actions:

» Freezing the PLL
» Limiting the voltage magnitude to 1 pu

By adding a PLL freeze, the frequency is maintained in an acceptable range and the WT creates a stable
frequency close to 5oHz once inislanded mode. This action on frequency has no impact on the otherissues
observed previously and just aims to support the resynchronization when the converter deblocks. It should
be noted that this study was performed with aggregated models and potentials interactions such as
circulating current between WT have not been assessed.
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FIGURE 176 (a) AC and DC grid response with PLL freeze and voltage limiter, (b) Power response with
PLL freeze and voltage limiter

The voltage limiter efficiently reduces the voltage to the designated value of 1 pu. Note that a small
transient exists where the voltage exceeds the trigger value of 1.2 pu, which must be taken into account
to not interfere with other protection functions such as ACCB tripping. The limitation of the OV also
prevents the converter diodes from being passing and stops the transfer of active power.
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The results show that with those two additional functions the previously identified issues are mitigated.
From a control perspective, no time limit for islanded mode operation has been identified but the
maximum duration should comply within the energy dissipation rating of the DC chopper.

Disclaimer: It shall be noted that islanded mode might not be readily available in all current market
solutions for PPMs. Beyond the simulation assumptions made in the key investigations, detailed
investigations might be required for some vendors before such a functionality can be offered
commercially.

9.9.2.3 LVRT ability of the WT

To demonstrate that the additional functionalities presented in FIGURE 171 do not hinder compliance
with existing requirements during the LVRT FIGURE 177 (a) shows the PPMs response to a LV event
created by replacing the offshore converter by controllable AC voltage source which emulate a LV event
corresponding to the LVRT profile implemented in the WT. The WF responds to the LVRT event by
providing reactive current, successfully riding through zero voltage for 150ms, proving their ability to ride
though the LV event caused by a DC fault.
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9.9.3 Reconnection of the offshore converter to the AC offshore grid

9.9.3.1 Technical issues

In literature resynchronizing a GFL HVDC converter to a grid or the black start of PPM [50] have already
been addressed but reconnecting a GFM HVDC converter over such a short time frame is a different
challenge and can lead to different interactions.

Inter
0 P ERA Functional requirements for HVDC grid systems and subsystems | 235

Enabling multi-vendor HVDC grids



Potential concerns for the offshore converter during resynchronization are the necessary conditions for
deblocking, the reinitialization of the converter after the deblocking and the transient on both the AC and
DC grid caused by the deblocking. After resynchronization of the offshore converter, the PPMs need to
ensure the transition from islanded mode operation to GFL control including post fault active power
recovery. This will be investigated in this section. Based on the previous section, the PLL freeze and AC
voltage limiter function will be considered as a starting point, providing a desired voltage magnitude and
frequency to resynchronize to for the offshore converter.

For the offshore converter, a deblocking function was designed in a very simple way. The converter
deblocks when the DC voltage recovered to operational voltage bands as shown in FIGURE 54.A focus
of this study will be the interactions of this deblocking and resynchronization function with the islanded
mode previously defined and characterizing the different behaviour of the AC grid if the deblocking is
initiated before or after the islanded mode is triggered.

The deblocking function shall ensure the recovery of the converter control to allow a smooth
resynchronization to the DC and AC grid:

> Thereset of the control loop of the converter: The errors integrated just before the blocking
probably have no relation with the restored voltage that exist during the deblocking

> Resynchronization to the offshore grid: As an initial solution for the resynchronization, the
measurement of the converter PLL is used to support the converter control. The PLL keeps
measuring the grid angle despite the blocking and can therefore be used to initialize the V/f
angle for the converter after deblocking as illustrated in FIGURE 178. This way transients or
phase jumps during the synchronization process can be significantly reduced.

deblock
signal
reset
PLL value
50 HzF——> [ ——— 9

bfvf

| FIGURE 178 V/f angle initialization through PLL use

9.9.3.2 Resynchronization without additional functions

The deblocking was first simulated without the resynchronisation functions described above in order to
observe possible transients. Initial results in FIGURE 179 show an important transient in voltage,
frequency and magnitude. The first reason for this transient is the initial angle difference compared to the
offshore grid angle. The second reason is the transient increase of power at WT side after deblocking of
the converter.

The observed overvoltage transients are critical as they reach 1.25 pu, which could cause a reactivation of
islanded mode. The second issue is the HVDC voltage which increases almost 20% over its nominal value
and will cause stress to converters in charge of the DC voltage.
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Initial deblocking results Initial deblocking results
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| FIGURE 179 (a) AC and DC grid response and (b) power response to deblocking

9.9.3.3 Pre-set deactivation of islanded mode

To investigate the impact of the blocking transient on the resynchronization, in the simulation
environment both islanded mode and deblocking will be deactivated at the same time t=1.5's, 300 ms after
the DC fault, to ensure that the system reached a steady state. The transition from islanded mode
operation to GFL based on local measurements without communication will be addressed in section

9.9.3.4.
To solve the issues identified in the previous section, two additional modifications are considered:

> Resynchronization to the offshore grid angle before deblocking
> Reduce the power transient of the WT.
o Byresetting the Pl controller of the WT
o By reducing the power injected by the MSC and re-ramp the power after the deblocking

The results for resynchronisation considering such additional functions are presented in FIGURE 180
while being compared to the reference case. Thanks to the synchronization method, the AC voltage
increase is lowered from 1.25 pu to close to 1.1 pu. The second result “with Pl reset”, includes a reset of the
integral components of the Pl loops of the GSC of the WT. As pre-fault and post-fault errors are not
necessarily correlated, it might cause the control to have an adverse effect during the deblocking. The
third results showcase the effect of a potential curtailment, the power injected into the DC back-to-back
is reduced to o before being restored with a ramp up between 1.6 and 2s. Disclaimer: That specific test
was performed by modifying the power injected in the back-to-back for simplicity. Although this raises
the question of feasibility, similar results could be obtained by acting on the reference of the outer loops
of the WT control. The fourth result combines the Pl reset and the power curtailment in addition to the
resynchronization through a PLL.
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The most obvious effect of modifications at the PPMs level is acting on power transient and the HVDC
voltage. Although, the damping of the transient is most efficient with rest of both power reference set-
point and Pl reset, it also slows down the response of the system considerably.
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FIGURE 180 (a) AC and DC grid sensitivity and (b) power sensitivity to WT operation during
deblocking

The following simulations are performed with reset of both Pl and power reference. The stability in terms
of frequency has been observed to be greatly affected by the change on the initialization angle performed
with the initial synchronization. However, this transient might be further improved when using a different
angle. For the sake of determining the optimal angle and leads to improve the synchronization to the
offshore grid, a sensitivity analysis is performed to find the best angle for the resynchronization of the
offshore converter. The initialization realized with an angle by the PLL was kept but offset angles were
added to the measured angle by increments of 2pi/5. The results are illustrated on FIGURE 181.

In the best-case scenario, PLL measurement +1*2pi/s, the voltage only drops to 0.95 pu before being
restored and the frequency is almost not impacted. Opposite to this, in the worst-case scenario, PLL
measurement +3*2pi/5, where the frequency drops to 0.25 pu and the frequency increases above 56 Hz.

Inter
0 PERA Functional requirements for HVDC grid systems and subsystems | 238

Enabling multi-vendor HVDC grids



Vfinitial angle study Vfinitialization angle study
x10% Voltage HVDC Ac Frequency

B L B P produced by the WT Q produced by the WT
56" 3 77 e 500 * = v 500~ P B o
=R e E a0r £ 400 %
g2 = ity AN _ g g
= | / \
5 s / 300 300
|( @45 n
48} ¥ 200 1 200 - A
4.6 40 ’ \
145 15 155 16 165 17 145 15 155 16 165 17 100 A . 100
Time (s) Time (s) g /\ e B rt \
.. AcValtage Magnitudo S 0w #_a./ Z o ——
. < " < = \
E o ?
H -100 | © 00- \J
B \ |
8 / -200 lv 1 -200 -
= |
Sos i 1 300 1 -300 -
0 -400 1 -400 -
145 15 1556 16 166 1.7
Time (s) 500 : 500
Logend 15 16 17 15 1.6 1.7
i —— aansn T Time (s) Time (s)
Legend
= PLL measurement offset by 2/5 tum offset by 4/56 tum
affset by 1/5 tum affset by 3/5 tum
(a) (b)

| FIGURE 181 (a) AC and DC grid sensitivity and (b) power sensitivity to V/f synchronization angle

As shown in the sensitivity analysis, the synchronization with a PLL guarantees an initialization angle close
to the grid angle which improves the transient compared to the worst case scenario. However, a more in-
depth analysis might help determine the causes for this offset and help obtain an optimal transient for the
deblocking of the converter, guaranteeing its safety and minimizing the power loss.

In the simulations of this section, the deactivation of the islanded mode of the WT occurred at a
predetermined time set to match the deblocking of the converter. In areal system this would require some
signal exchange to deactivate islanded mode which is undesirable due to the slow speed of
communications compared to the considered time frame. The objective of the next section is to determine
a way for the PPM to detect the deblocking and resynchronization of the offshore converter based on
measurable signals.

9.9.3.4 Natural deactivation of islanded power mode

Inthis section a limitation of the voltage magnitude of the PPMs to a higher value than 1 pu during islanded
mode operation is considered. When the offshore converter deblocks, the subsequent decrease of the AC
voltage serves as a deactivation criterion based on local measurement where no communication is
needed.

This voltage limit should be set high enough to ensure that the islanded mode is only deactivated when
there is a significant difference between the islanded mode voltage and the reference of the offshore
converter, to easily detect the change, but it also should not be too high to avoid the blocked converter
becoming passing or that the OVRT limits are violated.

With the simulation parameters presented, a limit of 1.2 pu allows both conditions to be fulfilled. The
deactivation threshold for the islanded mode of PPMs was set to 1.03 pu. The simulation presented here
includes most of the functions from the previous scenarios (voltage limiter, PLL freeze, Pl reset, V/
initialization). Due to its low impact and concerns about the time required to activate it, the power
curtailment considered previously will be discarded in the following studies. The simulation results shown
in FIGURE 182 present the response of the system over a large scale of temporary blocking duration, the
time in the legend represents the duration of temporary converter blocking.
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FIGURE 182 (a) AC grid and (b) DC grid sensitivity to temporary blocking duration; automatized
resynchronization of PPMs

Two main behavioural cases can be identified:

1 Case long enough to trigger the islanded mode of the WT
2 Cases of fast deblocking before islanded mode is activated (t_blocking<2oms).

Disclaimer: The measurement of AC voltage magnitude used for the triggering of the islanding mode is
the same used for the triggering of OVRT protection, meaning there is no possibility for the protection to
trip before the islanding mode if the voltage exceeds the designed trigger of 1.2 pu.

Temporary blocking is shown to be theoretically possible across all the range of considered duration with
a few aspects to take note of:
> For duration close to the activation of the islanded mode, the power restoration duration varies
between 5o ms and 150 ms depending on whether the islanding mode of the WT was activated or
not.
> For long durations close to 300 ms, EMT simulations show no limitations in temporary blocking
duration. However, one currently identified limit is the thermal energy of the WT DC crowbar
dissipating the power during the temporary blocking. EMT simulations have shown theoretical
feasibility, but physical limitations should be discussed.

9.9.4 Recommendations for PPMs and offshore converters during DC-FRT

This section investigated the overall feasibility of temporary blocking assessing different control functions
during islanded mode operation of PPMs and during resynchronization of the offshore converter. All
control solutions described in FIGURE 171 were added to the regular GFL control were tested together
across simulation representing expectations during temporary blocking. The system was able to
successfully ride through all critical cases under the assumptions the additional functions presented in
FIGURE 171 are added.

From a functional perspective, the DC-FRT requirements and existing AC requirements shall be aligned in
order to ensure stable operation during and after DC grid contingencies. This implies that during
temporary blocking of half-bridge type offshore converters, the PPMs shall operate in a safe and stable

Inter
0 PERA Functional requirements for HVYDC grid systems and subsystems | 240

Enabling multi-vendor HVDC grids



islanded mode operation without violation of the OVRT profile. Considering a non-TSO specific OVRT
profile as shown in FIGURE 183, it would be recommended that during islanded mode (IM) operation the
PPMs operate below the transient overvoltage level Uov. such that unwanted disconnection during
temporary blocking is avoided. The maximum time to operate in islanded mode T;,, shall be aligned with
the DC-FRT profile and in particular with the maximum deblocking time which is defined by the following
equation where T, is the maximum DC voltage recovery time and ATy, is the maximum deblocking
time after DC voltage recovery. An additional settling time T, for the AC side shall be considered.
Further, the frequency limitation during Tjy, shall be limited in order to ensure a smooth and fast
synchronization.

Tim = Treco + ATapi + Tser

U(pu) A
Uovi
Um
1 J - -
T |
Tim Tow1 t

FIGURE 183 OVRT profile (non-TSO specific) for DC connected PPMs; recommendations for islanded
mode operation during DC contingencies in case of temporary converter blocking in alignment with
DC-FRT requirements

After deblocking the offshore converter resynchronizes to the offshore grid being in islanded operation.
The resynchronization of the offshore converter shall be as smooth as possible, avoiding phase jumps.
Therefore, it is expected that the offshore converter considers the measured phase angle before
deblocking. Once synchronized, the offshore converter is expected to return into the initial control mode,
controlling AC voltage and frequency.

After resynchronization of the offshore converter, the PPMs shall return from islanded mode operation into
the pre-fault grid following control mode. The step response of active power shall be compliant with post-
fault active power recovery requirements (see section 7.3.5).
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9.10 DC grid control architecture in multi-TSO context

9.10.1 Introduction

The previous sections have addressed requirements for MTDC systems from a functional point of view. All
the functionalities that must be included in the DC grid control were listed and discussed without detailing
control architecture nor addressing multi-TSO projects. In this section, aspects related to DC grid control
implementation are further discussed, such as controllers hardware redundancy, communication, and
hierarchy, as well as the interface between DC grid control and TSOs. Moreover, future potential European
HVDC use cases, such as those listed in the deliverable D3.1, include mostly multi-TSO projects. This
stresses the importance of analysing control architecture considering relevant constraints that apply for
this type of project.

This section aims to enhance understanding of the practical aspects involved in implementing functional
requirements and to explore potential options for future DC grid control architectures, considering the
diverse needs and appropriate solutions for multi-TSO projects. Therefore, the specific goals of this

section are:
1. To clarify constraints for the DC grid control architecture in a multi-TSO context.
2. Discuss potential DC grid control topologies to implement required functionalities.

Accordingly, the remaining subsections of this section cover: most relevant constraints in multi-TSO
projects from both regulatory and functional perspectives; two potential DC grid control architectures
that aim at complying with these constraints; and a conclusion subsection to highlight the takeaway
points of this section.

This section is based on the discussions within the workstream AC/DC Security and Dispatch.

Disclaimer: The DC grid control architectures presented in this section are intended solely to raise awareness
about practical implementation aspects in a multi-TSO context. They do not reflect a formal consensus within
the InterOPERA consortium. The two-stage architecture discussed was proposed by the 4 German TSO
working group on the topic and does not necessarily align with other partners perspectives. Similarly, the
single-stage architecture represents another conceptual approach without implying collective agreement.
Since this work is still in progress, the ideas and proposals outlined in this section are subject to further
changes.

9.10.2 Constraints for the choice of DC grid control architecture in
multi-TSO context

Projects involving multiple TSOs require special attention to the implementation of control architecture.
Because these stakeholders are different companies, these projects require a clear separation between
different TSOs from both legal and operational point of view. The remainder of this subsection covers first
security and operation principles that must be followed in this type of multi-party projects in Subsection
9.10.2.1, and how these principles translate into development constraints applicable for these projects in
Subsection 9.10.2.2.

Note: This section is based on an analysis made by the 4 German TSOs (4GTSOs) working group on the
regulatory constraints for DC grid control architecture in multi-TSO context. This working group includes
soHertz, Amprion, TenneT and TransnetBW.
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9.10.2.1 Security and operation principles

The DC grid control architecture of a multi-TSO system shall consider security and operation principles
established by the involved TSOs. A list of conceptual guidelines can be derived from applicable regulatory
framework presented in Subsection 9.10.5, as presented below.

Separation of partners

Each TSO shall be treated as external to the other TSOs. Therefore, there shall be a clear definition of
zones and their responsible TSOs, where the safety rules of that TSO apply and the definition of
responsibilities is unambiguously defined. These areas are referred in this text as TSO zones.

Furthermore, systems ownership and, especially, responsibility must be clearly defined for the entire
system and/or all subsystems. Note, system ownership and responsibility do not necessarily have to
match for certain hardware, functionalities or activities, such as setting power flow. Yet, due to potential
consequences in operating switchgears (personal injuries, property damage or financial costs), its
responsibility always lies with the owner. For the responsibility there must be exactly one legal person that
can be accounted for.

From a technical point of view, the assigned responsibility needs to be reflected in the technological
capabilities, such that, only the responsible legal person can issue the respective commands. Therefore,
the choice of TSOs zones is a critical step in the system design and shall consider technical aspects of the
specific use case to guarantee an appropriate system operation.

High availability

The systems shall be designed to be resilient to ordinary adverse events, i.e. a single error or
shutdown/unavailability of a system or a device shall never result, directly or indirectly, in the loss of the
intended function nor to a loss of the supervisory control and data acquisition capabilities of the MTDC
system. This principle implies:

- Hardware redundancy: Multiple instances of the same hardware to be able to implement
functions such as seamless master role switch over.

- Communication redundancy: Communication failure probability shall be as low as possible by
design, with redundant links, e.g., communication network topology such as ring or mesh.

Compliance with data and information regulation

The common applicable standards and laws for cybersecurity require the fulfilment of cybersecurity
requirements for any project regardless the number of partners. It is based on three pillars of information
security: confidentiality, integrity and accessibility. The need-to-know-principle is to be followed. One
tool for that is network segmentation. Where applicable and technically possible, network segmentation
shall be realized by physical means to strictly separate systems of different functionalities and explicitly
separate process and control systems from administrative functionalities. Nevertheless, segmentation
shall not have an impact on operational functionality, nor shall it influence the independent functionality
of the segmented zone. This segmentation also includes preventing uncontrolled or unintended
transferring of information between segmentation zones. Additionally, this holds especially true for a
multi-party project, where certain data is strictly forbidden to be shared between the partners, e.q.
process data.
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To summarize, the implementation of the DC grid control shall at least fulfil the requirements of data
privacy, communication protocols standards and documentation practices, as described in Subsection
9.10.5. Note requirements these are derived from ENTSO-E and government requirements for the TSOs.

Compliance with power schedule processes and regulation

Power transmission must be able to follow power schedule coming from processes based on generation
forecasts and market-based instances, using when applicable power flow optimization to operate the
HVDC system. This operation shall also comply with Electricity Market Regulation, which stipulates a
certain level of cross-border transmission capacity and critical elements availability for European cross-
zonal electricity trading. Moreover, provision of data due to compliance with market transparency laws
for overall system must be foreseen. Eventual local feed-in priority rules and redispatch process, e.g.
respectively German regulation EEG (Erneuerbare-Energien-Gesetz: Renewable Energy Sources Act) and
RAS (Redispatch-Abwicklungsserver: Redispatch Processing Server), shall also be considered in power
dispatch.

Other criteria for evaluation of DC grid control architecture

It is noteworthy that the list of principles outlined above is not exhaustive. DC grid control architecture is
also assessed through different criteria related to system operation and planning. These criteria include,
forinstance, the reaction time to contingencies, and costs and updates related to the expandability of the
system in later planning stages.

9.10.2.2 DC grid control functional development constraints

The provided principles are expressed into specific requirements that apply to DC grid control
implementation:

e Separation of partners in sequential control
o Operation of switches and activation of control sequences can be carried out only by
responsible TSO, i.e. within its own TSO zone>5;
o Automatic sequences are limited to individual converter in accordance with TSO
ownership;
o Sequences across responsibility zones require safe intermediate states and
communication between the involved responsible parties.
e Continuous control
o EPC(Emergency Power Control) is in scope of local converter logic and not of the DC grid
control, however EPC actions or information might need to be coordinated to keep the
entire system stable;
o Overlaying processes at TSOs and ENTSO-E level, which consider contingency analysis
and emergency situations, will define the framework conditions for power regulation:
=  Power setpoint (e.g. schedule) per onshore converter;
= Permissible power band in the form of an upper and lower setpoint limit per
onshore converter.

These requirements bound the design of the DC grid control architecture and some of them raise
important implementation questions. A key issue that arises is determining the necessary adaptations to

55 Note TSO zone is the area of responsibility of the TSO. As reminder, note this is independent from ownership.
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ensure compliance with partner separation constraints, particularly regarding the operation of switches
exclusively by the relevant TSO. Furthermore, these constraints highlight the need for an organizational
and communication framework to interface the different TSOs between themselves and with upper-level
(ENTSO-E) processes.

In the next section, aspects related to DC grid control architecture, topology and functions
implementation are then discussed in an attempt to provide potential solutions for DC grid control
architecture implementation in multi-TSO projects.

9.10.3 Control architectures, hardware topology and functions
implementation

The different requlatory and functional constraints delimit the implementation options of the DC grid
control functional requirements. Moreover, they establish guidelines also for aspects such as the number
of hardware instances and communication topology, which can be relevant to the choice of the overall
hardware topology. These elements are discussed in this subsection to describe potential solutions in
multi-TSO context. First, the basic definitions of control architecture and hardware topology within the
scope of this section are described in Subsection 9.10.3.1. Next, Subsection 9.10.3.2 discusses control
functions required for the DC grid control. Subsection 9.10.3.3 gives an overview of the architectures
considered within this workstream, while Subsections 9.10.3.4 and 9.10.3.5 further describe the
implementation of these architectures. Finally, Subsection 9.10.3.6 elaborates the function
implementation in these different architectures.

9.10.3.1 Basic definitions

Disclaimer: The definitions provided in this subsection are intended solely for use within its context. They do
not establish formal guidelines or standardized terminology for DC grid control architecture. Instead, they are
introduced here to facilitate the reading and understanding of the section's content.

Control architecture

Control architecture can be defined as the theoretical or logical framework that defines the fundamental
structure and organization of a control system. It provides a high-level blueprint that outlines the control
hierarchy without specifying their physical location or detailed configuration. Furthermore, it does not
describe the specific communication network structure, the number of control entity instances, or the
implementation details.

- Control layers

The DC grid control architecture is constituted of the three fundamental layers illustrated in
FIGURE 184: AC/DC grid dispatch layer, DC grid operational layer and Subsystems control layer.
The AC/DC grid dispatch layer is expected to deal with security and dispatch aspects in a timescale
of several minutes, defining schedules for power and devices maintenance. The DC grid
operational layer is the main focus of this section. It can be seen as the layer where the main
functionalities with a need of coordination are implemented. Its implementation timescales can
range from tens of milliseconds up to a few minutes depending on the function. The Subsystems
control layer encompasses the controllers of subsystems, i.e. Conversion Station (CS) controller,
Power Park Module (PPM) controller and DC Switching Station (DCCS) controller.
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FIGURE 184: Control layers in DC grid control context.

- Controllers

In these layers, the implementation of functions is done in physical control entities that are named
controllers. Three types of controllers are discussed in this document in the DC grid operational
layer: DC Grid Controller (DCGC), TSO-DC Grid Controller (TSO-DCGC) and Hub Controllers (HC).
These controllers are implemented in different control architectures as it will be further discussed
in the next subsections presenting the potential control architectures.

Hardware topology

The hardware topology is defined in this section as the hardware layout considering the number of
controllers and how they are connected from a communication point of view. A given hardware topology
is said to be decentralized regarding a given controller if at least two instances of this controller exist,
regardless of the location of the instances (same place or geographically separated). Examples illustrating
centralized and decentralized topologies with respect to controller type A are depicted in FIGURE 18s5.
Moreover, the communication network topology between these elements can be redundant or non-
redundant. Communication network topology is also illustrated for controllers of the same type (between
type A controllers) and for controllers of different type (between type A and type B controllers) with
examples of redundant (meshed and ring) and non-redundant (point-to-point) communication topologies
in FIGURE 185.

Centralized topology example Decentralized topology examples
Point-to-point communication Ring communication
intra-controller type intra-controlier type
Point-to-point Meshed Point-to-point
communication communication communication
inter-controller type inter-controller type inter-controller type
Legend Type B controller, e.g., subsystem controller
. Type A controller, e.g., DCGC . Type B controller, e.g., subsystem controller

FIGURE 185: Examples of centralized and decentralized topologies, with redundant and non-redundant
communication network represented by lines connecting different elements.
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The implementation of several instances of the same controller type requires them to be coordinated. The

coordination can be applied by roles such as master/slave. This is defined in this section as the operation
strategy.

Operation strategy

The operation strategy is defined as the control hierarchy between controllers of same type (on
the same stage). The two main operation strategies relevant for the DC grid control are
centralized (e.g. master-slave) and distributed. The centralized operation strategy is
characterized by having one controller operating as a master, which is actively and exclusively
sending references and commands to other controller instances operating as slaves.
Furthermore, all controllers - master and slave - are receiving measurement and status signals
from their subordinate controllers, while additionally the slave controller instances transmit these
signals to the master controller. In this centralized operation strategy, it is also possible to have
controllers instances performing slave-like monitoring and communication functions, but
prepared to take over the master role, named hot standby. On the other hand, in distributed
operation strategy, the controllers operate in a cooperative manner without a single central
authority, in such a way there is a functional parity. Examples illustrating centralized and
distributed operation strategies with respect to controller type A are depicted in FIGURE 186.

Hierarchical/Centralized operation strategy Distributed operation strategy
\ /
Legend
. Controller type A master instance Controller type B instance

. Controller type A slave instairce

Controller type A with distributed
operation strategy instance

FIGURE 186: Examples of different operation strategies for controller type A in decentralized
topologies.

An important nuance is that it is possible to have different operation strategies (centralized or
distributed) for different functions using the same controllers. For instance, in principle, in a
decentralized hardware topology for a given controller, it is possible to implement a centralized
operation strategy for one function (e.g. DC power flow) and a distributed operation strategy for
another function (e.g. PPM curtailment). The definition of these functions is further developed
for clarity in the next subsection.

To summarize, a schematic gathering all the information about control architecture, hardware topology,

operation strategy, including signals, is referred in this section as an implementation of control

architecture. The implementation of control architectures discussed in this section are developed in

Subsections 9.10.3.4 and 9.10.3.5.
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9.10.3.2 Functions of DC grid control

It is also important to define the functions required for the operation of an HVDC system which can be

implemented in different control layers:

Power schedule: Definition of AC power setpoints for onshore converter stations. The
implementation of this function requires sending AC power schedules to TSOs and relevant
control instances.

DC power flow computation: Computation of all the voltages and power setpoints for converters
through the computation of voltage and currents in the HVDC system respecting security
constraints. The implementation of this function requires receiving AC power schedules from
upper control levels and sending AC power and DC voltage setpoints for converters to relevant
controllers that communicate with converters stations.

Secondary control coordination: Coordination of converters voltage and power setpoints to
maintain or restore the power flow and DC node voltages within the specified limits after a
contingency. The implementation of this function requires sending appropriate power and DC
voltage setpoints to relevant controllers that communicate with converters stations.

Control mode management: Coordination of the control modes and their associated
parameters, such as DC voltage droop, when there is a need, such as a change of topology,
according to predefined criteria. In this section, this includes coordinating the ramp rate of
individual converter stations or unit to ensure the power balance during the ramping process.
N-1 contingency analysis: Algorithm able to predict whether a system will respect operation
limits or not after a given N-1 contingency.

Curtailment coordination: Algorithm able to manage curative PPM power curtailment among
different PPMs considering online system status (measurements, devices availability and actual
generation). Such a curative PPM power curtailment coordination could lead to reduced total
power curtailed in the system. It is furthermore important to distinguish between the demand of
curative and preventive curtailment. Curative curtailment is related to an emergency need to
ensure system security, while preventive curtailment is related to actions handled at the dispatch
level. The implementation of this function requires receiving multiple measurement signals and
sending power limits signals to the PPMs.

Sequential control coordination: Implementation of an algorithm able to realize switching
actions and implementation of power flow modifications considering online system status
guaranteeing system security. Moreover, it includes being able to operate the switchgears of the
system. Consequently, the implementation of this function requires receiving measurement
signals and switches status and sending commands to them.

Sequential control requests and clearance: Procedure where a TSO either request macro-
sequences (e.g. start-up, reconfiguration etc.) or clear (accept) requests from other TSOs through
low speed communication (e.g. phone calls) or through the DCGC. In this way, all relevant TSOs
authorize a sequence before its implementation. In the case of using a DCGC, the sequential
control request-clearance mechanism involves the following steps: 1. A request from a TSO of a
macro-sequence to the DCGC; 2. The DCGC proposes detailed sequential actions to implement
the TSO request (open/close DC Switching Unit, change of CS control modes etc.) to the TSO grid
control centers of the relevant TSOs; 3. All relevant TSOs approve (clear) the sequence and send
an approval signal to the DCGC; and 4. The DCGC commands the different subsystems to
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implement the actions safely. Note this does not entail the DCGC to control individual switchgear,
see Chapter 5 on sequential control for more details.

Note that this is not an exhaustive list of all core functions required in DC systems. Additional functions,
such as power capacity/reserves computation, could also be included. However, discussions on these
topics were not considered mature enough within the workstream to reach a consensus, and they are not
deemed essential for analysing different control architectures at the current stage of discussions.

9.10.3.3 Overview of potential architectures of DC grid control

Two main solutions were discussed in this workstream: single-stage and two-stage DC grid operational
layer architectures. An overview of these architectures, including also upper (AC/DC grid dispatch) and
lower (subsystems control) layers, is presented in FIGURE 187. In this figure, CS, PPM and DCSS, stand for
Converter Station, Power Park Module and DC Switching Station, respectively.

AC/DC grid
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DCgrid
operational layer
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control layer

. . CS controller
Control architecture with :
TSOs interface

ﬂrgk-_stlagg DC grid and processes
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DC Grid Controller
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CS controller

Control architecture with O R,

two-stage DC grid and processes
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TSO - DC Grid Hub
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FIGURE 187: Conceptual overview of DC grid control architecture solutions discussed in the framework
of the workstream AC/DC Security and Dispatch.

The first architecture implements all DC grid control functions in one stages®. These functions are
appropriately coordinated at this level in the DC Grid Controller (DCGCQ).

Meanwhile, the second architecture, proposed by the 4GTSO working group, originates from a need to
propose a way to comply with regulatory constraints, such as the separation of partners in multi-TSO
projects. In this two-stage architecture, DC grid control functions are mostly implemented in two
controllers: TSO-DC Grid Controller (TSO-DCGC) and Hub Controller (HC). In short, the TSO-DCGC is a
controller with a relatively slow cycle time used by each TSO as an interface between its TSO grid control
center and the HC. In turn, at a lower level, the HC controls the entire HVDC hub with respect to functions
that require faster implementation. In this context, a hub shall be understood as a multiterminal HYDC
system, that is operated individually. In the discussions in this workstream, an MTDC system is considered
as a hub, and connection between different hubs is left for future discussions.

It is noteworthy that none of the DC grid control architectures discussed are in their final versions and
there is no consensus on whether they may require adaptations in order to comply with all the
requirements and on their feasibility.

56 Control stage is used in this document as a subdivision of a control layer.
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The operation strategy adopted for most functions is implemented in a centralized operation strategy, i.e.
with only one master controlling the subsystems at a given instant>’. A preliminary summary of the
implementation of these architectures is proposed in Table 48. This implementation of each architecture
is further discussed in the dedicated subsections.

Table 48: Classification of DC grid control architecture solutions discussed in the framework of the
workstream AC/DC Security and Dispatch.

Architecture Controller Hardware topology Operation strategy

Single-stage DCGC Decentralized Centralized (Master-Slave)

Two-stage TSO-DCGC Decentralized Centralized (Master-Slave)
HC Decentralized Centralized (Master-Slave)

To discuss these architectures, a 4-Terminal DC system, operated by 2 TSOs which own each one a point-
to-point link, is used as elementary case study. This case study is depicted in FIGURE 188, presenting the
hardware layer of the system and highlighting the 2 TSO responsibility zones.

/TSO zone1 A
. J/
(TSO zone 2 )
. J

CS: Converter Station
PPM: Power Park Module
DCSS: DC Switching Station

FIGURE 188: Hardware layer of 4-terminal and 2-TSO DC system example for discussing architectures
of DC grid operational layer.

9.10.3.4 Single-stage architecture

The single-stage architecture consists of an implementation of the core functions of the DC grid control
at a single control level. The controller at this level, namely DC Grid Controller (DCGC), implements then
DC power flow computation, sequential control coordination, control mode management, secondary
control coordination, N-1 contingency analysis and PPM curtailment coordination.

There can be as many instances of DC Grid Controller as necessary, but only one DCGC acts as master in
an HVDC system. The hardware location of a DCGC is not predefined, but it can be eventually placed in
the TSO grid control centers or in the converter stations, for example. It is important to note there might
be required a dedicated interface in TSO grid control centers to adequately communicate with the DCGCs.

57 Note that different scopes of functionalities are considered in the single-stage and two-stage architecture, as
further discussed in sections 9.10.3.4 and 9.10.3.5.
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To attempt to comply with separation of partners constraints, a request-clearance mechanism between
DCGC and TSO grid control centers can be implemented especially for sequential control actions.

The implementation of single-stage architecture for the 4T-2TSO DC system case study is depicted in
FIGURE 189 to illustrate the communication and signals exchanged in this control architecture. An upper-
level control is assumed in the AC/DC grid dispatch layer (TSOs interface and processes), where power
schedule is decided. These signals are sent to the TSO grid control centers, which then send this power
and reconfiguration schedule to the DCGC instances within their respective TSO zones. The master DCGC
implements the power schedule sent by TSO grid control center in the same TSO zone and sequential
control is handled using the aforementioned request-and-clearance mechanism.

The master DCGC coordinates all necessary functions and sends signals related to continuous control,
sequential control, and PPM curtailment to each subsystem across the system and to the slave DCGC
instances. These signals include power and voltage references for converters, control modes and
parameters for converters, open/close commands for DCSSs, and curtailment orders for PPMs, when
required. All DCGC instances also receive measurements from subsystems and send to the TSO grid
control centers relevant measurements for monitoring purposes. Both TSO grid control centers receive
these measurements exclusively from DCGCs in their respective TSO zones5®. The bidirectional arrows
represent a two-way communication flow: higher-level controllers send commands to lower levels, while
measurements flow in the opposite direction for monitoring and feedback. Additionally, DCGC shall have
a typical cycle time at the timescale of few hundreds of milliseconds to ensure a stable operation of the
system. Slave or hot-standby DCGC instances simply receive and transmit the signals from the master and
collect measurements from subsystems. In the event of a master failure, these instances seamlessly
assume control based on a predefined priority protocol.

M TSOsinterface&
processes

s ™ ™

© TSOa k] - TSO2 v

> DCGC DCGC
(slave) (slave)
PPM DCss Converters Converters Converters Converters DCss PPM
controllers controllers controllers controllers controllers controllers controllers controllers
e =l e
\ ) i \\_ )
=== Schedule signals, request and clearance signals = Schedule signals (power and reconfiguration)

=== Combined signals (continuous, sequential and curtailment)

58 Note there is no consensus on the need of separating communication between DCGCs and TSO grid control
center by TSO zone. Some partners claim a separation of assets can be achieved by providing separated cards
and communication channels, although the DCGCs do not belong to individual TSOs.
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FIGURE 189: Implementation of single-stage architecture of DC grid control for the 4-terminal and 2-
TSO DC system example.

Note the communication network topology between DCGCs depicted in the figure represents a simple
point-to-point connection for simplicity, but in practice this communication network topology shall be
redundant (ring, meshed etc.) to comply with high availability requirements. The same applies to the
communication between DCGCs and subsystem controllers.

9.10.3.5 Two-stage architecture

The two-stage architecture primarily addresses the need to ensure compliance with separation of partners
constraints. Furthermore, it seeks to standardize communication between controllers and converter
stations while improving liability management within defined responsibility zones.

This DC grid control architecture relies fundamentally on the separation of control functions in two control
levels: TSO DC Grid Controllers (TSO-DCGC) and Hub Controllers (HC). The first could be physically
located in each TSO grid control center, whereas the second could be located in each converter station.

Accordingly, the control layer for the 4T-2TSO DC system is depicted in FIGURE 190. Note that the
operation strategy adopted in this implementation of the architecture is also essentially functionally
centralized, i.e. with one single instance of the controllers operating as master at each control stage of the
DC grid operational layer. This means only one TSO-DCGC operates as master per HVDC system.
Conversely, TSO-DCGCs from other TSOs operate as hot standby. Moreover, the sequential control is
implemented in the TSO grid control center, but not in the TSO-DCGC. This aims to ensure only the TSO
can operate switches within its zone. Additionally, there is no direct communication between a TSO-
DCGC and subsystems of another TSO. The TSO-DCGC implement functions such as DC power flow
computation, considering information about system topology, control modes and availability of systems
and subsystems. This information shall be communicated either by the TSO grid control center or by the
HCs. It serves as an intermediate interface for continuous control between the TSO grid control center
and HCs. Any sequential control coordination is done in upper levels using the TSOs interface, which can
include low speed communication between TSOs. PPM curtailment coordination is also deliberately left
out of the controllers of such an architecture a priori because this topic has not been fully addressed by
the 4GTSO working group yet.

Correspondingly, HCs serve as an intermediate between TSO-DCGC and all the subsystems for continuous
control. They also distribute the measurements, setpoints and switches status and represent the interface
between different TSOs on a system level. It is noteworthy that the Hub Controller of a TSO does not
communicate directly with subsystems of other TSOs. However, HC do communicate with HCs of the
other TSOs, sending setpoints to subsystems of other TSOs indirectly. This aims at complying with
separation of partners requirements. From an operation strategy functional point of view, only one HC
operates as master per HVDC system and other HCs (from same TSO and other TSOs) operate as slave or
hot standby. The functions included in this control level are the control mode management, as well as
eventually secondary control and N-1 contingency analysis. Consequently, the master HC is responsible
for effectively coordinating these functions, while slaves HCs transmit signals to other controllers.
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FIGURE 190: Implementation of two-stage architecture of DC grid control for the 4-terminal and 2-
TSO DC system example.

Note the communication network topology between Hub Controllers depicted in the figure represents a
simple point-to-point connection, but in practice this communication network topology shall be
redundant (ring, meshed etc.) to comply with high availability requirements.

9.10.3.6 Functional view of DC grid control architectures

To summarize both architectures function implementation discussed so far, a schematic is depicted in
FIGURE 191. The differences between these control architectures implementation can be summarized in
the functions allocation in the layers and, consequently, exchanged signals.
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FIGURE 191: Functional assignment of DC grid control architectures implementation with single-stage
and two-stage operational layer.

In the single-stage architecture implementation presented above, all types of signals are expected to be
centralized in the DCGC, which communicates with basically every other control layer and also TSO zones.
Meanwhile, the two-stage architecture implementation depicted above, proposed by the 4GTSO working
group, specifically addresses the separation of partners constraints by keeping sequential control signals
out of the scope of DC grid operational layer and being exchanged exclusively between TSO grid control
center and subsystems.

In this sense, this single-stage architecture implementation uses DCGC to interface and coordinate TSOs
sequential requests, while the two-stage implementation does not rely on fast communication but could
rather rely on low speed communication to coordinate TSOs and communicate sequences such as
reconfiguration, start-up, system split and so on. Moreover, by centralizing sequential control
coordination, this single-stage architecture implementation can ensure a fast transition between safe
states once the authorization is provided by the TSOs. On the other hand, the two-stage architecture
implementation is unanimously recognized for its compliance with separation of partners constraints,
avoiding any possibility of one TSO to control a switch out of its own TSO zone.

Moreover, the discussions in the workstream also highlighted different perspectives on the curative PPM
curtailment coordination implementation. Indeed, although a potential need for some degree of curative
curtailment coordination at the DC grid operational layer is rather acknowledged, the exact
implementation of this is function was not fully addressed within the scope of 4GTSO working group and
is therefore not detailed in this document for the two-stage grid control architecture.

Above all, it is important to note that the functional assignments and implementations described above
are not the only possible solutions for these architectures. For example, alternative approaches could
include a single-stage architecture designed to clearly comply with the separation of partners constraints.
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In such a scenario, in the same way of the presented two-stage architecture implementation, sequential
control coordination could be implemented in the TSO grid control center. As a result, sequential control
signals are separated by TSO zones, with switches being operated only by the relevant TSO. The
functional view of this alternative single-stage architecture implementation is illustrated in FIGURE 192
side-to-side to the two-stage control architecture previously presented.

Single-stage DC grid control architecture — Alternative version Two-stage DC grid control architecture

TSOs interface AC/DC dispatch layer TSOs interface AC/DC dispatch layer
and processes - Power schedule coord. and processes - Power schedule coord.
r
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Sequential control coord.
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- DC power flow computation
- Control mode management
- Secondary control coord.
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FIGURE 192: Functional assignment of DC grid control single-stage (alternative version) and two-stage
architectures.

9.10.4 Concluding remarks

This section addressed some of the practical aspects of DC grid control implementation in the context of
multi-TSO projects. The analysis revealed that the two architectures discussed share some structural
similarities: both adopt a centralized operation strategy with a single master and are topologically
decentralized. However, the allocation of functions across controllers and the exchange of signals can vary
depending on the specific implementation of these architectures.

An important conclusion of the discussions is the acknowledgment of requlatory constraints related the
separation of partners and their potential impact on the allocation of functions on different control layers
and entities in the case of multiple TSOs in a project. Therefore, at the current state of the discussions,
there are different views on whether the first option of single-stage DC grid control architecture
implementation (see FIGURE 191) comply or not with the separation of partners constraints, specific to
multi-TSO projects. In this architecture implementation, the separation is expected to be implemented
rather software-based thanks to communication parametrization than fully hardware-based. On the other
hand, there is a common understanding that the alternative version of the implementation of the single-
stage architecture and the two-stage (see FIGURE 192) comply, a priori, with the separation of partners
requirements.
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A point that merits further investigation is the cycle time requirements for the different functions and how
this could impact the function allocation in different controllers. Some participants of the workstream also
highlighted stability issues could arise for high cycle time for the implementation of certain functions, such
as DC power flow computation, especially during master/slave swap in decentralized hardware topologies
where controllers are geographically far from each other.

In addition, in the discussions within the workstream some participants raised the risk of additional
challenges that concern both system performance and safety related to implementing sequential control
at the TSO grid control center. However, it is imperative to note that the choice of TSO responsibility
zones must be carefully chosen to cope with these potential challenges, considering technical design
choices related to both operation and protection of the system. Likewise, low speed communication
between TSOs is acknowledged to have an important role to address these challenges, as it is necessary
to coordinate sequential actions in the system.

More generally, it was noted that depending on the chosen control architecture, system operation
responsibilities may shift between TSOs and vendors, a factor that should be carefully considered when
defining the architecture and allocating functions.

Some other points have not been thoroughly addressed within the discussions in this workstream, such
as the potential implementation of curative power curtailment coordination in the two-stage control
architecture, and also expandability, cost and reaction time to contingencies for both control
architectures. In the context of expandability, a key point for future discussions is understanding how
different control architecture implementations can accommodate the connection of multiple hubs.

More generally, some other topics that could further be addressed revolve around the operation of an
HVDC system. The operating states, as defined in the System Operation Guideline (SOGL), offer a
baseline for such discussions. Among relevant questions are:

- Can the definition of the "Normal state” be limited to voltage ranges, or should a more complex
approach based on online N-1 security be followed?

- What action shall be performed after entering an Alert state? What is the objective and scope of
secondary voltage control?

- Inwhich cases shall PPM curtailment be triggered? Which mechanisms, coordinated or local, may
be relevant to perform such action?

- Whatare the available remedial actions, both preventive or corrective, that can be taken to ensure
the security of the HVDC system?

- How can sequential control coordination at the DC grid operational layer enhance the operation
and security of the HVDC system?

To conclude, a common understanding on DC grid control architecture constraints and choices has been
achieved and the awareness about these topics is seen as sufficient to ensure that InterOPERA
demonstrator results will be exploitable. We assess this workstream partially clarified the main points
regarding DC grid control architecture, but that the points highlighted as open questions could benefit
from reopening this workstream discussions later on the project.

9.10.5 Data and information security regulation
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This subsection lists part of the data and information security requlation reviewed and considered in this
workstream. Note this is not intended to be a complete list of all the possible regulation for HVDC grid

control architecture.

TABLE 49: SECURE SYSTEM ARCHITECTURE

ID

Requirement text

Reference

Table
49.1

The system shall be developed in respect to safe
operation.

Table
49.2

The contractor shall name and explain all deviations
from the specifications of this requirements definition
listed below. Alternatives shall be proposed and
discussed.

Table
49.3

Where applicable and technically possible, network
segmentation shall be realized by physical means to
strictly separate systems of different functionalities
and explicitly separate process and control systems
from administrative functionalities. Tunnelling shall be
avoided.

IEC62443-3-3
9.3.3.1 SR 5.1 RE 1 Physical

network separation

ISO/IEC 27019:2017
13.1.2 Security of network
services

BDEW-WP 2.0
4.4.2 Secure Network Structure

ICS-Security Kompendium
2.2.6 Physical separation

Table
49.4

Segmentation shall not have an impact on operational
functionality, nor shall it influence the independent
functionality of the segmented zone. This includes
preventing of uncontrolled or unintended transferring
of information between segmentation zones.

Table
49.5

In respect to vertical network segmentation, where
applicable and technically possible, the underlying
network structure of the system shall be divided into
zones with different functions and different protection
requirements. Where technically possible, these
network zones shall be separated by firewalls, filtering
routers or gateways. Communication with other
networks must take place exclusively via
communication protocols approved by the client in
compliance with the applicable security rules.

Table
49.6

In respect to horizontal network segmentation, where
applicable and technically possible, the network
structure on which the system is based shall also be
divided horizontally into independent zones (e.g. by
location), whereby the zones must also be separated
by firewalls, filtering routers or gateways.

Table
49.7

Communication between different security zones shall
be encrypted. This communication shall explicitly not
be wireless.

ISO/IEC 27019:2017
13.1.2 Security of network
services

BDEW-WP 2.0
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ID Requirement text Reference
4.4.1 Used Protocols and
Technologies
Table The telecontrol connection of the IT/OT components
49.8 to the grid control centers shall be realized by
dedicated gateway systems.
Table Defined events or messages shall be recorded and it ISO/IEC 27019:2017
49.9 shall be possible to feed them into a central evaluation | 12.4.1 Event logging
system (“Security and Event Management” (SIEM)) of
the clients. BDEW-WP 2.0
4.5.6 Logging
Table The Process Network shall not be able to communicate | ISO/IEC 27019:2017
49.10 with the Internet. 5.1.1 Policies for information
security
BDEW-WP 2.0
4.4.1 Secure Network Structure
Table The Process Network shall not have IP-based ISO/IEC 27019:2017
49.11 connectivity to external networks, nor shall it be 5.1.1 Policies for information
connected to external or further client entities. security
External networks and entities cover all networks or
entities, respectively, that do not belong to the same BDEW-WP 2.0
Transmission System Operator. 4.4.2 Secure Network Structure
Table Control functions for controlling the critical
49.12 infrastructure shall not be hosted in the cloud.
Table Remote access shall only be possible via centrally BDEW White Paper Version 2.0
49.13 managed access servers under the control of the 4.4.4 Secure Remote Access
system operator. The access servers shall be operated
in a DMZ and ensure isolation of the process network.
A 2-factor authentication procedure must be used.
Remote access shall be possible only for dedicated
roles.
Table File exchange shall only be permitted via a defined, ISO/IEC 27019:2017
49.14 specially protected storage area. 12.5.1 Installation of software on
operational systems
BDEW White Paper Version 2.0
4.7.3 Configuration and Change
Management, Rollback
Table A corresponding network zoning/segmentation Amprion NET-4
49.15 concept shall be designed by the contractor. This
concept shall be agreed on by the client.
Table The network zoning/segmentation concept shall Amprion NET-5
49.16 include which information flow may take place
between the network segments and how the network
transitions are technically protected accordingly.
Table The transition between different network zones shall
49.17 be designed according to their risk level. For example,
the use of a "Packet Filter — Application-Level Gateway
— Packet Filter" (P-A-P) structure can be appropriate
for critical network transitions.
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ID Requirement text Reference

Table When logically coupling process control systems and
49.18 their associated communication links with external
third parties (not belonging to the same Transmission
System Operator), it should be ensured that only
authorized communication and information flows, as
well as operationally required control commands and
messages, can be exchanged over the communication

link.
Table When logically coupling process control systems and
49.19 their associated communication links with external

third parties (not belonging to the same Transmission
System Operator), the nature and scope of the
authorized communication, including the necessary
control commands and the exchange of data and
messages, shall be defined in advance.

TABLE 50: REDUNDANCY

ID Requirement Text Reference
Table The systems shall be designed as a redundant system, | ISO/IEC 27019:2017
50.1 i.e. asingle errorin or a shutdown/unavailability of a 17.2.1 Availability of information

system or a device — regardless of being virtualized or | processing facilities
not — shall never result, directly or indirectly, in the loss

of the intended function nor to a loss of the BDEW White Paper Version 2.0
supervisory control and data acquisition capabilities of | 4.1.1 Secure System
the DCMT system. Architecture

Table After a system fault the system shall always enter a

50.2 safe state.

Table The contractor shall provide proof of redundancy ISO/IEC 27019:2017

50.3 mechanisms. 17.2.1 Availability of information

processing facilities

BDEW White Paper Version 2.0
4.1.1 Secure System
Architecture

TABLE 51: CONFIDENTIAL DATA

ID Requirement Text Reference
Table Confidential data shall be stored and transmitted by ISO/IEC 27019:2017
51.1 means of encryptions. 10.1.1 Policy on the use of

cryptographic controls

BDEW-WP 2.0
4.1.5 Encryption of Sensitive
Data

ENCS
SPR.o1 Cryptographic
Algorithms and Key Lengths
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Table
51.2

The protection of confidential data shall include
information security and the applicable data
protection requirements.

TABLE 52: TECHNOLOGIES, PROTOCOLS

ID Requirement Text Reference
Table All virtual and physical devices shall support Radius, ISO/IEC 27019:2017
52.1 LDAP or TACACS communication for authentication of | 9.1.2 Access to networks and
users, policies, reporting and network devices and shall | network services
be compatible for one or more of these protocols with
the clients’ Central authentication Systems. BDEW White Paper Version 2.0
4.4.1 Used Protocols and
Technologies
Table All virtual and physical Network devices shall support ISO/IEC 27019:2017
52.2 communication to a Network Access-Control system 9.1.2 Access to networks and
that controls access, based on 802.1x. network services
All virtual and physical communication-network BDEW White Paper Version 2.0
devices shall enforce 802.1x, besides being able to act 4.4.1 Used Protocols and
in client device. Technologies
Table All systems and components shall be protected against | ISO/IEC 27019:2017
52.3 unauthorized or unintended system access or improper | 14.2.5 Secure system
session handling. In addition to direct access, access via | engineering principles
auxiliary applications must also be effectively
prevented.
This requirement shall also be explicitly applied to the
delimitation of ownership and operational
responsibility of the clients involved.
Table All virtual and physical devices shall only use secure ISO/IEC 27019:2017
52.4 and state-of-the-art protocols for communication. 9.1.2 Access to networks and
Therefore the virtual and physical devices shall support | network services
only secure versions like (SSHv2, SNMPv3, TLS 3.0,
HTTPS etc.). Unsecure services shall be made possible | 14.1.3 Protecting application
to disable, without losing functionality. services transactions
BDEW White Paper Version 2.0
4.4.1 Used Protocols and
Technologies
4.4.4 Secure Remote Access
Table Web services shall be developed according to BDEW White Paper Version
52.5 Application Security Verification Standard of OWASP V2.0
at least level 2. For critical web services the client shall | 4.5.4 Web Applications and
be able to demand an implementation on basis of level | Web Services
3.
Table In accordance with technical feasibility, only ISO/IEC 27019:2017
52.6 standardized IEC protocols shall be used in all areas. 13.1.4 ENR — Securing process
The contractor shall name all implemented protocols. control data communication
BDEW White Paper Version 2.0
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ID Requirement Text Reference
4.4.1 Used Protocols and
Technologies
Table The private area of these communication protocols ISO/IEC 27019:2017
52.7 shall only be used if technically necessary. Exceptions 13.1.4 ENR — Securing process
must be clearly documented and agreed upon with the | control data communication
employer.
BDEW White Paper Version 2.0
4.4.1 Used Protocols and
Technologies
Table If needed, only the OPC UA protocol version developed
52.8 with security aspects in mind shall be used of the OPC
system family.
Table Protocols using UDP as transport layer shall not be BDEW White Paper Version 2.0
52.9 used. The following are exceptions to this: 4.4.1 Used Protocols and
e PTP (Precision Time Protocol) Technologies
e NTP /SNTP (Network Time Protocol / Simple
Network Time Protocol)
e SNMP (Simple Network Management
Protocol, at least version 3)
e RADIUS (Remote Authentication Dial In User
Service)
Table All virtual and physical OT devices shall not implement | ISO/IEC 27019:2017
52.10 wireless technologies. This does not apply to GPS/ 13.1.3 Segregation in networks
DCF/ GLONASS.
BDEW White Paper Version 2.0
4.4.5 Wireless Technologies
Table The overall system shall have a uniform system time
52.11 and offer the option of synchronizing this system time
with an external, secure time source.
Table All virtual and physical devices shall support NTP ISO/IEC 27019:2017
52.12 protocol (version 4 or higher) to synchronize its internal | 12.4.4 Clock synchronisation
clock.
BDEW White Paper Version 2.0
2.4.6 Logging, Audit Trails,
Timestamps, Alarm Concepts.
ICS-Security Kompendium
5.6.2 Securing of services and
protocols
Table All virtual and physical C&P and communication ISO/IEC 27019:2017
52.13 devices shall support the PTP protocol (version 2.1 or 12.4.4 Clock synchronisation
higher) to synchronize its internal clock with high
precision according to IEC61850-9-3. BDEW White Paper Version 2.0
2.4.6 Logging, Audit Trails,
Timestamps, Alarm Concepts.
ICS-Security Kompendium
5.6.2 Securing of services and
protocols
Table Failures in the availability of the time signal or external
52.14 time synchronization shall have no or only well-defined
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ID Requirement Text Reference
effects on control functions. If necessary, a redundant
time source shall be provided.
Table The system shall support logging of all security-related | IEEE1686
52.15 actions, events and faults in a suitable format. The 6.11 Storage for records
logged data shall be archived.
IEC62443-3-3
12.4.2 Protection of log
information
ISO/IEC 27019:2017
12.4.1 Event logging
12.4.2 Protection of log
information
BDEW White Paper Version 2.0
4.5.6 Logging
ENCS
SLR.o2 Storage Space for
Security Events
|CS-Security Kompendium
5.6.10 Logging and analysis.
Table All virtual and physical C&P devices shall monitor ISO/IEC 27019:2017
52.16 safety- and security-related activity and make the 13.1.1 Network controls
information available through a (real-time)
communication protocol for transmission to a BDEW White Paper Version 2.0
Supervisory AND (separate) Monitoring system. 4.4.1 Used Protocols and
Technologies
All virtual and physical devices shall support both the
IEC 103/104/61510/... and SNMPv3 at the same time for
these security-related events.
Table All virtual and physical communication devices shall ISO/IEC 27019:2017
52.17 support a SNMP communication to a centralized 13.1.1 Network controls
network management system with the full FCAPS
function. BDEW White Paper Version 2.0
4.4.1 Used Protocols and
Technologies
Table The authenticity and integrity of process data, whose | ISO/IEC 27019:2017
52.18 falsification in the direction of reporting or command | 14.1.3 Protecting application
can directly or indirectly lead to mismanagement in | services transactions
plant or network operations, shall be cryptographically
secured based on a risk analysis. BDEW White Paper Version 2.0
4.4.1 Used Protocols and
Technologies
Table To ensure the authenticity and integrity of process data, | ISO/IEC 27019:2017
52.19 whose falsification in the direction of reporting or | 14.1.3 Protecting application
command can directly or indirectly lead to | servicestransactions
mismanagement in plant or network operations, either
security extensions at the application protocol level | BDEW White Paper Version 2.0
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Requirement Text

Reference

(e.g., according to IEC 62351) or securing data
transmission at lower network levels shall be used.

4.4.1 Used Protocols and

Technologies

TABLE 53: DOCUMENTATION AND WORKING GUIDELINES

ID Requirement Text Reference
Table The system shall be developed by reliable and trained | ISO/IEC 27019:2017
53.1 employees using a secure development process, 14.2.1 Secure development
including quality management. Potential policy
subcontractor must be subject to at least the same
safety requirements as the contractor. BDEW White Paper Version 2.0
£4.6.1 Secure Development
Standards, Quality
Management and Approval
Processes
ENCS
SUR.03 Secure Coding Practices
Table Access to insecure networks shall not be possible from
53.2 the development/test systems.
Table The development environment as well as the test
53.3 systems shall be provided with secure logical access
protection and protected against unauthorized
physical access.
Table The documentation of the entire system shall always
53.4 be kept up to date throughout the entire project.
Table The documentation shall define the following security-
53.5 relevant development steps:
Definition of security requirements
Threat modelling and risk analysis
Derivation of requirements for system design and
implementation
The processes and procedures as well as the
corresponding results of the above-mentioned
development steps shall be documented in a
comprehensible manner and can be viewed by the
client on request.
Table The documentation shall include a concept for
53.6 administration of all virtual and physical network
devices.
Table The documentation shall include relevant emergency
53.7 and crisis scenarios containing procedures and
recovery plans.
Table Out of these scenarios, the documentation shall
53.8 explicitly describe the consequences on functions of
the system or devices in case of a system split.
Table The documentation shall include consequences of
53.9 incorrect configuration of the system.
Table The documentation should include vulnerability ISO/IEC 27019:2017
53.10 management process and a patch management 12.6.1 Management of technical
process. vulnerabilities
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ID Requirement Text Reference

BDEW White Paper Version 2.0
4.7.4. Handling of Vulnerabilities

ENCS
SDR.og4 Vulnerability Handling
Process
Table The documentation should include description for IEC62443-3-3
53.11 malware protection system and the management 7.4 Protection against malware
processes for actualizing this system. The system shall
be integrable without any impact on the system. It ISO/IEC 27019:2017
should be described how a centralized system can 12.2.1 Controls against malware

manage the malware protection system.
BDEW White Paper Version 2.0
4.3.2 Malware Protection

ICS-Security Kompendium
3.3.11 Malware

Table The decision-making process for design questions

53.12 shall be documented including descriptions of its
advantages and disadvantages.

Table The documentation shall include all side agreements

53.13 and changes until the handover of the system.

Table The documentation for networks, network services,

53.14 and network components shall include the following:

¢ Requirements for the network, network service, and
network component

e Security functions

e Hardening measures

* Responsibilities

* Processes

* Network/zone concept with resulting segmentation
* Monitoring
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