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Executive Summary

This report presents the main outcomes of Task T3.2 related to Control for AC/DC Architectures, which
is part of Work Package WP3 within the HVDC-WISE project. Task T3.2 aims to introduce innovative
control concepts tailored to future AC/DC architectures to increase the reliability and resilience (R&R)
of large-scale hybrid AC/DC systems. The proposals aim to strengthen system resilience and reliability
by enhancing the grid’s ability to respond effectively to events and disturbances, focusing on both
core and supplementary control layers.

Key findings include:

e Core Control Functions:

An enhanced control strategy is proposed to combine grid-forming (GFM) with DC
voltage droop control. With two simple modifications, GFM can integrate with DC
voltage droop control to improve small-signal stability and DC voltage security during
N-1 contingency ride-through. Additionally, the proposed control can provide inertia
support by redistributing power from other AC areas, without requiring
communication and without causing significant disturbances to the DC voltage.

Small-signal models assess the “firewall” capability of GFM converters, highlighting
the role of key parameters impeding disturbances to propagate between grid regions.

A fuzzy logic-based controller is introduced to mitigate DC oscillations during post-
fault recovery, demonstrating better performance over traditional methods.

e Supplementary Control Functions:

o

A coordinated control layer for active power-based services—such as power
oscillation damping, AC line emulation, and frequency reserve sharing—is proposed,
effectively reducing interactions with DC voltage control. Among these services, the
AC line emulation function shows particular potential to enhance system resilience by
automatically redistributing power to prevent cascading failures following
disturbances.

A proposed supervisory control system enhances DC voltage stability and manages
unbalanced conditions, supporting reliable operation across varying grid states.

Using adapted simulation tools, the implementation and performance of these proposals are
analysed. The numerical analyses demonstrate the feasibility and effectiveness of these strategies in
enhancing the resilience of HVDC-HVAC architectures. These findings lay a foundation for future work
packages that will test these strategies in practical scenarios.

HVDC-WISE

9119



| Deliverable 3.2

1.Introduction

The future of the electric power grid demands a transformation to accommodate large-scale
renewable energy integration. High-Voltage Direct Current (HVDC) technology, with its rapid
development, is increasingly seen as a critical solution. HVDC grids offer distinct advantages over
traditional AC systems, enabling cost-effective and secure transmission of renewable energy over long
distances. This technology not only facilitates the connection of remote offshore wind farms but also
promises higher transmission capacities, particularly when compared to cable-based AC connections.
As HVDC integration grows, the need for a comprehensive understanding and control of these
combined AC/DC systems increases to ensure their resilient operation.

This report presents the main outcomes of Task T3.2 related to Control for AC/DC Architectures,
which is part of Work Package WP3 within the HVDC-WISE project. Task T3.2 aims to introduce
innovative control concepts tailored to future AC/DC architectures, addressing the Transmission
System Operators' (TSOs) requirements for a reliable and resilient (R&R) hybrid AC/DC system. These
efforts are closely aligned with the project’s overarching objectives.

The controllers proposed in this report are designed not only to ensure the operation of HVDC systems
as an integral part of the transmission grid but also to fully exploit their potential to enhance the R&R
of the entire AC/DC system. Our proposals aim to bridge the existing gaps identified in current systems
and provide advanced functionalities for improved system performance.

For the different proposals in this report, a state-of-the-art review is presented to highlight the gaps
addressed by our investigations. Then, the proposed controls are detailed. Finally, to evaluate the
performance of our proposals, comprehensive simulations in simple and representative test systems
are performed. These innovative proposals form the basis for defining the functionalities that will be
included and tested in subsequent work packages.

1.2 Objective of T3.2

The main objective of this report is to propose enhancements to existing HVDC control systems to
increase the resilience and reliability of the system. These control enhancements span different
control layers, starting at the converter level and extending to higher control levels that may require
coordination between stations via communication. Given the limited experience with MTDC systems,
there is currently no consensus on the demarcation and definition of these control layers. Therefore,
to provide structure to this report, we adhere to the guidelines set forth in IEC TS 63291-1:2023 [1],
which proposes a hierarchical control structure. This structure, illustrated in Figure 1.1, will be
followed throughout this report. Although the definitions of the different control layers, their included
functions, and the associated response times are still under discussion (see references [1] [2] [3]), we
will use this framework to differentiate between core control functions and supplementary control
functions, thereby providing a clear structure for this report.

The core control functions are implemented inside each converter and rely on information and
measurements that are locally available to each converter. These functions are critical for the
operation of each converter (valve switching and internal converter controls) and of the HVDC grid
(DC node voltage control) and have very fast response times up to some tens of milliseconds. On the

HVDC-WISE 10 | 119
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other hand, the supplementary control functions, are functions that might involve coordination via
communication (e.g., from a central HVDC grid controller to HVDC stations or remote measuring
points). Consequently, they have longer response times compared to core control functions. If
communication between this supplementary control functions layer and a part of the HVDC grid, such
as an AC/DC converter station, is lost, the supplementary control functions might not be fully
operational, depending on the architecture of the control implemented (centralized, distributed, with
or without backup). This differentiation between control layers will serve as the basis for structuring
this report.

AC/DC grid control

Converter
schedules
Coordinated system control

AC grid A
DC node voltage { Global DC l

Controller hierarchy

control grid controls

AC grid B
Converter Autonomous AC grid C
control modes

Internal converter
controls

adaptation
controls

- fixed Upc / P

F - droop char.
ast current e,
control loop

Valve
switching

cycle times (typical)

~= = = = =
~us ~ms ~30 ms ~5 ~5s ~min
Core control functions Supplementary control functions

FIGURE 1.1: IEC STANDARD GUIDELINES (FIGURE FROM IEC TS 63291-1:2023).

In this deliverable, the objective is to propose a variety of enhancements to known controls in the
literature at the different control layers. These enhancements are tested separately in the different
sections of the report, the combination of the controls belonging to the core control layer and to the
supplementary control layer will be discussed in future WPs.

1.3 Outline of report

The structure of this report is as follows:

e Chapter 2 focuses on core control functions. It begins with a brief recall on the mechanisms to
achieve DC voltage control and synchronization with the AC grid, essential functions for the
normal operation of the HVDC grid. Following this, we discuss our new proposals for
implementing and combining these functions, e.g., DC voltage control and AC grid
synchronization under various grid conditions. The chapter concludes with an examination of
power oscillation damping on the DC side of the converter, highlighting innovative solutions
to manage these oscillations.

e Chapter 3 explores the supplementary control functions. It starts by introducing new control
concepts designed to provide active power-based services to the AC grid. These services
include power oscillation damping, frequency control, and AC line emulation, achieved
through coordinated efforts across HVDC stations. Next, we detail a new supervisory
(secondary) DC grid control concept aimed at securely redistributing the DC grid in response
to DC events.

HVDC-WISE |19
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e Chapter 4 summarizes our contributions, summarizes also how the different controllers can

affect the R&R levels of the system and provides some insights on how these results can impact
the following work packages.

Additionally, Appendices A offer details about simulations of post-fault recovery process.

1.4 Outcomes of T3.2 and relation with other
tasks (e.g. T3.3, WP4, etc.)

The outputs of T3.2 include the design criteria, implementation, and tuning recommendations for
control functionalities, which are disseminated across WP4, WP6, and WP7. These contributions
significantly advance their respective tasks. The control functionalities introduced in T3.2 not only
provide guidance for individual components in WP4 but also serve as foundational elements for use
case development in WP6 and WP7, where they undergo evaluation.

HVDC-WISE 12 | 119
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2. Core functions

This chapter addresses the functions that can be achieved via controllers implemented at the “Core
Functions” layer, as defined in IEC TS 63291-1:2023. These functions are implemented within each
converter and rely on locally available information and measurements.

This chapter firstly presents a brief review on DC voltage control and AC grid synchronization. In the
second part of the chapter, we introduce our first proposals through control concepts designed to
fulfil these functions under different grid conditions. The final part of this chapter addresses a specific
optional function: damping oscillations on the DC side following a DC fault.

2.1 Minimum Requirements for System
Normal Operation

This section recalls the basics of DC voltage control and AC grid synchronization, essential functions
for the operation of HVDC grids to operate as an integral part of the AC transmission system.

2.1.1 Control of DC voltage

To achieve its primary goal of power transmission, an HVDC system must first ensure continuous and
secure operation. Preventing power flows and DC voltages from exceeding the physical limits of
system components in case of disturbance is therefore crucial, since if these fluctuations exceed
system limits, the entire system may be jeopardized. Therefore, AC/DC converters must respond
rapidly and collaboratively to restore energy balance through DC voltage control mechanisms,
ensuring the HVDC system's secure operation. Effective DC voltage control strategies are essential for
operational reliability, maximizing power transmission efficiency, and enhancing the grid's ability to
handle dynamic changes in load and generation. A deviation in DC system voltage reflects an
imbalance of the pre-disturbance power flow. Primary DC voltage control is essential for correcting
this imbalance and restoring system stability.

This section provides a brief overview of the two main control strategies used to manage voltage levels
across multi-terminal DC (MTDC) networks, beginning with the general principles of voltage control in
larger DC systems.

Master-Slave Control

The master-slave control strategy is traditionally used in point-to-point HVDC systems. In this
configuration, one converter, known as the Master (or the converter in fixed DC voltage control
mode), is responsible for maintaining the DC voltage at its connection point at a desired setpoint
specified by the operator or a higher control layer. The Master converter achieves this by
automatically adjusting its active power injection or absorption. Meanwhile, the other converters,
known as Slaves (or converters in fixed active power control mode), are set to follow fixed active
power references defined by the operator or higher control layers.

In this setup, the Master converter is solely responsible for compensating any active power imbalances
in the HVDC system. This arrangement has two main drawbacks: (a) the ability to compensate for
imbalances is limited by the maximum HVDC active power transmission capacity of the Master
converter (which can be particularly problematic in multi-terminal configurations), and (b) having only
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one converter in charge of DC voltage control creates a single point of failure, which could result in a
network shutdown if the Master converter fails [4]. Therefore, when implementing the master-slave
configuration, failure changeover mechanisms are necessary to handle potential Master converter
outages. The Voltage Margin Method, subcategory of a pure master-slave control, employs a backup
Master converter to the master-slave control [5]. This backup Master operates as a Slave under normal
conditions but can take over as Master if the primary Master fails or if voltage deviations or rather
predefined voltage thresholds are exceeded, ensuring continuous and stable power delivery [4].

DC voltage droop Control

The concept of DC Voltage Droop Control (DVD) is widely recognized in both industry and academia
and is one of the most cited methods for voltage regulation in multi-terminal DC (MTDC) systems. The
principle behind this method allows multiple converters to autonomously adjust their active power
output, working collaboratively to stabilize the network's voltage in response to power
disturbances. DVD is analogous to frequency droop control in AC systems and is particularly useful for
systems that operate without a centralized communication infrastructure [4].

Despite its widespread recognition, there are still different definitions of DC voltage droop control, as
it can be defined in various ways using different measured variables or control outputs (e.g., based on
active current or active power). In this report, we adopt the definition from [2]: The DC voltage droop
(DVD) refers the “change of active power in response to a deviation of the DC voltage from its
reference value”.

Following the definition, the DC voltage droop can be expressed in the following manner:

AP =P =P = Kp(Vpc — Vic) (2-1)

Where, AP is the change of active power defined as the difference between the measured active
power P and the Active power set-point P*. Vp is the measured DC voltage at the DC point of
connection and V¢ is the DC voltage set-point. Finally, K, is the droop characteristic (also referred to
as the droop gain in this report), which defines the relationship between changes in active power and
deviations in DC voltage. Figure 2.1 illustrates a classical proportional droop characteristic following
the proposed definition. In this case, a higher value of K, leads to a greater variation in active power
output in response to changes in DC voltage.

VDC

*
VDC

P* P
FIGURE 2.1: EXAMPLE DROOP CHARACTERISTIC OF A CONVERTER

It is important to note that droop characteristics can follow different forms; for example, recent
collaborative projects have proposed for example a piecewise representation of this characteristic [3].
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The key advantages of DC voltage droop control are that it promotes redundancy and resilience by
distributing control across multiple converters, while also enhancing the flexibility and scalability of
grid operations. Although this method is generally considered the most appropriate for multi-terminal
HVDC, there are still some locks and challenges for its application in real projects [3] [6].

Both described methods “master-slave” and “DC voltage droop control” will be used in the following
chapters of this report.

2.1.2 AC grid synchronization

Synchronization of grid-connected power converters is essential for stable operation alongside other
devices in the AC grid. Unlike synchronous generators, which naturally remain synchronized with the
grid during normal operation due to inherent synchronizing torque, converters rely on dedicated
control actions to achieve and maintain synchronization and restore it after disturbances. This section
reviews the grid-following and grid-forming converter control philosophies, including their
mechanisms for achieving grid synchronization.

Grid-following and synchronization via a phase-locked loop (PLL)

Grid-following control (GFL) refers to a generic control concept of grid-connected converter by which
the converter is controlled as a current source (See Figure 2.2) typical via vector current control. The
controlled current source aims to fulfill the system active and reactive power setpoints given from
higher level controller of the grid by injecting active and reactive current relative to the phase and
magnitude of the voltage the point of connection. These phase and magnitude measurements are
typically made by synchronization units, such as phase-locked loops (PLLs). By tracking the voltage
phase, the PLL enables the control to lock the reference rotating frame of the converter—usually the
d-axis—to the terminal voltage.

Historically, GFL has been widely adopted in transmission power systems, particularly for power
converter-interfaced resources. This control approach initially focused on efficiently feeding
maximum power into a robust grid, with less emphasis on supporting grid characteristics. In systems
such as wind, solar, and high-voltage direct current (HVDC) applications, where DC voltage regulation
is also required, the vector current control also follows additional current references needed to
maintain the DC voltage, alongside fulfilling the PQ setpoints [7] [8].

Grid-forming and self-synchronization of converters

Grid-forming control refers to a generic control concept of grid-connected converter by which the
converter is controlled as stiff voltage source behind impedance (See Figure 2.2). The voltage source
synchronizes with the AC grid typically via an active power control that defines the converter internal
angle necessary to stabilize the active power injections [9]. GFM converter can be controlled to only
fulfill PQ setpoints by the system or in the case where energy storage is available, can be controlled
to provide additional services to the AC grid, such as frequency support in the form of inertial
response—a service that will receive special attention in the following sections. During disturbances
like AC faults, the stiff voltage source behavior can be limited by the converter overcurrent protection.

As grid strength and short-circuit power decline due to the decommissioning of conventional voltage
sources, the emphasis on converters’ ability to “form” the grid voltage, rather than simply “follow” it,
has increased. Consequently, operators are now beginning to require grid-connected converters to
incorporate grid-forming capabilities.
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In the literature, several grid-forming control structures have been proposed, including droop control
[10], power-synchronizing control [10], (equivalent to droop), virtual oscillator control (VOC) [11] ,and
virtual synchronous machines (VSMs) among others. In subsequent sections where grid-forming
control is discussed, the VSM structure is used, with a description of this structure shown in Figure 2.6
in the next section. [12], power synchronising control (equivalent to droop [10]), virtual oscillator
control (VOC) [11] [13], and virtual synchronous machines [10], [14], [15], [16] [17] [18] [19] [20]. In
the further sections, where grid forming control is used, the topology is that of the VSM, and a
description of the structure used is shown in Figure 2.3.
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FIGURE 2.2: GRID FOLLOWING AND GRID FORMING EQUIVALENT REPRESENTATIONS.

To summarize and for the sake of clarity, in the context of this report, grid-forming behaviour will refer
to a converter operating as a voltage source behind an impedance, while grid-following control will
describe a converter functioning as a current source.
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2.2 Fulfilling DC voltage control and AC grid
synchronization

This section describes possible options and solutions to achieve the constraint functions via the control
of the converter, i.e., what are the options to provide Vdc control and synchronization with the AC
grid. Some of them are well known as grid following + Vdc droop, others are part of our contribution,
i.e., grid forming + Vdc droop. The below sections state which combinations are feasible for the next
steps of the project, why we believe they are important, and what are the associated challenges.

2.2.1 Innovation Focus

Section 2.1 has recalled the relevant information to this section. Based on this, the authors derive
open research questions that have not yet been answered and research gaps that need to be
addressed, which form the resulting innovation focus of this work package.

Innovation focus regarding core functionalities

It has been shown in 1.2 that there are already several investigations regarding the topic of the core
functionalities for converters in the transmission system acting under weak grid conditions and the
necessity of new requirements regarding grid stabilization control-schemes. So far research focuses
heavily on single converter station or rather Point-to-Point (PtP) links. So far there is only very few
publications dealing with the topic of this kind of converters acting under the influence of a bigger
MTDC system behind. Especially there is a gap in the interplay of DC side restrictions and AC side
requirements and how these interplay with the services that the system behind the converter station
can deliver. For a high GFM active power delivery the power needs to be drawn either out of the DC-
system or rather there need to be the headroom provided to buffer it from the converter.

In a Multi-Terminal Direct Current (MTDC) system, variations in inductances and line lengths on the
DC side impact the system's dynamic response and stability. Coordinating different Transmission
System Operators (TSOs) adds complexity, affecting power flow and voltage regulation. Maintaining
an adequate voltage margin is essential for the system's reliability, ensuring control range for Grid
Forming (GFM) converters, especially during transient conditions. The distribution of DC voltage
control (Vdc) across terminals is crucial for balanced power flow and efficient MTDC network
operation, which is vital when integrating variable renewable energy sources. In strong AC grids with
a high Short Circuit Ratio (SCR), GFM converters face challenges in voltage control, necessitating
advanced control strategies for stability and power quality. Managing an MTDC system under GFM
control involves coordinating diverse elements, maintaining voltage stability, optimizing Vdc share,
and ensuring effective GFM operation in strong AC grids. Developing robust GFM control algorithms
and a standard test system for new controls is essential for system reliability.

There are two outlooks to be considered, for the focus on the core functionalities of converters in this
work package, especially on the role of grid forming inverters in MTDC systems. The first focus is on
the capabilities of the grid forming converter and the benefits they can provide to interconnected
TSOs. This is based on the assumption that there is available reserve in other AC areas, allowing for
TSOs to support other grids. Additionally, DC voltage droop control with grid forming control can be
utilised to ensure power sharing amongst networks. The first set of studies presented here will
investigate the conflict of DC voltage droop control with emulated inertia, and highlighting how one
AC area can support another after a disturbance through the HVDC system. However, the “firewall”
capability of HVDC can also be a desired feature, preventing propagation of a fault, oscillation, or
disturbance from one AC area to the other. Therefore, the second study set presented here will assess

HVDC-WISE 17 | 119



Deliverable 3.2

when one grid will draw support from the other, but problem oscillations won’t propagate and the
GFM does not have a negative effect on the other grid. Similarly, we can identify the parameter limits
of this and identify cases where a GFM drawing support from another AC grid will negatively impact
the other grid too much.

Outlook 1: The Path to Reserve Sharing between AC Areas by GFM MTDC
and the Existing Gaps

1. Inertia Provision by GFM control

One of the features of GFM converter is its capability to provide inertia to the AC system. The
underlying logic is that GFM control, with the opportunity to introduce the virtual inertia term in the
control loops, can emulate the rotating mass inertia in the traditional synchronous generator, which
has been broadly verified in the configuration where DC storages (such as batteries) are available, and
no DC voltage control (DVC) dynamics are present in the GFM converter.

Two recent studies [21] [22] have shown that there exist conflicts between DVC and inertia provision
(INP). Generally, they point out that to keep the DC voltage stable, the DVC will attenuate the INP. In
HVDC applications, due to the small time constant of the DC voltage, the inertia constant must be kept
below a small value to achieve fast power angle dynamics and thereby DC voltage stability.

The first gap identified is that the existing studies on INP by GFM either ignore the DVC or only
examining the magnitude of inertia power response, neglecting its phase related to the frequency
fluctuations, which is critical in determining whether true INP and frequency stabilizing effects can be
delivered by the virtual inertia.

The second gap identified is that no study has been found in the literature that offers an insight into
the INP dynamics of multiple GFM converters employed in MTDC with DC voltage droop (DVD) primary
control. In this report, the INP dynamics of GFM converters in this configuration are first examined
and a practical design guideline is also formulated.

2. DC Voltage Droop (DVD) Interactions with GFM Control

DVD is commonly used in MTDC to ensure power sharing between stations at the steady-state and
ensure safe ride-through during active power contingency in the DC network. To achieve the second
goal, the droop gain must be rather steep. Even though such droop gains have been used in studies
where GFL are employed [23]. Few studies have been done where such droop gains are combined
with GFM control. In our studies, it has been identified that that such droop gains when applied to
GFM, introduces a great challenge into the system small-signal stability. Detailed analysis of such
small-signal stability is provided to understand its mechanism, based on which new control methods
are proposed to overcome this issue [24].

Outlook 2: The Path to HVDC Firewall and the Existing Gaps

Although it is of common understanding that GFM can provide benefits to the grid, there are some
cases, especially when using GFM for transmission systems, where the benefits provided by the GFM
to the connected AC grid result in unwanted propagation to the other AC grids.

Firewall capability has been described as “inherent” to HVDC systems due to the controllability of grid
following power converters [25]. However, when replacing grid following with grid forming
controllers, this inherent effect might be limited due to the role of the GFM in its support to the AC
grid to which it is directly connected to. If the GFM support the AC grid during a disturbance, it will
draw power from the HVDC link, and so will affect the AC grid on the other side of the link. This could
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lead to propagation of disturbances, such as sub and super synchronous oscillations [26]. The effect
of different system and control parameters needs to be studied to highlight the conditions where this
is worsened.

One identified gap in this outlook is that studies allowing to analytically analyse the propagations
in HVDC systems using Modular Multi-level Converters (MMC) in GFM mode, are quite rare,
particularly for more than one converter, that are not connected to a constant DC source. There are
research items on the modelling of GFM-MMC converters connected to HVDC systems focusing solely
on the stability of the directly connected AC grid, such as [27] and [28]. However, they do not assess
the impact of the GFM on the propagation of oscillations to the AC grid on the other side of the HVDC
link. Reference [29] provides a good analysis of energy-based control structures in grid-forming
converters connected through an MMC-HVDC link to a connected grid following converter by
assessing the eigen properties of the system. However, they focus on the energy balancing control,
and do not vary the parameters of the system. The parametric limits of a GFM-MMC-HVDC to GFL-
MMC system have not been assessed in the literature to assess what situations the GFM-MMC
significantly affects the firewall capability of the system.

Therefore, in this work, we aim to address this gap by developing small-signal models of HVDC
systems with MMCs under GFM control. These models will facilitate understanding of disturbance
propagation through the HVDC system and allow for evaluating the impact of key parameters
without the computational burden associated with non-linear time-domain simulations.

The key parameters investigated for their small signal impact on firewall capability are GFM inertia,
GFM damping, DC voltage droop control (on GFL side) and circulating current control in GFM
controller. The effect of SCR on converter stability has been extensively researched however the
combination of the control parameters with varying SCRs needs to be investigated also. Small-signal
modelling will be a useful tool to investigate the eigenvalue stability of the system under these
parameters, as well as giving information of the participation of the system states and their influence
on modes that are unstable, poorly damped, and of frequencies of concern.

2.2.2 Outlook 1: The Path to Reserve Sharing between AC
Areas by GFM MTDC

Grid forming control results in the converter acting as a voltage source with low series impedance.
Additionally, many grid forming controls provide ancillary services to support the AC grid they are
connected to, by drawing support from the DC link. This is a desired benefit in many cases and will be
the focus of the first set of results in this section. However, “firewall” capability is also a desired
characteristic of HVDC applications, where the inherent controllability of the DC link prevents
unwanted propagations from one AC grid to another. Seeing as many GFM controls aim to directly
draw power from the DC link, this could affect this desirable feature. Therefore, the second set of
results will in this section focus on this.

Proposed Control Method 1: Enhancing DC voltage stability in GFM MTDC
and enabling inertia sharing between AC areas

The proposed control overcomes the instability problem identified by gap 2 but at the same time does
not hinder the real INP properties that is enabled by DVD, as pointed in the discussion around gap 1.

1. The Phase compensator cascaded with DVD
e From the small-signal modelling, it can be understood that the low-bandwidth nature of GFM
in terms of active power control, leads to a significant phase lag even at around 1~5 Hz. This
phase lag plus the aggressive droop gain leads to instability.
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e Therefore, we apply the phase compensator (Pcom) to compensate for the phase lag around
these frequencies.

2. The virtual power system stabilizer.

e From the passivity analysis, it can be understood that Pcom introduces negative resistance at
higher frequency (around 10 to 100 Hz), which could risk of amplifying the resonance formed
by the DC reactors (DCRs) and DC capacitors.

e To address this problem, the VPSS in is introduced which essentially imposes a positive DC
current response to a positive DC voltage disturbance by increasing the AC voltage magnitude
and thereby the active power from DC to AC. Equivalently, this introduces a positive resistive
behaviour on the DC side and pacifies the DC side admittance around 10 to 100 Hz.
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FIGURE 2.3: THE STRUCTURE OF THE PROPOSED CONTROL METHOD 1 FOR IMPROVED STABILITY WHEN COMBING GFM
WITH DC VOLTAGE DROOP IN MTDC.

Test System for Control Method 1

To study the problem of low-frequency harmonic instability induced by interactions between DC
voltage droop and GFM control, a 3-terminal MTDC grid with monopole Modular Multilevel
Converters are modelled in EMTP-rv as the test system as shown in Figure 2.4. All MMC station models
comprise 400 modules per arm with its total DC-side time constant designed as 40 ms. They share
same control strategy as in Figure 2.3, with circulating current suppression control (CCSC) [30] as the
internal control of MMC. Other types of internal control of MMC, such as energy-based control, will
have an impact on the stability of the system, which is planned to be studied in future work package
7 of the project. DC reactors needed for DC protections are also included in the EMT simulations since
they have a strong influence on the DC voltage harmonic stability. Wide-band DC cable models are
also used in the simulations. The DC grid is rated at 525 kV and the AC grids is rated at 400 kV (line-to-
line, RMS, connected by 320 kV / 400 kV transformers). The AC grids are assumed to be infinite AC
buses.
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FIGURE 2.4: THE UNDERSTUDIED 3-TERMINAL SYSTEM.

Case Study 1 for Proposed Control Method 1: Low Frequency Harmonic
Instability and its Inhibition

An in-depth study of N-1 contingency ride-through of MTDC has been done in [23] based on GFL
control in each station. It shows that the aggressive DC voltage droop gains (e.g., 1 p.u. of DC voltage
deviation translates to 5 to 20 p.u. of active power reference modification) are needed to secure DC
voltage during contingencies. Through the study in [23], no harmonic instability was reported with
GFL stations. However, when combining GFM with such droop gains, as shown in Figure 2.6, low-
frequency harmonic instability is excited when there is PCom by-passed. The mechanism of such
instability can be intuitively understood from Figure 2.5, where in the case of simple DC voltage droop
control Gg.(s) simply reduces to the droop gain. The core of the problem resides in the large-time-
constant high-order low-pass filter nature of the VSM, which with the typical tuning practice, renders
the phase of Gy (s) to be below -90° around 1 to 5 Hz, at which frequency the DC capacitance
impedance is large and introduces another -90°. If this is combined with a large droop gain, it would
result in the open loop gain larger than 1 at low frequencies where the open loop phase shift is larger
than -180° and thus instability occurs. Whereas with GFL control, since it comes with a much faster
bandwidth (typical in the range of 200 Hz to 400 Hz for MMC), its phase crosses -90° at much high
frequencies where the DC capacitance impedance decays significantly, rendering the open loop gain
far smaller than 1 even with aggressive DC voltage droop gain and hence the risk of such instability is
low.

It should be emphasized that such harmonic instability is different from the typical power-angle
oscillations seen in traditional power systems induced by AC transients like faults or device
disconnections [31]. It is induced by converter control dynamics that amplify small-signal disturbances
of certain frequencies during steady-state operations. The detailed mechanism of such instability and
why this issue does not appear when combing DVD with GFL is discussed in [24].
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FIGURE 2.5: SIGNAL PATH FOR INTUITIVE UNDERSTANDING OF THE ROOT CAUSE OF THE HARMONIC INSTABILITY WHEN
COMBING AGGRESSIVE DC VOLTAGE DROOP GAINS WITH GFM.
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FIGURE 2.6: THE EFFECTIVENESS OF THE PHASE COMPENSATOR IN SUPPRESSING THE HARMONIC INSTABILITY DUE TO
DVD/GFM INTERACTIONS.

However, as mentioned above, adding the PCom introduces strong non-passive behavior to the
converters input admittance on the DC side around 10 to 100 Hz (See [24] for more details), which
risks amplifying the resonances formed by the DC capacitance of the MMC and the DC reactors. With
the VPSS introduced in proposed Control Method 1, the input admittance around this range of
frequencies becomes passive again (See [24] for more details). The fundamental mechanism of the
passivity enhancement introduced by the VPSS can be understood as in Figure 2.8 — if there is a
positive disturbance on the DC voltage, it will increase the magnitude of the AC voltage magnitude
through the high-pass filter, which leads to an increase of active power injection into the AC that
translates to an increase of DC current and the resistive behavior on the DC admittance is thus

increased.
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FIGURE 2.7: THE EFFECTIVENESS OF THE VPSS IN SUPPRESSING THE HARMONIC INSTABILITY DUE TO CONVERTER
DYNAMICS THAT AMPLIFIES THE DC SIDE PASSIVE RESONANCE.

Figure 2.7 shows the effectiveness of the VPSS, where it can be seen that with the PCom but without
the VPSS, resonance formed by the DC capacitance and the DC rector at 18 Hz are amplified by the
negative resistance behavior of the converter and once the VPSS is activated, this resonance is
suppressed by the enhanced resistive behavior.

Vic T — Vac T _>PacT — 1 T

Enhancing the DC side resistive behavior

FIGURE 2.8: ILLUSTRATION OF THE PASSIVITY ENHANCEMENT BROUGH BY THE VPSS.

Design of the PCom

The main reason for the low-frequency oscillations was the large phase lag introduced by GFM VSM
control at low-frequency. Therefore, the PCom should directly aim for compensating its phase around
1 to 5 Hz. A typical phase compensation technique is to introduce a zero to increases the phase by
+90° and then cancel it with a pole at high frequency to avoid any high-frequency noise amplification
by the zero. Based on this logic, it is recommended that the zero is placed around 1 Hz and the pole is
placed around 500 Hz, which leads to T, = 0.2 and T, = 3 X 10~* in Figure 2.3.

VPSS, TDR and VSM frequency separation

As mentioned above, the VPSS enhances stability by modifying the AC voltage magnitude. Yet, it is
generally undesirable to have strong angle-magnitude (P and Q) coupling within the control since it
might further induce other modes of oscillation or instability. Therefore, the key to designing the high-
pass filter in the VPSS is to make sure that the VPSS is only active above the control bandwidth of the
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VSM, e.g., wz = 10m rads/s is recommended for the VPSS high-pass filter. Similarly, when it comes
to designing the high-pass filter for the transient-damping resistor (TDR) in Figure 2.3, the same logic
applies and w; = 207w rads/s is recommended.

Case Study 2 for Proposed Control Method 1: Inertia Provision with a
Single DC Voltage Station

As discussed previously, there lacks a proper examination of the true inertia power provided by a GFM
station that controls DC voltage. In this section, inertia power is first examined by modifying the
control in the system in Figure 2.3 as in Figure 2.9, where on Station 2 is controlling the DC voltage
with a Pl controller, and Station 1 and 3 are in constant power mode. Then, a frequency disturbance
is introduced in Grid 2 and the active power response of Station 2 to that disturbance will be analysed
to determine its characteristics in inertia provision.

Staion 1 Station 2
Ly 200km 100 km v Le,
@-«m— —»rm@ Awg
= A
Grid 1 P Grid 2
U — mode
Station 3
/\/ LgS :
_ Grid 3
P —mode

FIGURE 2.9: ILLUSTRATION OF THE CONFIGURATION FOR CASE STUDY 2.

All AC grids are modelled by ideal AC sources. Grid 1 and 3 operates with constant frequency. Since
the purpose of introducing the virtual inertia effects is to compensate active power imbalance when
there are frequency fluctuations in the grid, Grid 2 are modelled with an ideal AC source with
controllable frequency. Two test signals are then introduced to its frequency to examine the inertia
provision:

e Test signal 1: Constant rate of change of frequency (RoCoF), at 0.5 or 1 Hz/s.

e Test signal 2: A sinusoidal perturbation in the frequency around its nominal value, which is
defined as Af (t) = sin(0.2mt).

By the definition of inertia power response in eq. 1, it should be proportional to the change of
frequency (linearly scaled with the first derivative of the frequency). Therefore, when there is a
constant RoCoF in Grid 2, Station 2 is expected to respond with a constant power; while there is a
sinusoidal perturbation in the frequency of Grid 2, it should respond with a sinusoidal power with its
phase leading the frequency oscillation by 90 degrees.

Figure 2.10 shows the power response of Station 2 to constant RoCoF in Grid 2. It can be clearly seen
that when there is DVC combined with GFM, the active power response converges to 0 after some
initial oscillation, in contracts to the constant power response produced by a reference test with
battery connected to the DC side and no dynamics of DVC are introduced to Station 2. This suggests
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that when there is only one U-station in the system, the U-station cannot provide any inertia power
even if virtual inertia is introduced to the VSM. Although at the very first moment of oscillation the
active power response is in the correct direction, within short time, it oscillates to the opposite
direction. This means that when the U-station is connected to an AC grid with frequency characteristic
(finite AC bus), during a frequency event, it might help reducing RoCoF at the initial moment of the
event, but then it deteriorates it. Plus, since the total energy exchanged during the oscillation averages
to 0, its total energy exchange to the AC grid during the constant RoCoF is zero.

0.1 T T T T T T T
DvC Pl

DC Battery

Frequency [Hz]
2

Time [s]
FIGURE 2.10: THE ACTIVE POWER RESPONSE OF MASTER STATION TO TEST SIGNAL 1.

Figure 2.11 shows the power response of Station 2 to a sinusoidal frequency perturbation in Grid 2. It
can be observed that even though the power response is also sinusoidal, it is lagging the frequency
perturbation by 90 degrees as opposed to the expected leading 90 degrees produced with batteries
connected on the DC side. In other words, the phase of the power response is modified by the DVCin
a manner that it is in fact introducing negative inertia to the system and therefore tend to worsen the
RoCoF and frequency nadir in a frequency even.
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FIGURE 2.11: ACTIVE POWER RESPONSE OF A MASTER STATION TO TEST SIGNAL 2.

Case Study 3 for Proposed Control Method 1: Inertia Provision with GFM
+ DC Voltage Droop Control

In this case study, we resume the system in Case Study 1 in Figure 2.4, with all MMC stations controlled
as in Figure 2.3, with the variation between 2 and 3 terminal configuration to demonstrate how the
number of terminals affects the effective inertia provision and DC voltage fluctuations during these
transients.

The two test signals defined in Case Study 2 are applied to Grid 2 as well in this case. First, during the
constant RoCoF test of 1 Hz/s, it can be seen in Figure 2.12 that with the proposed control, the active
power response of Station 2, after its rise time, reaches a constant power steady-state, namely, the
inertia provision with the proposed control and plural stations participated DC voltage droop control
is recovered. This is because during this transient, the DC voltage droop control functions as a
dynamics active power dispatcher, that by allowing a certain deviations of DC voltage, modifies the
active power references of the other stations and dispatches it from other AC areas to the one where
the frequency event occurs.

It is also interesting to note that the effective inertia power that Station 2 can provide is not solely
determined by its inertia constant defined in the VSM, but is also re-shaped by the droop gains, which
follows the relation in the 3-terminal case:

Kar1 + Kars

H 2 ==
" Kar1 + Kara + Kars

H (2.2)

Since in this case study, we assume all droop gains are the same, a.k.a, K41 = Kgrp = Kgr3, the
effective inertia formed in Station 2 is H,, = gH and with H = 6 implemented, the effective H,, =

4, which matches simulation results in Figure 2.12 where the active power reaches a constant value
of 0.16 p.u. at RoCoF = 0.02 p.u./s.

If we change the number of terminals from 3 to 2, i.e., by removing Grid 3, Station 3 and its DC
connection components to the DC grid, the effective inertia form by Station 2 reduces to:
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Kdrl

=———H
Kdrl + Kdrz

Hep

(2.3)

which means that H,, = %H and is validated in Figure 2.12 with the active power at the steady-state

reduced to 0.12 p.u.
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FIGURE 2.12: ACTIVE POWER RESPONSE OF STATION 2 TO TEST SIGNAL1 APPLIED IN GRID 2 WITH DIFFERENT NUMBER OF
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FIGURE 2.13: ACTIVE POWER RESPONSE OF STATION 2 TO TEST SIGNAL2 APPLIED IN GRID 2 WITH DIFFERENT NUMBER OF

In general, the effective inertia of a certain GFM /*" station in an MTDC grid can be derived as:

the phase compensation:

HVDC-WISE

TERMINALS.

_ Xj=1Gacj(s) = Gaci(s) i

e Z;l=1 Gdc,j (s) '

Where G4 j(s) is the DC voltage controller, which as shown in Figure composes of the droop gain and

(2.4)
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1+ sT,

=K, , —2~ 2.5
1+ 5T, (25)

Gdc,j (s)

If the phase compensation is assumed to be the same in all stations, the effective inertia is reduced to
a simpler form:

H.. = Z?:lerj — Kari H.
et Z;’l:lerj L

with Kg,-; being the droop gain of the j*" station that participated in DVD, and n being the total number

(2.6)

of stations that participates in DVD. The inertia of the other stations (not the i" station) has no
influence on the effective inertia form at the /™" station. Further, this relationship holds even if some
of the stations who participate in DVD are in GFL mode, since they provide inertia to the i*" station
only by following their active power references modified by the DVD.

On the other hand, the DC voltage fluctuation that is required to form the inertia power, is related to
the droop gain, the inertia constant of VSM and the RoCoF as the following:

2RoCoF

= —H; (2.7)
?:1 Gdc,j(S) '

AVdC =
It can be seen that increasing the number of stations proportionally reduces the DC voltage
fluctuations needed to form the inertia power, which can be seen in Figure 2.12 and Figure 2.13.

Case Study 4 for proposed control method 1: Comparison of Single DC
voltage Station with Proposed Control Method 1

To further demonstrate the negative inertia exhibited by the single DC voltage station and the positive
inertia provided by the proposed control structure, a load jump test is performed by modifying Grid 2
from an ideal voltage source to a simple grid model with a frequency to power primary droop control
and a simplified governor plus turbine dynamics, shown in Figure 2.14. Then a GFL constant power
load is applied by a step-in power from 0 to 0.5 GW, which creates an imbalance of active power in
the AC area form by Grid 2 and Station 2.

It can be observed in Figure 2.15 that with the single DVC station based on a PI controller, the
frequency nadir is actually slightly worse when increasing inertia from 2s to 6s while paying a much
larger DC voltage penalty at the same time. In other words, within this control configuration,
increasing inertia deteriorates stability on both AC and DC side at the same time. Therefore, if GFM is
applied to the Master station, there exists no trade-off between AC frequency stability and DC voltage
stability and the optimal choice of inertia is not the maximum value that can fulfil DC voltage stability,
but rather the smallest inertia that can avoid noise issues and the harmonic instability analysed in Case
1. Additionally, this also suggests that only voltage stiffness should be expected if GFM is applied to a
Master Station.

Yet, if the proposed control method 1 is applied to the same test, the frequency nadir is prominently
improved yet with almost no disturbance on the DC voltage, as can be seen in Figure 2.15. Further, it
can also be observed that whether Grid 1 and 3 are modelled by an ideal AC source (infinite grid) or
by the same frequency dynamics as in Grid 2, produces no impact on the inertia synthesized on Station
2 and the frequency responses are identical. This is because the INP in Station 2 is synthesized by using
DC voltage deviation to dispatch power from Grid 1 and 3. Since a PLL is included in the GFM contraol,
frequency variation in Grid 1 and 3 has little impact on Station 1 and 3 following their power references
and therefore does not influence the INP in Station 2.
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FIGURE 2.14: A LOAD JUMP TEST APPLIED TO GRID 2 WITH A SIMPLIFIED GRID MODEL.
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FIGURE 2.15: LOAD JUMP TEST RESULTS. COMPARISONS BETWEEN MASTER STATIONS WITH DIFFERENT INERTIA VALUES
AND TO THE PROPOSED CONTROL.

Case Study 5 for proposed control method 1: N-1 Contingency Ride-
through with Proposed Control Method 1

As discussed in the core functions, the primary control MTDC is responsible for securing the system
during N-1 contingency, namely, loss of one station during operation. Since the DVD is responsible for
modifying the active power references in each station immediately after the contingency and it has
been modified by the addition of the Pcom, it is necessary to evaluate the proposed control during a

N-1 contingency.

Figure 2.16 shows the results of such a ride-through transients, where all stations are rated for 1 GW
and before the contingency, Station 1 operates at 1 GW in rectifying mode while Station 2 and 3
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operate at 0.5 GW in inverting mode. Then at t = 8s, the DCCB at Station 1 is opened introducing a
severe change of power flows on the DC side. With the proposed control, for both remaining Station
2 and 3, the powers, DC voltages at the terminal and the internal arm capacitor voltages of the MMC
are well regulated during the contingency and converge to a new operating point of DC voltage solely
determined by the droop gain.

1 H
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FIGURE 2.16: PERFORMANCE OF THE PROPOSED CONTROL DURING N-1 CONTINGENCY RIDE-THROUGH.
Conclusions and recommendations of Outlook 1

Combining GFM with DC voltage droop control in MTDC is a challenge that has been barely discussed
before the project. It is more common today to combine GFL with DC voltage droop due to its fast
power response. To fill this gap, in this section, the capabilities of Grid Forming Converters have been
analysed and an improve GFM-based DC voltage droop control has been proposed for enhanced DC
voltage stability while retaining the functionality of inertia support by sharing reserves across different
AC areas.

Some conclusions and important remarks can be derived from these studies:

e On the GFM control vs. DC voltage droop control:

o The report demonstrates that by two simple modifications, GFM can be combined
with DC voltage droop control reliably with enhanced small-signal stability and DC
voltage security during N-1 contingency ride-through.

o At the same time, the proposed control can deliver inertia support by dispatching
power from other AC areas without the need for communication and without
introducing noticeable disturbances to the DC voltage.

e Oninertial support in stations controlling the DC voltage:

o The virtual inertia support from DC voltage stations in HVDC systems is commonly
regarded as a design trade-off problem — larger virtual inertia leads to better
frequency stability but deteriorates DC voltage stability. Given the limited capacitive
energy stored on the DC side, the optimal inertia constant should therefore be the
maximum value that can still guarantee DC voltage stability.

o However, if there is only one DVC station in a HVDC system, such as the Master Station
in a Master-Slave control configuration, then applying GFM control to this station
cannot improve AC frequency stability. On the contrary, increasing the virtual inertia
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in this station brings increased negative inertia effects, or a combination of negative
inertia and negative frequency damping effects, which deteriorates the frequency
stability and the DC voltage stability at the same time. This issue is not originated only
from the limited capacitive energy stored in the DC system, but more importantly
from the dynamics of the DC voltage control that modifies the phase of the active
power response to a frequency oscillation. The design of the virtual inertia value in
this case is therefore not a trade-off problem, since the optimal value of the virtual
inertia should be the smallest value that still avoids noise problems and harmonic
stability problems.

o Yet, the conclusion would be very different if DC voltage droop control is applied,
since in this case the droop acts as a dynamic power dispatcher to bring energy from
the other areas to form the inertia in one of the terminals. The effective inertia is
defined by the inertia constants, the droop gains and the number of terminals that
participate in the droop control. This provides a clear indication of how reserves from
different areas are shared since the active power contribution from each terminal is
deterministic.

e Onvirtual inertia vs. actual inertia:

o Itis also worth noting that virtual inertia is control dependent with a certain response
time. When a frequency event starts with a constant RoCoF, it would take a certain
time before the active power from the GFM converters can properly respond, which
is not the case with the actual inertia from the synchronous machines, since in that
case the energy stored in the rotating mass will be immediately released to
compensate for the active power imbalance in the system. Consequently, virtual
inertia will not be as effective as a synchronous machine in limiting RoCoF in the first
100 ms. This response time constant from the VSM can be reduced by reducing the
inertia constant or reducing its damping coefficient. But it then leads to less effective
inertia or worst damping of the system.

2.2.3 Outlook 2: The Path to HVDC Firewall

The previous section has described inertia provision when accounting for the DC voltage dynamics and
understanding true capabilities of GFM under such conditions. The following section considers the
impact when the inherent firewall effect of HVDC control is inhibited by these additional control
services. The control methods and proposed tests are described in the following sections along with
key results to highlight conditions that most significantly affect the firewall capability of the HVDC link.

The overall system architecture used for these studies can be observed in Figure 2.17, showing the
two system architectures to be investigated. The initial system is AC Gridj connected through a GFL-
MMC, through a DC link to a second GFL-MMC to AC Gridi. The second system consists of the
controller at Grid; being replaced with a GFM, with the topology of a VSM (described in the previous
section). In these tests, the grid following converter will have DC voltage control, implemented as a
Power-DC Voltage droop at Grid.

The systems will be implemented using small signal modelling (SSM), which is the linearization of a
non-linear power system around the specified operating point. The system equations are represented
in their state space form and linearized, shown below:

x =Ax + Bu
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A% = AAx + BAu (2.11)

This enables the application of classical control theory to power electronics systems. Large signal
models use numerical methods to solve nonlinear equations, which can fail to converge, and take a
long time to run. Obtaining a SSM around a set operating point allows for fast iterations of parametric
sweeps. Additionally, stability and mode participation can be assessed from the model.

From the full state space system, the modes where the system go unstable can be observed for each
parametric condition. These modes, and underdamped modes can have the participating states
identified by the participation factors. Once the participating states and frequencies of the modes
have been identified, this information can be used to obtain relevant bode responses of the states and
observe differences between the two models.

From the Bode plots it will be identified when the grid following only system is more effective as a
“firewall”, and when the system with the GFM negatively impacts this, and vice versa. The system
parameters and tunings for these conditions will be highlighted.

Test systems description

The equivalent model of the full system can be observed in Figure 2.17 showing the full system to be
represented in state space form and linearized around the operating point. The equations of the full
system detail the AC grid to AC side of MMC equivalent model, the DC side of the MMC model, to the
DC link and then the second MMC. The dynamics of the MMC are included in this model, which are
often not included in small signal studies. The impact of the included internal MMC dynamics
(particularly around 50 Hz and 100 Hz) under the varying parameter conditions will be highlighted and
if the GFM control has an impact on interacting with these dynamics.

MMC Equivalent MMC Equivalent
AC Side;; DC Side;; DC Sidey AC Sideyy

DC Link

Control MMC 1 Control MMC 2

I
System 1: GFL I
System 2: GFM (VSM) I

FIGURE 2.17: EQUIVALENT MODEL OF MMC-HVDC CONNECTION.

The representation of the small signal model of the two systems is shown in Figure 2.17, with the first
system being two GFL-MMC converters connected by the HVDC link, and the second system having
the converter at Gridj replaced with the VSM.

Key parameters under evaluation
The parameters varied in the systems are:

e SCRof ACgrid1(1to 10)
e SCRofACgrid1(1to 10)
e GFM Inertia, H (1s to 10s)
e GFM Damping, D (100 pu to 3000 pu) (MMC 1)
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e MMC 2 DC voltage droop, Droop (0.2 to 0.001) (equivalent to the inverse of the proportional
gain Kp in equation (2-3)).
e  Circulating current control gains, Krp, Kpp (Both MMCs)

Methodology description and results

For the two tested systems, over these parametric sweeps, the eigenvalues of the system were
analysed to highlight instability in the system, and then obtain the participation factors of the states
in the system modes. A participation factor is the sensitivity measure of an eigenvalue to a diagonal
entry of the full system A matrix [32]. If for matrix A, |; is the i eigenvalue in the system, pxi is the
participation factor of the k™ state variable to the /" eigenvalue. p¥ is calculated with w* and v¥, k"
element of the left and right eigenvector for the i’ eigenvalue.

[Vgi | Wi

== 2.13
Ez=1|vkillwki| ( )

Pri
Over the parametric sweeps of the two systems, were the GFL only and GFM system had modes that
diverged from each other significantly, or that were poorly damped or unstable, the participation
factor of each state was calculated and the states with the highest value were highlighted. From this,
the states for the bode plot could be defined and the frequency response of the system highlighted.
This allows for the parameters where each system has reduced firewall effect to be highlighted. From
the small signal model, the conditions of instability, and oscillatory modes, from the eigenvalues can
be identified. In Figure 2.18, the dashed lines show the limit of a damping ratio of 0.1. Anything above
this line has a damping ratio of less than 0.1 and so these modes that are poorly damped are
investigated.

10* Pzmap plot of system SCR C2= 2, a, =0.5, H= 6, Damping = 600, Droop = 0.02
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FIGURE 2.18: PARAMETRIC SWEEP OF POLES OF SYSTEM ALTERING SCR.

Several parameter iterations have been tested, and there are limits that the system has to be operated
within. The value 2w{ (a) of the circulating current bandpass filter needs to be limited to around 0.5s
for GFM to maintain good stability at lower SCRs due to current limitations.

From the small signal model and the eigenvalue and state analysis, we can obtain the most relevant
input/output responses to observe the magnitude response of across the range of frequencies. There
are many combinations of parametric sweeps that could be performed on the systems however, the
most relevant parameters must be chosen. Therefore, a series of combinations of variations of the
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SCR on Grid 1, SCR on Grid 2, Damping and inertia values of VSM, circulating current controller gains,
and DC voltage droop of the GFL on the Converter 2 (in both systems). For the pertinent identified
input to state combinations, the bode responses can be observed across the parametric sweeps.

For each system, a disturbance of current or voltage on the AC grid 1 will be observed for the effect
on the variables at converter and Gridi. Some key bode plots are highlighted in the following section.
However, first the subjective concept of firewall limit needs to be discussed. The system has been
represented entirely in the dg frame components, and so the fundamental components are now DC
variables [33], meaning that in the bode plots, the very low frequencies (=0) will be equivalent to the
magnitude of the component at the synchronous 50 Hz. At the fundamental frequency (represented
in the dg frame at the very low frequencies, approximately equal to 0), the response is passed through
and for Power at terminal 1 to terminal 2, the 0 dB gain is as expected. As the frequency increases
from =0 Hz the magnitude of the components of the signal at these frequencies can be seen, and for
the input to output responses shown, the level of propagation of one side to the other. For example,
in Figure 2.19, it is expected at the synchronous frequency, that if the converter at Gridj controls the
power, then the power will respond with the same magnitude on the opposite side. However, at
around 0.1 Hz, a spike in the bode plot can be seen resulting in a larger response in power at Grid.
This effect occurs when the damping is very large, 3000 pu).

SCR C1 =5, SCR C2=5,, =0.5, H = 6, Droop = 0.02
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FIGURE 2.19: PARAMETRIC SWEEP OF POLES OF SYSTEM ALTERING

The previous example was of the same input to output variable (power to power) so it can be assumed
that 0 dB is the expected firewall limit. Anything above 0 dB can be seen as amplifying the response
from one grid to the other with unwanted gain, and anything below (specifically -3 dB), won’t affect
the response on AC gridi. However, for an input voltage to current, and vice versa, the desired
magnitude response needs to be reassessed. The magnitude level of a 1 pu input resulting ina 1 pu
output therefore must be calculated, by calculating the gain that results in the same pu output as pu
input. This can be calculated by equation (2.14 — 2.15) and then calculating the decibel magnitude.

Vnom

VtOi = (2.14’)

Inom
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ito, = f/"ﬂ (2.15)
nom
From this, anything above -43 dB is a “significant” oscillation from an input voltage disturbance to
current. For current to voltage, anything above 43 dB is a 1:1 oscillation. Any oscillation that is below
a 1:1 gain will be deemed as acceptable, but anything above will be highlighted as a cause for concern.
Therefore, for variables of the same type, 0 dB is limit, for voltage to current, -43 dB, and current to
voltage, 43 dB.

The injected disturbances are from one AC gridj; to AC gridi, and the response of system 1 and system
2 are compared. The inputs for the following bode plots are current and then voltage disturbances in
AC Grid jj. The outputs are the identified states that were identified are participating highly in poorly
damped modes. In general, for “non extreme” parameters, both System 1 and System 2 do not have
significant propagation at unwanted frequencies. The aim of this research is to identify parameters
and tuning that have adverse effects and so primarily figures where parameters cause a response that
could inhibit the firewall effect of HVDC are shown.

For many of the plots, there were variations in the responses between the GFL and GFM based
systems. The GFM frequently had a slightly larger magnitude response at “undesirable” frequencies,
however they were often limited to below the magnitude of having significant impact. The first set of
figures are the bode plots of an input disturbance of the current on AC Gridjj to the identified states
that participate in poorly damped modes. Figure 2.20 (a) and (b) show the response of the grid current
on AC Gridw, both sweeping through the droop coefficient of the DC voltage control. Figure 2.20a has
medium damping (600 pu), SCR on both grids of 5, and Figure 2.20b increases the damping on the
GFM to 1400 pu but reduces the SCRs to 2. The first set of parameters results in a peak at around 1 Hz
however the magnitude is not significant enough to cause a serious effect. In figure b, the magnitude
does peak past 0 dB and is a wider peak, but again is not that significant.

SCR C1=5,SCR C2=5, a, = 0.5, H =10, Damping = 600 SCR C1=2, SCR C2=2, a, = 0.5, H = 10, Damping = 1400
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FIGURE 2.20: BODE PLOT OF INPUT CURRENT DISTURBANCE TO AC GRID KK CURRENT. A) DAMPING 600, SCRS=5, H=6 B)
DAMPING 1400, SCRS=2, H = 10.

However, the response to the circulating current and to zero component saw an impact, mainly due
to changes in droop. The zero component of the circulating current has a larger response around 0.1
Hz when the damping is increased, and when the DC Voltage droop is increased. This is most prevalent
at damping 1400 and very high droop of 0.2, shown in Figure 2.21.
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FIGURE 2.21: BODE PLOT OF INPUT CURRENT DISTURBANCE TO AC GRID KK ZERO COMPONENT CURRENT. A) VARYING
DAMPING. B) VARYING DROOP.

For the 100 Hz component of the current, again increasing the droop and damping have the most
effect, but only when the damping is excessively high, peaking at 2000 pu.
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FIGURE 2.22: BODE PLOT OF INPUT CURRENT DISTURBANCE TO AC GRID KK CIRCULATING CURRENTS. A) VARYING
DAMPING AT 0.002 DROOP. B) VARYING DAMPING AT 0.2 DROOP.

Looking at current to voltage responses, there were limited situations where the values would have
caused a significant response. However, for current to the zero component of the MMC dynamics, a
significant peak in magnitude frequently occurs, for example in Figure 2.23. The response to the MMC
circulating voltages is generally greater in the GFM system and is impacted by the damping and droop
significantly. The current to zero component voltage has a peak at 1 Hz, which is above 43 dB so will
have an effect on the current to voltage. Increasing the DC voltage droop results in an increased peak
for higher damping values.

HVDC-WISE 36| 119



Deliverable 3.2

Magnitude [dB]

]

-2

SCRC1=5,SCRC2=5, a, =0.5, H=6, Droop = 0.002

SCR C1=5,SCR C2=5, a,=0.5, H =6, Droop = 0.02

ildjj to VCPOkk 100 ildjj to VCPOkk
50 Foi Al 50 22225 B 1
0r 0 1
= = = = GFM Damping =300
o GFL Damping =300
50 F |= = == GFM Damping =300 S 50 = = == GFM Damping =600 B
GFL Damping =300 \ [0} GFL Damping =600
= = = = GFM Damping =600 5 = = = = GFM Damping =1000
00 - GFL Damping =600 E -100 GFL Damping =1000 1
- = = = GFM Damping =1000 % GFM Damping =2000
GFL Damping =1000 = L GFL Damping =2000 |
50 - GFM Damping =2000 -150 GFM Damping =3000
GFL Damping =2000 GFL Damping =3000
GFM Damping =3000 200 F 4
00 F GFL Damping =3000
-250 1
50 . A L L L "

Frequency [Hz]

10

10°
Frequency [Hz]

102

102

104

FIGURE 2.23: BODE PLOT OF CURRENT TO MMC VOLTAGE DYNAMICS WITH INCREASING DAMPING (300 PU TO 3000 PU).

For a voltage disturbance to voltage output, the “firewall limit” is again 0 dB. Anything above this
magnitude level could cause an unwanted propagation at an undesirable frequency. In the bode plots
of Figure 2.24, the response can be seen of the zero component of the MMC voltage dynamics of AC
gridi. The first two responses in Figure 2.24C in the GFL system are unstable.
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Increasing the damping increases the response onto the other side (provides more damping power).
In general conditions, the input voltage to MMC dynamic voltage has limited affect, but some
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situations have higher responses. However, those shown in Figure 2.25 are the extent of the oscillation

peaks, which is at an incredibly high per unit damping.
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FIGURE 2.25: BODE PLOT RESPONSE OF MMC DYNAMIC VOLTAGES.

Now for a voltage to current disturbance, anything above -43 dB could be a cause for concern (as
described in the previous section). For instance, the oscillations shown Figure 2.26, however, this is

only at the very high damping in VSM, particularly when the droop is increased.
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FIGURE 2.26: BODE RESPONSE OF AC GRIDkx CURRENT, A) INCREASING DAMPING, B) DECREASING DC VOLTAGE DROOP.

For the response to the circulating currents, the peak shown in Figure 2.27 is more significant,
especially as the y component. However, this is again with extreme damping, and with SCR of AC Grid

being weak (<2).
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FIGURE 2.27: BODE RESPONSE TO CIRCULATING CURRENT OUTPUT.

Conclusions and remarks of Outlook 2

In this section, an HVDC link with solely GFL converters was compared to a link with the first converter
switched to a GFM, with the two systems tested shown in Figure 2.17. For each, a disturbance of
current or voltage on the AC Grid;; was injected to observe the effect on the variables at converter and
AC Gridw, across a series of parameters.

The effect of the grid forming converter on the system is heavily affected by the parameter conditions
of the grid and controller tunings. The Bode plots in Figure 2.20 to Figure 2.27 show that there are
undesirable magnitude responses from one AC grid, through the HVDC link, to the other AC grid. This
is due to the response of the grid forming converter actively supporting the AC grid it is directly
connected to, and drawing power through the HVDC link. The recommendations for future tests are
to verify the effect of these parameters on the system described in Figure 2.17, and it is advised to
confirm the following findings.

Firstly, the SCR of each grid affects how much active power the grid forming converter draws from the
HVDC link to support its connected AC grid. The SCR of GFM connected grid, Grid;; is more significant
than that of Gridw. The SCR of Gridjj results in an increase in the peak of the magnitude response, by
increasing the value from 1 to 5. Changing SCR of Gridw from 1 to 5 has a minimal effect on the peak
magnitude response.

Additionally, the damping coefficient of the grid forming converter has an even more significant effect
on the magnitude response. Increasing the damping results in the grid forming system having a much
larger peak than the grid following system in the Bode response, specifically between 1800 pu to
2200 pu. Damping above this level also shows an undesirable high magnitude response.

In combination with the effect of the damping, the DC voltage droop control of the grid following
converter connected to Gridi affects the propagation of the response. Increasing the DC voltage
droop from 0.002 to 0.2, coupled with a damping value between 1800 pu to 2200 pu results in a
significant unwanted propagation from AC Gridj to AC Gridi.
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2.3 Other Optional Core Functions

The previous section primarily focused on the essential core functions required for future MTDC
networks. The work meticulously examined grid-following with Vdc droop and grid-forming with Vdc
droop control, both of which are crucial for maintaining grid stability during normal operation.
However, when unforeseen events such as DC faults occur, the focus shifts to post-fault recovery.

2.3.1 Focus on damping of DC-side post-fault oscillations

As detailed in other deliverables, a key characteristic of future systems is their resilience, including the
ability to recover from fault events quickly. This section addresses the measures and analyses
necessary for stabilizing the DC system and the recovery process following a DC fault.

During a DC fault, the smooth operation of the grid is disrupted. The primary goal during post-fault
recovery is to minimize disruptions and promptly stabilize the DC side, which is crucial for enhancing
the grid's overall resilience.

This section explains the occurrence of post-fault oscillations and proposes supplementary controllers
for damping these oscillations on the DC side of the converter. These measures will strengthen the
grid against disruptions and contribute to a more resilient power system.

Literature Review and Innovation Focus

The post-fault recovery process is crucial for ensuring the reliability of the HVDC network, especially
in the event of DC faults. A DC fault refers to a temporary or permanent interruption in the normal
operation of the HVDC system, which can occur due to various factors such as insulation failure, short
circuits, or equipment malfunction. To mitigate the adverse effects of these faults, the DC-side fault
current should be cleared within the millisecond range (e.g., tens of milliseconds). This clearing time
should be at least ten times faster than in an AC protection system to minimize the impact of DC-side
faults on the connected AC systems and restore power flow.

The Post fault recovery strategy is tasked with the stable restoration of DC voltage to levels closely
resembling pre-fault values. This necessitates the swift recovery of voltage (and consequently, power
flow) while effectively managing oscillations, preventing over-currents, and averting over-voltages.

The post-fault recovery process highly depends on whether any of the converters in the HVDC grids
are in a blocked state due to a fault. Various fault conditions and sequences affect the HVDC network
in different ways. The extent of the resulting power flow disturbance largely depends on the specific
fault scenario being considered, including factors such as the fault's severity and duration.

Fault Fault : Converter System

lelzien & Deblocking Restoration
Protection

Occurence

Post-fault recovery

FIGURE 2.28: TIMELINE OF ACTIONS FOR POST-FAULT RECOVERY IN AN HVDC NETWORK
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Figure 2.28 illustrates the timeline of actions in an HVDC network during a severe fault near the DC
side of a converter, which disrupts normal operations. The protection system identifies the fault and
takes corrective actions, potentially including temporarily blocking the converter to isolate the fault.
Once the fault is cleared, , if the converter was temporarily disconnected from the DC network, it is
deblocked and reconnected. This reconnection triggers voltage oscillations, current imbalances, and
power fluctuations in the network when the system is restored to normal operation. The post-fault
recovery involves converter deblocking and system restoration. During this phase, supplementary
control strategies are employed to dampen the oscillations and ensure the stable reintegration of the
network.

The sudden changes in converter operation, such as reconnecting the affected converters, can
introduce transient oscillatory behavior in the DC voltage and current. These DC-side oscillations can
have various frequencies depending on the characteristics of the system and the control strategies
employed. To facilitate analysis and control design, these frequencies are often categorized in relation
to the AC system's fundamental frequency as sub-synchronous or super-synchronous.

Several control techniques and strategies can be employed to mitigate and stabilize DC-side
oscillations during the deblocking process, including damping control, DC-side filtering, and control
system design.

e Supplementary damping control: Damping control methods can be implemented to suppress
oscillations and improve system stability. It may involve adjusting the control parameters of
the damping controller or applying supplementary damping control schemes.

e DC-side filtering: The use of DC-side filters, such as DC-line reactors or capacitor banks, can
help dampen the oscillations and their effects on the network.

e Internal controller tuning: Careful design and tuning of the converters' control system can
significantly mitigate DC-side oscillations. The control system should be designed to respond
appropriately to transient events and maintain stability during the deblocking process.

Fast and stable post-DC-side fault recovery is essential to a fault-clearing strategy to achieve
continuous operation in meshed HVDC grids. Various studies have been conducted to analyze the
recovery process of a single converter [34] [35] [36]. However, the post-DC-side fault recovery of the
multi-terminal HVDC systems and the interactions between the converters and the grid during system
recovery has yet to draw much attention in the literature. As the post-DC-side fault recovery involves
converter restoration, unwanted poorly damped oscillations may be triggered.

The post-fault grid recovery strategy has the task of restoring the DC voltage to a value close to the
pre-fault value in a stable manner. This implies that the voltage (and consequently, power flow) must
be recovered with adequate speed while limiting oscillations and avoiding over-currents and over-
voltages. The capacitive and inductive components (e.g., converters, cables, line inductors, etc.) in the
HVDC network will result in resonant frequencies. During the switching or deblocking of converters at
voltage levels different from the grid voltage, oscillations with these resonant frequencies may be
triggered.

Before discussing the methods to improve damping, understanding the origin of oscillations that occur
during post-fault recovery is important. During the de-blocking of a converter, uncontrolled
oscillations can be seen, which occur due to the interaction between the converters and the HVDC
network during the recovery process, where the magnitude of these oscillations depends upon the
damping characteristics of the network unless the converter controller is able to control and suppress
a wide range of non-DC component frequencies. These oscillations occur due to poor damping
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characteristics, which are highly influenced by interactions between converter and the HVDC network
or by DC side inductors, some DC faults etc. and lead to overvoltage’s or overcurrent’s on the DC side
of the network.

The work focuses on the DC side oscillations or Sub-Synchronous Oscillations (SSO), which can be seen
during the de-blocking of the converter at the DC side of HVDC grids, which stem from the interaction
between the converter and the DC network. These oscillations can be excited by different factors such
as faults, disturbances, and system parameter variations, which result in significant power fluctuation
and voltage variation on the DC side.

DC side oscillations can endanger the operation of the entire power system by causing instabilities,
and hence systems' electrical equipment may be severely damaged [37]. The frequency of these
oscillations is below the fundamental frequency. Depending on where the resonance occurs, the
conventional power system SSO can be categorized into various types, including sub-synchronous
resonance (SSR), sub-synchronous torsional interaction (SSTI), and sub-synchronous control
interaction (SSCI) [38]. Damping of these SSOs is required to ensure reliable operation, as these
oscillations lead to reduced power transfer capabilities, potential system failures, and increased stress
on components.

During post-fault recovery, damping of DC side oscillations can be achieved using appropriate control
strategies, including active and passive damping methods. Active damping methods for oscillation
damping during post-fault recovery can be categorized based on the performance metrics of the
controller, such as overshoot, settling time, and damping ratio. Higher damping achieved through
modulated signals, such as model predictive control or DC-side voltage regulator, indicates a faster
decay of oscillations and better damping performance [39].

However, damping control in HVDC networks may face challenges due to system complexity, limited
observability, parameter variations, coordination issues, and emerging oscillatory modes. These
factors can limit the effectiveness of damping techniques, highlighting the need for continuous
improvement. Enhanced control strategies, improved measurements and monitoring, accurate
modelling, and coordinated control can address these challenges and improve damping to ensure
system stability.
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FIGURE 2.29: VARIOUS DAMPING CONTROL TECHNIQUES AVAILABLE FOR SSOS DAMPING.
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Various supplementary controllers are available in the literature to suppress voltage/current
oscillations to improve damping at DC side of HVDC networks. Figure 2.29 illustrates the different
damping control methods used for SSO damping at the DC side of HVDC networks. However, adding a
damping controller requires an extra control loop in the outer loop of VSC-HVDC control, as shown in
Figure 2.30. The modulated signal utilizes damping methods for HVDC networks, where an additional
signal is injected into the converter current control loop to modulate the DC current/voltage and
enhance the damping of sub-synchronous oscillations. The state-of-the-art methods applied are
illustrated in Figure 2.34, including:

e Proportional-resonant derivative controller [40]
e Active damping controller [41]

e Model predictive control [ [39]]

e Virtual synchronous generator control [42]

e Resonance suppression strategy [43]

e DC-side voltage regulator [44]

Each damping control strategy has specific characteristics and benefits. The modulated signal
improves the damping of DC side oscillations by increasing the damping coefficient and reducing
overshoot and settling time. In [44], the authors use the D-Q CCSC method and the modulated signal
to improve damping at the DC side through controls. They modified the D-Q type Circulating Current
Suppression Control (CCSC) to suppress non-DC components in the zero-sequence current, resulting
ina 2.59% reduction in overshoot and a 3.57% reduction in settling time compared to the conventional
D-Q type CCSC.

In [39], the authors utilize CCSC with Model Predictive Control (MPC) to suppress circulating current
and enhance damping. The performance of CCSC with MPC shows a 13.6% reduction in settling time
compared to the Pl control approach. In [43], the authors investigate DC-link voltages using a new
active damping method known as virtual active damping or resonance suppression strategy. This
method provides a resonance suppression effect similar to that of a passive damping controller and
ensures DC-link voltages within the permissible range of £10%. Virtual synchronous generators were
proposed in [42], which use virtual inertia and virtual damping control with a proportional-derivative
controller to enhance the damping and inertia of DC networks. The authors analyze the impact of time
delays, illustrating that an increase in time delay is not beneficial to the stability of DC networks.
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The post-fault oscillations propagate from the voltage loop and the grid currents to the inner current
loop, as shown in Figure 2.30. Consequently, lar and lqref, the reference currents, are distorted with
oscillations without using damping controller. If the current loop provides sufficient damping for these
oscillations, the SSO can be attenuated before propagating to the PWM block. Therefore, further
investigation is conducted on the damping provided by the inner current loop, which regulates the
current in each arm of the converter.

The CCSC modulates the DC current within the current control loop to dampen the oscillations. The
output of the CCSC is a key factor in determining the behaviour of the DC current during post-fault
recovery. CCSC works by detecting current instabilities, such as changes in current direction or
magnitude, and applying corrective measures to dampen the oscillations and maintain stable
operation [45][ [30]]. It eliminates undesired circulating current in the Modular Multilevel Converter
(MMOC) cells that may occur during converter operation.

Various CCSC algorithms are available in the literature, including:

e Methods based on energy control [45]

e Method based on double line-frequency D-Q coordinate [30]

e Method based on model predictive current control [46]

e Method based on Proportional-Resonant (PR) controller and repetitive controller [47] [48]

The CCSC method based on the D-Q coordinate is a typical method widely used in the literature. This
method uses two Proportional-Integral (PI) controllers to directly suppress circulating current in the
D-Q frame by setting the reference value to zero [30]. The energy control method aims to reduce
circulating current from the source by controlling the total energy and balancing the energy difference
between the upper and lower arms, as circulating current is caused by the energy difference [45]. The
method based on the PR controller or repetitive controller can eliminate high-order harmonics in the
circulating current and can be used as compensation for other control methods [48].

Commonly applied CCSC is used to eliminate the double-frequency circulating currents. However,
recent studies have demonstrated poorly damped oscillations or even instabilities associated with the
DC-side current can occur with conventional D-Q type CCSC [49]. In [50], authors proposed a new Fast
Circulating Current Controller (FCCC) controller. The difference lies in controlling the DC component
of the circulating current. FCCC directly defines the DC reference of the circulating current based on
the AC-side power. In contrast, in D-Q type CCSC, the DC component of the current control loop is
naturally defined based on converter dynamics. The modified CCSC shows a 7% reduction in overshoot
and a 12% reduction in settling time compared to conventional D-Q CCSC [51]. Therefore, from the
literature, it can be concluded that by utilizing modulated signal with CCSC, the damping of oscillations
can be enhanced, leading to improved stability and performance in HVDC networks.

The next sections elaborate on the system model and discuss the performance of the voltage
regulation method and the modified D-Q type CCSC for an MTDC network, aiming to enhance the post-
fault recovery of HVDC networks.
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Parametric Sensitivity Analysis

Test system and assumed parameters
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FIGURE 2.31: A FOUR-TERMINAL +525 KV HALF-BRIDGE MMC-BASED MTDC NETWORK.

The test system is a four-terminal MMC-based MTDC network with a DC voltage rating of £525 kV,
with bipolar dedicated metallic return (DMR) configurations. The converter is a half-bridge topology.
The system can be divided into two subsystems: the onshore system, and the offshore system as
depicted in Figure 2.31.

The onshore AC system consists of Thevenin’s equivalent circuit (static voltage source) of a strong grid;
the grid impedance is computed based on the short circuit current level —a series resistor connection
of a parallel resistor and inductor models it. By adjusting the values of the inductance and resistance,
the short circuit current value and the damping angle at fundamental and Nth harmonic are controlled.
The rated line-to-line (LL) voltage is 400 kV. The onshore converter station has two Y-D transformers,
with ratings of 2 GVA each. The voltage ratio of this transformer is 400/275 kV. Onshore converters
are labelled MMC3, and MMC4. The onshore converter stations use DC voltage control and AC voltage
control, whereas P-Q control is used for the offshore converter stations.

For the four-terminal HVDC network, the length of the onshore cables is 12 km up to the point of
common coupling (PCC), as indicated by the green-colored onshore DC cable. The land cables connect
the onshore DC hub, which contains a DC switch. For simplicity and to reduce the computation burden,
only one DC switch is employed. Furthermore, the DC system comprises five subsea cable links (300
km length of all the subsea cables). The cables are modelled with a frequency phase-dependent
models. Furthermore, the cable link consists of three conductors (i.e., a positive, a negative, and
metallic return per cable link) due to DMR topology [52]. More details about the four-terminal MTDC
network and parameters are discussed in Appendix A.

Wind Turbine

The Wind Turbine model used for this study is a Type 4 model [53], It has a rating of 2 MW at a wind
speed of 15 m/s. The Type 4 wind turbine model consists of four main components: the wind turbine
model, a permanent magnet synchronous machine (PMSM), an AC-DC-AC Power electronic converter
system, and a scaling transformer.

The wind speed data is uploaded to RSCAD /RTDS via co-simulation. The TCP/IP protocol connects
RSCAD /RTDS to the Python script. In this script, live wind data is collected every second from two
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locations (i.e., Orkney and Shetland regions) in the North Sea via a website and then communicated to
the wind speed slider in RSCAD /RTDS via TCP/IP protocol.

Approach for Parametric Sensitivity
The necessity for an active damping approach is critical for enhancing post-fault recovery in MMC-
MTDC networks. This study highlights the importance of DC voltage regulation method, particularly
when combined with the enhanced D-Q type CCSC controller. This combination shows promise in using
modulated signals with CCSC to improve oscillation damping, thereby enhancing stability and
performance in HVDC networks as discussed in state-of-the art [12]. The study employs parametric
sensitivity analysis as a crucial means for system assessment.

Figure 2.32 illustrates the proposed approach for sensitivity analysis. The process commences with the
preparation of the overall dynamic model. Initially, control parameters are configured using an RTDS
script. Subsequently, an EMT simulation is conducted with the initial settings to pinpoint areas for
improvement.

This study specifically addresses a FRT scenario pertaining to the blocking of converters when a severe
fault (such as a DC short circuit) occurs near the converter terminal. The effectiveness of the post-fault
recovery process hinges on whether any converters in the HVDC network are in a blocked state due to
the fault. Converter blocking implies that they are no longer capable of controlling their active powers
in post-fault conditions. To mitigate the impact of these disturbances, the blocked converter must be
promptly deblocked and actively controlled.

The potential occurrence of poorly damped oscillations during post-fault recovery can be observed in
current and voltage waveforms. The focus of the flowchart is on analyzing the Active Damping
Controller (ADC) to improve post-fault recovery during deblocking, involving key parameter
adjustments and evaluations until a satisfactory outcome is achieved to enhance the post-fault
recovery of the HVDC network. Parameters are fine-tuned to ascertain the optimal set point from a
wide range of values. A similar analysis is conducted for the enhanced CCSC loop once optimal set
points for the ADC are determined. Finally, the optimal values obtained after key parameter
adjustments of the ADC and enhanced CCSC are verified to ensure that all key parameters are
configured optimally, thereby concluding the process.
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FIGURE 2.32: PROCEDURE FOR SENSITIVITY ANALYSIS.

Performance of Active Damping Control and Enhanced CCSC
a) DC-voltage regulation method:

The primary focus of this study revolves around the control loop of the DC-voltage regulation method,
as illustrated in Figure 2.33. Instances where the post-fault DC-side voltage consistently drops below
the designated minimum threshold ( Voc™") often lead to a disparity between the grid-side and
converter DC-side voltage, attributable to the constraints of existing controls and voltage evaluation
criteria. To rectify this discrepancy during the deblocking process, it becomes imperative to align the
converter DC-side output voltage precisely with the grid-side voltage. This alignment is achieved by
reducing the number of actively engaged sub-modules during the de-blocking moment, thereby
effectively decreasing the converter DC-side voltage to closely match the grid-side voltage.
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FIGURE 2.33: DC-VOLTAGE REGULATION METHOD CONTROL LOOP.

The DC-voltage regulation method achieves a reduction in submodule count during de-blocking by
subtracting the control loop output from the internal voltage reference. The controller activation is
specifically triggered solely at the deblocking instance through the signal Spsik. A rate limiter has been
implemented to manage the rate at which submodules are adjusted. This limiter facilitates the
acceleration of submodule reduction until the nominal DC-side voltage is reached, preventing sudden
fluctuations while regulating the rate of submodule insertion. The voltage error, representing the
deviation between the nominal DC voltage and the grid voltage, is integrated into the controller (G(s))
to fine-tune the system response during de-blocking. Typically, a proportional controller suffices for
DC-side voltage regulation, with the inclusion of a low-pass filter to eliminate undesirable high
frequency components. Under normal operating conditions, the controller output remains at zero due
to the dead-band block, as the DC-side voltage closely aligns with the nominal value.

However, if the DC-side voltage falls below Vo™ at the deblocking moment, leading to an error
surpassing the predefined dead-band, the controller output is engaged to reduce the inserted
submodules, thus aligning the system with the grid voltage [44].

b) Role of enhanced D-Q CCSC:

As highlighted in Section 0, converter de-blocking may generate uncontrolled oscillations. The
magnitude of these oscillations depends on the damping characteristic of the HVDC network, unless
the converter controllers are able to control and suppress a wide range of non-DC component
frequencies. This section discusses the requirements of the CCSC to suppress the non-DC components,
and proposed to use a modification to the standard DC-type CCSC to improve the system recovery
[30]. The utilization of the modified D-Q type CCSC configuration serves to improve damping properties
while maintaining the steady state DC current. This study involves a parametric sensitivity analysis of
the enhanced D-Q type CCSC, illustrated in Figure 2.34.

The non-DC components infiltrate the zero-sequence component (ico) during post-fault recovery,
which ideally should only contain a DC component during steady-state operation, as depicted in Figure
2.34.To handle these non-DC components within the zero-sequence current, a band-pass filter is used
to effectively isolate them from the DC component. Additionally, a Pl controller is employed to drive
these non-DC components toward zero. The band-pass filter’s bandwidth is carefully chosen to cover
a wide range of resonant frequencies, identified through a comprehensive analysis of DC-side
resonance.

The aforementioned study emphasizes the importance of carefully selecting appropriate parameters
for DC-voltage regulation methods and enhanced CCSC in order to enhance the damping of post-fault
oscillations during the de-blocking of the converter. The subsequent section will delve into the key
parameters that need to be considered to improve post-fault recovery on the DC side of networks.
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FIGURE 2.34: MODIFIED D-Q CCSC [30].

Fine Tuning of Key Parameters
This study investigates a four-terminal MTDC network (Figure 2.31) without DC circuit breakers. Figure
2.35 represents the initial voltages and currents at the DC side of the converters. During a severe DC
fault (for instance, DC short circuit) near MMC3, the switch on the DC side is instantaneously opened
to isolate the fault, effectively blocking MMC3. Upon fault resolution, MMC3 is deblocked.
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FIGURE 2.35: INITIAL CURRENTS AND VOLTAGES AT DC SIDE OF MTDC NETWORK.
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FIGURE 2.36: VOLTAGES AT DC SIDE OF CONVERTERS DURING DEBLOCKING EVENT.

Figure 2.36 provides an overview of the effects of deblocking Converter MMC3 at all DC terminals
(MMC1-MMC4) when no active damping controller is employed. At the moment of deblocking,
noticeable voltage dips are observed near the DC side of the converters. Likewise, Figure 2.37
illustrates the current at the Point of Common Coupling (PCC) near MMC3 converter during the
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deblocking of the converter, near MMC3. During this process, a peak overshoot of 1.1431 kA is
observed, with a settling time of 0.15842 s.
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Current [kA)
B
=

Time (5]
FIGURE 2.37: CURRENT AT PCC DURING DEBLOCKING OF MMC3 CONVERTER.

To facilitate improved postfault recovery, a DC voltage regulation method is adopted as an active
damping controller in the MMC3 converter. Parametric sensitivity analysis is conducted on the crucial
parameters of the DC voltage regulation method, specifically the Low Pass Filter (LPF), where stability
relies on the relationship between the Gain (G) and the Time Constant (TC). Experimentation is
employed to fine-tune the values of G and TC. Table 2.1(A) and FIGURE 2.38 (A) demonstrate the
outcomes for various G and TC values at the moment the MMC3 converter is deblocked, subsequent
to recovery from a severe DC fault. The results indicate the optimal values of a gain at 0.9 and time

constant at 0.2. Furthermore, variations in G and TC lead to an increase in peak overshoot value and
settling time.
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FIGURE 2.38: PARAMETRIC SENSITIVITY ANALYSIS DC-VOLTAGE REGULATION METHOD (A) LOW PASS FILTER (B) PI
CONTROL COEFFICIENTS.
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TABLE 2.1: OUTCOME OF THE VARIATION IN THE PARAMETERS OF ACTIVE DAMPING CONTROLLER (A) LOW PASS FILTER (B)
PI CONTROL COEFFICIENTS

Gain (G) Time Constant (TC) Peak Overshoot Settling time
Value
0.1 1 0.508874 0.10448
0.4 0.7 0.462252 0.1164
0.5 0.6 0.627815 0.1277
0.9 0.2 0.429801 0.11522
1 0.1 0.561325 0.17504
1.1 0.09 0.613680 0.14924
14 0.06 0.605960 0.12354
2 0.02 0.591391 0.14258
2.5 0.01 0.752649 0.16358
3 0.001 0.649669 0.17627
Proportional Gain Integral Time Peak Overshoot Settling time
(Kp) Constant (ITC) Value
0.2 0.9 0.613245 0.11798
0.4 0.7 0.435463 0.10706
0.6 0.5 0.685091 0.12928
1 0.1 0.610438 0.1181
15 0.05 0.550054 0.1469
2 0.02 0.538552 0.17306
25 0.01 0.674545 0.1166
3 0.005 0.585054 0.126272
5 0.003 0.572539 0.11966
8 0.001 0.60384 0.12452

Following the LP filter is the dead-band controller, where values are chosen to prevent oscillations of
the dead band controller output around the setpoint, ensuring the controller remains responsive to
changes in the error signal. In this case study, the DC reference and measured DC voltage are
considered in per unit. Consequently, the error becomes zero when the measured DC voltage equals
the DC reference. For the study, high level and low-level thresholds are maintained at 1.05 and 0.95,
respectively, while the slope of dead band block is set at 1pu/s. Optimizing the Pl controller Kp
(Proportional Gain) and Integral Time Constant (ITC) is critical to determine the controller’s sensitivity
to the error signal and eliminate steady state error. Different values of Kr and ITC are examined to
achieve the desired response for the DC voltage to closely track the DC reference. Table 2.1(B) and
Figure 2.38(B) present various combinations of KP and ITC, with the optimal values determined as 0.4
and 0.7, resulting in a notable reduction in overshoot time and settling time at the PCC point when the
MMC3 converter is deblocked. Additionally, a rate limiter is incorporated to prevent the Pl controller
from making rapid and significant output changes, which could potentially lead to instability. The rate
limiter’s limits are set to control the rate of change of the PI controller’s output. The optimal values
derived from the parametric sensitivity analysis for the DC voltage regulation method are utilized and
introduced as input to the inner control loop.

The modified D-Q CCSC is used in the inner control loop of the MMC3 converter. As detailed in above
section, the modified D-Q CCSC involves the tuning of the band-pass filter and Pl controller to minimize
the influence of zero-sequence non-DC elements. The frequency of the bandpass filter should be
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carefully selected to permit the desired frequency components to pass through while suppressing
frequencies beyond this designated range.

Table 2.2 presents the results of the frequency domain analysis, aiding in the selection of the band-
pass filter’s cutoff frequency based on the Gain Margin (GM) and Phase Margin (PM). For a cutoff
frequency of 300 Hz, a GM of 0.42 and a PM of 47.36 degrees suggest that the system remains stable,
offering some flexibility for adjustments in gain. However, the PM is a crucial indicator for stability. A
PM within the range of 45 to 90 degrees is generally considered favourable for stability. For a 300 Hz
cutoff frequency, it indicates a better filter response. With a cutoff frequency of 350 Hz, a GM of 8.23
signifies a comfortable gain margin, indicating favourable stability. A PM of 5.83 degrees further
indicates the system is much closer to instability compared to 300 Hz. A small phase margin translates
to a higher risk of oscillations and potential signal distortion within the filter’s passband. However, at
frequencies of 400 Hz, 500 Hz, and 600 Hz, GM are still very low, indicating that the system is
susceptible to gain-related issues like unwanted amplification of noise. Nevertheless, the negative
phase margins of -11.43,-161.06, and -116.79 degrees raise concerns. A negative phase margin of such
magnitude implies that the system is likely to be unstable or highly underdamped, potentially leading
to oscillations or poor transient response.

TABLE 2.2: FREQUENCY DOMAIN ANALYSIS TO SELECT CUT-OFF FREQUENCY OF BPF

Cut-off Gain margin Phase
frequency margin
300 Hz 0.42 47.36
350 Hz 8.23 5.85
400 Hz 2.80 -11.43
500 Hz 3.34 -161.06
600 Hz 0.90 -116.79

TABLE 2.3: TUNING OF PI CONTROL COEFFICIENTS OF D-Q CCSC

Proportional Gain | Integral Time Peak Overshoot Settling time
(Kpccs€) Constant Value
(lTCccsc )
0.1 1 0.640762 0.1277
0.5 0.6 0.599984 0.147001
0.7 0.4 0.53367 0.11762
1 0.1 0.499549 0.14096
1.1 0.09 0.411469 0.11174
1.5 0.05 0.523293 0.1457
2 0.02 0.606246 0.1481
25 0.01 0.468817 0.16982
3 0.005 0.484841 0.15914

Moreover, the Pl controller is meticulously adjusted while examining the response with varying values,
as illustrated in Table 2.3 and Figure 2.39. An increase in KPCCSC from 0.1 to 1.1 correlates with
decrease in the peak overshoot value. This reduction aligns with expectations, as higher KPCCSC values
correspond to less overshoot, given the amplified control action of the proportional gain. Significantly,
the settling time diminishes when ITCCCSC is reduced from 1 to 0.09. This shift occurs due to the
smaller ITCCCSC value, enabling the integral action to promptly accumulate and rectify errors.
However, further escalation of KPCCSC and ITCCCSC values would lead to increased peak overshoot
and settling time. Consequently, the controller with KPCCSC = 1.1 and ITCCCSC = 0.09 strikes a balance,
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yielding relatively low overshoot (0.411469 kA) and a rapid settling time (0.11174 s). With the finely
tuned parameters of the damping controller and CCSC, the reduction in overshoot and settling time
amounts to 64.00% and 29.47%, respectively, compared to the MTDC network without the use of an
active damping controller, as depicted in Figure 2.39 compared to Figure 2.37.
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FIGURE 2.39: PARAMETRIC SENSITIVITY ANALYSIS FOR PI CONTROL COEFFICIENTS OF ENHANCED D-Q CCSC.

Proposed Control Method(s)

Traditional Pl controllers are widely used for damping control due to their simplicity and effectiveness
in linear systems. However, HVDC systems can exhibit non-linear behaviour under certain operating
conditions (e.g., short circuit faults), which can limit the performance of Pl controllers.

Modern control techniques offer promising alternatives for non-linear systems. Fuzzy Logic Controller
(FLC) stands out among modern control techniques as one of the promising method, particularly in
scenarios where system information is lacking or system complexity impedes comprehensive analysis
[54], [55]. This is because FLC can handle imprecise or incomplete data effectively. The concept of
fuzzy set theory, pioneered by Lotfi Zadeh, can be applied to control functionalities, particularly those
related to damping oscillations at the DC side of HVDC networks. Unlike traditional methods that rely
on crisp thresholds, fuzzy sets allow us to incorporate the inherent ambiguity or vagueness of system
behaviour into the control strategy through mathematical framework [56]. A prime example is the
intensity of oscillation, where the voltage/current fluctuations during deblocking event of the
converter isn’t always a clear-cut value like “high” or “low”. These fluctuations can be gradual,
transitioning from “somewhat normal” to “moderately severe” and so on it might vary. This enables
the control strategy to adapt based on the degree of oscillation (encompassing both positive and
negative deviation, as well as the magnitude of voltage fluctuations).

Moreover, FLC typically requires less computational resources compared to other intelligent control
techniques. This translates to less computing power needed to implement the control strategy. FLC
generally needs less complex calculations compared to other intelligent control techniques, making it
more efficient for real-time control applications [57].

This study proposes a novel control approach for HVDC systems: a coordinated FLC and Pl controller
for improved damping performance. The FLC leverages its ability to handle non-linearities, such as
changing power flow patterns, which can significantly impact oscillation behaviour. This allows the FLC
to adapt the control strategy in real-time. The Pl controller provides a well-established framework for
achieving good overall system performance. By combining these strengths, the coordinated FLC-PI
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approach has the potential to lead to faster settling times and reduced overshoot compared to
traditional methods.

The Active Damping Controller (ADC) circuit examined here is a DC voltage regulation method
consisting of a Pl controller and a fuzzy controller, as depicted in Figure 2.40. The fuzzy controller acts
as a pre-processing stage for the Pl controller, enabling it to handle nonlinearities (such as saturation
in converter outputs) and effectively transforming the input for the Pl controller. Thus, a coordinated
approach, integrating fuzzy control alongside traditional Pl controllers, offers a practical way to
leverage the advantages of fuzzy logic without complete replacement [58].
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FIGURE 2.40: ENHANCED DC VOLTAGE REGULATION METHOD.
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Further, designing a step of a fuzzy controller is a crucial step in this approach. A fuzzy logic controller
requires appropriate ranges for input and output values, membership functions, a fuzzification
method, a set of if-then rules, and a defuzzification method. The fuzzy logic controller is shown in
Figure 2.41. The inputs to the fuzzy controller are derived from error signal (e) and the rate of change
of error (de). A fuzzy logic controller consists of three stages [57]: Fuzzification, which converts crisp
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numerical inputs (e.g., error signal (e) and rate of change of error (de)) into fuzzy membership values;
the inference mechanism, which uses linguistic if-then rules and logical operators like AND and OR to
map fuzzy inputs to fuzzy outputs, with common models being Mamdani (fuzzy output membership
functions) and Sugeno (weighted average of consequents); and Defuzzification, which transforms the
aggregated fuzzy set into a single crisp output value (e.g., ‘ca’) using methods like the centroid method,
bisector, or largest of maximum, influencing the FLC's control behaviour. The fuzzy interface process
is illustrated in Figure 2.41.

A crucial aspect of this FLC design is finding the right balance between complexity and control
effectiveness for damping DC-side oscillations in HVDC networks. This study utilizes five linguistic
values for both the error (e) and the rate of change of error (de): "negative high (nh)," "negative (n),"
"zero (z)," "positive (p)," and "positive high (ph)." This choice offers several advantages:

1) Reduced Rule Complexity: Complexity, in this context, refers to the number of fuzzy sets
(linguistic values) and rules required for effective control. Using a larger number of values
would necessitate a much more intricate rule base, increasing computational burden and
potentially leading to overfitting. Five values provide a good compromise, offering sufficient
granularity to capture the essential error dynamics that influence DC-side oscillations, while
keeping the number of rules manageable.

2) Effective Control for Oscillation Damping: Too few linguistic values could limit the FLC's ability
to differentiate between critical voltage deviations and minor fluctuations. The chosen five
values allow the FLC to distinguish between:

e Magnitude of Error: The "nh," "n," "z," "p," and "ph" values represent different error
magnitudes in DC voltage. This enables the FLC to tailor its response based on the severity of
the oscillation. Significant deviations (nh) require a stronger corrective action compared to
smaller errors (n).

e Adapting to Error Dynamics: Including the rate of change of error (de) provides crucial
information about how quickly the voltage error is changing. This allows the FLC to adapt its
response dynamically for more effective oscillation damping. For instance, a large negative
error (nh) with a rapidly decreasing rate of change (de) might indicate a self-correcting
transient. In this scenario, the FLC can apply a less aggressive correction to avoid unnecessary
control actions. Conversely, a large negative error with a still-increasing rate of change (de)
suggests a more sustained voltage drop, requiring a stronger corrective action from the FLC
to prevent further oscillation buildup.

By effectively capturing both the magnitude and rate of change of the error signal, these five linguistic
values empower the FLC to make fine-tuned adjustments that directly influence the DC voltage.

This design utilizes triangular (trimf) or trapezoidal (trapmf) membership functions (MFs) to represent
linguistic values associated with control variables within the range of [-1, 1]. This range facilitates the
normalization of input and output variables, which is crucial for effective fuzzy logic control. As
demonstrated in Figure 2.42, Figure 2.43, and Figure 2.44, these MFs offer several advantages. Their
simplicity contributes to computational efficiency, while their interpretability simplifies design and
debugging. Additionally, the smooth transitions between membership levels prevent abrupt changes
in the control outputs, leading to a more stable control system [59]. The width and slopes of these
MFs influence the overlap and smoothness of the transition between fuzzified sets.
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Once fuzzification is done, it translates precise data into fuzzy sets, enabling the system to reason with
linguistic rules based on these sets. The fuzzy controller utilizes a set of if-then rules to determine the
appropriate control action for regulating DC voltage. These rules consider both the error (e) and the
rate of change of error (de) as illustrated by Table 2.4 which represent FLC decision making strategy.

Five linguistic values for the output (control action) are considered: "negative high (nh)," "negative
(n)," "zero (z)," "positive (p)," and "positive high (ph)." This choice offers a range of control actions
that translate into adjustments to the reference for active power injection. These adjustments,
provided to the PI controller, ultimately influence the converter control system to regulate the DC
voltage and effectively dampen oscillations.

Each rule maps a combination of error and rate of change values (e.g., "large negative error, nh" and
"rapidly decreasing, nh") to a specific control action ("decrease output significantly, nh"). These values
allow the FLC to make dynamic adjustments to the desired active power injection based on the
system's behaviour.

For example, in Table 2.4, If the error is significantly negative(e=nh) (large voltage drop), the FLC
increases active power injection (decrease control action (output)) to counter the voltage drop.
Further, a rapidly decreasing rate of change (de = nh) alongside a significant negative error (e = nh)
indicates a quickly worsening voltage drop. This is reflected in rule: "If e is 'nh' and de is 'nh,' then
control action is 'nh").

Further, if the error is significantly negative (e = nh) but the rate of change is positive (de = p), it
suggests the voltage is decreasing but starting to recover. A fuzzy rule like: If e is ‘nh’ and de is ‘p’, then
control action is ‘n’) reflects such case. For smaller errors (e= n, p), the FLC might adjust active power
more moderately based on the error severity and rate of change (e.g. Ifeis ‘z’ and de is ‘p’, then control
action is ‘p’ ). When the error is zero (e=z) (desired voltage is achieved), the FLC aims to maintain the
voltage by keeping the control action around zero (e.g. Ifeis 'z’ and de is ‘2, then control action is ‘7Z’).
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TABLE 2.4: FUZZY RULES

do e nh n z p ph
nh nh nh nh n z
n nh nh n z P
z nh n z p Ph
p n z p ph Ph
ph z p ph ph Ph

The max-min inference operator, a popular method in fuzzy control systems, is employed to evaluate
the if-then rules in this study. The inference engine incorporated the Mamdani fuzzy model. The well-
known COG method is a popular defuzzification choice due to its computational efficiency and
intuitive output generation [59]. This allows for the conversion of fuzzy outputs into crisp values for
control decisions.

The Pl controller takes the crisp control signal from the de-fuzzifier as its input. It combines the signal
(b) with its proportional gain ( Kp) and time constant (T;) to adjust the final control output (BP/). The
Kp and T; values are considered 0.4 and 0.7 which is obtained after fine-tuning of Pl controller using
trial and error approach as discussed in parametric sensitivity section.

A user defined module for the FLC has been created using component builder (c-builder) facility
available in RSCAD simulation tool and Pl controller is added to it. The controller works as a
coordinated Fuzzy & Pl controller. The proposed Active Damping Controller (ADC) controller is tested
using four-terminal terminal MMC-based MTDC network as discussed in detail in section O(parametric
sensitivity analysis), where proposed ADC shown in Figure 2.40 is used in outer loop for damping the
oscillations at DC side of converter during post fault recovery. The current at the PCC during the
deblocking of the converter is observed during deblocking of the converter (MMC3) after subsequent
recovery from DC fault.

Table 2.5 and Figure 2.45 illustrate the outcomes of the advanced controller used in the Active
Damping Controller (ADC), comparing the performance of ADC with fuzzy controller, Pl controller,
coordinated fuzzy Pl controller, and without ADC (baseline scenario when no ADC is used) during the
deblocking of the MMC3 converter following recovery from a severe DC fault. As discussed in the
previous section, when no ADC is used, the current at PCC during the deblocking of the converter is
depicted by the black dotted line in Figure 2.45.
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FIGURE 2.45: PERFORMANCE OF ADC USING FUZZY CONTROLLER, PI CONTROLLER, ENHANCED CONTROLLER AND
WITHOUT ADC.

TABLE 2.5: OUTCOMES OF DIFFERENT CONTROLLERS USED IN THE STUDY

Controller Peak-overshoot Value (kA) Settling time (s)
Pl 0.411468 0.11174
Fuzzy 0.429850 0.12421
Fuzzy +PI 0.330971 0.10016

During this process, a peak overshoot of 1.1431 kA is observed, with a settling time of 0.15842 s. With
a fine-tuned PI controller used in ADC, a reduction in overshoot and settling time by 64.00% and
29.47%, respectively, is observed. When only a fuzzy controller is used in ADC, a reduction in
overshoot by 62.40% and decrease in settling time by 21.57% are noted. For better post fault recovery
after severe DC fault, the coordinated fuzzy Pl controller achieves the best performance leading to
reduction in overshoot by 71.05% and settling time by 36.78% compared to when no ADC is used.
Further, the enhanced controller achieved a significant 19.56% reduction in overshoot and a 10.36%
reduction in settling time compared to the fine-tuned PI controller used in the DC -side voltage
regulator approach [44].

The enhanced ADC is compared to some key existing approaches from the literature review, as
enhanced fuzzy-PI controller achieves a significant 19.56% reduction in overshoot, demonstrating
exceptional transient response improvement and provides better damping of oscillations. This
translates to faster settling time (10.36%), indicating a quicker reduction in steady-state error. The
comparison with other key approaches is shown in Table 2.6 which shows the effectiveness of
enhanced approach when compared with key performance indices such as overshoot time and settling
time.

So, the coordinated Fuzzy-Pl controller emerges as the most effective strategy for mitigating current
fluctuations during the deblocking process of the converter (MMC3). This success hinges on its ability
to leverage the strengths of both approaches: fuzzy logic component provides adaptability by handling
the non-linearities and uncertainties inherent in the HVDC networks. This allows the controller to react
swiftly to the initial change in operating point, minimizing overshoot and PI Control for precision as
the controller component ensures precise adjustments and effective damping of system oscillations.
This collaboration leads to a faster settling time and overall better performance.
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TABLE 2.6: PERFORMANCE EVALUATION OF ENHANCED CONTROLLER

Method Reference Reduction in Reduction in
Overshoot (%) Settling Time (%)
Enhanced Fuzzy + Pl - 19.56 10.36
Controller
D-Q CCSC with [12] 2.59 3.57
Modulated Signal
CCSC with MPC [7] 13.6 (compared to
PI)
Modified D-Q CCSC [19] 7 12
(Fcce)

However, it is crucial to remember that the effectiveness of the coordinated Fuzzy-Pl controller is
highly dependent on the design of the fuzzy logic component. The choice of linguistic values,
membership functions, and rule base all significantly influence the controller's ability to interpret
system states and generate appropriate control actions. Careful design and optimization of these fuzzy
logic elements are essential to unlock the full potential of this powerful control strategy.

Conclusions

The section related to other optional core functions presents a thorough examination and a new
control functionality for oscillation damping of an MTDC interconnected offshore-onshore system. The
research is done by utilizing EMT-based simulations. Through a comprehensive literature review, it
addresses research gaps concerning sub-synchronous oscillation damping on the DC side of HVDC
networks. Specifically, it delves into a DC-voltage regulation method paired with a modified CCSC to
enhance post-fault recovery of the converter. The study conducts meticulous parametric sensitivity
analysis to evaluate system performance, resulting in a notable 34.46% reduction in overshoot and a
12.50% improvement in settling time compared to the initial controller parameterization. These
findings contribute to the refinement of post-fault recovery mechanisms, bolstering the resilience of
complex offshore-onshore HVDC networks.

Furthermore, the study extends its scope by introducing a coordinated fuzzy-PI controller to enhance
controller performance. This approach offers an enhanced and adaptable strategy compared to
traditional Pl controllers in DC voltage regulation. The coordinated fuzzy-Pl controller demonstrates
significant improvements in post-fault recovery, evidenced by a 19.56% reduction in current
overshoot. This enhancement translates to exceptional transient response improvement and better
oscillation damping, resulting in a 10.36% faster settling time indicating a quicker reduction in steady-
state error. Overall, this research underscores the potential of coordinated fuzzy-Pl control in
enhancing the dynamic performance and fault tolerance of MMC-based MTDC networks, thus
contributing to the resilience of AC/DC networks.

HVDC-WISE 59| 119



| Deliverable 3.2

3. Supplementary Control
Functions

Moving to an upper layer of the structure proposed in the IEC TS 63291-1:2023 (See section 1.2), this
section presents the investigations and proposals of the HVDC-WISE project regarding the
functionalities that might be included in the “Supplementary control functions”. The first part of the
chapter will cope with control proposals that can go into the “Coordinated control” block. While the
second part of the chapter focuses on the layer defined as “AC/DC grid control”.

3.1 Coordinated control: Primary Control for
AC grid support

In [60] “HVDC Links in System Operations”, ENTSOE, 2019, it is recognized that the use of advanced
functionalities of HVDC links in system operation is essential for the secure and efficient operation of
the AC/DC grid. These functionalities are summarized in Table 3.1.

TABLE 3.1: FUNCTIONALITIES OF HVDC LINKS IN SYSTEM OPERATION

Non-

Functionality Embedded embedded LCC VsC
1 Voltage control X X - X
2 Static and dynamic reactive power control X X - X
3 Active power control* X X x* X
4 Frequency control — FCR delivery - X x* X
5 Frequency control — FRR delivery - X x* X
6 Frequency control — RR delivery - X x* X
7 Power oscillation damping (POD) X X X X
8 Sub-synchronous damping (SSD) X X X X
9 Emergency Power Control (EPC) X X X X
10 AC line emulation X - X X
11 Special protection schemes (SPS) X X X X
12 DC Loop Flow - X X X
13 Operating an island - X - X
14 System restoration - X x5 X
15 System Inertia (SI) x** X - X

4 Active power control in normal operation (preventive congestion management, scheduling etc.)
* Minimum power transfer via converter needed

** only with additional storage equipment on DC side

5 LCC can support system restoration, it cannot restore (black start capability) on its own

Although [60] focuses mainly on existing HVDC links, it can be expected that some or all of these
functions might be applied in future HVDC multi-terminal systems. Starting from the presented list of
functionalities, this section targets the functions that can be achieved within the coordinated system
control layer. We are thus interested in the functions that can be performed or enhanced through
coordination between stations within a timeframe of hundreds of milliseconds to a few seconds.
Additionally, we will focus on coordinated (via communication) functions that require measurements
available at all stations’ location, as to ease the implementation of such controls. From the table
below, we select and group the functionalities that meet these criteria for analysis in this section.
These functionalities are: Low-frequency power oscillation damping, AC line emulation, and
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Frequency control. In the following paragraphs, these functionalities are defined, current
implementations on HVDC links and MTDC grids are discussed.

3.1.1 Low-frequency power oscillation damping

The term “low-frequency” is used to specify that the oscillations addressed in the following studies
are of the electromechanical type, occurring within the range of 0.1 to 1 Hz. These should not be
confused with sub-synchronous oscillations or converter-driven slow interactions. Low-frequency
oscillations are inherent to large, interconnected power systems and pose significant challenges for
power system operators. According to the “European network code on requirements for grid
connection of high voltage direct current systems and direct current-connected power park modules,”
it is stated that 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.

Implementations in HVDC links

Controllers designed to damp low-frequency oscillations using HVDC systems have been extensively
studied in the literature. An extensive survey of both theoretical approaches and actual
implementations in HVDC projects is presented in [61].

Power oscillation damping controllers (PODs) generally consist of a controller that processes one or
more measured signals from the system and modulates a control output signal in the system. The
measured signals analyzed in the literature include generator speeds, frequencies, voltages, and
active power on AC lines, among others. The control laws embedded in these controllers range from
simple proportional gains or PID controllers to more complex control laws, such as optimization-based
methods. When HVDC links are used to damp oscillations, the control outputs can include various
reference signals, such as active power reference, reactive power reference, DC voltage reference,
active current reference, etc. The most common signals are active power references (these controllers
are known as POD-P) and reactive power references (known as POD-Q). Depending on the topological
situation of the HVDC system with respect to the targeted oscillations, active or reactive power
modulations could be more or less effective. In embedded HVDC links active and reactive power
injections are recommended. However, in the case of HVDC interconnecting asynchronous grids, POD-
P is not recommended, as the modulated active power necessary to damp the oscillation in one grid
will be injected in the second grid, thus disturbing it and potentially exciting electromechanical modes
[62].

Implementations in multi-terminal HVDC systems

Compared to HVDC links, multiterminal HVDC grids offer more control outputs to damp the
oscillations. Reference [61], also includes an extensive survey on research items in which the MTDC
are used to damp oscillations.

The primary challenge in multi-terminal DC grids lies in the distribution of DC voltage control across
multiple stations. Each station injects or absorbs active power to stabilize the DC voltage, typically
employing a DC-voltage-to-active power (or current) droop control schemes. However, utilizing active
power for damping inter-area oscillations within one asynchronous area can inadvertently transfer
these oscillations to another synchronous area due to voltage droop effects, as shown later in this
report.
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To address this challenge, works such as those presented in [63] and [64] propose coordinating the
active power references of two or more converters within the same synchronous area. This
coordination, facilitated through communication, aims to target specific oscillations for damping. The
concepts introduced in [63] and [64] serve as foundational ideas for the proposals outlined in this
document.

Furthermore, reactive power injections offer an alternative method for oscillation damping. Reactive
power does not interact with the DC voltage control system, preventing oscillation propagation via
the DC voltage of the system to other areas. This unique advantage underscores the efficacy of
reactive power modulation in dampening oscillations within MTDC grids [63].

3.1.2 AC line emulation

Embedded HVDC links can mimic the behavior of AC circuits or networks through AC line emulation.
This feature proves invaluable during power disturbances, such as load changes or line trips, as it
allows for real-time adaptation without manual intervention from operators.

Implementations in HVDC links

AC line emulation in HVDC links involves automatically adjusting the power setpoint of the link
proportionally to the angle differences between the AC voltages at each converter station. Unlike
certain frequency control implementations that rely solely on local measurements, AC line emulation
necessitates communication between involved stations. This control method, also known as Angle
Difference Control (ADC), has been successfully utilized in projects like the INELFE link [65] where it
effectively mitigated overloading on AC lines following significant power disruptions.

Implementations in multi-terminal HVDC systems

In [66] [64] and [67] authors propose a control strategy wherein the active power references of all
dispatchable stations are adjusted based on a linear combination of voltage angles measured at
connecting points. This approach effectively emulates the behavior of an AC network and forms the
basis for subsequent discussions.

Challenges

However, challenges arise with AC line emulation controllers, as highlighted in [65] [68] and further
analyzed in [69]. Depending on the topological configuration of HVDC links, these controllers may
inadvertently impact the damping of certain electromechanical modes within the system. To mitigate
this risk, careful consideration must be given to the controller's time response. Additionally, if
adopting an AC line emulation controller, it is advisable for the HVDC link to provide some level of
damping (via for example a POD) to ensure secure system operation [60]. In the following section, this
report proposes a simple solution to overcome this issue.

3.1.3 Frequency control

When asynchronous AC grids are interconnected via an HVDC link, they can mutually support each
other’s frequency stability by providing balancing power as needed. This capability is crucial not only
for interconnected mainland grids but also for scenarios involving offshore wind farms connected to
the mainland through HVDC systems or storage systems connected to the AC grid via HVDC. In such
cases, the HVDC link facilitates the provision of balancing services.

An HVDC system can balance power through various mechanisms, each operating on different time
scales: Fast Frequency Response (FFR), Frequency Containment Reserve (FCR), Frequency Restoration
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Reserve (FRR), and Replacement Reserve (RR), as illustrated in Figure 3.1. For detailed definitions of
these mechanisms, readers are encouraged to refer to [70].

T1=~250ms-2s

AP
fFFy FCR/ FRR / RR \ T2=10-30s
T3= 5-15min
» T4=15-60 min
T4 t

0 T T2 T3

FIGURE 3.1: FREQUENCY SERVICES [70].

As the services encompassed between the hundreds of milliseconds to the tens of seconds are FFR
and FCR, those are the ones considered in this section and will be encompassed in the term “Primary
frequency control”. Therefore, considered that the response of the converters under the FFR time-
frame is managed at the local level (e.g., with the controls proposed in Section 2.1.2), while the FRR
and RR are managed by higher-level layers of control.

Implementations in HVDC links

Traditionally, HVDC links implement this function by adjusting the active power reference
proportionally to the frequency deviation at the receiving end or the difference between frequencies
at both ends. This adjustment is achieved using a droop gain, similar to the method employed by
synchronous generators. When the need for Frequency Containment Reserve arises, automatic
initiation of balancing power transmission occurs by multiplying the frequency deviation difference
with a droop factor. This calculation results in a change in the active power reference value in the
converters. To prevent unnecessary activation of Frequency Containment Reserve during minor
frequency deviations, a dead band may be incorporated.

While more complex implementations exist in the literature, such as utilizing center of inertia
frequency measurements or coordinating multiple HVDC links, many projects opt for the simplicity of
primary frequency control via droop gains. In the subsequent sections, we'll focus on analyzing
coordinated droop-gain-based schemes.

Implementations in multi-terminal HVDC systems

As with the POD-P, the primary challenge in sharing primary frequency reserves via an HVDC system
lies in the fact that the DC voltage control is distributed among dispatchable stations. The DC voltage
droop control adjusts active power setpoints of several stations proportionally to DC voltage
deviations measured by converters, which can lead to undesirable interactions between frequency
and voltage control.

To address this challenge, coordinated controllers have been proposed to mitigate interactions
between frequency and voltage controllers. In In [71] a comparison is drawn between simple droop-
based schemes utilizing only local measurements and coordinated schemes coordinating active power
references of converters. In subsequent sections, we'll adopt the control implementations proposed
in In [71] for our investigations.

3.1.4 Identified challenges

It has been observed that the targeted services are provided via the modulation of active power
(oscillation damping can be also achieved via POD-Q, but with different performances), while active
power is also used for the DC voltage (identified in section 2.1 as a constraint function). Therefore,

HVDC-WISE 63| 119



Deliverable 3.2

Coordination is necessary to provide the expected services while assuring minimal interactions with
the DC voltage control.

3.1.5 Proposed framework and control

Therefore, to avoid interfering with the DC voltage control, it is proposed that the sum supplementary
active power references provided by supplementary controls (frequency droop, ac line emulation
controllers, POD or others) should be zero. The “channel (or virtual link in [64], [72])” concept can be
used: If converter i modulates its power by AP;j, converter j modulates the same amount of power
in the opposite direction, thus —APj; (this coordination is achieved using communication).

(N o )

1 )= .
Pyscy = Pf + APyy + AP35 Pysez = P3 — APi5
AC system 1 AC system 2
vac,ZZPZ*_APIZ ~ '— —| el vac,4=P;
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g\lg\ g\lg\

FIGURE 3.2: THE CHANNEL CONCEPT.

In Figure 3.2: The channel conceptFigure 3.2, let P;' and P, be the power setpoints of stations 1 and 2
given by the dispatch center (or any other higher-level layer of control) and AP;, be the power
variation generated by any supplementary control. As power absorbed/injected by station 1 to the DC
grid is equal to the power injected/absorbed by station 2, the voltage of the DC grid will be almost not
disturbed. It can be said that AP;, is the power modulation by a controller for channel 1-2. In Figure

3.2 the modulation of channel 1-3 (4P, 3) between stations 1 and 3 is also represented. Note that there

can be =D

number of channels, where m is the number of dispatchable stations.

Within this framework, the control inputs for the proposed supplementary controllers are no longer
the modulated power of each station (AP;), but the modulated power of each channel (AP;}). This
assures that the sum of active power modulations is always zero, so the interactions with the DC
voltage control are minimized.

Adopted implementations for targeted functionalities

In Figure 3.3, an overview of the proposed control layer is illustrated. At the proposed control layer,
an illustration of the possible channels is represented. Note that, as there are 4 dispatchable stations,
6 channels are possible (noted ch;; in Figure 3.3). Measurements at the station level (voltage angles
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and frequencies as explained later) are sent by each station to the control layer, and the control layer
sends back the necessary active power modulations to the stations.

Proposed control layer e Channels

VSsC2
interface

[ 4

iV

FIGURE 3.3: PROPOSED CONTROL LAYER.

In further works, different sorts of DC connected devices could be considered. Especially, DC-
connected energy storage converters can be introduced as additional dispatchable terminals.

In the following paragraphs, the implemented controllers for providing different services are
described.

Power oscillation damping

The proposed implementation is depicted in Figure 3.4. As proposed in [64], the POD in channel i-j
achieved by applying a gain Kpop to the difference of the instantaneous frequencies f; and f;
measured at the point of connection of the stations belonging to the channel. Additionally, as
suggested [63] in a first-order filter is included to reduce the effect of noise in the measurements and
communication delays. Also, a lead-lag filter is incorporated and can be tuned to target specific
electromechanical modes.

pod APPOD v To VSCi
1 1+T7"s E ij L
L+oods 1+ 17 —
i A :
Noise filter Lead-lag Saturation To VSCj

FIGURE 3.4: POD CONTROL IMPLEMENTATION IN CHANNEL I-J.

Note that this implementation only makes sense if stations i and j belong to the same synchronous
area, otherwise the oscillation can be transmitted to one asynchronous area to another.

AC line emulation

For the AC line emulation, the Angle Difference Control (ADC) is used. As suggested in [64], the ADC
in channel i-j achieved by applying a gain Kpop to the difference of the voltage angle 6; and 6;
measured at the point of connection of the stations belonging to the channel.
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FIGURE 3.5: ADC IMPLEMENTATION IN CHANNEL I-J.

As firstly observed in [65] in real event in the European power system (reported also in [68]) and
further analyzed in [69], the angle difference control with a filter to reduce measurements noise and
delays is prone to affect the damping of interarea modes. To overcome this issue, [68] and [69]
propose to increase the time constant of this filter. While a time constant of around 750ms is
necessary for noise measurement and communication delays, [65] and [68] suggest increasing the
time constant to approximately 50s. This slows the controller's action to stay outside the frequency
range of interarea oscillations, avoiding their excitation. Therefore, ADC control is only used for static
purposes (i.e., automatic power redispatch), reducing any potential contribution to dynamic
phenomena.

To exploit the fast active power control of the HVDC link and make ADC useful for dynamic issues in
the grid (such as first swing stability and active power oscillations), this report proposes a simple but
effective solution. A lead-lag filter is added to the noise filter (whose time constant can remain in the
range of milliseconds) to correct the phase of the injected active power, providing damping power to
the AC grid. In this manner, ADC not only serves static purposes but also enhances the rotor angle
stability of the grid.

Note that this implementation is only suitable if stations i and j belong to the same synchronous area.
Frequency control

The frequency control is based on the proposals in [71]. In an HVDC connecting two asynchronous
areas, the frequency control can be applied in a bilateral manner [73]. This means the control reacts
to the frequency deviation measured at both ends, but with different droop gains for each end. These
droop gains can be tuned based on factors such as the size of each AC synchronous area or the
allowable frequency deviation.

The same principle is applied here to a channel. For channel i-j, where VSC iis in a different
asynchronous area than VSC j, the controller applies different frequency droop gains for the frequency

deviations measured at each station belonging to the channel. For example, (f* — f;) * K,ijCR ,
represents the contribution demanded in the synchronous area where VSC i is connected, which will
come from the area where VSC j is connected. Similarly, (f* - f]) * KIZER applies to the area where
converter j is connected. Having two different gains (K%R and KgéR) allows for adjusting the priority

between the pairs while considering the different frequency requirements of the AC zones.

Contribution from VSC j to
freq. deviations at VSC i

To VSCi
; APFCR v
— J
Noise filter Saturation A TovsCj

Contribution from VSC i to
freq. deviations at VSC j

FIGURE 3.6: FREQUENCY CONTROL BASED ON BILATERAL EXCHANGES FOR CHANNEL I-J.
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Note that frequency control is only suitable if stations i and j belong to different synchronous areas.

In the three different presented controls, it is noted that a saturation block is used per channel. This
saturation serves to adjust the power headroom the converter can allocate for each service.

3.1.6 Benchmark Implementation

In order to test the proposed controllers, the Benchmark depicted in Figure 3.7 has been implemented
using the Modelica Language. The system is composed of 6-terminal HVDC grid interconnecting two
asynchronous systems (Al and A2) together with some offshore production. This system can be seen
as a very simplified version of a multiterminal DC grid interconnecting from example the continental
Europe network with the GB network while importing offshore production. The objective of the test
system is to be able to capture in simple but representative manner at the same time the frequency
and the rotor-angle stability phenomena on the AC side and the dynamic behavior of the DC voltage.

Al1l @ @ A2.1

T8 -
A1.2 ~7 = — N7 A2.2
[ L2 —=(4] ]

L2l@ lm
ARG

| |
AN LN
g\lg\ ;l\lg\

FIGURE 3.7: TEST SYSTEM FOR COORDINATED CONTROL.

Each asynchronous area is composed of 2 synchronous areas interconnected by an AC corridor, e.g.
the asynchronous system Al (A2) is composed of Areas A1.1 (A2.1) and A1.2 (A2.2) interconnected by
the corridor composed of lines X11 (X21) and X12 (X22). This representation will allow to understand
the behavior of the power exchanges inside a synchronous area following different disturbances.

Each area is composed by an equivalent synchronous generator that represents the installed
synchronous generation in the area and an equivalent aggregated load. The generators are equipped
with turbine governors and primary frequency control to capture the frequency dynamics of the
systems. The important characteristics of the area are summarized in Table 3.2.
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Area Synchronous
Capacity
Al.1l 10 GW
Al.2 10 GW
A2.1 10 GW
A2.2 10 GW

TABLE 3.2: CHARACTERISTICS OF EACH AREA

Inertia Equivalent Generator Situation
Droop

5s 0.2 pu/pu (P/f) in area Exporting 400MW to Al1.2
capacity as base

5s 0.2 pu/pu (P/f) in area Importing 400MW from Al1.1
capacity as base

5s 0.2 pu/pu (P/f) in area Exporting 400MW to A2.1
capacity as base

5s 0.2 pu/pu (P/f) in area Importing 400MW from A2.2

capacity as base

In each asynchronous system the areas are interconnected by AC corridors. In this test system, the AC
lines (L11, L12, L21, L22) have an equivalent inductance of 1.25 pu (Base power = 1 GW, Base voltage

=320 kV).

The two asynchronous areas are interconnected by a 5-terminal DC grid. The control modes and the
power setpoints of the different stations are summarized in Table 3.3.

Station Rating

1GW
1GW
1GW
1GW
1GW

u b WNR

6 1GW

TABLE 3.3: CHRACTERISTICS OF EACH VSC STATION

Control
mode
Vdc droop
Vdc droop
Vdc droop
Vdc droop
V/f

v/t

Active Power dispatch

P =200 MW, Q=0
600 MW, Q=0
200 MW, Q=0
800 MW, Q=0
Non dispatchable;
900 MW injected by the offshore windfarms
Non dispatchable;
900 MW injected by the offshore windfarms

Droop
gain Ky
8 MW/kV
10 MW/kV
8 MW/kV
10 MW/kV

N/A

N/A

All the cables in the DC grid are represented by a Pl model and all the m represent a 100km cable
sections. Withr = 0.02 Q/km, [ = 1.4 mH /km. The capacitive effect on the cables is included in the
DC capacitor of each VSC station (195uF). Other dynamic parameters of the VSC stations are

summarized in Table 3.4.

TABLE 3.4: PARAMETERS OF VSC STATIONS

Parameter Value
Base power 1 MVA
Base AC voltage 320 kv
Base DC voltage 640 kV
AC Connection resistance 0.001 pu
AC Connection inductance 0.18 pu
DC capacitor 195.31 uF
AC current loop time response 10 ms
Maximal current 1.2 pu
PLL time response 5ms
SCR >10

For the simulation, the models of the AC components are the ones from iPSL library presented in [74],
and the HVDC components are the ones presented and used in [75].
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From the proposed power flow situation in described in the tables below it can be observed that the
offshore windfarms (Stations 5 and 6) are injecting 1800MW of offshore production to the AC systems
(800 to Al and 1000 to A2). It can be inferred that Areas Al1.2 and A2.2 have important demand as
they are importing power via the AC corridors from A1.1 and A2.1 respectively, and the power dispatch
of stations 2 and 4 is higher than stations 1 and 3.

3.1.7 Results - POD

Case 0 - No supplementary control (or Constant power reference) in case
of line tripping

As to understand the phenomena to be treated (electromechanical low frequency oscillations or inter-
area oscillations), the disconnection of the line X12 at t=2s is simulated. In this first example, the active
power references of the MTDC are not modified by any supplementary control as shown in Figure .
rigure Shows the active power on the two AC lines (X11 and X12) of the corridor. Before the event, both
lines were loaded at 200 MW each, when the disconnection occurs, the power is reallocated on the
remaining line X11 (from 200 MW to 400 MW), however badly damped oscillations are observed.

600

——— VSC1 (A1) VSC3 (A2) VSC5 (Offshore)
VSC2 (A1) VSC4 (A2) VSC6 (Offshore) 500
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FIGURE 3.8: ACTIVE POWER OF STATIONS - CASE 0.

FIGURE 3.9: ACTIVE POWER IN THE AC CORRIDORS — CASE 0.

Figure 3.10 show the frequency of the areas in the system Al and system A2. In system A1 (left plot)
we can observe the inter-area oscillations are poorly damped. Since the active power references of
the HVDC system are not modified, the system A2 is not disturbed. It can be stated that in this case
the HVDC system works as a firewall between the two systems for this disturbance.

| ALl — — —A12] | A21 — — —A22

50.05 AR 50.05
— P h /\\ /“ A \ —
= | 11 / | }/ A \\ //\ //\ //\\ /\ g
I =0 | 1 | ‘ \ Iy > 0
=] O e =] Ol
5 P O L (N
g Vil N | L AVAVAVANAVAN g
= i Ny \/ (WAVAY J v =

\
49.95 IRVATRVAURYS 19.95
J
0 5 10 15 20 0 10 15 20
Time ] Time ]

FIGURE 3.10: FREQUENCY OF SYSTEM A1 (LEFT) AND A2 (RIGHT) — CASE 0.

Case 1 - Understanding the issues of non-coordinated actions - Loss of

firewall effect
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In this example, a Local POD control is implemented as to understand the effect of non-coordinated
active power modulations of the VCS stations. The tested controller modifies only the active power
reference of VSC1 proportionally to the instantaneous frequency deviation measured at the point of
connection of station 1 (i.e., AP; = kzl,%cdal * Af7). The positive effect of the control can be observed in
Figure , where the power of the AC corridor is plotted. Compared with the case where power constant
reference was used, it can be observed that the power oscillation has been damped.
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FIGURE 3.11: ACTIVE POWER IN THE AC CORRIDORS - CASE 1.

Figure shows the active power of the different stations. It is observed that the local POD control in
VSC1, modulates the active power of VSC1 which contributes to the damping of the low frequency
electro-mechanical oscillation. Additionally, because of the voltage droop control, when VSC1
modulates its power, the other dispatchable stations (VSC, VSC3, VSC4) will modulate their power as
response to the DC voltage variations caused by the injection of power of VSC1. The extent of the
power modulation of stations VSC2,3 and 4 depend on their droop gains and the characteristics of the
DC grid.
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FIGURE 3.12: ACTIVE POWER OF STATIONS - CASE 1.

As the active power of stations VSC3 and VSC4 is modulated around their setpoint, the second AC
system is excited as shown in Figure 3.13, where the frequencies of the areas A2.1 and A2.2 of the
second asynchronous system are plotted. Therefore, while the local POD control damps a disturbance
occurring in system Al, it also transmits the oscillation to the second asynchronous grid A2. In this
case the firewall capabilities observed in case 0 have been degraded.
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FIGURE 3.13: FREQUENCY OF SYSTEM A1 (LEFT) AND A2 (RIGHT) — CASE 1.
Case 2 - Proposed coordinated control - POD in channel 1-2

Here, the coordinated control described in Section 3.1.5 is applied in channel 1-2. This means that the
active power of VSC1 and VSC2 are modified in a coordinated manner and proportionally to the
difference of instantaneous frequencies measured at both points of connection (see Figure for the
implementation). In Figure , we can observe that using the proposed control on channel 1-2, the active
power of VSC1 and VSC2 are modified in a complementary manner. As the active power injected by
VSC1 is absorbed by station VSC2 at all instants, the sum of active power flowing inside the DC grid,
are zero (neglecting losses), thus the voltage on the DC grid is barely modified (See Figure 3.15 where
the DC voltage measured at the DC side of every station is plotted), thus the voltage droop control
does not modulate the active power of the remaining stations.
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FIGURE 3.14: ACTIVE POWER OF STATIONS - CASE 2.

The effectiveness of the control to damp the oscillation is observed in Figure 3.16, where the power
of the AC corridor is plotted. Compared with the Case 0, where constant power references are applied,
it is observed that the oscillation has been damped.

HVDC-WISE 71119



Deliverable 3.2

VSCI (A1) VSC3 (A2) VSC5 (Offshore) 600 -
— — —VSC2 (A1) VSC4 (A2) VSC6 (Offshore) Line X11
500 — — — Line X12
1.01
E 400
— 1.005 =3
3 300
- G§
) 1 3
?’Sc A, 200
£ |
> 0.995 100 |
|
0.99 0 -
5 10 15 20 0 5 10 15 20
Time [s] Time [s]

FIGURE 3.15: DC VOLTAGES - CASE 2. FIGURE 3.16: ACTIVE POWER IN AC CORRDIORS - CASE 2.

Moreover, using the proposed channeling concept, the firewall effect the HVDC system provides is
kept. Figure 3.17 shows the frequencies of the different areas. It is observed that in area one, the
oscillations are damped (with respect to Case 0), and contrary to Case 1, in this case the oscillations
are not transmitted to area A2.
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FIGURE 3.17: FREQUENCY OF SYSTEM A1 (LEFT) AND A2 (RIGHT) — CASE 2.

3.1.8 Results - AC line emulation

Case 3 - Proposed coordinated control - ADC in channel 1-2

In this example, the Angle difference control (ADC), presented in Figure 3.5, is activated in the channel
1-2. The same event is simulated: the tripping of line X11.
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FIGURE 3.18: ACTIVE POWER OF STATIONS - CASE 3.

Since the ADC is implemented in channel 1-2 it is observed that active power injections of VSC1 and
VSC2 are coordinated, barely disturbing the DC voltages of the stations (See Figure 3.19). Remark that
the post fault steady state value of the active power has been modified of around 100 MW. As an AC
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line is emulated between the point of connection of VSC1 and VSC2; some power of the lost line has
been reallocated in the emulated AC line, modifying therefore the post-fault steady state power of

VS1 and VSC2.

To observe the positive effect of the ADC on the system, in Figure 3.20, the active power in lines X11
and X12 are plotted. Two cases are plotted, Case 2 (dashed yellow line: “POD”) and Case 3 (blue solid

line: “ADC”). Two main things are to be observed:

e By comparing Case 2 (dashed yellow line: “POD”) and Case 3 (blue solid line: “ADC"), we
observe the remaining AC line (X11) is less loaded in the post fault situation when we the ADC
is applied (Case 3 ) than when only POD (Case 2 ) is used. Via de ADC, some transmitted power
has been reallocated on the HVDC system as to unload the remaining corridor. This positive
“static” effect can have a high impact on stopping cascading events as it represents an
automatic mechanism to reduce overlading in AC lines in case or N-1 or N-k events.

e By comparing Case 2 with Case 0, it is observed that, not only the static situation is enhanced
(as in the previous comparison), but also the interarea oscillation has been damped. This is
achieved thanks to the lead lag filter added in the ADC that corrects the phase of the power

injections as to increase the damping of the system.
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FIGURE 3.20: ACTIVE POWER IN AC CORRIDORDS - CASE 2

AND CASE 3.

Furthermore, by analyzing the frequencies of the different areas (Figure 3.21), it is shown that the
disturbance has not been propagated to the second area, thus keeping the firewall effect the HVDC

system can provide.
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3.1.9 Results - Frequency control

In the following cases, the simulated event is a load step of 200 MW in Area A2.2, representing 10%
of the installed synchronous capacity in System A2.

Case 4 - No supplementary control in case of frequency event

Figure 3.22 shows the frequency of both System, Al and A2 in this base scenario (no frequency
control). It is observed that, the frequency of the system where the load step is simulated drops,
presenting a nadir of approximately 49.6 Hz and a post-fault steady state frequency of 49.8 Hz.
Moreover, it is observed that the frequency of system A2 is not disturbed as the HVDC link did not
participate in supporting the exchanges of reserves between systems.
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FIGURE 3.22: FREQUENCY OF SYSTEM A1 (LEFT) AND A2 (RIGHT) — CASE 4.
Case 5 - Frequency control in channel 1-4

The HVDC system represent a means to share frequency reserves from system Al to system A2 in a
controlled manner. To do so, the frequency control depicted in Figure 3.6 is activated in channel 1-4.
Figure 3.23, shows the active power of the different stations. It is observed that via channel 1-4 n
frequency reserves are sent from VSC1 to VSC4 (approximately 70 MW in steady state).
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FIGURE 3.23: ACTIVE PWOER OF STATIONS - CASE 4.

As observed in Figure 3.24, this allows the frequency of area A2 to reach a nadir of around 49.7 Hz
and a steady state frequency of 49.85 Hz by taking frequency reserves from area Al.
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FIGURE 3.24: FREQUENCY OF SYSTEM A1 (LEFT) AND A2 (RIGHT) — CASE 5.

Case 6 - FCR in channel 1-4 and 2-4 with limits

30

In this case, the frequency control is activated in channels 1-4 and 2-4. To limit the frequency reserves
shared from Al to A2 to 100 MW, the active power limits of each channel can be limited (as shown in
the control scheme in Figure 3.25). In this example the contribution of channel 1-4 is limited to 60 MW

and the contribution of channel 2-4 is limited to 40 MW.
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FIGURE 3.25: ACTIVE POWER OF STATIONS - CASE 6.
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FIGURE 3.26: FREQUENCY OF SYSTEM A1 (LEFT) AND A2 (RIGHT) — CASE 6.

The advantage of this approach is that the operator of the system can decide how much available
headroom can be used in each channel to provide frequency services, similar to how generators
allocate power reserves to participate in the Frequency Containment Reserves market [71]. Following
the channelling approach, the HVDC system can allocate a specific headroom per channel to be used
in case of a frequency disturbance. Reference [71] discusses such possibility.

HVDC-WISE
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3.1.10 Results - Combination of different services
Case 7 - POD + ADC + Frequency control

In this final example, the presented different services are combined in the 6 possible channels. The
different control gains and the allocated headrooms are summarized in Table 3.5.

TABLE 3.5: CONTROL GAINS AND ALLOCATED HEADROOMS

Channel POD ADC Frequency Headroom for Headroom
control POD+ADC for FCR
1-2 K22, =1GW/Hz = K12, =20MW/deg N/A +100MW N/A
23 N/A N/A K2 =0 N/A +60MW
K32 = S500MW/Hz
3-4 K34, =1GW/Hz = K3%.=20MW/deg N/A +100MW N/A
4-1 N/A N/A Kptz = 500MW/Hz N/A +40MW
Kl}gR=0
13 N/A N/A Kpdg =0 N/A oMW
K32z= 500MW/Hz
2-4 N/A N/A K3, =0 N/A oMW

K2z = 500MW/Hz

Note that channels embedded in one synchronous system (e.g., 1-2 and 3-4) are suitable to provide
AC line emulation and POD services. While channels that interconnect asynchronous systems can
provide frequency support (e.g., 2-3, 4.1, 1-3 and 2-4).

The simulated disturbance is a load step of 200 MW in A2.2. Figure 3.27 shows the active power in the
different stations, Figure 3.28 shows the frequency in both areas and Figure 3.29 shows the active
power in the line X21 for Case 4, Case5 and Case 7.
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FIGURE 3.27: ACTIVE POWER OF STATIONS - CASE 7.
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FIGURE 3.30: DC VOLTAGE OF STATIONS - CASE 7.

Different observation to understand the effect of the control scheme can be made:

e Regarding frequency stability, it is observed that VSC1 and VSC2 send active power to system
A2 (60 MW and 40 MW respectively). This helps the system to have a frequency nadir of
49.7 Hz (which is better compared with case 4)

e In terms of the low frequency oscillations excited by the disturbance (generator tripping),
compared with case 5, oscillations in both areas have been damped. This has been achieved
mainly thanks to the action of the POD activated in channels 1-2 and 3-4.

e The positive impact of the ADC in channel 2-3 can be observed in Figure 3.29. As the
frequency event occurs, the primary control from the generator is activated, to cope with the
power imbalance generatorsin A2.1 need to increase their power reference and start sending
more power to A2.2. In case 0 and case 4, this power is shared via the AC corridors. When
the AC line emulation is activated, this power can be automatically reallocated on the HVDC
system.

Finally, Figure 3.30 shows the DC voltage of the different stations as to show that the DC voltage have
been barely disturbed despite the fast power modulations of the converters.
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3.1.1

Conclusions on primary coordinated controls for AC
grid support

This section focuses on the services provided by Multi-Terminal Direct Current (MTDC) systems to AC
systems, which can be enhanced through coordination and communication between different
stations. The targeted services are Power Oscillation Damping (POD), AC line emulation, and
Frequency Control. This section proposed a coordinated control layer (based on communication
between stations of measurements at the station level) for the “autonomous adaptation” of the HVDC
system to support the “absorption” phase of the R&R trapezoid by providing the services (see D2.1
for the explanation of the different phases). The rationale behind this proposal is that if a critical
service (such as AC line emulation) requires communication, other services can also benefit from this
communication system. The proposed control layer uses the channelling concept.

The following conclusions can be derived from this chapter:

e On the Low-frequency power oscillation damping:

©)

HVDC links are already required to damp power oscillations by injecting active or
reactive power. This capability is also expected for multi-terminal systems. POD can
be done locally without coordination using these power injections. However, using
active power injections changes the DC voltage levels, causing other stations to adjust
their power accordingly. When HVDC systems connect multiple asynchronous grids,
oscillations in one area can be transmitted to other areas through these power
changes.

Our proposal involves using the channelling concept to modulate power injections
only within stations in one synchronous area. This prevents oscillations from
propagating to other asynchronous areas, ensuring a firewall effect. To damp
oscillations with active power injections without transmitting them to other
asynchronous areas, there must be at least two converters in the targeted
synchronous area.

Impact on R&R: In the event of a disturbance, poorly damped oscillations in the grid
can cause transient overloading of AC corridors, potentially leading to line tripping.
POD can reduce transient overloading, thereby decreasing the likelihood of overloads
and disconnections.

e On the AC line emulation:

O

HVDC-WISE

The AC line emulation service has proven highly beneficial for embedded HVDC links,
as it removes the need for operators to manually dispatch HVDC power. With an AC
line emulation controller, also known as angle difference control (ADC), the HVDC
system adjusts its power reference to follow the natural power flow direction of the
grid. This adaptation occurs not only for minor power fluctuations but also during N-
1 events, such as generator or line trips.

AC line emulation has been applied to HVDC links. This report utilizes the channelling
concept to implement the ADC in multi-terminal HVDC systems. It is possible to
emulate the behaviour of an AC line per channel. To provide this service to one area,
at least two terminals of the MTDC must be connected within that area.
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Furthermore, real events have shown that ADC, depending on the HVDC topology and
control filters, can negatively affect the damping of interarea oscillations. To mitigate
these adverse effects, a simple solution is proposed: the implementation of a lead-lag
filter. This filter will adjust the phase and provide the necessary damping to the
system.

Impact on R&R: By redirecting power through the HVDC system during N-1
contingencies to support the AC system and avoid overloading of surrounding AC
lines, the ADC controller significantly reduces the likelihood of line tripping due to
overloading. Consequently, it helps prevent and stop cascading failures, enhancing
the overall resilience and reliability of the grid.

e Frequency control:

O

O

HVDC-WISE

Frequency reserves can be shared between asynchronous grids via HVDC systems. If
this service is provided without coordination between stations, the power needed at
the receiving terminals will be supplied by the sending terminals based on the DC
voltage droop gains, which are not designed for this purpose. Coordination is
necessary to determine from which sending stations the power will come.

The proposals presented in this report allow for coordinated frequency support
between stations using the channeling concept. This enables the operator to decide
from which stations these reserves will come, through control design. Additionally,
the operator can predetermine the available headroom (or reserve) of each sending
station to participate in the frequency regulation of the receiving AC system, like how
operators allocate headroom in their generators for the frequency containment
reserve market.

Impact on R&R: By sharing frequency reserves via the HVDC system, in the event of a
contingency in one area, another asynchronous area can support the affected area,
reducing the likelihood of load disconnections. This service is particularly useful in
stopping cascading events following system splitting, when the imbalance between
generation and load in each island is very high.
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3.2 Supervisory Control and Coordination with
AC-DC Grid Control

3.2.1 State of the art and identified gaps - Global DC grid
control

Following the structure presented in the introductory chapter presenting the hierarchical control
structure proposed by the IEC standard IEC TS 63291-1:2023, this section tackles the functions that
can be included at the “Global DC grid control” and the ones that can be included in the “AC/DC grid
control”.

Global DC grid control
The IEC standard IEC TS 63291-1:2023 has listed the following main functions for the DC grid control:
e continuous processing of initial converter schedules dispatched by the AC/DC Grid control

e ensuring a secure steady-state operation of the HVDC Grid System within defined safety limits
(i.e. consistency checks, set value modifications etc.)

e optimizing DC network operation (e.g. after unscheduled events) and reacting on occurring
deviations from the anticipated power injections with new DC node voltage control mode
setup (if some degrees of freedom are tolerated)

e managing the control modes of all converter stations in the DC node voltage control layer

e provision of operational simplifications for the HVDC Grid System by “default scenarios” (e.g.
pre-defined energisation sequences, response to usual/frequent contingencies etc.)

Additional (supplementary) functions have also been listed, but not further detailed here. They can
be found in IEC TS 63291-1:2023.

As its name suggests, the global DC grid control should have a global view of the MTDC grid and its
status. To this purpose, it receives various measurements from all converters, nodes, and branches
and sends back commands. These commands could be either setpoint changes (e.g., DC power, DC
voltage) mode changes, or even topological changes (e.g., open close switching devices).

Several ways to achieve the above have been proposed in the literature. The authors of [76] and [77]
propose an Optimal Power Flow (OPF) to determine the setpoints of the VSCs, updated at regular time
intervals, with the objective of minimizing losses. The work in [78] computes the power and voltage
setpoints by solving a multi-objective optimization. The coordinated control detailed in [79] uses
simple DC power flow computations to update the voltage and power setpoints at regular time
intervals. A similar method is proposed in [80] estimating setpoint corrections for the VSCs to restore
the power flows through selected converters. Various re-dispatch schemes are compared in [81] with
the objective of correcting the voltage offset left by voltage droop control after a disturbance. The
ability of the schemes to track the desired power setpoints is also assessed.

Reference [82] proposes a three-level control structure inspired of AC frequency control practice.
Primary control consists of a simple current-based droop scheme. The secondary level involves a slow
Proportional-Integral (Pl) control to reset the VSC powers to their reference values, if possible, and a
redispatch scheme updating the power references at regular time intervals. An OPF as tertiary control
is referenced. A hierarchical control structure with three levels has also been proposed in [4]. The
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secondary control [83] is based on Model Predictive Control to smoothly steer the HVDC grid between
operating points, restore the DC voltage inside limits, and alleviate overloads after DC grid outages,
while accounting for model and measurement inaccuracies. The tertiary level was based on a SC-OPF
formulation, that was providing references to the secondary control, ensuring that the system
variables (i.e., DC voltages and currents) remain between limits following N-1 outages. The above
schemes focus on balanced HVDC grids, i.e., either symmetric monopole configurations or balanced
bipole configurations. The works in [84, 85], focusing on HVDC grid interoperability, make reference
to a central controller also addressing unbalanced operation, although the actual formulation is not
detailed.

Other alternatives not based on DC voltage droop control have been also proposed. The work in [86]
relies on multiple “master” converters whose voltage setpoints are determined by solving a SCOPF.
The latter minimizes MTDC grid losses while keeping DC voltages within limits after the outage of a
VSC. The pilot voltage droop concept is introduced in [87]. The strategy is to communicate a common
DC voltage to all converters to share the powers more efficiently. In addition, two methods are used
for power setpoint tracking, namely a simple Pl controller and a setpoint redispatching by a central
entity. A different approach is followed in [88] where fast communication is used to match at each
time step the sum of DC currents injected by wind farms with the sum of DC currents of the grid-side
converters.

AC/DC grid control

This control level provides the scheduled powers to the coordinated DC grid control based on energy
prices, renewable energy forecasts and security criteria applied by each relevant TSO of the adjacent
AC areas.

The schedules for each converter terminal can be obtained by the application of a combined AC/DC
SC-OPF including AC and DC contingencies. Applications of SC-OPF to HVDC grids have received
significant attention in the literature.

In terms of control strategies, some references propose preventive solutions, i.e., the sought
operating state must exhibit no violations either in “N” conditions (namely, with all components
available) or in case of any contingency from a suitably defined contingency set [89] [90] [91] [92].
Other works jointly address preventive and corrective solutions, i.e., the initial state is accompanied
by corrective solutions to be implemented after contingency occurrence, aimed to restore compliance
with operating quantities constraints [93] [94] [95] [96] [97] [98] [99] [100]. A specific set of corrective
control actions is determined for each contingency leading to violations.

Preventive-corrective formulations can be simplified to address preventive-only problems, by setting
to empty the set of corrective actions. The strategy of pursuing corrective actions alone, i.e. a “purely”
corrective strategy starting from a given operating condition, is not represented in the literature. In
fact, on the one hand it is not so meaningful as the joint optimisation of preventive and corrective
actions; on the other, the problem of identifying corrective actions without preventive ones can be
reduced to a set of independent OPF problems, one for each contingency, possibly with suitable
constraints on the maximum deviations of the control variables from their initial states to account for
the operational constraints of the resources engaged in the control actions.

The SC-OPF problem can be formulated either as a dispatch or a redispatch problem. In the former
case [93] [89] [96] [97] [98] [99] [100], the set-points of the controllable quantities are fed into the
objective function of the optimisation in absolute terms; in the latter case [94] [95] [90] [91] [92], the
objective function of the optimisation depends on the set-point variations with respect to an initial
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operating condition given in input, hence the solution is expressed in terms of deviations with respect
to the initial set-points. The dispatch approach simulates an energy market integrated with an ancillary
service market. The redispatch approach is consistent with an ancillary service market, where the
operating state resulting from the energy market is modified to guarantee security, and costs incur
from the deviations of the quantities from the original values.

The objective of the optimization is linked to the above dispatch/redispatch alternative. In the
dispatch approach, whether corrective actions are included or not, the objective is the minimisation
of the energy production costs for the operation of the system in N conditions. The typical cost model
of fossil-fuelled power plants is generally applied, i.e. quadratic with respect to the generated power.
On the other hand, when considering the redispatch approach, the objective is related to the
minimisation of the costs of the set-point deviations from the original values, which are often defined
with a proportionality law. In particular, complex objective functions have been applied in [95] [90]
[91], in terms of linear combinations of several weighted objectives that include the number of
contingencies that could not be secured after preventive/corrective action identification, and other
objectives, such as generation costs or deviations of power or voltage set-points of VSCs from their
initial values. When contingencies are modelled in probabilistic terms, the objective function can be
adapted accordingly. For example, in [94], the objective function to be minimised is the total expected
cost (referred to as risk in the paper) of operation, defined as the sum of preventive redispatch cost
and of corrective expected costs (risk); in turn, the latter are defined as the sum, for all contingencies,
of contingency probability multiplied by the total corrective redispatch cost and demand curtailment
cost associated to the contingency itself. In [92], the objective function combines squared redispatch
powers and a risk index, the latter depending on contingency probability and a contingency impact
metric. In general, when corrective actions are available the need for preventive actions is reduced,
with consequent reduction in operating costs.

The control variables available for dispatch, redispatch, and/or corrective actions typically include
generators’ and VSCs’ active power. Sometimes other components are also dealt with, such as phase-
shifting transformers [98]. VSCs are often regarded as the only resource available in corrective control,
due to their fast activation time compared to that of generators [93] [95] [97] [100]. In [94], load
change is encompassed within the corrective actions. Where voltage is explicitly accounted for,
voltage control resources are used as control variables, such as VSCs (for the voltage control of the DC
or AC side) and generators. In [98], ULTCs and DC/DC converters are also mentioned. Technical
constraints of the control resources are accounted for in the optimisation problem, such as generator
and VSC capability. Additional constraints are considered in some cases, such as maximum realistic
deviation of the control variables from their pre-contingency values in corrective control [96] [98], and
voltage difference limits across the VSC converters in order to avoid over-modulation [98].

Controlled variables are operational quantities that need to remain within upper / lower limits in the
N and N-1 state, thus impose constraints to the optimisation problem. The major controlled variables
are AC and DC branch power flows (or currents, according to the formulation), often accompanied by
AC and DC bus voltages [94] [95] [90] [91] [96] [97] [98]. AC bus phase angle differences, as well, are
considered in [94]. In [90] [91], the list of constraints varies according to the contingency elements:
because AC contingencies essentially only affect the AC grid, only AC quantities are included as
constraints; conversely, for DC contingencies both AC and DC quantities are set as constraints. In [92],
AC overloads are indirectly addressed via the minimisation of an overload index. The constraints
related to the control variables of the problem, in particular SVC and generator limits, are always
accounted for.
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The contingencies always regard AC and DC branches!. Generators and VSCs are often dealt with, as
well. As to the order, only N-1 contingencies are considered?. In [95], the loss of individual poles of DC
components in bipolar configuration is included. In terms of contingency list, some works specify
selection criteria to limit the amount of contingencies to analyse, such as considering the outage of
lines whose loading is higher than 90% of the nominal value [90] [91]. In [98], filtering is based on a
severity index threshold, where the index is defined from the ratio between the optimum values of
the OF computed considering only one contingency and the base case, respectively.

The HVDC configuration is always modelled with monopolar equivalent but in [95], where a detailed
model of bipolar configuration with metallic return is considered.

SC-OPF applications consider purely static security constraints. The compliance with dynamic stability
constraints could be inserted by synthesizing stability limits into static constraints, identified via offline
dynamic simulation. Moreover, in the SC-OPF formulations that do not account for the steady state
before the implementation of corrective actions, detailed simulations of the contingencies should be
carried out ex-post, to check not only if the post-contingency evolution is stable, but also if the
resulting “immediate” steady state is acceptable (at least until corrective actions are implemented).

In terms of grid model complexity, both non-linear and linear [93] [89] [95] [100] [92] approaches can
be found. In [95] a linearized grid model is adopted for corrective actions, which are checked ex-post
with a non-linear model. In [99] the grid is non-linear, but linear factors are used to describe the effect
of one line outage on the other lines’ flows. In [92] linear sensitivities are employed to compute risk
indices.

As for the optimisation, both non-linear and linear approaches are adopted, depending on the
involved functions. Reference [89] employs a linear programming approach with piecewise linear
functions for generation cost and AC/DC transmission losses. In [95] [90] [91], the optimisation is
carried out via a differential evolution algorithm in turn relying on power flow calculations. In [100]
the problem is in terms of stochastic programming with chance constraints and a quadratic objective
function, solved via scenario approach followed by robust optimisation. In [96] the optimisation is
based on the application of a primal-dual interior point for local search (based on MATPOWER)
combined with differential evolution method for global search.

It is worth pointing out that the SC-OPF problem is generally deterministic, with exceptions of
considering the probability of contingencies [94] [92] or of power injections [100].

The management of operational constraints in post-contingency situations deserves a more in-depth
discussion. It is interesting to observe that the loss of AC or DC branches does not significantly affect
the active power balance of the system (apart from the case of separation into islands), in fact the
only imbalance is associated to a change in power losses. On the other hand, AC generator
contingencies and VSC contingencies do alter the power balance: a generator contingency causes a
frequency perturbation in the AC system, which activates the frequency regulation of the AC
interconnected system and possibly (in case a frequency support control logic is operating) of HVDC
grids connecting the affected AC island with other AC islands, thus the perturbation propagates to the
HVDC grid and the healthy AC grids.

In case a VSC is lost, an imbalance within the HVDC grid is triggered, that is faced by the other
converters’ control logics such as PV droop. If the DC grid is fully embedded within a single AC island,

1 apart from an early application that addresses only AC branches but includes AC busbar faults leading to N-k
contingencies.
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the VSC loss will cause power flow redistributions but (apart from a change in the losses) no power
imbalance in the AC grid. If the HVDC grid connects more than one AC island, the loss of a converter
may alter the power injection in the AC grids thus creating frequency perturbations.

From the above remarks, it follows that in case contingencies cause power unbalances, the frequency
and/or the DC power-voltage regulation schemes will act, leading to different conditions respectively
in the immediate aftermath of contingency clearing (possibly accounting for fast, automatic actions of
defence schemes acting on VSCs) and at the steady state of (automatic) FCR and automatic FRR
reserve deployment, before manual FRR and RR are eventually applied. The acceptability of these
intermediate states, in terms of frequency, branch loading and voltage magnitude should be verified
and possibly enforced as constraints in the SC-OPF. However, this would by far increase the
optimisation problem complexity and related computational burden. Therefore, the typical approach
for the SC-OPF with corrective control in the literature is to enforce the operating constraints in the
stage after the full deployment of the corrective control actions, which can be regarded within the
scope of manual frequency regulation (manual Frequency Restoration Reserve, m-FRR, or
Replacement Reserve, RR). Only in [96], out of the consulted references, where the optimisation relies
on instances of power flow problems, a feasibility check is carried out to assure the existence and
viability (in terms of maximum allowed violations) of the post-contingency short-term operating
condition, before application of the corrective actions. Moreover, [96] considers two stages of
corrective control, i.e. fast and slow actions, respectively by VSCs and by generators.

Within the applications just dealing with preventive control, only in [89] among the analysed works,
the frequency response of AC grids to imbalances is considered, as well as the possible support by
VSCs equipped with frequency support logics such as power/frequency droop. In this case, the power
flow operating quantities (for which constraints are checked) are those established in the post-fault
primary frequency steady state, and the post-fault steady state frequency is included as a constraint
in the optimisation.

3.2.2 Problem Statement

As discussed in sub-section 3.2.1, most of the work in the literature has focused on supervisory control
of HVDC grids operating in balanced conditions, where loss of one pole of a VSC meant the complete
outage of power at that terminal. This is the case, for example, with symmetric monopole
configuration.

However, following the emergence of bipole configurations, either with dedicated metallic return
(DMR) or ground return, unbalanced conditions can arise following the outage of a pole of a VSC
terminal or cable. In such cases, the remaining “healthy” pole of the terminal can still transfer up to
half of the rated power of the terminal. As a result, current will flow even in steady-state conditions
through the return path, leading to an imbalance between the positive and negative poles of the HVDC
grid. Therefore, the following considerations have to be addressed:

e How to re-distribute the power of the tripped pole to the rest of the converters in the HVDC
grid? For instance, in point-to-point connections it is rather obvious that following the outage
of one pole at one end, the healthy pole power should be set to compensate the lost power,
up to its rated capability. In MTDC grids, there are more options (e.g., the lost power could be
re-distributed to other healthy terminals), but it should also take into account the different
strategy for DC voltage control and power sharing (i.e., droop control instead of Master-Slave)

e How to ensure that the return path electrical variables (i.e., neutral point voltages and neutral
path currents) remain between acceptable limits.
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o Ground/sea return paths have the advantage that the neutral voltages remain close
to zero, hence there is limited need to monitor and control them (assuming sufficient
design of the electrodes). However, earth/sea return currents might have to be
controlled between very strict limits.

o The use of DMR cables allows high return current (up to the rated current of the DMR).
Nevertheless, depending on its design characteristics, the voltage drop through its
resistance may be significant, leading to deviation of the neutral point voltages from
zero. This can impose challenges on the control of the converters and must be limited.

The subsequent sections propose a control method that expands the work in the literature in order to
address the above considerations.

3.2.3 Proposed Control Method

Overall control structure

This chapter discusses the higher levels of control of an HVDC grid, namely the AC/DC grid control and
the coordinated DC grid control. These two schemes are closely interrelated and need to exchange
information in regular intervals. The AC/DC grid controls focuses on the combined AC/DC system
(which can involve more than one AC and or HVDC grids) in order to ensure its optimal and secure
operation. Figure 3.31 gives an overview of the connections between the two higher levels, to be
further detailed in the sub-sequent control actions.

1
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FIGURE 3.31: OVERVIEW OF CONTROL STRUCTURE
Tertiary control - SC-OPF for AC/DC grid control

This sub-section describes the AC-DC grid control. It focuses on its main functions and its interactions
with the supervisory control.

A SC-OPF application for AC/DC grids was developed within WP5 of the project, in order to compute
security indices and to feed the resilience analysis module with N-1 secure operating conditions, in
the context of planning studies. The same SC-OPF application can be thought as applicable in the
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operational planning and operation process. In fact, as recalled above, the SC-OPF can be seen as a
function to be performed in operational planning and in quasi-real time, as a tertiary level of control,
updated on the basis of the latest market outcomes. A SC-OPF instance could also be run in real time
in the control room, fed with real time operation data and operating costs from the latest available
market outcome, to continuously update the converter set-points as the operating condition changes,
either slowly or due to events such as contingencies. The SC-OPF can compute corrective actions to
be implemented in case an analysed contingency occurs, thus building a look-up table of manual or
automatic actions. In the latter case, they need to be integrated in the high-level control system of the
HVDC grid, providing an event-based defence functionality.

The SC-OPF is formulated as a two-stage N-1 security-constrained redispatching (SC-R) approach:
1. solve active power related issues,
2. solve reactive power related issues.

The SC-R exploits both preventive and corrective control actions. The preventive actions include the
redispatching of active power setpoints and AC voltage setpoints for AC conventional generators, the
curtailment of renewable generators, the variation of shift angle of PSTs (Phase Shifting Transformers)
as well as the power and DC voltage setpoints for DC grid converters with constant power and PV
droop controls. The corrective actions include the load shedding, the corrective variations of active
power and AC voltage setpoints for dispatchable AC generators, the corrective variations of DC voltage
and power setpoints for embedded DC converters.

The advantage of the proposed SC-R approach is that both stages are formulated as Linear
Programming problems, where AC load flow equations are linearised: this makes the algorithm
efficient to solve large power systems. Also, active/reactive decoupling techniques are used, so that
two separate problems can be solved in a cascaded way. The first stage is modelled using a
conventional formulation based on Power Transfer Distribution Factors (PTDF) and provides the
preventive variations of active power setpoints for AC generators and for AC/DC converters. The
second stage is modelled based on a suitable decoupled formulation of reactive power/voltage
problem [101] and provides the variations of AC voltage setpoints for the conventional AC generators
and for converters, as well as the DC voltage setpoints for the converters.

The sets of contingencies which can currently be analysed are:
- N-1 contingencies of AC branches,
- N-1 contingencies of DC branches,
- N-1 contingencies of converters,
- N-1 contingencies of AC generators (including equivalent renewable injections).
The SC-OPF is detailed in D6.1.
Supervisory HVDC grid control

Main objectives
The control developed in this work is inspired from the work in [83], where the concept of MPC was
used. Hence, the main objectives of this controller, as listed in [83], are preserved and repeated also
below:

= The controller can accommodate the varying power injections by renewable sources.

HVDC-WISE 86 | 119



Deliverable 3.2

= |t is robust with respect to model inaccuracies as well as disturbances, such as outages of
AC/DC converters or DC cables/lines.

= [t can prevent or correct DC voltage and current violations.
= [t can smoothly drive the system from the current to a desired operating point.

= |t can avoid excessive impact on the adjacent AC systems and facilitate the provision of
additional services (such as frequency support).

= |t avoids extensive communication requirements between controllers.
In addition to the above, the proposed controller addresses the problems listed before, i.e.:

= Redistribution of power among converters and among poles during unbalanced operation.
= Regulation of neutral currents in the DMR or ground return paths, as well as regulation
between limits of neutral point voltages.

As in [83], the supervisory controller should make a distinction between dispatchable and non-
dispatchable VSCs. Dispatchable VSCs can receive a power setpoint that can be set depending on
market agreements and they can also participate to the DC voltage control through a P -V droop
characteristic. Typically, they are connected to strong AC areas, however this is not necessary. The
non-dispatchable VSCs, on the other hand, have their power varied by external factors. For instance,
a converter connecting an offshore wind farm is considered non-dispatchable, since it simply collects
and injects into the MTDC grid the power produced by the WF. Hence, they are assumed to not
participate in DC voltage control. The proposed supervisory control acts primarily on dispatchable
terminals. Nevertheless, control actions on the non-dispatchable terminals can still be actuated, if a
limit violation cannot by alleviated otherwise.

The subsequent subsections will describe the principle of MPC, the control formulation and the
behaviour of the control following MTDC grid outages.

Brief description of MPC

MPC consists of computing a sequence of control changes which minimizes a multi-time-step objective
and satisfies constraints in the future [102]. This optimization relies on a model of the system
evolution. At a given discrete time k, using the latest available measurements, the controller
computes a sequence of optimal control actions to be applied from k to k + N. — 1, so that the
system meets a desired target at k + N, where N, = N.. N. and N,, are referred to as control and
prediction horizons, respectively. Out of this sequence, only the first component is applied. Then, at
the next time instant k + 1, the procedure is repeated for the updated control and prediction
horizons, using the newly received measurements. This yields a closed-loop behaviour, that can
account for unexpected behaviour and approximation of the system model.

Control formulation
The objective of the supervisory control is to steer the VSCs of the HVDC grids to their reference
powers while obeying various constraints:

e |ower and upper limits on DC node voltages;
e |ower and upper limits on the power of each VSC;
e limit on the rate of change of each VSC power;

e upper limit on each DC branch current ;
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e average DC voltage constraint;
e upper limit on DMR or ground return currents;
e upper limit on neutral DC node voltages.

To achieve the above, the supervisory controller collects from the HVDC grid measurements at regular
time intervals. Hence. at time k the following latest measurements are available:

e P} (k) and P, (k) the vectors of positive pole and negative pole VSC power measurements,
respectively.

eV (k)andV,, (k) the vectors of pole-to-neutral DC node voltages (positive and negative pole,
respectively)

[ ] an . the vector of DC branch currents.
I+,(k) and I, (k) th f DC branch

Based on these measurements, a reference trajectory [103] is defined with the objective of steering
the VSC powers at each terminal to the reference values P"¢/, as provided by the AC-DC grid control
for each VSC terminal (i.e. for both poles), in N, control steps. That trajectory is linear and defined as
follows (j = 1,...,N.):

P (k +j) = (Ph(k) + Pp(K)) + 1\11_ [Pref — (Pi.(K) + Pm(K))] (3-1)

An illustration of the reference trajectory for a single converter and N, = 3 steps is given in Figure
3.32.

Pref

Py + Py

v

k k+1 k+2 k+3

FIGURE 3.32: EXAMPLE OF REFERENCE TRAJECTORY FOR N, = 3 FOR A SINGLE TERMINAL

At this point, it is important to highlight the difference in the calculation of the power references
between non-dispatchable and dispatchable terminals. The non-dispatchable terminals are
injecting/exporting power from the MTDC grid as dictated by external factors (e.g., wind speed for
offshore wind farms). Hence their power reference should be taken equal to their latest measured
power.
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In contrast, the power references of the dispatchable terminals are provided in regular intervals by
the AC-DC grid control, which has assumed a specific production of the non-dispatchable terminals.
To cope with the variability of the non-dispatchable VSC powers, it is necessary to adjust the power
references of the dispatchable VSCs. This can be achieved through a variety of procedures. A simple
option has been proposed in [83] and is not further elaborated here.

As discussed, an optimization problem is at the heart of the MPC scheme. This consists of minimizing
the deviations of the predicted VSC powers with respect to that reference trajectory. In order to
ensure that the MPC prefers a balanced operating point when the MTDC grid is balanced, a second
term involving the DMR currents is added, as follows:

N. Nc
2 2 3-2
minZ||Pref(k+j)—(P+(k+j)+P_(k+j))||w +Z|Il°l|w o
j=1 J=1 ’

where: W is a diagonal weighting matrix assigned to the deviations of total (i.e., sum of both poles)
VSC terminal powers from their references P/ . Non dispatchable terminals are assigned a higher
weight than the dispatchable VSCs in order to resort to them when actions on dispatchable VSCs only
are not sufficient. The weighting matrix W has in general a much smaller weight, only to enable the
solution to move towards balanced operating points in balanced configurations.

The minimization is subject to various constraints which are listed below.
e For the positive and negative poles (forj =1, ... ,N, ):
o DCvoltage contraint :
Vinin S VE(k +)) < Vi (3-3)
o VSC power constraint:
Prin < PE(k +J) < Prax 3-4)
o Change of power constraint:

min

APL. < Pr(k+j)—Pt(k+j—1) <APL,, (3-5)
o Branch power constraint:
_Iri;lax < Ii(k +]) < Iri;lax (3_6)

o Average voltage constraint (one constraint for each pole):

. J
Ving(k +) = Vig () + 3 [Varly = Virng (0] (3-7)
c
A ALCEI))
The average voltage of the positive pole is defined as V,*;,,g(k +j) = %, where n;is the
t

number of terminals. Similar equations hold for the negative pole.
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e For the ground or DMR currents (I®) and neutral voltages (V°) (forj = 1, ..., N, ):
o Neutral point voltage constraint:

V?nin < Vo(k +]) < ngx (3-8)

o Return path (DMR or ground) constraint:

_I?naxglo(k +]) SI?nax (3_9)

e Equality constraints giving the predicted evolution of the various variables in response to the
control actions APE, (k +j — 1) forj = 1,..., N,

o DCvoltage prediction:

PG (k +j = 1) = Sp[VECk +) = VE(k +) = 1] (3-10)

o Active power prediction:

AP (k+j—1) 3-11
( )
_1 (K ]) 1 (K f ] 1) KV“ (K ]) l’ (k f ] 1)]

o Branch current prediction:
Fh+j)=1Fk+j—1)+S7APL (k+j—1) (3-12)

o Neutral current prediction:

U+ )) =1 U+ ) = I (k+ ) (3-13)

o Neutral voltage prediction:

0 N _ 0 /0 ;
It is important to note that the formulation has been kept as simple as possible in this report to ease
understanding. However, it can be further enriched in order to satisfy various performance targets.
The following are noted:

» The prediction horizon N, has been taken equal to the control horizon N,

= The rate of change of power constraint can include constraints per converter or even per AC
area. Here, the constraints have been listed per converter.

= To avoid abrupt corrections following a limit violation, the values of the voltage and current

limits (VJ—r and IE

maxmin max,min) €@N be progressively tightened, as described in [83].

= Slack variables can be added in some constraints to relax them in case of infeasibility. These
slack variables should be heavily penalized in the objective function.

=  The matrices S%, S;—r are sensitivity matrices depending on the topology of the system, the
resistances of the poles and the DC voltage droop gains of the converters.
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= The K‘J—E matrix is a diagonal matrix whose entries are equal to the droop gains of the
dispatchable converters (or 0 for non-dispatchable converters).

*  The G° matrix is the admittance matrix of the neutral points of the VSCs. Clearly, the rows and
columns corresponding to grounded points (where the neutral voltage is by default equal to
0) should be removed.

= The aforementioned sensitivity matrices should be updated following a topological change in
the MTDC grid. To some extent, the MPC scheme, due to its closed-loop behaviour, can cope
with outdated models, however this will have an impact on the response time of the
controller.

= Following outages of converters, the power references of the converters have to be updated,
e.g., by setting the reference of the tripped converter to 0. The adjustment of the remaining
converters should be in line with the N-1 security of the combined AC/DC grid and should
come from the AC-DC grid control.

Tuning and response time
The control horizon is chosen to obtain a desired 5% settling time as in [83]. The latter can be easily
calculated by neglecting the losses of the MTDC grid and assuming no voltage or current limit is
reached. From the VSC powers after one control step of the MPC will be:

Pl — P (k
P(k +1) = Pk +N—() (3-15)
Cc
Therefore, the error 6P after one step will be:
N, — 1
8Pk + )= P — P(k + 1) = —— (P — P () (3-16)

Cc
Following the same logic for the next steps, the error at the n-th step will be:

SP(k + n) = (NCN_ 1)n (Pfef —P (k)) (3-17)

A settling time of 40 s has been chosen, which translates to a total of 8 steps for the chosen sampling
time of 5 s. Therefore, by substituting n = 8 the maximum control horizon Nc is found as follows:

_ 8
(*<=1)" < 0.05 =N = 3 steps (3-18)

N¢

3.2.4 Implementation and Results

Test system description

In order to test the proposed MPC scheme the HVDC grid shown in Figure 3.33 is set-up. It consists of
two asynchronous AC areas and an offshore wind farm interconnected via a 5-terminal MTDC grid.
Each AC area is connected to two converters. For all connections, the bipole configuration with a DMR
has been adopted. Note that only one pole is shown in Figure 3.33. The neutral point of T1 has been
selected as the grounding point.
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The relevant parameters of the VSCs are given in Table 3.6, whereas Table 3.7 gives the DC cable
parameters. The DMR resistances of each section have been taken as 20% higher than the pole
resistances.

Tl T2

Area A Area B

OWF

FIGURE 3.33:5-TERMINAL HVDC TEST SYSTEM.

TABLE 3.6: VSC PARAMETERS (POSITIVE AND NEGATIVE POLES)

VSC Rating Ky (MW/kV) Dispatchable?
Name (MW)
T1 1000 10 Yes
T2 1000 10 Yes
T3 1000 10 Yes
T4 1000 10 Yes
T5 350 0 No

TABLE 3.7: DC CABLE PARAMETERS (POSITIVE AND NEGATIVE POLES)

Name | Rating (MW) | Resistance (Q)
T1-T2 1000 1.5
T1-T3 1000 3.5
T1-T5 350 2.5
T2-T4 1000 4.0
T4-T5 350 1.5

As far as the MPC parameters are concerned, they are listed below:

e The active power limits have been set to P,,;, = —10 and P4, = +10 pu for all VSCs,
except for the ones connected to T5, for which the limits are Pp,;,, = —3.5 and B =
+3.5 pu (on a 100 MW base);

e The DCvoltage limits to V,,;, = 0.96 and V;,,,,, = 1.04 pu;

o The rate of change limits have been neglected by setting them to very large values;
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e The DC branch current limits have been set to I,,,, = 10 pu, except for both branches
connected to T5, which have a lower capacity with I,,,, = 3.5 pu.

The focus is on the response of the MTDC grid, hence the AC areas are modelled as infinite grids.
Implementation

The proposed controller has been implemented in Python using standard functions. The MTDC grid
has been implemented in PowerFactory. Figure 3.34 shows the interaction between the two
platforms. PowerFactory is used to calculate the MTDC grid load flow, thus providing the necessary
measurements. Using the Python interface of PowerFactory, the measurements are collected and
used to initialize the MPC scheme. After the solution of the optimization problem in Python, the new
converter setpoints are provided to PowerFactory in order to calculate the new load flow. Given the
relatively slow response time of the proposed scheme, sequential static load flows are sufficient to
capture the behaviour of the controller.

Load flow “measurements”
(currents, voltages, powers)

Python PowerFactory

optimization static model

Setpoint updates

FIGURE 3.34: IMPLEMENTATION OF PROPOSED CONTROL.
Results for balanced operation

The capability of the proposed scheme to effectively manage a balanced MTDC system is first
demonstrated in a balanced system. The controller is expected to progressively steer the system from
one operating point to the other and ensure its balanced operation. In addition, system constraints
should be respected throughout such transitions or promptly corrected after outages.

The following cases are presented:

e Change of power and average voltage references of supervisory control;
e Qutage of full terminal (both poles).

Change of power and voltage references of supervisory control
Figure 3.31, showing the interactions between the supervisory MTDC grid control and the AC-DC grid
control, the latter is expected to provide the supervisory control with hourly (or mid-hourly, etc.)
power schedules, based on market agreements, forecasted RES production, etc. In addition, the
average voltage reference setpoint of the converter can be utilized to optimize the losses in the MTDC
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grid, as discussed in [104]. On its turn, the MTDC grid supervisory controller receives the new
references and calculates the necessary actions to reach the new desired reference schedule.

In this example, the power and average DC voltage references of the supervisory controller are
changed at t = 15 s. Figure 3.35 shows the active power transfer through each terminal (sum of
positive and negative poles) and the pole-to-neutral DC voltages. It is shown that the MPC can
successfully deal with both these objectives and steer the active powers and the average DC voltage
to their reference values?. The settling time of the control is around 40 s, as anticipated from the
selection of the sampling time (5s) and the control horizon (N, = 3 steps).

Active power transfer per terminal Pole-to-neutral voltages
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FIGURE 3.35: ACTIVE POWER TRANSFER PER TERMINAL AND POLE-TO-NEUTRAL VOLTAGES WHEN THE MPC RECEIVES NEW
POWER AND AVERAGE VOLTAGE SETPOINTS.

Outage of a VSC terminal (both poles)
This sub-section illustrates the behaviour of the proposed supervisory controller following the loss of
both poles of a VSC terminal. Note that following this outage, the MTDC grid will still be balanced.
Following the outage, the supervisory control is updated of the status of the tripped converter, which
does not participate anymore in the power dispatch. The following events are simulated:

e Att = 55, both poles of terminal T3 trip. T3 is injecting power into the AC system. Hence, this
outage leads to a surplus of power injected into the MTDC grid.

e Att = 90s, new power references are sent to the remaining terminals. These new references
could emanate from the AC-DC grid control taking into account the N-1 security of the AC
systems. In fact, these references could be pre-calculated and pre-programmed in the
supervisory control and applied immediately after the outage. Nevertheless, here a delay is
assumed to also demonstrate the behaviour of the supervisory control with outdated power
references.

The response of the VSC terminal powers and the DC voltages are shown in Figure 3.36. Right after
the disturbance, all terminals operating in droop control mode are sharing the power surplus by
increasing their power export. Since they have the same droop value, terminals T1, T2 and T4 take up
approximately a third of the power previously transferred through terminal T3. Terminal T5 does not
participate in DC voltage control, hence its power output does not change. This is desirable and

2 Note that in these and similar figures the active power references of the converters are denoted with dashed
lines in the left figure.
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demonstrates the capability of the proposed scheme to still take meaningful action even with
outdated references. The pre-disturbance power references of the converters are not anymore
physically feasible, hence the MPC cannot track them. Nevertheless, it settles at an operating point
until the new (feasible) references are received at t = 90 s. Then, it successfully steers the system to
the new desired operating point.

Regarding the DC voltages, a significant increase is observed immediately after the disturbance. This
is due to the loss of terminal T3 and the proportional nature of the droop control. This voltage
deviation depends on the values of the DC voltage droop gains. These gains can be tuned based on
static and dynamic performance characteristics, however this is not further elaborated here. Some of
the DC voltages violate the voltage limits set in the MPC. The supervisory control though promptly
restores them between limits and brings the average DC voltage to 1 pu. It is highlighted that the DC
voltages are correctly corrected by the proposed scheme even before the new power references are
received.
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FIGURE 3.36: SYSTEM RESPONSE TO OUTAGE OF BOTH POLES OF VSC TERMINAL.

Results for unbalanced operation

This section will demonstrate the behaviour of the proposed scheme during unbalanced operation of
the MTDC grid. Following the outage of a single pole of a VSC terminal, it should be demonstrated that
the controller can automatically re-dispatch the power between the positive and negative poles in
order to satisfy as much as possible the desired power references, while also respecting voltage and
current constraints in the neutral part of the MTDC grid.

To illustrate the above, results are presented for two cases:

e Unconstrained neutral voltage case: in this case there is no constraint on the deviation of the
voltage at the neutral points of the MTDC grid.

e Constrained neutral voltage case: the limit of the neutral voltage is set such as it becomes
active during the simulation. Then the impact of this constraint is investigated.
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Case of unconstrained neutral voltage
In this case, the neutral voltage is unconstrained and can vary freely as a consequence of the
unbalanced operation of the MTDC. The positive pole of terminal T3 is tripped at t = 5 s.

As shown in Figure 3.37, the first reaction of the MTDC after the loss of the VSC on the positive pole
of terminal 3 is to compensate the lost power. This is done through the droop control of the remaining
dispatchable VSCs of the positive-pole part of the MTDC grid. After this initial reaction, the MPC-based
controller automatically takes the necessary corrective actions in order to restore the VSC powers to
their pre-contingency reference values, as shown in Figure 3.38. However, this requires to unevenly
split the powers between positive and negative poles, as shown in Figure 3.38, most notably in
terminal 1 where the positive and negative pole power are in opposite direction. Although this is
physically possible (especially if the converters are coupled on the AC side), it can be prevented
through additional constraints in the formulation, if desired. Att = 90 s, new power and average DC
voltage references are provided to the supervisory controller. The MPC successfully steers the system
to the new reference operating point, demonstrating its capability to track them even in unbalanced
mode.
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FIGURE 3.37: ACTIVE POWER TRANSFERS PER TERMINAL.
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FIGURE 3.38 : ACTIVE POWER TRANSFERS PER POLE.
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Figure 3.39 shows the pole-to-neutral DC voltages in the MTDC system. As expected, these are no
further balanced. In particular, the impact of the pole outage att = 5 s is observed only in the positive
pole-to-neutral voltages. Instead, the observed deviations in the negative pole voltages are due to the
subsequent MPC actions. In both cases, the proposed scheme successfully restores the DC voltages to
1 pu. After t = 90 s, both positive and negative pole-to-neutral voltages are adjusted so that the
average DC voltage settles to the new reference of 1.02 pu.
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FIGURE 3.39: POLE-TO-NEUTRAL VOLTAGES PER POLE.

Figure 3.40 shows the currents flowing through the DMR cables of the system and the resulting neutral
point DC voltages. Clearly, since the powers are not anymore balanced there will be current flowing
in some parts of the DMRs of the MTDC grid. In particular, the highest DMR current is observed in
DMR between T1 and T3, as expected, since the positive pole of T3 is the initiating disturbance. In the
rest of the DMR cables, the proposed scheme manages successfully to limit as much as possible the
neutral currents. The same is observed in the neutral point voltages. Note that the maximum observed
DC voltage is relatively low (i.e., 4.46 kV). This value depends heavily on the design of the DMR. In this
case the cable resistance of the DMR is relatively low (120% of the pole resistance).
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FIGURE 3.40: DMR BRANCH CURRENT AND NEUTRAL POINT VOLTAGES.
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However, more significant deviations could be observed if the DMR design resulted in a higher
resistance. For example, the work in [105] assumed a much higher resistance (10 times the pole
resistance), which would undoubtedly lead to higher neutral voltage deviations.

Case of constrained neutral voltage
The aim of this sub-section is to illustrate the effectiveness of the proposed scheme to respect
constraints in the neutral part of the MTDC grid. To this purpose, the outage of the positive pole of T3
is simulated again, however a constraint of 3.15 kV is included for the neutral point voltages.

Figure 3.41 compares the neutral point voltages without constraint (left) and with constraint (right)

on the neutral point voltages. As expected, the MPC is able to respect the constraint and limit the
neutral voltage at T3 to 3.15 kV.

Neutral point's voltages
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FIGURE 3.41: NEUTRAL POINT VOLTAGES WITHOUT AND WITH CONSTRAINT.

However, respecting the neutral voltage constraint comes at the expense of reaching the desired

power reference, as shown in Figure 3.42. In practice, the voltage constraint prevents T3 from reaching
its power reference before t = 90 s.
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Total active power transfers
Unconstrained neutral point voltage Neutral point voltage limited to +/- 3.15 kV
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FIGURE 3.42: TERMINAL POWERS WITHOUT AND WITH CONSTRAINT ON NEUTRAL VOLTAGES.

3.2.5 Conclusions on the supervisory control

This functionality has focused on the higher and slower levels of control that dictate the operation and
performance of an HVDC grid, the tertiary control (or AC/DC grid control) and the supervisory HVDC
grid control (or global HVDC grid control).

The tertiary control level concerns the actual operation of the combined AC/DC grid control. Its aim is
to choose an appropriate dispatch of the generating units in the system and the HVDC converters,
taking into account the renewable production, and the desired power exchanges, as well as ensuring
that security criteria of the system are respected following predefined N-1 (and higher order)
contingencies. This level must consider AC and DC contingencies and their impact on both AC and DC
systems. In addition, the task of this level is to identify the necessary corrective actions (e.g., HVDC
grid setpoint adjustments) that can be taken following an AC or DC contingency. An SC-OPF could be
applied to fulfil these objectives, which can even be ran in real-time, using the latest market data and
available forecasts, thus updating in regular time intervals (e.g., hourly) the dispatch of the HVDC grid
converters. In this document, only a high-level description of the functionality and of the existing work
in the literature is provided. A more detailed description of the SC-OPF is described in Deliverable
D6.1.

The aim of the supervisory control is to continuously monitor the state of the HVDC grid, ensure an
acceptable voltage profile, alleviate violations that might appear following contingencies and steer
the system between operating points in a coordinated manner. In addition, it effectively manages
unbalanced operation following the outage of a single pole by appropriately redistributing the power
between the positive and negative poles in the system. This allows to control and limit the currents
going through the DMR or ground, as well as the neutral point voltages. The control scheme receives
new HVDC grid measurements and components states at regular intervals and solves a constrained
optimization problem to calculate the necessary control actions to satisfy the objective of bringing the
converters powers as close as possible to their references. These references emanate from the
aforementioned tertiary control level. Simulation results on a five-terminal MTDC grid have
demonstrated the effectiveness of the controller to satisfy the above objectives.
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4. Conclusions

The HVDC-WISE Project Task 3.2 provides insights into the future challenges of AC/DC grids regarding
the control actions and proposes enhancements to existing control strategies across various layers of
the AC/DC grid as to enhance the reliability and resilience of the integrated system.

These control proposals are organized into core functions and supplementary control functions. The
main contributions of this report are summarized as follows:

Chapter 2 — Core functions

O

Understanding of the challenges and opportunities of combining inertia provision and DC
voltage control within the same station.

o The virtual inertia support from stations controlling DC voltage in HVDC systems is
commonly regarded as a design trade-off problem — larger virtual inertia leads to
better frequency stability but deteriorates DC voltage stability. The optimal inertia
constant should be the highest value that maintains DC voltage stability.

o For systems with only one DC voltage control (DVC) station (e.g., a Master Station in
Master-Slave configurations), applying GFM control can worsen both frequency and
DC voltage stability.

o Onthe other hand, distributed DC voltage droop control allows more dynamic energy
sharing by dispatching power across terminals, with effective inertia determined by
droop gains, inertia constants, and the number of participating terminals. This setup
ensures predictable contributions from each terminal, enabling clearer reserve
sharing among different AC areas.

Control proposal to combine GFM and DC voltage control: A novel improved GFM-based DC
voltage droop control has been proposed for enhanced DC voltage stability while retaining
the functionality of inertia support by sharing reserves across different AC areas.
Understanding on the firewall capability of GFM converters. Firewall capability is considered
“inherent” to HVDC systems due to the controllability of grid-following converters. Replacing
GFL with GFM control, however, can reduce this capability, as GFM controllers prioritize
supporting the directly connected AC grid. Analytical small-signal models have been
developed to assess firewall capability as a function of key parameters such as short-circuit
ratio (SCR), damping, and DC voltage control.

Control proposal for damping DC oscillations on the post-fault recovery. This report
addresses oscillations on the DC side of an MTDC system following converter deblocking. A
fuzzy logic-based controller is proposed for improved damping during post-fault recovery
compared with classical Pl approaches.

Chapter 3 — Supplementary control functions

O

Understanding the need of coordination for provision of active power-based services in
MTDC grids. Different services the MTDC can provide are based on active power injection (this
report focused on low frequency power oscillation damping, AC line emulation and frequency
reserves sharing), while the control of the DC voltage also depends on the balance of active
power in the MTDC grid. It has been shown in this report coordination is essential to deliver
these services effectively while minimizing interactions with DC voltage control.
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O

Proposal of a coordinated control layer provide active power-based services.
o The proposal is based on the channel concept: If converter i modulates its power by
AP;j, converter j modulates the same amount of power in the opposite direction, thus

—AP;; (this coordination is achieved using communication).

o It has been shown how the different analysed services (low frequency power
oscillation damping, AC line emulation and frequency reserves sharing) can be
implemented in a channel and combined. Their effectiveness was demonstrated via
time domain simulations.

o The AC line emulation service has shown significant potential to enhance system
resilience by automatically redistributing active power references to reduce the load
on surrounding AC lines following an N-1 disturbance. This automatic adjustment,
which does not require operator intervention, can help prevent line overloading and
reduce the risk of cascading failures.

Proposal of a supervisory control for a MTDC grid. The proposed supervisory control
continuously monitors the state of the HVDC grid to ensure an acceptable DC voltage profile,
address potential violations following contingencies, and guide the system between operating
points in a coordinated and optimized manner. It also manages unbalanced operations due to
single pole outages by redistributing power between the positive and negative poles, thereby
controlling and limiting currents through the DMR, ground, and neutral point voltages.

The HVDC-WISE project aims to provide new insights into power system reliability and resilience,
reflecting the evolving nature of the grid—particularly with the large-scale integration of HVDC
systems—and addressing new and emerging threats to system integrity. This report demonstrates
how the various proposals and control strategies contribute to strengthening resilience and
reliability by enhancing the grid’s ability to respond effectively to events and disturbances. In future
work packages, these control strategies will be tested in realistic use cases, where their impact on
resilience and reliability will be quantified, and their potential interactions when combined will be

thoroughly assessed.

TABLE 4.1: CONVERTER STATION PARAMETERS

Parameters Onshore converter station per Offshore converter
MMC station per MMC
Rated Power 2000 MVA 2000 MVA
Fundamental Frequency 50 Hz 50 Hz
AC Grid Voltage 400 kV 220 kV
AC Converter Bus Voltage 275 kV 275 kV
DC Link Voltage 525 kV 525 kV
Transformer Reactance 0.18 pu 0.15 pu
MMC Arm Inductance 0.025 mH 0.0497 mH
MMC Arm Resistance 0.0785 0.0785
Capacitor Energy in Each 30 MJ 30 MJ
Submodule (SM)
Number of Submodules per valve 240 200
Rated Voltage and Current of Each 2.5 kV/2 kA 2.5 kV/I2 kA
Submodule (SM)
Conduction Resistance of Each 5.44* 10 5.44* 10

IGBT/Diode
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The HVDC cable is modelled using Frequency Dependent (Phase) model. The data for the cable model
is based on the experience of 2 GW [107] Offshore Interconnection projects in the North Sea and has
been listed in Table 4.2 and Table 4.3.

TABLE 4.2: RELEVANT GEOMETRICAL AND MATERIAL DATA OF GENERIC 525 KV HVDC LAND CABLE

Main Layers Properties Unit Parameter Data
(Nominal)
Core Conductor Metallic Cross- [mm?2] 3000
Sectional Area
Outer Diameter [mm] 68
DC Resistivity [Qm] 1.7241* 108
(max.) at 20° C
Main Insulation Conductor Screen [mm] 1.8
(XLPE) Thickness
Main Insulation [mm] 26.5
Thickness
Insulation Screen [mm] 1.5
Thickness
Relative - 2.4
Permittivity
Metallic Screen Screen Thickness [mm] 1.2
Diameter Over [mm] 1.38
Screen
DC Resistivity [Qm] 2.8264* 108
(max.) at 20°C
Outermost Jacket HDPE Jacket [mm] 5.0
Thickness
External [mm] 0.3
Semiconductor
Skin Thickness
Relative - 2.5
Permittivity
Overall Cable Diameter [mm] 153

TABLE 4.3: RELEVANT GEOMETRICAL AND MATERIAL DATA OF GENERIC 525 KV HVDC SUBSEA CABLE

Main Layers Properties Unit Parameter Data
(Nominal)
Core Conductor Metallic Cross-Sectional [mm2] 2500
Area
Outer Diameter [mm] 60
DC Resistivity (max.) at [Qm] 1.7241* 108
20°C
Main Insulation Conductor Screen [mm] 2.0
(XLPE) Thickness
Main Insulation [mm] 26.0
Thickness
Insulation Screen [mm] 1.8
Thickness
Relative Permittivity - 2.4
Metallic Sheath Material - Lead
Thickness [mm] 3.2
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DC Resistivity (max.) at [Qm] 2.14* 107
20°C
Armour Material at Armour [mm] Galvanized Steel
Wires
Thickness of Single [mm] 6.0
Armour Wire
Overall Cable Diameter [mm] 161
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A. Details about simulations of post-fault
recovery process

A four-terminal MMC-based MTDC network with a DC voltage rating of 525 kV is discussed in Figure
2.31 of section 2.3. The offshore AC system consists of converter stations and aggregated average-
value model wind farms. In the applied networks, offshore converters are labelled MMC1 and MMC2.
The offshore converter is connected to the offshore AC system via D-Y transformers. The rating of this
transformer is 275 kV/220 kV, 2 GVA. Besides, this converter transformer is connected to a wind
turbine transformer. This transformer has a voltage ratio of 220 kV/66 kV and acts as a VA scaled-up
transformer. Thus, a power rating of 2 GW can be achieved by choosing the proper scaling factor. The
lower voltage end of this transformer is connected to the wind turbine.

In each network topology, the converter station per pole (i.e., positive and negative pole) comprises
four key elements: converter transformer, startup insertion resistor, arm reactor, and valve. The
converter transformer is a two winding, star-delta configuration. A tertiary winding may provide
auxiliary power to the converter station from the AC system. However, in this study, the tertiary
winding is absent. The AC grid side is connected to the transformer’s star side, and the DC grid side to
the delta side. The delta connection prevents the low-frequency zero sequence voltage from being
injected into the AC system.

Furthermore, the leakage inductance of the transformer and the arm rector provide sufficient
reactance between the AC-side voltage and the valve required to control the AC grid current. Due to
the near-pure sinusoidal waveform of the converter’s voltage, a standard AC transformer is adopted.
This transformer also provides galvanic isolation between the AC and DC grids.

The pre-insertion resistors are placed between the AC bus and the converter transformer. To limit the
inrush current produced by charging the sub-module (SM) capacitors, DC filters, DC line/cable, and the
remote station, the resistor is switched on for a few seconds and bypassed after a dedicated set period.
The arm reactor is connected in series with a converter valve. In this work, the arm reactor is placed
on the AC side of the converter. The arm reactor limits the circulating current between the converter
valves.

Furthermore, it also limits the rate of rise of the fault current. Each converter valve consists of n SMs.
In the presented networks, the number of SMs is selected based on the geographical location. For the
studied cases, a half-bridge (HB) topology of the SM is selected, which consists of three main states:
Bypass, Blocked, and Inserted state. However, the voltage across the SM is determined by the current
direction.

With the high number of SMs, the AC side of the valve provides a smooth AC waveform. The Type 5,
i.e., Average Value Models (AVM) [106] based on switching functions, converter model is used in these
networks. To capture the accurate dynamics of the converter station, it is modelled by using small time
steps of RTDS.

Table 4.1 lists the converter station parameters with associated values used in this work. Further, to
reduce the tedious modelling time, control, electrical parameters, and limits values are scripted using
draft variables. These draft variables are controlled via a script at the start simulation. This script is
written in C++ in an RSCAD /RTDS environment.
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