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Abstract: With the growing pressure to substitute fossil fuel-based generation, Renewable Energy
Sources (RES) have become one of the main solutions from the power sector in the fight against
climate change. Offshore wind farms, for example, are an interesting alternative to increase renewable
power production, but they represent a challenge when being interconnected to the grid, since new
installations are being pushed further off the coast due to noise and visual pollution restrictions. In
this context, Multi-Terminal High Voltage Direct Current (MT-HVDC) networks are the most preferred
technology for this purpose and for onshore grid reinforcements. They also enable the delivery of
power from the shore to offshore Oil and Gas (O&G) production platforms, which can help lower the
emissions in the transition away from fossil fuels. In this work, we review relevant aspects of the
operation and control of MT-HVDC networks for wind power integration. The review approaches
topics such as the main characteristics of MT-HVDC projects under discussion/commissioned around
the world, rising challenges in the control and the operation of MT-HVDC networks and the modeling
and the control of the Modular Multilevel Converter (MMC) stations. To illustrate the challenges on
designing the control system of a MT-HVDC network and to corroborate the technical discussions, a
simulation of a three-terminal MT-HVDC network integrating wind power generation and offshore
O&G production units to the onshore grid is performed in Matlab’s Simscape Electrical toolbox. The
results highlight the main differences between two alternatives to design the control system for an
MT-HVDC network.

Keywords: multi-terminal HVDC networks; HVDC; modular multilevel converter; control; wind
power integration

1. Introduction

The participation levels of Renewable Energy Sources (RES) are increasing quickly in
power systems around the world and leading to structural changes at an unprecedented
pace [1]. RES are variable in nature and they are connected into power systems by static con-
verters which present very different characteristics from traditional synchronous generators
that can be dispatched and contribute to system inertia [2,3].

Therefore, the integration of RES has brought new challenges for electrical system
operators [1,2]. One of the main challenges is related to the flexibility of power systems, that
can be defined as the ability of a power system to adjust power generation and demand in
reaction to disturbances [4]. With the decrease in the inertia of the system and the increase
in the variability of the operating conditions due to the presence of the RES, a proposal of
alternatives to increase the flexibility of systems is necessary [5,6].
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The interconnection of neighboring electrical systems presents itself as an interesting
alternative from the point of view of flexibility, as it allows the use of resources from
the interconnected regions to increase the reliability of the system’s operation [7]. Today,
the technology for new transmission infrastructure and for reinforcements of existing
transmission lines that is best adapted for the future with high penetration levels of RES
are the Multi-Terminal High Voltage Direct Current (MT-HVDC) networks [8].

The HVDC technology was firstly deployed in its Current Source Converter (CSC)
form [9]. The CSC is a converter based on thyristors and is also known as Line Commutated
Converter (LCC). These converters require a connection to a relatively strong AC grid for
the commutations, which could not be the case of a converter dominated power system.
Moreover, they need to operate with the AC current lagging the AC voltage in a process
that requires the availability of reactive power provided by filters [10]. The need for filters
considerably increases the size of the converter station which is not a characteristic desired
for offshore applications.

With the introduction of the Insulated Gate Bipolar Transistor (IGBT), the Voltage
Source Converter (VSC)-based HVDC technology was developed [11]. Since the IGBT is a
self-commuting switch, it is possible to fully control the voltage output of the VSC allowing
for the independent control of active and reactive power, the connection of passive grids
and loads, and reduced converter station size since they do not require a source of reactive
power to operate [9,10,12]. For these reasons, VSCs became the preferred type of converter
for applications in multi-terminal systems for the integration of offshore wind power [13].
Among the VSC converters, the preferred topology for high voltage applications is the
Multilevel Modular Converter (MMC) as it can be applied to high power/high voltage
systems. The use of MMCs implies a challenging design of the control system for the
converter terminal because of its complex and highly interconnected internal dynamics
that include the circulating currents, the energy balance between the phases and the total
energy stored in the converter [14].

Therefore, since the stability of the operation of the MT-HVDC network largely de-
pends on the control of its terminals, the design of the control system of each station is
crucial for the correct operation of the network [15]. In addition, concerns about the opera-
tion of alternating current (AC) systems to which the MT-HVDC network terminals are
interconnected require that the design of converter control systems be conducted including
the ability to provide support to the AC power grid [16-19]. There is also a challenging task
in developing controllers for the operation of the direct current (DC) side of the grid [20].

In this context, the objective of this work is to review relevant aspects regarding
the control of MT-HVDC networks for offshore wind power integration. We review the
main characteristics of the existing MT-HVDC networks in China and discuss the rising
challenges of the control and operation of such networks. The focus of the work is to review
the main control strategies for MT-HVDC networks and those of MMC converters, that
are essential to achieving the control goals of the network. To illustrate the challenges
on designing a control system for an MT-HVDC network, a model for the MMC in the
synchronous reference frame is reviewed. Furthermore, a simulation of a three-terminal
MT-HVDC network is performed following two of the main DC voltage control strategies
to corroborate the technical review of the challenges.

This paper is structured as follows:the concepts of MT-HVDC networks are discussed
and the known projects that consider or already adopt this technology are presented in
Section 2. Then, in Section 3 we describe the challenges and possibilities of the control of
the MMC, the cornerstone equipment for the correct operation of an MT-HVDC network.
Section 4 presents a simulation of an MT-HVDC network with three terminals using a dq0
frame-based PI controller. Finally, Section 5 presents the conclusions.
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2. Multi-Terminal High Voltage Direct Current Networks for Integrating Wind Power
and Offshore Resources

At the beginning of the exploration of offshore wind power, the first offshore wind
farms were located close to the shore. In these conditions, High Voltage Alternative Current
(HVAC) technology was the main alternative for connecting the wind farms to the onshore
grid. However, with growing pressure over the noise and visual pollution, offshore wind
farms have been pushed further from the shore.

The developments in VSC technology and in submarine power cable design enabled
the implementation of efficient high voltage/high power HVDC transmission systems
that became the favored technology for integrating offshore wind power [13]. Moreover,
given the improved controllability of VSCs over CSCs, it became possible to operate in a
multi-terminal framework, enabling to envision super transmission grids for integrating
offshore wind power and neighbor power systems.

An MT-HVDC grid interconnecting a cluster of offshore wind farms and oil & gas
(O&G) production platforms is shown in Figure 1. The main advantages on adopting
this concept is the lack of reactive power within the transmission system (with the as-
sociated voltage stability issues), lowering power losses, and the possibility to integrate
asynchronous grids.

Of fshore Wind

Farm Cluster
Terminal 1 Terminal 3

JHE N

Onshore Grid 1

o
f@}J{ N

Onsf-wre Grid 2

Terminal 2 Terminal 4 Of fshore O&G
Platform Cluster

Figure 1. A Multi-Terminal HVDC network for integrating offshore wind power and offshore O&G
production units to the onshore grid in two connection points.

In Europe, MT-HVDC networks are envisioned as the basis for the future European
Supergrid [21,22] since the early 2000s. To achieve ambitious sustainable goals regarding
electric power production, Europe aims to integrate high amounts of offshore wind power in
the North Sea to England, France, Germany and Norway. Moreover, offshore O&G production
units could receive electric power from the shore, lowering the emissions in their production,
as O&G are still expected to play a major role in the energy transition [23-25]. In the South,
the European grid could be interconnected to Northern Africa to integrate the production
of high levels of solar power.

In China, the world’s first MT-HVDC network based on the VSC-HVDC technology
was built in 2013 [26]. The grid was conceived as a three-terminal pilot project with
transmission capacity of 200 MW at +160 kV to interconnect the wind farms from Nanao
island into the onshore grid. It is also foreseen that this grid can be expanded to four
terminals if the power capacity generation of wind power increases. Nowadays there are
two more MT-HVDC grids operating in China.

The Zhoushan archipelago in China is a region rich in wind energy production,
but it lacked grid reliability and flexibility. In 2014, a five terminal MT-HVDC grid was
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commissioned to solve reliability problems and to improve the stability of the system. The
terminals of the system were constructed at 400 MW, 300 MW and three of them at 100 MW
installed capacity at 200 kV [27]. Moreover, it allowed the system to operate with higher
levels of wind power with improved flexibility.

Finally, commissioned in 2019, the Zhangbei MT-HVDC grid was conceived to enable
the supply of 3000 MW of wind power to Beijing for the Winter Olympics held in the
beginning of 2022 [28]. The multi terminal grid is comprised of four terminals, two of
which are the collecting terminals of wind farms and one is a pumped hydro storage
facility that enables balancing the power face to load and wind variations [29]. With recent
advancements in MMC-based VSC-HVDC transmission systems, the HVDC technology
for this grid reached the power level of 3000 MW at +500 kV found at two of four of the
terminals of the Zhangbei grid [30]. The remaining two terminals are rated 1500 MW at
£500 kV. The operating MT-HVDC grids in China are summarized in Table 1.

Table 1. Operational MT-HVDC networks in China with VSC technology

Project Power Capacity Voltage  Operational Ref.

Nanao Island 3 x 200 MW +160 kV 2013 [26]

Zhoushan Archipelago 400 MW, 300 MW, 3 x 100 MW  +200 kV 2014 [27]
Zhangbei 2 x 3000 MW, 2 x 1500 MW 4500 kV 2019 [28-30]

There are still a wide number of challenging open problems regarding MT-HVDC
networks for wind power integration as seen in Figure 2. The installed capacity of each
terminal of an MT-HVDC network can be big enough to exert influence on the dynamics of
the surrounding power system. Hence, control techniques need to be developed to enable
a suitable dynamic behavior from the terminals of the MT-HVDC network. Additionally,
power engineers have a wide experience in the control and operation of HVAC power
systems accumulated in more than 100 years [31,32]. The existence of real MT-HVDC grids
is quite recent and unanticipated problems may appear in the upcoming years that will
demand new solutions.

- Low intertia grid interconnection

- Power flow loops

- Embedded MT-HVDC networks - DC voltage stability

- DC circuit breakers

[ 1

- Grid-Forming Converters
- Subsynchronous oscillations

] |

: | 1
- MMC Modeling
and Control

- Grid-Forming Converters
- Weak grid interconnection
.~.Passive load feeding,

Figure 2. Open problems and challenges in the control and operation of MT-HVDC networks.

A subset of the rising control problems is related to the integration of MT-HVDC
networks to the existing power system. They are suitable candidates for a new power
transmission infrastructure as reinforcements of existing power systems, leading the way to
embedded HVDC links in a mixed AC/DC power system [8,33,34]. A rising phenomenon
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that needs to be addressed in this context is the existence of power loops within the power
system [35,36]. The interaction between the wind farms and the converter stations is also
prone to problems such as the sub-synchronous oscillations [37]. Furthermore, with the
power system transition leading into low inertia power systems and the decrease in the
number of fossil fuel-based synchronous generators, converter-based resources such as
the terminals of MT-HVDC networks might act as Grid-Forming Converters [38-40]. The
control problem of an MMC acting as a Grid-Forming Converter is a challenging task that
is currently under investigation by the scientific community (see [41-44]).

Regarding stability, works such as [33,34] focused on proposing control strategies to
ensure the stability of embedded HVDC links that were extended to embedded MT-HVDC
networks in [8]. The DC voltage stability of an MT-HVDC network is also a critical aspect
that needs to be investigated. In [45], the damping torque concept is expanded from AC
systems for analyzing the DC voltage stability of an MT-HVDC network in the context of
wind power integration. In [46], a small signal model is used to investigate the origins of
DC voltage oscillations in MT-HVDC networks and also evaluates the impact of the control
imposed dynamics of the converters on the oscillations. Further work by [47] investigates
the impacts of parameter mismatch between converter stations of an MT-HVDC network
on the critical CD voltage stability.

Another rising challenge is the protection of the MT-HVDC grid, as the DC current
does not cross the zero value as does the AC current [48]. Different techniques have been
proposed as an alternative for the protection of MT-HVDC networks such as the Z-source
DC breaker [49] and the hybrid DC circuit breaker [50]. Additionally, the impacts of DC
breakers in the stability of the DC voltage is a concern investigated by [51] that should
be under the spotlight in upcoming years as new developments on DC circuit breaker
technology becomes available.

In this work, we focus the review effort on the control of MT-HVDC networks and on
the control of the MMC converter stations. In the following section, a model of the MMC is
presented to illustrate the challenges on designing a control system to such a nonlinear and
highly interconnected plant. We also discuss the main techniques for the control of the DC
voltage and for integrating the converter stations to the grid.

3. Control of the MT-HVDC Network

In this section, the main challenges associated with the control of MT-HVDC networks
are discussed. First, the operation of the MT-HVDC network is introduced alongside with
its control objectives. Then, the rising challenges are introduced and briefly discussed. As
the main equipment to be controlled is the MMC converter, special attention is given to the
modeling and control of this converter in active and reactive power control (PQ-control)
and DC voltage control operation modes.

3.1. Control of the MT-HVDC Network

The operation of an MT-HVDC network is a complex task. The main objective is to
maintain the DC voltage stable whilst achieving the control targets at each terminal of the
network. In this scenario, the variations in the DC voltage reflect the power imbalance
between power generation and consumption on the MT-HVDC network, just as frequency
variations indicate power mismatches in AC systems. Hence, the DC voltage must be
kept within a threshold to ensure the reliable operation of the converters and consequently
of the MT-HVDC network. For instance, Ref. [52] suggests a threshold of £10% of the
rated DC voltage value and Ref. [53] suggests that the DC voltage must be within +5%
of its rated value. These values are established taking into account variables such as the
security constraints on the modulation index of the converters and the insulation levels of
he switching elements [53].

In fact, early publications on MT-HVDC networks were focused on achieving a stable
DC voltage control. In traditional MT-HVDC control strategies, one of the network’s
terminals is chosen as the reference for the control of the DC voltage (slack bus) while
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the remaining terminals are focused on PQ controllers. This operation strategy is known
as master/slave operation [12]. The master converter is the one responsible for the DC
voltage control; the slaves are the converter stations responsible for the control of the active
and reactive power flowing to/from the MT-HVDC grid. A downside of the master/slave
control strategy is that all the burden of the DC voltage control is placed upon a single
converter of the MT-HVDC network.

Therefore, to share the burden of the control and improve DC voltage stability, droop
control strategies were proposed [12,54]. To improve the DC voltage stability, the active
power references sent to the terminals are modulated by a DC voltage droop control
strategy [54,55]. The modulation consists on modifying the active power reference propor-
tionally to the DC voltage deviation to achieve the power balance of the network within a
new power balance [56]. The references might be later updated by a secondary DC voltage
controller that re-dispatches the active power reference values to each terminal to eliminate
the steady-state error on the DC voltage. More complex networks might call for a higher
degree of sophistication of the DC voltage droop control such as the coordinated action
proposed by [57] or the adaptive droop proposed by [58].

In a movement to improve the stability of the DC voltage by having more than one
terminal sharing the control of the DC voltage, the authors in [59] proposed a distributed
DC voltage control. Their paper was focused on the integration of offshore wind farms and
an optimal power flow was proposed for obtaining the DC voltage references for multiple
terminals controlling the DC voltage. With this method, the risk of power oscillations due
to multiple terminals acting in the control of DC voltage is reduced.

With the increasing penetration of converter interfaced resources, the power system
is undergoing a major change in its structures. The overall inertia levels of the power
system decreases as converter penetration increases, therefore, there is a concern over
frequency stability that must be addressed by new control strategies for converters. For
instance, in [60] a frequency droop component was added to the DC droop control of the
MT-HVDC network to provide frequency support to the AC side. In [61], an adaptive
droop control strategy was proposed where a V — I — f characteristic is derived to adjust
the DC voltage reference value to provide frequency support to the nearby AC system.
Adaptive adjustments of the droop coefficients to improve the support from undisturbed
networks is proposed in [62] to diminish the disturbances in the DC network to avoid a
secondary event after the first frequency disturbance is cleared. Aiming to contribute with
the reduction/elimination of a secondary frequency disturbance arising from the recovery
of the rotor speed from offshore wind farms, adaptive droop control strategies were also
proposed in [63,64].

To increase the flexibility of the operation of the overall system, including the MT-
HVDC grid and all of the interconnected AC power systems, [65] proposes a coordinated
control strategy that allows for mutual frequency support between the AC grids intercon-
nected by the MT-HVDC network. As a result, power reserves can be allocated considering
the most efficient resources of each AC network. In [8], a new control strategy is proposed
motivated by concerns over the stability of the system. Through active power modula-
tions, the authors develop a distributed control structure for an MT-HVDC network that is
capable of improving rotor angle stability and transient stability.

The above control strategies for MT-HVDC networks are enabled by modulation of the
active power reference value. Hence, they all rely on the inner control level corresponding
to the control of the power converters at each terminal. In the following subsections,
we present the model and the main strategies for controlling the terminals of the MT-
HVDC network according to their role in the system as a master/slave terminal or as
droop-controlled terminal to share the DC voltage control burden.

3.2. The MMC Converter in MT-HVDC Networks

Both the master and the slave converter station control problems are directly linked to
the control of the power converter associated with each terminal. In the context of modern
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converter stations for high power/high voltage applications, the preferred topology for
the MT-HVDC network’s terminals is the MMC, whose average electric model is shown in
Figure 3.

Vu,b Vu,a

R R
L
Tu,b Tu,a
i ila
L
R R

Ui,b Ul,a

Figure 3. Arm Average Model (AAM) of an MMC-HVDC station connected to the electric grid in
Grid Following Mode.

The control problem associated with an MMC converter is to generate a three-phase
voltage at the converter output that meets the exchanged active and reactive power targets
with the electric grid. In an MMC, the voltage generation at the converter output is
carried with additional degrees of freedom when compared to the traditional 2-level VSC
by manipulating the six voltages UZZII . of each converter arm, which are the voltages
synthesized by the upper and lower arms, respectively denoted by the superscripts u and
I from phases a, b and c. The voltage of each arm is generated by connecting a certain
number of submodules as defined by the system control. Since a submodule can be turned
on and off independently from one another, there is no guarantee that the submodules will
charge and discharge uniformly.

The consequence of the uneven changes in the voltage of the submodules is a tem-
porary voltage unbalance between the converter’s arms and legs that results in currents
circulating inside the converter. These circulating currents can transport energy across the
converter resulting in mismatches between the total voltage of each leg and also in the
balance between the energy stored in upper and lower arms of a phase [66]. Therefore, the
control problem associated with the MMC has increased complexity compared to 2-level
VSC. In addition to meeting the active and reactive power exchanges with the grid, it is
necessary to control the internal converter dynamics (circulating currents, energy balance
and stored energy) to ensure its stable operation.

The control strategies proposed for the MMC aim at determining the number of
submodules that should be turned on at each interval so that the desired voltage is obtained
at the converter output. This number can be determined directly [66] or indirectly by a
modulation index [67]. The control strategies already proposed in the technical literature
can be classified into non-energy controlled and energy controlled approaches.

The non-energy controlled approaches do not have a dedicated control loop for the
converter stored energy such the open-loop strategy [68], the direct voltage modulation [69]
and the circulating current suppression control [70]. These methods consist on obtaining
the insertion index, i.e., the number of submodules that should be turned on for each
converter arm, using estimates of the total DC voltage. Although the non-energy controlled
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approaches are asymptotically stable [71,72], the convergence speed of the converter energy
dynamics is determined by the values of the circuit components.

On the other hand, the energy controlled approach employs control loops for the
converter energy dynamics [66,67,73]. Therefore, it is possible to determine the convergence
speed of the internal energy by tuning the controllers.

In the following subsection, the modeling and possible solutions to the energy con-
trolled problem of the MMC for both master and slave terminals of an MT-HVDC network
are presented.

3.3. Modeling and Control of a PQ-Controlled Terminal

As mentioned, the adoption of the MMC increases the complexity in the modeling
and control of the MT-HVDC network. Therefore, several works dedicated to the modeling
of the MMC have been proposed. Models in the abc frame were developed by [66,67,69,74],
in the a0 frame by [16,17,73] and in the dq0 frame by [75-77]. To showcase a controller
design, this paper considers the bilinear model developed by [75] in the dq0 frame.

By defining the output converter currents in the d and g references i, 4, as:

Ipj = —iyj+i 1)
where i, ; is the upper arm current and i; ; is the lower arm current of the component 7,
u,j PP 1j P )

j=d,q.
The circulating currents i¢;, 4,0 are defined as:

. Ik + ik
Leirc k = ? (2)

where k =4, g,0.
Furthermore, defining the following auxiliary input variables [16] as:

Uu,dq0 + V1,dq0
ev,dq = Uu,dq - Z)l,dqr esum,dqo = > (3)

The following MMC model given by (4)-(10) can be obtained:

; Req . . 1 2
Lyd = _Tlv,d + Wwiy,q + Tev,d + fvg,d (4)
eq eq eq
. R, 1 2
: . q .
lpg = —Wlyg — 7 lpg+ 7—€pq + 770y, %)
q 0, qu q Leq q Leq 81
icirc,d = _*icirc,d + C‘Jicirc,q — T Csum,d (6)
L L
: . . 1
Zcirc,q = —Wlejre,d — flcirc,q - zesum,q (7)
: R. 1
leire0 = — —leirec) — =€ + -0 8
circ,0 I circ,0 L sum,0 I dc ( )
. 3 . 3 . . .
Wy, = Zesum,dlv,d + Zesumrqlvrq - 3ev,dlcirc,d - 3ev,q1circ,q )
. 3 . 3 . 3 . 3 . .
Wy, = _Eev,dlv,d - Eev,qlv,q + Eesum,dlcirc,d + Eesum,qlcirc,q + 3esum,0lcire,0 (10)

where R and L are the arm resistance and inductance, respectively, and R,; and L, are
defined by:
Reg = R+ 2Ry, Leg = L +2Lg (11)
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The converter energy W), is obtained by adding the energy stored in the upper and
lower arms and the energy difference W; is obtained by subtracting them as:

W, =W, + W, Wy =Wy, — W, (12)

and the energy stored in the upper arms W, and in the lower arms W) are given by:

m m
Wy, = Z Z CSMV;/‘,[/ Wl = Z Z CSMVI%]',Z‘ (13)
j=ab,ci=1 j=ab,ci=1

where Cg;;, is the capacitance of the submodules.

The structure used to control the active and reactive power exchanges with the electric
grid is similar to the one used for the 2-level VSC. A current controller can be implemented
in the dg synchronous reference frame when the converter is connected to a balanced
system, which is generally the case for the transmission level. Then, the current controller
is responsible for generating the auxiliary inputs e, 4, that are used to control the output
currents iy 4, to their respective reference values i, 4, . given by:

2P , 20

iv,d,e = a7 luge = — (14)
3Ug,d 1 3Ug,d

If a droop control strategy is implemented for the DC voltage, the reference P is
obtained as follows: B
P = P* + Ky(vdc — Dac) (15)

where P* is the active power reference provided by the system operator, K; is the DC voltage
droop coefficient, v, is the measured DC voltage and 7, is the DC voltage reference value.

To establish an energy controlled strategy, a circulating current controller is needed
and should be responsible for tracking the circulating current references by generating
the auxiliary inputs eg; 450 The references iy 440, are determined by an upper-level
controller comprised by the energy controller and the energy difference controller. The
first is responsible for tracking the total energy stored in the converter by manipulating the
reference trajectory i.;.. 9., whilst the latter is responsible for keeping the energy balance by
manipulating the reference trajectory i 4, as discussed in [78].

From the auxiliary inputs e, 4; and egy 450, the Arm Voltage Calculation block is able

to obtain the six arm voltages vgélc in the abc frame. Then, a modulation scheme is used to
determine the number of submodules that need to be turned on to generate the desired
voltage at each arm. This information is finally sent to a sorting algorithm that is responsible
for choosing which of the submodules must be turned on. When the current is charging
the submodule capacitor, it selects the submodules with the lowest voltage and when the
current is discharging the SM capacitor, the algorithm selects the submodules with the
highest voltage [79-81].

3.4. Modeling and Control of a DC Voltage-Controlled Terminal

Differently from 2-level VSC converter stations, MMC converter stations do not have
a large capacitor bank on their interface with the DC link. Instead, they have smaller
capacitances distributed across the converter submodules, turning the DC voltage control
in a challenging task [82]. So far, research papers can be found in a much greater number
dedicated to the control of active and reactive power exchanges for MMC converters while
the DC voltage problem is often overlooked, except by a few handful of works.

In [83], a multivariable control strategy relying on four PI controllers is proposed for
controlling the DC voltage of HVDC systems. In [17], the effect of the cable capacitance
in the DC voltage control of an HVDC link based on MMCs is investigated, analyzing
three different controller structures: classic control, crossed control (when i is used
to control v;.) and weighted control. The weighted control uses a linear combination of
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classic and crossed controls to generate its input signal. In [84], a control strategy using the
classic vy, structure from 2L-VSC is applied, but the energy control is modified to reflect
the changes of the DC voltage in the converter energy. In [85], a virtual capacitor method
is proposed for controlling the DC voltage in point-to-point HVDC transmission systems.
This technique consists of adding a virtual capacitor in parallel with the cable capacitance
to represent the energy stored in the MMC.

However, despite the challenges in the control of the DC voltage when an MMC
converter is considered, the modeling is quite similar to the one presented in the previous
section. One equation must be added to include the dynamics of the DC voltage at the
terminal as follows: ‘ 3

Ve = IES - Tvdc (ev,div,d =+ ev,qiv,q) (16)
then, the complete model is given by (4)—(10) and (16).

For the master converter station, the reference for the 7, 4 is given by a DC voltage
controller. Generally, the DC voltage controller generates a reference i, 4, such that the
power balance in the DC link is met, thus regulating the DC voltage [86-88].

A different overall structure for the controller of the master terminal could be adopted
as proposed in [17]. The circulating current reference i, could be used instead of the
iy 4, current component reference to control the DC voltage in the MT-HVDC network.
Then, the output current reference 7, 4 , is used to control the energy stored in the converter.
Therefore, this control structure was described by [17] as a crossed control structure.

4. Simulations of an MT-HVDC Network for the Integration of Wind Power

To illustrate the challenges on the control of MT-HVDC networks for integrating
offshore wind power and other offshore power systems, simulations of two control methods
are shown. The MT-HVDC network with three terminals shown in Figure 4 is considered
for the simulations.

Terminal 1 Terminal 2
Onshore Grid EI

| _

|

Terminal 3

Figure 4. Three-terminal MT-HVDC network simulated in Matlab’s Simscape Electrical.

Terminal 2 is considered as the point of connection of a cluster of offshore wind farms
and a cluster of O&G platforms represented by the load. Terminal 3 connects a cluster of
offshore wind farms to the MT-HVDC network. Terminal 1 is considered as the connection
of the MT-HVDC network for integrating offshore wind power to the onshore grid. In the
following subsections, the possible control systems considering the master/slave and the
droop control strategy are detailed.

4.1. Control Systems for MT-HVDC Networks Based on the dq Frame

In this subsection, we present a possible implementation of a PI-based controller for
the MMCs in an MT-HVDC network in master/slave and droop control strategies. A main
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assumption is that the systems that the terminals are connected to are balanced. Therefore,
the 0 component of the output current i, can be neglected. The cascaded structure of the
controller presented in this section is based on the controllers developed by [67] in the abc
frame and by [17] in the a frame.

4.1.1. Control of the Slave Terminals

The slave terminals are controlled in PQ-mode. Therefore, the objective is to regulate
the active and reactive power of the converter to the prescribed set-point values given by
the system operator.

Thanks to the independent active and reactive power control in VSC converters, the PQ
control can be reduced by a current control by using (14) to calculate the current references.
Then, the output current components can be regulated using a PI controller as seen in
Figure 5:

P 2 K 1 €v,d
3vg’d p + sTr

Q e
-2 1 v,q
3vg,d Kp + sTr

Figure 5. Slave terminal output current controller.

where P is the active power reference value, Q is the reactive power reference value, K, is
the proportional gain and T7 is the integral time of each PI controller.

The auxiliary control inputs e, ; and e, 4 generated by the output current controller are
sent to the arm voltage calculation and modulation for processing. There, they are combined

with the auxiliary control inputs ey, 4, €sum,q and es;m,0 generated by the internal dynamics
u,l
a,b,c

controller described bellow to obtain the arm voltages v ; _before they are processed by
the modulation to generate the gating signals.

For regulating the internal dynamics of the MMC converter, the control scheme shown
in Figure 6 is adopted, where W, is the reference value for the energy difference, W), is the
reference value for the converter stored energy, K, is the proportional gain and Tj is the
integral time of each PI controller.

As mentioned in the previous section, the reference value i, 4, is used to regulate the
energy difference W,. The value i, 4, is generated by a PI controller that has the energy
difference error as input. Then, an inner circulating current loop is used to regulate 7., 5 to
the specified value given by the upper level controller.

For the converter energy, a similar structure is used. The reference value i, is used
to regulate through a PI controller the energy stored in the converter. An inner circulating
current control loop is used to regulate i ;. o to the reference value provided by the upper
level controller.

Finally, the icirc,q component is regulated to the reference value icimq,g = 0. to lower
power losses as in [70,78].
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leire,d,e

W €sum,d
otk PO i
+
W,
€sum,q
T/ €sum,0
N T

Leire,0

Wi,
Figure 6. Slave terminal internal dynamics cascaded control structure.

4.1.2. Control of the Master Terminal

The master terminal is the one responsible for the DC voltage control. Thanks to the
independence of active and reactive power control inherent to VSCs, the i, ; component in
the slave terminal, associated with the active power, can now be used to regulate the DC
voltage. In addition, in the master terminal, it is desirable to control the reactive power Q
through the current component iy 4.

The cascaded control structure for the master terminal is shown in Figure 7, where v,
is the reference value for the DC voltage.

el { d,e e
Vdc v,a, v,d
N Kp+ o7 K, + o —
+
Vdc
Q —2 1 6U7q
3vg,4 sTy

Figure 7. Master terminal cascaded control structure for regulating the DC voltage and the output
currents.

For the simulations presented in this work, the same controller for the internal dy-
namics from the previous subsection is adopted. It is worth mentioning that, as seen in
the literature [85,89], the DC voltage controller could be fed forward with the circulating
current i, o for improving the controllers response.

4.1.3. Droop Controlled Terminals

The droop controlled terminals are controlled in the PQ similarly to the slave terminals.
The main difference is that the active power reference value is modulated according to the
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measured DC voltage at the terminal as given by (15). The concept is analogous to the
power sharing between synchronous generators with a frequency droop control operating
in a power system.

The block diagram for the output current control of a droop controlled terminal
is shown in Figure 8. In this figure, P* is the active power reference provided by the
system operator, P is the modulated active power reference and Kj is the DC voltage
droop coefficient.

P* m P 9 iq),d,em Kp N 1 €v,d

3vg.d sTr

1 €u,q
Kp + ST]

3vg,d

Figure 8. Output current controller of a droop controlled terminal.

The droop control terminals simulated in this work are also equipped with the internal
dynamics controller shown in Figure 6 that is detailed in Section 4.1.1. It is worth men-
tioning that without a secondary control level, the droop controlled MT-HVDC network is
subjected to a steady state error in the DC voltage level following a disturbance. The same
is observed in the frequency of AC power systems where the frequency droop is used as
the power sharing method.

4.2. Simulation Results

The system shown in Figure 4 is implemented in Matlab’s Simscape Electrical. The
parameters of the simulation are given in Table 2.

Table 2. Parameters of the simulated MT-HVDC network.

Parameters of Terminal 1
Rated Power 900 MVA  AC Voltage 230kV  AC frequency 50 Hz
Arm Resistance 1 Ohm Arm Inductance 40mH  DC Voltage 400 kV

Parameters of Terminals 2 and 3
Rated Power 450 MVA  AC Voltage 132kV ~ AC frequency 50 Hz
Arm Resistance  0.50hm  Arm Inductance 40mH  DC Voltage 400 kV

The simulations were performed according to two scenarios to illustrate the mas-
ter/slave (denoted in the figure legends as MS) and the droop (denoted in the figure
legends as droop) control methods. In the first scenario, the role of the master converter is
attributed to Terminal 1, whilst Terminals 2 and 3 are the slave terminals. In the second
scenario, Terminal 1 and Terminal 3 are equipped with droop control whilst Terminal 2 is
controlled in PQ mode.

To simulate a disturbance in the wind speed, Terminal 2 follows a sequence of step
changes in the reference value P* as seen in Table 3. The load of the O&G platform
conglomerate represented by the load in Figure 4 is assumed as constant and the variations
seen in Table 3 are caused by the wind speed change. When the active power is positive,
the load is bigger than the wind production, resulting in power delivery to Terminal 2.
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When the active power reference is negative, it means that the wind power production
is bigger than the load, resulting in a reversal of the active power flow in Terminal 2.
Terminals 1 and 3 are assumed to keep constant power injections during the 5 s simulations.
This means that no change in the power delivered to the continent are registered and that
the wind remains at a constant speed in Terminal 3.

Table 3. Active power references for the slave terminals.

Time (s) 0 1 2 3 4
Terminal 2 Power (MW) 200 150 —100 200 300

Table 3, (14) is used to calculate the references for the inner current loop as shown in
Figure 5. The output current response of Terminal 2 is shown in Figure 9. The controller in
the dg frame is able to track the reference i, ; , when it changes accordingly to the values
calculated from Table 2. Furthermore, Figure 9 show the output current of Terminal 2 when
the MT-HVDC network is droop controlled. Since the control strategy implemented in
Terminal 2 does not change between the scenarios considered, the output currents from
both scenarios present the same behavior when following the reference values obtained
from Table 3.

1500 1500

“de “Nae

— i, 4-MS v—m — i Ms
1000 iv,d - droop 1000 iv‘q - droop

< <
- 500F ~ 500
._>- ._>>
0 0
-500 -500
0 1 2 3 4 5 0 1 2 3 4 5
Time [s] Time [s]
(a) (b)

Figure 9. Output current response from terminal 2: (a) i, 4; (b) iv,4-

As hinted by the MMC model, changes in the output current and in the DC voltage are
seen as disturbances by the internal dynamics of the converter. When the output current
suddenly changes as seen in Figure 9, it causes a disturbance in the energy difference and
in the converter energy. The energy dynamics responses are shown in Figure 10.

4
3000 2.08722
— Wy, — T Whe
2000 - - J— R
w, - MS 206F W, - MS
W, - droop W, - droop
1000
— . 2.04f
— —
=3 0 o~ =
§> ;J:
202] N —

-1000 . il V

-2000

-3000 1.98
0 1 2 3 4 5 0 1 2 3 4 5

Time [s] Time [s]

(a) (b)

Figure 10. Energy dynamics response from terminal 2: (a) energy difference Wy; (b) total energy Wj,.
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From Figure 10, it can be noted that when the MT-HVDC network is droop controlled,
the internal energy dynamics present a smoother response. The internal energy Wj, is
subjected to a smaller excursion from its reference value. The control of the energy dynamics
is achieved by the cascaded control shown in Figure 6, manipulating the references for
the circulating currents i ;.. 4, and iy .. The circulating current responses are shown in
Figure 11.

500 500
- — = iclrc,d,e -Ms 400F - = — ic\rc,o,e -MS
icire,d - MS igirc,0 - MS
............. icire.d.e - 4rO0P sook | icire,0.¢ - ArO0p ]
icirc,d - droop imm0 - droop e
< < 200f ‘ 1
T 0 S |
I~ =
_° _c 1001 H
o o 1
-1001
-500 -200
0 1 2 3 0 1 2 3 4 5
Time [s] Time [s]

(GY

(b)

Figure 11. Circulating current response from terminal 2: (a) i¢jyc,4; (b) icirc,0-

The 0-component of the circulating current presents a smaller overshoot when the
MT-HVDC network is droop controlled. This is better seen in the step transition occurring
att =4s.

The sudden active power step changes in Terminal 2 result in a sequence of dis-
turbances in the DC voltage of the MT-HVDC network. In Master/Slave operation, by
demanding/injecting more power from/into the MT-HVDC network, the master terminal
(Terminal 1) must act to keep the DC voltage at the desirable levels. In the droop controlled
MT-HVDC network, the active power reference of Terminals 1 and 3, that are equipped
with droop control, are modulated to perform power sharing among them.

By adopting the strategies presented in Figures 7 and 8, the DC voltage response in
both scenarios is shown in Figure 12.

440 T T T T T T T T T

430 “Vdce i
——————— vy -MS

420 Ve - droop |
410~ \ 1
400 k

390 T

Ve [kV]

3801 A

370 T

360 1 1 1 1 1 1 1 1 1
0 0.5 1 15 2 25 3 35 4 45 5

Time [s]

Figure 12. DC voltage measured at the master terminal.

When the Master/Slave concept is applied to the MT-HVDC network, the controller is
able to regulate the DC voltage to its rated value of 400 kV. The worst disturbance is an
overshoot of 9% over the rated DC voltage following the disturbance at t = 2 s and of 8.5%
under the rated DC voltage for t = 4 s, respecting the £10% thresholds suggested by [52].
A smoother response is obtained when the droop control is employed at the MT-HVDC
network. Following the disturbance at t = 2 s, the worst deviation of the DC voltage is
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2.85% over its rated value and the worst deviation under the rated value is of 1.37% for the
disturbance considered, respecting the +5% thresholds suggested by [53]. However, it can
be seen that with the droop controller there is a steady-state error in the tracking of the DC
voltage. If critical to the applications involved, the steady-state error could be eliminated
by employing a secondary controller similar to the secondary frequency response in AC
power systems.

In the Master/Slave controller grid, the DC voltage is regulated by acting on the
reference value of the output current component i, ;.. When the droop control strategy is
used, the DC voltage is regulated by modulating the active power references of the droop
controlled terminals. The output current response for Terminal 1 in both cases is shown in
Figure 13.

2500 T

2000

1500

iv,d [A]

1000

500

0 1 1 1 1 1 1 1 1 1
0 0.5 1 15 2 25 3 3.5 4 45 5
Time [s]

Figure 13. Output current component 7, 5 response of the master terminal.

The cascaded control structure of the Master/Slave concept is able to regulate the
DC voltage of the MT-HVDC network. However, the PI controller is designed around a
linearized model of the system. In the case of the disturbances caused by the power flow
reversion, it is evident that the controller could present a better performance. Therefore,
more complex techniques for the design of the Master/Slave operation such as the model
predictive control and nonlinear control could be employed to improve the performance.
However, by employing the droop control concept, the control effort on Terminal 1 is
reduced since it is able to share the DC voltage control burden with Terminal 3. Therefore,
this strategy is able to better cope with the nonlinearities of the system.

Since the energy dynamics are coupled with the both output and the circulating
currents, the disturbances generated in the DC voltage will impact W, and Wj,. The energy
dynamic response is shown in Figure 14 for both scenarios analyzed. Terminal 1 presented
a smoother energy response when the MT-HVDC network is droop controlled.

The energy dynamics are controlled by the cascaded structure of Figure 6. Hence, it is
noteworthy to analyze the response of the circulating currents shown in Figure 15.

In the Master/Slave scenario, it can be seen that the 0-component of the circulating
current is regulated to the same value throughout the simulation due to the absence of
power sharing. In the droop controlled scenario, the 0-component of the circulating current
follows a similar profile than the output current shown in Figure 13, following the active
power reference modulations resulting of theDC voltage deviation from its rated value.

Finally, we analyze the third terminal of the MT-HVDC network. Terminal 3 integrates
an offshore wind farm into the MT-HVDC network. Its output current response in both
scenarios is shown in Figure 16.
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Figure 14. Energy dynamics response from the master terminal: (a) energy difference W,; (b) total
energy Wj,.
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Figure 15. Circulating current response from the master terminal: (a) icjrc 4; (b) icirc,0-
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Figure 16. Output current response from terminal 3: (a) i, 4; (b) iy q-

It is possible to note the effect of the droop control when comparing both responses.
In Master/Slave control, there is no power sharing between the terminals of the network.
Therefore, the active power output of Terminal 3 does not change throughout the simula-
tion. When power sharing is enabled by the droop control, the active power reference of
Terminal 3 is modulated to help Terminal 1 to control the DC voltage.

For Terminal 3 in Slave mode, the changes in the DC voltage following the active
power step changes in Terminal 2 are the main disturbances. For the droop controlled
scenario, the changes in the output current of Terminal 3 are additional disturbances given
the droop control active power reference modulation. The energy dynamics response and
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the manipulation of the circulating currents following the control structures shown in this
section can be seen in Figures 17 and 18, respectively.

1 4
3000 2.08p22
—— — =W, — = = Wy
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-3000 1.98
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Time [s] Time [s]
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Figure 17. Energy dynamics response from terminal 3: (a) energy difference Wy; (b) total energy Wj,.
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Figure 18. Circulating current response from terminal 3: (a) icjyc,4; (b) icirc,0-

The cascaded control structure based on PI controllers developed in the synchronous
reference frame shown in this section for both Master/Slave and droop control operation
is able to meet the control objectives of each terminal. The power sharing established by
the droop control accepts a deviation from the rated value of the DC voltage bu presents
a smoother response than the Master/Slave control mode for the three-terminal network
simulated in this work. The choice of a control system however will depend on the
operation restrictions of each grid, whether the DC voltage levels should be sustained as
close as possible to the rated value or if small steady state error are tolerated.

5. Conclusions

This paper presents a review on the main challenges concerning MT-HVDC networks
for wind power integration. The characteristics of existing MT-HVDC networks are pre-
sented followed by a discussion of the rising challenges on control, operation, stability and
protection. Then, the paper focused on the review of the main control alternatives for the
DC voltage of an MT-HVDC network. The modeling and possible control strategies for the
MMC were also discussed as a part of the review. To illustrate the technical discussions,
a simulation of a three-terminal MT-HVDC network for the integration of wind power
and other offshore resources is implemented on Matlab’s Simscape Electrical following
a PI-based control scheme in the dq0 frame, considering both the output current and the
internal converter dynamics. The simulation results show the challenges on controlling a
highly interconnected system as the MT-HVDC networks based on MMC converters. As
MT-HVDC networks evolve and more projects are being currently considered, the problems
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for the integration of growing shares of converter-based resources shall be further investi-
gated. New models for stability analysis need to be developed to increase the knowledge
of power system operators regarding the operation of DC grids.
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Abbreviations
AC Alternating current
CSC Current Source Converter
DC Direct Current
DFIG Doubly Fed Induction Generator
HVDC High Voltage Direct Current
LCC Line Comutated Converter
MMC Modular Multilevel Converter
MT-HVDC  Multi-Terminal High Voltage Direct Current
0&G Oil and Gas
PI Proportional-Integral Controller
PWM Pulse Width Modulation
RES Renewable Energy Sources
SG Synchronous generator
VsC Voltage source converter
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