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Abstract

More interconnections among countries and synchronous areas are foreseen in
order to fulfil the EU 2050 Target on the renewable generation share. One
proposal to accomplish this challenging objective is the development of the so-
called European SuperGrid. Multi-terminal HVDC networks are emerging as
the most promising technologies to develop such a concept. Moreover, multi-
terminal HVDC grids are based on highly controllable devices, which may allow
not only transmitting power, but also supporting the AC grids to ensure a secure
and stable operation. This article aims to present an overview of different control
schemes for multi-terminal HVDC grids, including the control of the power
converters and the controls for power sharing and the provision of ancillary
services. The article also analyses the proposed modifications of the existing
control schemes to manage high participation shares of wind power generation
in multi-terminal grids.

Keywords: Multi-terminal HVDC; ancillary services; distributed control;
wind power integration; power sharing methods; voltage source converters.

1. Introduction

European Union (EU) has defined as a target for 2050 to reduce about 80-
95% the greenhouse gas emissions compared to 1990 levels. This implies that
the penetration of renewable energy sources in power systems should increase
up to 100% [1]. Under this scenario, the European Wind Initiative (EWT)
has established as strategic objective to enable wind energy to supply half of
Europe’s electricity for 2050 [2].

Currently, wind power is the generating technology with the highest rate of
new installations in Europe, according to EWEA [3]. In 2014, the new installa-
tions of wind power plants (WPPs) accounted for 43.7% of total new installed
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capacity. Moreover, the share of wind energy in the EU power generation mix
has increased from 2.4% in 2000 to 14.1% in 2014. From the total EU electric-
ity consumption of 2798 TWh, 9.1% is provided by onshore WPPs and 1.1%
by offshore plants [3]. Offshore locations are gaining presence on wind sector
as a consequence of the limited available inland sites to install new wind farms
(especially in Europe). These locations also offer better wind conditions, less
turbulence and higher mean wind speeds.

To fulfil the EU 2050 Target, large interconnections among different coun-
tries as well as different synchronous areas in Europe will be necessary in or-
der to share renewable power generation with other systems (e.g. wind power
from the North Sea, hydro power from Norway or PV power from the south-
ern countries). The development of an offshore grid using existing and planned
offshore installations may help to achieve this target. An alternative to reach
such an objective is the so-called SuperGrid [4]. A SuperGrid can be defined
as an overlay system interconnecting different transmission networks. This new
grid is expected to be implemented with Multi-Terminal HVDC (MT-HVDC)
networks based on voltage source converter (VSC) technologies [5]. The main
benefits of using VSC are the capability to control active and reactive power in-
dependently, the capacity of establishing an independent asynchronous AC grid
without additional devices, and the reduction of the output filters needed for low
harmonic distortion. Nowadays, MT-HVDC grids are emerging as a promising
concept and are rapidly attracting interest and effort from both academia and
industry. This trend is clear in the specific programmes of international entities
(e.g. CIGRE working groups B4-56 to B4-60 and Friends of SuperGrid), in EU
funded projects (e.g. TWENTIES, MEDOW, BESTPATH and IRPWIND) and
in the commissioning of the first 5-terminal HVDC network in China in early
2014 [6].

The wide use of MT-HVDC systems also raises a number of challenges.
One of the key technological challenges is the operation and control of MT-
HVDC transmission systems [7]. Another challenge is to deal with the reduction
of the global inertia and the changes in the dynamics of conventional power
systems, caused by the continuous increase of both renewable generation and
MT-HVDC systems. For that reason, transmission system operators (T'SOs)
are developing new grid codes with specific requirements for HVDC systems
aimed at ensuring a proper network operation, including frequency support,
power oscillation damping and inertia emulation [8].

This article presents a review of the main contributions addressing both the
operation and control of MT-HVDC grids and their interactions with the AC
networks. Different control levels are reviewed, including the low-level control in
VSCs. The control schemes are organised in two sections according to the main
objectives: power sharing and provision of ancillary services. The article also
analyses the proposed modifications of the existing control schemes to manage
the wind power integration in MT-HVDC grids.
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Figure 1: Representation of a generic MT-HVDC network

2. Hierarchical control structure in MT-HVDC networks

A generic representation of a MT-HVDC network consisting of N stations
is sketched in Figure 1. At each terminal, a VSC connects the HVDC grid
with an AC grid. Some of these grids inject power into the multi-terminal grid
and others extract power. The first group includes for instance WPPs and the
second main shore networks.

The main purpose of a multi-terminal network is to share power among the
AC grids. To fulfil this objective, one or more VSC must regulate the DC
voltage at every terminal j. Since MT-HVDC networks are systems based on
power electronics (which provide high controllability), there is also an increasing
interest in MT-HVDC networks providing additional services for improving sta-
bility of main AC grids; such as frequency support, damping power oscillations,
among others.

In MT-HVDC networks, the power sharing is achieved by regulating the DC
voltage at all terminals. Therefore, at least one of the VSC connected to the
multi-terminal grid must regulate the DC voltage. However, additional controls
are also necessary to ensure that the desired power values are transferred to
their respective terminals with the best efficiency. In addition, the system must
continue working under certain faults and abnormal conditions. Similar to AC
systems, several control levels are needed to fulfil these objectives.

Figure 2 shows the four-level hierarchy control scheme proposed in [9]. The
current control is the lowest level and is responsible for regulating the current
injected by each power converter (VSC). The primary control level aims to
regulate the DC voltage using local information (DC voltage and power values at
terminals) and imposes the set-points to the current control loop. The primary
level is implemented with PI or droop controllers in the VSCs responsible for
regulating the voltage. This control must be decentralised in order to ensure a
suitable behaviour even under faults or other abnormal conditions, e.g. faults
in communications. The secondary level produces the voltage set-points for the
primary controls with the aim of restoring the power flow after a contingency
and thus ensuring the desired power exchange among terminals. This control
is slower than the primary control and can be centralised or distributed, using
communication channels to fulfil its goal. The tertiary level is focussed on long
term planning. For instance, in [10-12], an optimisation algorithm is proposed
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Figure 2: Hierarchical control structure for MT-HVDC networks

to generate voltage set-points to slack buses with the aim of minimising the
system losses. With a similar objective, Aragiiés-Pefialba et al. [13] present an
optimal tertiary control for a MT-HVDC network based on droop control. In
this case, the tertiary control produces the set-points for the power control.

All control levels participate more or less in the power sharing and in the pro-
vision of ancillary services depending on the particular control scheme. However,
the primary control is mainly aimed at guaranteeing a suitable power sharing as
this level is capable of working without communications. This ensures a suitable
power sharing with the aim of maintaining stable the main electrical variables
even under abnormal conditions. The other levels in general contribute to a
more efficient operation of the entire system. The provision of ancillary services
is mainly implemented in the secondary control, although there are some ex-
amples in which the primary control also participates in the fulfilment of this
objective. Before describing the different control schemes for power sharing and
the provision of ancillary services, a brief review of the control of VSC in the
context of MT-HVDC network applications is presented as these are key parts
in all control schemes.

3. Control of VSCs for MT-HVDC networks

The most common control strategy for VSCs relies on Park transformations
and PI controllers. The idea is to project the abc variables into the voltage
oriented synchronous reference dq frame. Thus, the design can be stated as the
tuning of several PI controllers seeking to regulate DC variables. This control
scheme consists of two loops and is sketched in Figure 3. The inner one focusses
on regulating the converter currents and the outer loop aims to fulfil other
objectives as voltage or power regulation. In this scheme, balanced voltages are
assumed.

3.1. Current control

As shown in Figure 3, the AC voltages and currents in the abc frame are
referred to the dq frame using the Park transformation. After this, the dynamics
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Figure 3: Common control scheme for VSCs

of the AC currents I is given by

di R. . 1

Tl: =Tl + wig + E(de — Via),
di R. ) 1

Tltq =Tl + wig — fqu’

where w is the frequency, ¢y and i, are the direct and quadrature currents
through the LR filter, Vi4 and V}, are the direct and quadrature voltages gener-
ated by the switching devices commanded by the PWM (pulse-width modula-
tion) algorithm and V4 is the direct AC grid voltage (V4 is 0 as the dqg frame
is oriented to the AC grid voltages).

Then, using the control law

Via :kpc(i:l - id) + kic /(ZZ — id)dt - sz’m

Vig =kpe(it — ig) + kic / (i — ig)dt — wLig,
~—

PI control decoupling
terms

with k,. = L/7 and k;c = R/7, the dynamics of the closed inner loop is given
by

dig
dt
where i} and ¢; are the direct and quadrature current set-points. These variables
are imposed by the primary control level in order to fulfil several objectives. In
this frame, the active and reactive powers are

1, di 1,
:7;(21177’11)7 d—f:—;(zq—qu

3 . 3 .
P = 5V$d2d7 Q = ivxdlqa

respectively. Therefore, each power can be independently controlled with proper
set-points 75 and .



Neglecting the converter losses, the power on the AC side and the DC side
coincides, then the DC current is given by

_ 3 Vaaia

I=
2 U’

where U is the DC voltage with dynamics governed by

dau 1

—=—I-1

dt C ( DC )a

with C the filter capacitance and Ip¢c the current injected into the DC grid.
Considering the converter limits, the DC variables must remain in the gray

areas illustrated in the U-P and U-I planes in Figure 4. The boundaries of these

areas are established by the following considerations.

e Power limits are imposed by the limits in the converter AC currents as a
consequence of the semiconductors rating.

e DC woltage limits, the upper voltage limit is imposed by the insulation
of the switching devices, the lower one by modulation limitations of the
converter topology.

e DC current limits are imposed by the current rating of the components
connected on the DC side.

The primary control must ensure the DC variables remain within these limits.
These strategies are presented in the next subsection.

3.2. Primary control at each terminal

As mentioned before, the primary control is decentralised, which implies
that the global behaviour is governed by the coordination of a set of controllers
using only local information (e.g. DC voltage, power at each terminal). This
is implemented by the outer loop control in the VSCs. In this subsection, we
present the different configurations for this controller focussing on the imple-
mentation, leaving the coordination and analysis of the entire MT-HVDC grid
behaviour for the next section.

There are basically four configurations to implement the primary control at
each terminal: constant power, constant DC current, constant DC voltage and
droop control. The first two configurations are applied when the VSC injects
power into the DC grid from an AC source. The third and fourth ones are used
when the converter is regulating the DC voltage. The droop control is basically
a proportional control law that is capable of distributing the voltage regulation
among several stations. The four control configurations are implemented in
the outer control loop, which provides the set-points to the inner current loop
previously described.



Voltage
Umax
| |
‘ Umin ‘
| |
1 1 Power
Pmin Pmax
Rectifier Inverter
Voltage
Umax
Umin
I |
| Current
Imin Imax

Figure 4: Limits for the DC variables due to converter limits in the U-P and U-I planes

3.2.1. Constant current control

In constant current control, the set-point for the direct current ig4 is given
by
2U e
3Vea
where I* is the desired DC current. This operating configuration is illustrated
in the U-P plane in Figure 5 (red line).

iy =

3.2.2. Constant power control

Constant power control scheme, sketched in Figure 6, includes a PI controller
and the factor 2/3V,4 in order to ensure the power delivered to the DC side is
maintained at P*. To this end, the current set-point is set as

2
3de

ih=

in steady-state. This relationship is obtained from active power calculation on
dq frame with V,,=0. Figure 5 illustrates the constant power strategy (blue line)
in the U-P plane along with the power converter limits. In this case, the VSC
controller ensures a constant power without any regulation of the DC voltage.
In general, VSC operating in this mode corresponds to power sources that are
not responsible for regulating the voltage, such as WPPs.
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3.2.3. Constant voltage control

Figure 7 shows the constant voltage control scheme, which consists of a PI
structure and a linearising factor at its output. In order to tune the PI control,
consider the power balance

Nodla _p_p_yr,,, =0,

where P is the power transferred to the DC grid, P, is the losses and I.qp, is the
current through the filter capacitor. Then, the DC voltage dynamics is governed

by
AU 1 (3Viaig
== —-P-p).
dt — UC ( 2 l)

Assuming the current loop dynamics is faster than the outer loop (iq ~ i}) and
using a PI controller, the DC voltage control law results

it = <k:pu(U* U + ke / - U)dt) U,
N

PI control linearising
factor

where the controller parameters are given by
b — 4w, C ke — 202C
e 3V77d ’ e 3VTd ’

with w, and & the frequency and damping corresponding to the desired location
of the closed-loop poles.
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Figure 8: Constant voltage strategy in the U-P plane

The constant voltage control is illustrated in the U-P plane in Figure 8. In
this case, the PI controller acts on the power injected/extracted in order to
maintain the DC voltage constant at a reference value. Commonly, a converter
with this control is called slack bus, since it is responsible for maintaining DC
voltage.

3.2.4. Droop control
Droop control is basically a proportional control aimed at regulating the DC
voltage. The droop control law can act directly on the current

I-TI"=K/(U-U"), (1)
or as input to a constant power control
P—P*=Kp(U-U"). (2)

This last scheme is illustrated in Figure 9. The droop gains are computed
according to the maximum allowed voltage deviations for given current or power
changes. The gain values determine the power shared with other converters and
also the stability of the entire grid.

Figure 10 shows the current and power droop strategies in the U-P plane.
The proportional control allows small deviations from the set-point U* providing
flexibility in the power sharing in multi-terminal applications as will be seen in
the next sections.



1max

U p iy
——>()—> Kp ——>()—> PI 7;
TU TP imin

Figure 9: Power droop control scheme

= Power droop Voltage
= Current droop
Umax
|
I
—— I
Pmaxl Power
Rectifier Inverter

Figure 10: Power and current droop strategies in the U-P plane

4. Control schemes for power sharing in MT-HVDC networks

This section analyses the coordination of the primary control schemes pre-
sented in Subsection 3.2 in order to ensure a proper power sharing among the
stations connected to the MT-HVDC grid. For this aim, at least one of the
VSC connected to the multi-terminal grid must regulate the DC voltage. There
are several options to fulfil this objective depending on the control strategy at
each VSC. In all cases, in order to obtain a feasible operation, only one VSC
can operate at constant voltage.

4.1. Master-slave control

In master-slave schemes, the DC voltage regulation of the entire network is
performed by only one station. To this end, one VSC works in constant voltage
mode (master terminal) and the rest of VSCs (slave terminals) are configured in
constant power mode. This is illustrated in Figure 11 for a four-terminal network
case. In this example, station 1 acts as a master terminal, which is the only
responsible for ensuring a proper regulation of the DC voltages at all terminals
of the network. In the U-P plane in Figure 11, the red line corresponds to a
constant power characteristic of VSC;. Considering the total power injected by
the other terminals Py, the system then operates at point A. If the station works
properly, the DC voltage is maintained at U* ensuring that power contributions
of the other terminals remain within the converter power limits.

With a terminal ensuring tight regulation of DC voltage, a precise control
of the power flow can be achieved. The main drawback is the system reliability

10
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Figure 11: Master-slave control in a four-terminal network. In the upper sketch, the arrows
represent information flow

since the control of the entire DC network depends on the proper operation
of only one station (the master). In case of outage of the master terminal or
P, reaching the converter limits, there would be no control of the DC voltage
leading to an outage of the entire DC grid. Furthermore, in order to ensure the
system is capable of restoring the DC voltage after any possible imbalance, this
scheme requires a large power rating of the master terminal.

As a consequence of these drawbacks, master-slave configurations are not
common in MT-HVDC networks, and there are few articles reporting the use
of this scheme. In [14], it is analysed a master-slave configuration of a multi-
terminal with induction generators connected to the slave terminals. Zhang
et al. [15] use the master-slave scheme in a micro-grid with wind power, energy
storage and loads. These results mainly focus on the distributed generation and
the outage of the master-terminal is not analysed. Some simulation results can
also be found in [16] where several control methods are compared.

4.2. Margin voltage control

The margin voltage control scheme has been proposed to improve reliability
by sharing the responsibility for regulating the voltage among two or more
terminals [17, 18]. Basically, this configuration is a master-slave scheme with
back-up stations capable of taking over the voltage regulation in case of outage
of the master.

The idea is illustrated in Figure 12 for the case of a four-terminal network.
The graph at the bottom shows the U-P static characteristics of VSC; and

11
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Figure 12: Example of a voltage margin control strategy. In the upper sketch, the arrows
represent information flow

VSCs (referred to station 1 terminals). In normal operation, VSCj is the master
terminal and the rest of the stations are slaves working in constant power mode.
Thus, the master station maintains the DC voltage at the set-point U] and the
back-up station VSCy works in constant power mode with set-point in P,. In
case of an outage of station 1 or reaching its power limits, the DC voltage starts
to rise. When the voltage reaches the level Uy, the converter in terminal 2 leaves
the constant power mode and starts the regulation the DC voltage. In order
that this configuration can properly work without communications, the main
master station (used in normal operation) must have a lower voltage set-point
and the last back-up terminal must be the one with higher voltage set-point.
Figure 13 shows the implementation of the voltage margin control. Normally,
the voltage of the entire network is regulated by VSC; at set-point Uy. As
U; > Uy, the voltage controller in terminal 2 is limited at the lower level Ps.
As aresult, station 2 remains working in constant power mode. If the DC voltage
rises, due to an outage of station 1, the PI controller in terminal 2 enters the
linear zone and starts to regulate the voltage. The lower power limit in station
P, can be set by the system operator according to power flow requirements.
As a consequence of the more accurate control of the power flow and the
improved reliability, compared to master-slave schemes, this configuration has
attracted the attention of several researchers. The proposals include complex
schemes with several back-up master stations and DC voltage set-point levels.
Nakajima and Irokawa [18] present the application in case of a three-terminal
network. In [19], the use of multi-terminal grids with different renewable sources

12
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is analysed. Similar results are presented in [20], in case of a multi-terminal with
several renewable sources (wind, tidal) and storage. A comparison with other
methods is presented in [21]. The operation of this scheme under a converter
outage is analysed in [22].

On the downside, the voltage margin control only allows fixed power sharing
unless communications are used. To add more flexibility, additional voltage
and power set-point can be used, increasing the complexity. Furthermore, the
scheme needs several control loops for its implementation which leads to slower
voltage regulation [23].

4.3. Droop control

The use of droop control in MT-HVDC networks is proposed in [24]. It con-
sists of two or more stations equipped with droop control and the rest of VSCs
with constant power control. The idea is similar to the frequency regulation
used in AC grids. A power imbalance is reflected as a deviation of the DC volt-
age, which induces positive or negative contributions from the terminals with
droop control. This variation steers the system towards a new stable equilib-
rium. The operation is illustrated in Figure 14 in the U-P plane. In this case,
terminals 1 and 2 regulate the DC voltage and terminals 3 and 4 work at con-
stant power. The system is initially working at point A, where the equilibrium
Py + Poy = Psy+ Py, is reached with voltages Uy, and Us,, respectively. When
the total power injected by terminals 3 and 4 rises, the droops at the other ter-
minals lead the system towards the new equilibrium at point B. This causes an
increase in the voltage terminals, but also a new power share to accommodate
the increase in the total power coming from stations 3 and 4.

In droop control, the responsibility for the DC voltage regulation is shared
among all stations with droop control. As a consequence, in case of an outage of
one terminal, the rest of the system is able to continue working. Besides, since
all terminals with droop control participate in the voltage and power regulation,
large power balances can be managed with stations of small power rating. This
high reliability has made the droop scheme the most promising control in MT-
HVDC networks. The evaluation of this scheme can be found in [16, 22, 25],

13
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among other references. In particular, an experimental implementation in a
scale multi-terminal grid is presented in [26].

The main drawback of droop control schemes is the difficulties to ensure a
desired power flow as the sharing is governed by the DC voltage errors at each
terminal [27]. Sometimes communications are needed for achieving a proper
power flow [28]. Besides, large droop gains can provoke oscillations in the DC
voltage [29-31]. To improve performance under various loading conditions, ref-
erences [12, 32, 33] have proposed an adaptive scheme that modified the droop
gains depending on the system state.

4.4. Ratio control

This configuration can be seen as a droop control scheme with additional
parameters that provides more flexibility in the steering of the power flow [7, 34].
As in droop control, some stations work in constant power mode and other
terminals regulate the DC voltage using the law

Ij — Ij* = TLjK]j(Uj — U;),

where n; is the contribution part of each terminal with > ;nj = 1. It can be
proved that the factors n;’s impose the power contribution ratio of each station
regulating the voltage [34]. Therefore, by adjusting these parameters, the system
operator can control the power participation of each terminal in the DC voltage
regulation. The ratios can also be changed during operation, if communications
are available, to adapt the power flow according to the generation conditions.

14



However, the inclusion of communications may be a drawback as it increases
costs and reduces reliability [34]. Another disadvantage of ratio control is that
the computation of the parameters (ratios) for a desired power share can be
cumbersome in case of a large number of stations [34].

4.5. Priority control

This scheme combines droop control and constant voltage modes, and is
also known as master-slave with droop control or dead-band droop control. The
idea is to give priority to one station over the rest in the power regulation.
The station with high priority operates in constant voltage and the others in
droop control [34-37]. The idea is illustrated in Figure 15 for a four-terminal
network. Terminal 1 is the station with high priority and works in constant
voltage control. Terminal 2 operates in constant power control as the rest of the
terminals, but it is equipped with a droop control in case of abnormal conditions.
In normal operation (point A in Figure 15), the DC voltage is regulated by the
high priority station with a PI control law. In case of a fault occurs or the
converter reaches its power limits or the value decided by the system operator,
this station enters constant power mode. An increase in the voltage is caused
by a momentary imbalance, which activates the droop controls of the other
terminals. Under this circumstance, these stations take over the regulation of
DC voltage. Figure 15 illustrates the scenario when a voltage fault occurs in
the AC grid connected to the high priority terminal. This reduces the power
limits, forcing the converter to enter constant power mode. As a result, the DC
voltage rises and terminal 2 takes over the voltage regulation leading the system
to a new equilibrium corresponding to point B in Figure 15.

Clearly, this scheme is useful when one of the terminals has precedence to
inject power into the grid. Omne example is the islanded DC microgrid with
generation and storage analysed in [38], where the terminal connected to the
AC grid has precedence during normal operation. In case of a fault in the AC
grid, the droop control in the other terminals is responsible for ensuring the
power balance.

Priority control seems suitable for grids with a low number of terminals since
the design and coordination of this scheme with a large number of stations could
be cumbersome. Besides, by assigning priority to some terminals over others
could result in a less effective use of the network capacity.

4.6. Undead-band droop control

Undead-band droop control is proposed in [39] and consists in all stations
regulating the DC voltages configured with a modified droop control. Figure 16
illustrates the idea for a four-terminal network with two stations regulating the
DC voltage.

The modified droop control consists of two regions with different droop gains.
One droop slope corresponds to normal operation (point A in Figure 16) and
the other to disturbed conditions (point B). When the DC voltage leaves the
normal operating range, the strategy switches to a lower droop gain in order to
ensure a tighter voltage regulation. A similar idea is proposed in [40].
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This scheme offers, in addition to the same advantages than conventional
droop control, an improved power flow regulation due to their different droop
regions prepared for normal and fault conditions. The main drawback of undead-
band droop control schemes is the need of high ratings for all power converters
in order to ensure a wide operation range. Moreover, their design and extension
to larger systems are difficult.

4.7. Comparison of the different power sharing control schemes

Table 1: Summary of some of the most relevant characteristics of the different control schemes
for power sharing control in MT-HVDC networks

Control configu- Reliability Power VSC Design Scalability Response
ration flow rating com- time
steering plexity

Master-slave low high high low high low
Margin voltage medium  high high high medium  high
Priority medium  medium  medium  high medium  low
Undead-band high medium  low medium  medium  low
droop

Ratio high medium  low high low low
Droop high low low low high low

Table 1 gathers several features of the previously described control schemes
for power sharing. The table allows comparing the schemes in terms of relia-
bility, capability of steering power flow, demanded power rating to the VSC for
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Figure 16: Example of an undead-band droop control strategy. In the upper sketch, the
arrows represent information flow

voltage regulation, complexity, scalability and time response. It can be observed
that control schemes like master-slave, with centralised authority, are capable
of achieving a better power steering, but are less reliable. On the other hand,
schemes with decentralised authority, such as droop control, are more reliable
since several stations are responsible for regulating the voltage. However, it is
more difficult to ensure an accurate power flow steering, although this can be
corrected by the upper control levels. These conclusions are graphically sum-
marised in Figure 17. Table 1 also shows that schemes with more centralised
authority required higher power rating in the control terminals. Besides, im-
provements on master-slave schemes like margin voltage control increases relia-
bility and reduces the VSC power rating, but at expenses of higher complexity
reducing the scalability (i.e. the use in systems with a large number of stations)
and increasing response times.

5. Ancillary service provision from MT-HVDC networks

As a consequence of the extensive use of power electronics in the current and
future power transmission systems, new grid codes are under study. These codes
impose strong requirements on power electronics based systems in order to allow
their connection to the power systems. The fulfilment of these new requirements
has encouraged the development of new control strategies for HVDC grids in
the last years.

A large number of articles have proposed different control alternatives in
order to use DC-links (two-terminal networks) for providing ancillary services to
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Figure 17: Graphic summary of the main features of different control schemes for power
sharing in MT-HVDC networks

the AC grids, such as frequency support, damping of power oscillations, inertia
emulation, and so on. However, a lower number of articles have considered
the use of the additional degrees of freedom available for this purpose in MT-
HVDC networks. This is a consequence of the complex interactions among a
great number of stations and the local controls, which makes difficult to extend
DC-links ideas to multi-terminal networks.

This subsection analyses three main ancillary services (frequency support,
inertia emulation and power oscillation damping) that could be potentially pro-
vided by the MT-HVDC networks.

5.1. Frequency support

In order to ensure a stable operation of AC systems, there must be a power
balance between generation and demand. Any power imbalance is reflected as
a fluctuation in the electrical frequency. For instance, a fully or partially loss of
a generation unit causes a frequency fall governed by the total system inertia.
Grid codes establish that generation plants must contribute to the frequency
stability by regulating the active power injected into the grid. The grid codes
also indicate the acceptable frequency response in case of power disturbances
and classify the responses according to time ranges as: primary, secondary and
tertiary responses. The primary response corresponds to the suitable frequency
behaviour in the first seconds after the disturbance and establishes the maxi-
mum deviation and time ranges to stop the frequency decrease/increase. The
secondary and tertiary responses concern with the restoration of the frequency
to rated values and is normally provided by slow varying power reserves. Fig-
ure 18 shows a typical primary response established in the grid codes. The
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Figure 18: Typical expected primary frequency response, according to grid codes, where
fdst,min is the minimum steady state frequency, fc min and fcmax are the limits of the fre-
quency dead-band for the activation of primary reserves

primary response is in turn divided into two time ranges: fast and slow primary
responses. The former is governed by the mechanical inertia (or fast response)
of the generation units, and the latter by a control-loop aimed at stopping the
frequency fall. Power electronics based systems, as MT-HVDC networks, are
expected to contribute mainly to the primary frequency response. This sec-
tion focuses on slow primary response, whilst inertia emulation (or fast primary
response) is described later in Subsection 5.2.

Several researchers have tried to exploit the rapid response of VSCs and
the distributed power reserves available in MT-HVDC grids to propose control
strategies to provide primary frequency support in AC networks. These controls
operate at the secondary level in the hierarchy scheme discussed in Section 2.
The aim is to produce the suitable power set-points in order to reach a balance
and lead the frequencies of the AC grid converter to a new equilibrium point.
This allows sharing the power reserve and reducing costs. The first works were
focussed on frequency control of two AC grids connected by HVDC links or
tie-lines. In [41], the frequency stability of a four areas interconnected system
with a DC tie-line in parallel to an AC line was analysed. Sanpei et al. [42]
propose a centralised optimal control for two AC grids connected by a DC-link
with the objective of maintaining the power balance. In [43, 44], it is analysed
the capabilities of these systems to reduce frequency deviations after power
disturbances, finding that when the AC grids are only connected by DC-links
the contributions to the frequency regulation can be significant.

To extend previous results to multi-terminal networks can be cumbersome
in case of a large number of terminals. In this case, the control must coordinate
the contributions of all the stations and guarantee a stable and proper operation
of the entire MT-HVDC grid. For these reasons, the research has been moved to
distributed control concepts. For instance, Dai et al. [45] present a distributed
control scheme to provide primary frequency support in non-synchronous AC
networks connected by MT-HVDC grids. Further improvement to this scheme
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is presented in [46], in which cooperative control tools are used to enforce the
frequencies of the AC grids to converge to a common value. Two control schemes
are proposed. The first one uses the power injected by N-1 converters as control
variables and a consensus algorithm (using the measures of the other terminals)
to force a common frequency in all AC areas. The second scheme controls the DC
voltage to reach a power balance and thus achieving a frequency regulation in
all AC areas. This is a decentralised strategy that relies only on local measures.
With a similar objective, Andreasson et al. [47] propose a decentralised control
based on passivity concepts to ensure asymptotic stability. In all these cases,
MT-HVDC networks are employed to stabilise the frequency in the AC grids by
sharing active power among all stations.

5.2. Inertia emulation

According to ENTSO-E, synthetic or emulated inertia is “a facility provided
by a power park module to replicate the effect of inertia of a synchronous power
generating module to a prescribed level of performance”. In other words, the
concept refers to the generation unit capability to provide the fictitious inertia
for network frequency stability support. ENTSO-E grid codes not only requests
this special capability to generation units, but also to HVDC-links and DC-
connected power park modules (which includes MT-HVDC networks). This can
be understood as the capability to contribute to fast primary frequency response,
the first seconds after the fault occurrence (frequency sags). Before reviewing
the available proposal on the topic, a brief background on inertia emulation by
using MT-HVDC grids is presented.

5.2.1. Background on synthetic inertia emulation from MT-HVDC

In AC systems, the system inertia J defines the energy stored in the rotat-
ing masses of the synchronous generators, which may be used for fast-primary
frequency response. The inertia of the AC network has critical influence on
the frequency response as it governs the rate of change of frequency (ROCOF)

according to s 4

%Hdi; _P,— P = AP, (3)
where fy is the nominal frequency, H = Jw?/2S, P, and P, represent the
generation and consumption powers, respectively, and AP; is the energy stored
or delivered by the system inertia.

In DC networks, there is no rotating masses, but the energy stored in the DC-
side capacitors may play a role analogous to the system inertia J. Besides, as any
power imbalance among stations is reflected in the DC voltage U, this variable
can be considered as the analogous to the frequency f. Using these analogies,
the dynamics of the AC/DC power sharing can be stated in an expression similar
to (3),

NU daUu

L Ciot—r = Pypy — Pouy = APy, 4
S’USC ttdt t 2 ()
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where N is the total number of capacitors in the multi-terminal system, Cj,;
is the sum of the DC-side capacitances and the average value of the line per
each VSC converter, S, represents the rating of the VSC converter in VA, P;,
and P,,; represent the input and output powers flowing through the converter,
respectively, and AP, is the energy stored or delivered by the system DC-side
capacitance.

Comparing (3) and (4), it can be seen that the main difference between AC
and DC networks is the time scale of the dynamic responses, seconds in AC
systems and milliseconds in DC systems. In case of DC systems, the system
inertia is governed by the total capacitance instead of the mechanical inertia in
AC systems.

By comparing the energy stored in AC systems (3) and DC systems (4), the
following expression can be obtained

NU dUu 2 df

o ot~ 5, — T, Htwvsc 4, 5
Svsc ret dt fO dt ( )
After integrating both sides of (5) and simplifying, it results in

2Hvscf _ NcthQ
fO B 2Svsc
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2SUSC
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Then, from (6), an emulated inertia can be computed as

_ NCwU3fo [ (AU 2
H,. = 15, Af U, +1 1]. (7)

The value H,,. indicates the equivalent inertia that a DC network with VSC is
able to emulate.

5.2.2. Control schemes for inertia emulation provision

The main goal of synthetic inertia controls is to emulate the real inertia
provided by synchronous generators. The emulation is obtained with the energy
contribution of non-mechanical systems, such as VSCs, using a suitable control
strategy. Two inertia emulation schemes based on VSC have been proposed
in literature. Both schemes use the energy available in the DC capacitors to
mitigate frequency sags and are applied to the grid-side converters of MT-HVDC
networks. Despite the inertia emulation can be applied to any VSC of the multi-
terminal network, only one should be active at the same time in order to avoid
interactions among converters that may result in negative effects.

The first scheme employs the frequency derivative measured at the grid
connection point and varies the current set-points in order to regulate the active
power contribution coming from the MT-HVDC grid [48]. In this case, the active
power set-point is controlled by the variation of the d-axis current, as shown
in Figure 19. The measure of the frequency derivative can be obtained from a
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Figure 20: Synthetic inertia using INEC control scheme

washout filter with the aim of reducing the negative effect of noise. The scheme
also includes a dead-band to prevent the control from acting during normal
small frequency deviations.

The second synthetic inertia emulation controller (INEC) proposed in [48]
measures the frequency with a phase locked loop (PLL) and acts on the DC
voltage set-points of the power converters. These set-points are derived from
(6) [49] and can be computed as

4S5, s H.
U* — vscilvse o K 7 8
¢ NCuuifo + ~ 1 ®)

where

Kl = KOQSUSC/NCtOt = 4Svschsc/NCtot - U(T

The DC voltage set-point must remain within the maximum and minimum
admissible converter limits. This scheme may result more reliable as it does not
need the measure of the frequency derivative.

These previous schemes show that the use of the energy stored in the MT-
HVDC network capacitors can be used to effectively emulate the inertia of
synchronous generators. The challenge is to improve stability margins and per-
formance by coordinating the action of several stations.

5.83. Power Oscillation Damping

Power system oscillations appear as a result of excitation of natural frequen-
cies associated with the equivalent system inertia and synchronous generators.
In general, the damping of these power oscillations may be achieved by regulat-
ing both active and reactive powers [50].
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The inclusion of power electronics within the power systems has added new
controllable units that could be used to improve power system stability. The
VSCs at the terminals of the HVDC networks are capable of providing fast con-
tributions of active and reactive powers. Therefore, some articles have proposed
to use these converters to help in the damping of power oscillations in AC sys-
tems. These schemes can be classified by the topology of HVDC networks in
point-to-point HVDC-links and MT-HVDC grids.

5.83.1. HVDC-links

There are a number of results focussed on point-to-point HVDC-links. Al-
though this review is focussed on MT-HVDC grids, previous experiences ob-
tained from HVDC-links can give clues for potential control schemes. For in-
stance, Venkataraman et al. [51] use Ho, optimal control with the aim of in-
creasing the damping of the power systems using uncertainty representations to
cover the dynamic changes associated with different operating points. In [52],
exact linearisation is used with similar objectives. Hazra et al. [53] analyse the
selection of several measures and control signals in order to achieve the max-
imum effect on the transient response of the AC grids. Pipelzadeh et al. [54]
determine the most suitable control signals for the HVDC links to damp power
oscillations, showing the potential of using active and reactive power simulta-
neously. In [55], a robust decentralised control is proposed using a homotopy
approach to add various PSS active and reactive power loops with different
input signals, improving reliability and robustness.

5.8.2. Multi-terminal HVDC networks

Providing oscillation damping from MT-HVDC grids results more complex
as the coordination of several VSC controls is necessary. In multi-terminal
networks, at least one converter must be responsible for regulating the DC
voltage. The other converters can be used to control the power injected with
the aim of damping power oscillations.

Ndreko et al. [56] propose three different control schemes (PSS-type, pro-
portional and band-pass controls) acting on the active power, which exhibit
promising capability for damping power oscillations in the AC grids. In [57],
a design procedure is proposed to minimise the effect of abrupt DC voltage
changes caused by converter disconnections. The procedure uses singular value
decomposition (SVD) to determine the input direction with fewer effects on
the AC grid side and thus computing the most suitable droop gains. On the
other hand, Lyapunov stability theory is used to propose a nonlinear control law
in order to ensure asymptotic stability in power systems including MT-HVDC
networks [58]. Eriksson [59] presents an optimal droop scheme for voltage reg-
ulation in order to maximise controllability without using communications and
to provide oscillation damping from MT-HVDC.

Most of these solutions are mainly focussed on active power regulation at
the AC side of power converters. However, there are still some challenges to be
faced such as the control design to ensure DC voltage stability and the selection
of input and output signals to achieve the most effective damping.
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Figure 21: MT-HVDC grids in offshore wind power applications

6. Control of MT-HVDC networks in wind power applications

In case of offshore wind farms connected to onshore AC grids, the terminal
stations corresponding to the wind farms commonly operate at constant power
in order to deliver all power generated. The stations corresponding to the land
grids can use several approaches in order to fulfil the objective of transferring
the power generated at wind farms to consumers or loads in the land grids.
Figure 21 sketches a MT-HVDC of N stations for power sharing purposes, in
which some of them are offshore wind farms.

When some of the terminals are WPPs, especially offshore wind farms,
some of the concepts previously described about MT-HVDC networks must
be rethought. The following particular features of WPPs should be considered
to adapt the previously described control schemes.

e Power injection capability: WPPs are basically capable of injecting power
into the MT-HVDC networks. Although some power extraction capabil-
ity can be added with the help of energy storage systems or dissipation
devices, the amount of power extracted from the grid is quite limited.
This imposes serious constraints on the control strategies. In this case,
the control must be mainly centred on the use of the AC grid terminals
and must consider the limitations on the control variables at the WPP
terminals.

e Reliability: As the main intention is to use the MT-HVDC networks to
connect offshore WPPs, the reliability of the whole system is crucial. The
maintenance of offshore facilities is considerably more expensive and more
dependent on meteorological conditions than onshore installations. This
implies that the control strategies must have fault tolerant capabilities
and keep working even under certain abnormal conditions. Especially, the
control scheme must have at least low-level control strategies to ensure a
basic operation without communications.

e Highly variable power generation: One of the most significant difference
of WPPs with respect to conventional power plants is the high variability
of the power production. In case of MT-HVDC networks, this implies
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continuous changes in the power flow. As a consequence, the control
schemes must be capable of properly working in different conditions.

e Free selection of electrical frequency: As there is no consume connected to
WPPs, the electrical frequency in the wind farm AC grids can be freely
selected. This provides an additional degree of freedom in the proposition
of control strategies e.g. in cases of frequency support. In this case, the
frequency in the WPPs can be adjusted using distributed control schemes
like those proposed in [46].

The number of articles explicitly considering these distinctive features is con-
siderably lower than those dealing with MT-HVDC grids with generic terminals.
The most relevant results are presented in the following subsections.

6.1. Control schemes for power sharing

In order to ensure power sharing from wind farms to terrestrial grids, almost
all schemes previously presented in Section 4 have been also adapted to multi-
terminal networks including WPPs.

6.1.1. Master-slave

The use of master-slave configuration in WPP applications is rather direct
as one of the terrestrial areas must act as a master to regulate the DC voltage
and ensure a proper power sharing. The terminals connecting wind power farms
work in constant power mode injecting all the power generated. Considering the
lack of reliability discussed in previous sections, this scheme is not common in
wind power applications. A master-slave configuration is analysed in [60] for a
four-terminal grid connecting three wind farms with a terrestrial grid, the work
is more focussed on the implementation aspects and faulty conditions are not
considered. In [61], it is addressed the optimisation of the power flow in MT-
HVDC with WPP with the aim of minimising transmission losses. Experimental
results in a scaled test rig are presented in [7].

6.1.2. Voltage margin control

As in the previous scheme, the application of voltage margin control in WPP
applications does not present significant differences with other applications.
Some of the converters connecting the land AC grids are designed as master
and backup stations. This configuration is not popular in the literature, only
few results have analysed this scheme in case of terminals connected to WPPs.
In [16], simulation results can be found with the aim of comparing with other
configurations.

6.1.3. Droop control

Droop control seems to be the most popular strategy to regulate the DC
voltage and to ensure the proper power sharing even under abnormal conditions.
A configuration of droop and constant power is proposed in [62—-64]. In normal
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operation, the grid side converter regulates the DC voltage with a current based
droop law at each terminal,

I—I" = K (U—-U".

The converters on the wind farm side operate at constant power configuration.
In abnormal conditions, such as severe voltage faults in the AC grid, the power
limits of one or more grid side converters can be reached reducing the capability
to regulate the DC voltage. For these scenarios, wind farm converter equipped
with droop control has been proposed in [62, 63]. Figure 22 shows the strategy
in the U-I plane in case of a two-terminal network. In normal operation, the
system remains at point A with voltage Ui, at the grid side terminal and Us,
at the wind farm terminal. In case of faults in the AC grid side, the maximum
power limits in the grid side converter decrease and cannot continue regulating
the voltage. Now, the U-I characteristic of the grid side converter is given by
the blue dashed line. As a consequence, the voltage rises forcing the wind farm

converter to enter droop control mode. Thus, the equilibrium moves to point
B.
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Figure 22: Droop control in WPP applications, dashed lines denote abnormal operation

Implementation aspects and detailed simulations are considered in [65, 66].
In the grid side converter, the implementation of droop control is more or less
direct. However, the operation in abnormal conditions, in which the wind farm
converters take over the DC voltage regulation, the implementation of the droop
control is more complex. In [7, 62], the droop control is implemented acting
on the AC voltage with the aim of regulating the power injected by the wind
farms in abnormal circumstances. In [67], three options for operating under
faulty conditions are proposed: the use of communications to control the power
generated, the modulation of the wind farm frequency, and the use of a DC
damping resistor. Implementation aspects are further analysed in [26], in which
the droop control in multi-terminal grids is studied in a scaled experimental
platform where both normal and converter disconnections are studied.

6.1.4. Ratio control
Ratio control is applied in [7] in a scaled test rig including two grid-side
converters and one wind-farm station. The ratio control is used to maintain
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constant the participation of both grid side converters in the voltage regulation.
The application to a five-terminal network, with three land grids and two wind
farms, is analysed in [68].

6.1.5. Priority control

Priority control is used, for instance, in [67], where one of the stations con-
nected to the terrestrial grid works in constant voltage mode acting as master
(terminal with higher priority) and the other grid side converters works in droop
or ratio control. In this way, the wind power is conducted first to one particular
AC grid and only when the wind farm production is too high the power excess
is sent to the other AC grids.

6.2. Control for ancillary services

As in the applications analysed in Section 5, the multi-terminal networks in
WPP applications will be probably required to contribute to system stability
by providing ancillary services like frequency support, damping of power oscil-
lations and inertia emulation. The provision of these services by WPPs has
been extensively studied. However, the provision of these services by WPPs
connected to AC land grid through MT-HVDC networks requires new control
strategies. Since the wind farms are not directly connected to the main AC
grids, the contribution will be provided by the grid-side converters of the MT-
HVDC networks (notice that the power may be also shared among different AC
grids). In this circumstance and with the aim of not affecting other AC sys-
tems, ancillary services are expected to act on the active power delivered by the
WPPs. For this purpose, wind farms may provide a power surplus in normal
operation by slowing down the wind rotor (extracting the energy stored in the
rotor) or by acting on the pitch control and the power converter to use power
reserves in the wind turbines (deloading) [69-72].

The number of articles about the use WPP connected through MT-HVDC
networks to provide ancillary services is not large. Silva et al. [73] propose a
modified droop control in order to regulate the frequency in the AC grids by
means of the DC voltage control. This scheme aims at providing fast and slow
primary frequency response without communications. This is an important fea-
ture in MT-HVDC networks connecting offshore WPPs, as communications may
result problematic in these applications [74]. In order to avoid interactions be-
tween the power sharing control presented in the previous works, Martinez Sanz
et al. [75] propose a weighted frequency control strategy. The scheme is still a
droop control scheme but uses communications to inform the offshore WPPs
about the power contributions needed to compensate the frequency deviation
in the AC grids. The simultaneous use of wind turbine inertia and the energy
stored in the DC capacitors for providing fast primary frequency response is
analysed in [76]. Although the work only considers HVDC-links transferring
power from offshore WPPs, the proposed concepts could be also used in multi-
terminal networks.

Regarding power oscillation damping, Ndreko et al. [56] propose the imple-
mentation of an extra control loop that modifies the active power set-points of

27



the wind farms with the aim of producing the necessary active power signal for
damping power oscillations. In this case, communications among onshore AC
grid converters (the ones which needs the contribution) and the offshore wind
farm converters are required. In this scheme, the control of the MT-HVDC
network does not participate in the service provision. A relevant issue to con-
sider, especially for this ancillary service, is the potential interaction between
the ancillary service control and the wind turbine mechanical structure, which
may cause undesired torsional loads.

7. Conclusions

Power transmission systems based on MT-HVDC technologies are foreseen
as one of the key elements in future power systems including offshore grids.
As each station is equipped with electronic interfaces, the behaviour of MT-
HVDC networks is dominated by the control strategies. In general, the control
in MT-HVDC grid involves several levels, each one with a particular goal.

The power sharing among stations is mainly governed by the primary control
level. This level is, in general, a decentralised control scheme in order to ensure
a proper operation even under communication faults. The control schemes pro-
posed in the literature range from a highly centralised authority (master-slave)
to more decentralised authority like droop control. The first schemes ensure a
better power flow steering, but low reliability. The opposite occurs with the
second group. In order to enhance the advantages of each group, several inter-
mediate solutions have been proposed. The trend in the research favours the
droop-type control, although in the first real world application a voltage margin
control scheme has been chosen.

With the expected growth of MT-HVDC networks, and the consequent re-
duction of the power system inertia and the increase in the controllability, the
provision of ancillary services demanded to MT-HVDC grids will increase. The
main contributions of MT-HVDC grids will be in frequency support, power os-
cillation damping and inertia emulation. The frequency support schemes are in
general based on distributed control ideas seeking to share active power among
AC areas (no power reserve in DC grid) while maintaining the voltage of the
HVDC grid stable. The potential use of the energy stored in DC grids to pro-
vide frequency support and thus reducing the power shared among AC areas
may be worthy of being studied. The control strategies for power oscillation
damping are focussed on the regulation of the active power in the AC side with-
out significantly affecting the DC grid stability. The use of reactive power for
damping oscillations, as proposed for other power electronic based technologies
(e.g. FACTS or wind power), as well as the impact of power converter loading,
has not been extensively analysed in the literature. Regarding inertia emula-
tion, the proposed control schemes use the existing capacitors on the MT-HVDC
networks to emulate the concept of inertia in the AC system. However, there is
no study on system energy recovery or on its effects on the systems.

When some of the stations are WPPs, both the power sharing and the ancil-
lary service provision schemes must be rethought. For power sharing purposes,
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wind power terminals are commonly injecting power into the DC grid with a
specific power curve, which modifies the overall response of the system. In case
of provision of ancillary services, the challenges are in minimising the use of
communications and interactions with the power sharing control.
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