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Abstract—This paper addresses the problem of ancillary ser-
vices in ac systems interconnected by a multi-terminal HVdc
system. It presents opportunities for new control schemes and
discusses operation strategies for three types of HVdc grid op-
erators, namely a coordination center, an independent operator
and the transmission system operator in charge of one of the
areas interconnected by the multi-terminal HVdc grid. In these
contexts, the paper envisions the challenges of using the HVdc
infrastructure to provide frequency, voltage, and rotor angle
stability-related ancillary services. It also analyzes the technical
and economic impacts of the operation strategies on the ac areas’
dynamics.

I. INTRODUCTION

ULTI-TERMINAL HVdc (MT-HVdc) systems have re-
ceived much attention recently. They represent actually

an alternative pathway to connect non_synChronous pOV\{__er 1. Example of a system with ac areas interconnected by\aitgrid.

i 0.
sys_tems and integrate offshore ren_ewable energy sourges '['fe colored pentagons represent the ac areas, the squasegddh converters,
While decisive technology-related issues are still to be aghd the dark lines the dc transmission lines.

dressed [2], [3], many questions already arise on the dparat
of such systems and their interactions with onshore and
offshore ac grids. In particular, as manufacturers of cdeve In practice, such control of a MT-HVdc grid requires
stations tend to develop devices whose real and reactivempowapecific control schemes for voltage and currents throughou
injections can be independently controlled, specific dpmma the dc grid, which impact the interconnected areas. To asses
schemes could be designed to provide ancillary servicassto the dynamics of a system where a MT-HVdc grid provides
ac areas. ancillary services, we consider in this paper a power system
At the master control level, the reactive power injectiowith N areas operated by independent transmission system
of an HVdc conversion station equipped with voltage-souraperators (TSOs). The areas are interconnected by aa¢is-li
converters (VSC) can be controlled with no significant intpaand/or by the MT-HVdc infrastructure through conversion
on the other converters. On the contrary, the real powstations. An example of such a system is depicted in Fig. 1,
injections into the ac areas are related, as they dependeoniilinere no area is synchronous with another one, exceptlarea
power flows through the HVdc grid, which can be controllednd area.
by means of settings for dc voltages, dc currents, and/@r vol |n this context, we discuss different operation strategies
age/current droops at the converter stations [4]. In ojmerat valorize the ancillary services that could be provided by th
the instantaneous value of those control variables, whidh WMT-HVdc grid. The discussion will account for the type of
be referred to from now on as “control setting,” must bentity that operates the MT-HVdc system, namely an indepen-
consistent with both the technical abilities of the coreest dent operator, an inter-TSO coordination center, or ondef t
including the internal control dynamics, and the transioiss interconnected TSOs. The paper also presents a qualitative
capacity of the MT-HVdc system. In the long term, its averaggtudy of the operation strategy’s impact on the dynamics
value over a period of typically 15 minutes should be equal &F the interconnected regions. More specifically, it disass
a “set point” that corresponds to electricity market outesrin  the technical and economic outcomes of different policies
the ac areas interconnected by the MT-HVdc infrastructbife [in terms of frequency deviations, reserve requirementsy ro
and could be modified to coordinate the balancing markets;mgkg stability, and need for reactive power support.
the areas [6]. In this paper, we will consider a given setpoin The paper is organized as follows. First, we present the
and discuss how the control settings can be modulated in figtential use of MT-HVdc systems in terms of frequency,
shorter term to handle imbalances in the ac areas and smaffage, and rotor angle stability-related ancillary $e#s and
transitions from one set point to another. discuss the related dynamics. Second, we elaborate onetiiffe
Yannick Phulpin is with the INESC Porto, Portugal (email@yigin.eu). policies for the operation of a MT-HVdc infrastructure and
Damien Ernst is with the University of ke, Belgium (dernst@ulg.ac.be). discuss their influence on the power system dynamics.




frequency control B EﬁeCtS

system state _ Implementing short-term control of the MT-HVdc infras-
primary __Jcoprrotaction trycture to provide frequency control-related ancillayvices
reference value has practical consequences in terms of frequency devsation

and reserve requirements.
1) Impact on frequency deviations : As secondary HVdc
ij;::::t’r‘;l operational constraints control is to smooth variations of the power injections ittie
ac areas, it should not involve significant frequency déwiest
On the contrary, short term variations of the HVdc setting ar
likely to affect the frequencies of the ac areas. We discuss
Fig. 2. Frequency control scheme for a multi-terminal HVdc eyst therefore the two schemes for HVdc primary frequency contro
that are introduced in Section IlI-A.
a) In the case of a power flow modulation directly re-
[l. FREQUENCY CONTROL lated with the frequency deviations of the areas, as primary
If sufficient operational margins are available for the Hvdtrequency control effort is shared among several areas, any
system, the control setting can be modulated in the short-teimbalance can impact all the areas regardless of its latatio
to modify power flows in the interconnected power systerhience, HVdc primary frequency control induces a smoothing
The HVdc systems could then address issues related weffect between the imbalances of the areas, which conse-
sudden imbalances in the ac areas, which induce frequemgiently undergo frequency deviations with a much lower
deviations, by modifying the power injections depending oamplitude [12].
the values of the frequencies in the ac areas. b) If the power flow is modulated in emergency situations
only, the ac areas will face the same probability of occureen
for small frequency deviations as with no specific shonter

A. Implementation ! i
. : _ ) HVdc control. However, by virtue of the smoothing effect,
As frequency control is usually hierarchical in ac ST

1 th deli o likel b %adividual areas will face more frequently deviations of a
tems [7], the same delineation is most likely to be us edium amplitude corresponding to significant disturbance

for Hvdc control. This would lead to a two level scheme Note that using HVdc connection to share primary fre-

as rgpre;gnted In ':'9-_ 2. More specifically, the fOIIOWInauency reserves does not increase the risk of generalized
functionalities are envisioned. blackout if the associated control is disabled when thervese
« Primary HVdc control acting in a few seconds to shareyf palanced areas are depleted.
primary reserves (i.e. the additional amount of power that2) Impact on reserves. The benefit of sharing primary
each area can inject within a few seconds [8]) betweBserves among the ac areas is mainly economic, as TSOs
the ac areas. In this perspective, there are two altersativgould need to contract less reserves from local generators t
a) Sharing reserves at all time (i.e. make frequengyce the same contingencies. However, the possibility e lo
deviations stay close to each other as in [9], [10] fofyndreds of MW, and the associated reserves, at a converter
example). station could have an impact on the amount of reserves that is
b) Sharing reserves only during emergency situations (eqgcessary for each area. To this extent, the number of HVdc
when the frequency of at least one area is out of the ranggnnections and the architecture of the HVdc grid are degisi
of normal operation conditions), as for load shedding for

example. I1l. ROTOR ANGLE STABILITY-RELATED CONTROL

Both alteratives require strong agreements betweenThe independent control of real power injections into the
TSOs that use different definitions of the reserves, at least P P )

. . . ac areas and the very short time response of up-to-date HVdc
in terms of time of deployment and duration [11].
) R . converters could be leveraged to address problems related t
To avoid any delay and reliability issues related Wltrl]aoth small oscillations and large-scale disturbances lfpss
communication, the practical implementation of primar%]c synchronism) [13]. It ma egen become a necessity. since
HVdc control relies on local control based on local meay > e y W’.
o {otor angle stability problems are expected to worsen wiéh t
surements of the system state and taking into account the : X .
. . rallel operation of ac systems with HVdc grids [14].
reference value of the control variable and the associat®d
operational constraints. .
« Secondary HVdc control when the HVdc grid is subjected A Implementation
to the dynamics of the ac areas. This is the case if theSpecific control schemes have been proposed to improve
HVdc grid connects an area with intermittent generatiamtor angle stability in systems including two-terminal i/
only, or if primary HVdc voltage control is activated.links. They consist typically in power injection modulatio
Secondary HVdc control may also aim to smooth varduring a few tens of milliseconds. To the knowledge of the
ations from a (long-term) set point to another. In thesguthors, only a few applications of the master control level
contexts, secondary HVdc control adapts the refereneg. [15]) have been investigated in the context of MT-HVdc
value and the operational constraints of primary HVdsystems. Nevertheless, most control schemes for two4tefmi

control within a few tens of seconds. HVdc-links could be also applied to multi-terminal systems

set points




Under these conditions, the MT-HVdc infrastructure can
help increasing the reliability of the system. The techni-
cal outcomes of implementing the above mentioned control

control setting schemes are increased transient stability margins, whimhsa
more time for protection schemes, and improved small-$igna
operational constraints stability, which reduces the need for power system stagiz
on generators.

system state rotor-angle short-duration correction
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—
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Fig. 3. Rotor angle stability-related control scheme for atirtatminal

HVdc system. IV. VOLTAGE CONTROL

In normal conditions, VSC-based converters can offer re-
as represented in Fig. 3 with two main objectives, name@gtive power reserves to the ac areas, depending on their
avoiding loss of synchronism and damping electro-meclani¢espective real power injections [19]. Furthermore, treetige
oscillations. power injection at a conversion station depends only onlloca

1) Avoiding loss of synchronism: Usually, loss of syn- settings for the converters and does not impact the other
chronism results from a lack of synchronizing torque, whicgonverters.
makes a group a generators swing coherently with the other
generators of the system. As power electronics can managje f& |mplementation

changes_of power injections, MT'HV.dC _|r_1frastructures cbul The implementation of voltage control for VSC-based con-
provide in certain circumstances significant synchromgizin

: : verters is expected to be similar as for the generatorsdddat
torque to avoid loss of synchronism.

; h% same area. Hence, the reactive power injections sheuld b
For example, let us consider the power system represen ontrolled depending on the voltages in the ac areas acaprdi
in Fig. 1. Suppose that synchronism in area 3 is about e P 9 9 "

. to the hierarchical control scheme used by the local TSO.
be lost after generators located close to the convertdpbigtat More practically, the reactive power reserves offered ey th
have stored too much kinetic energy during a disturbance. OIquc converters éan be called by the local TSO with respect

way to avoid instability would be to transfer part of this rext to the dynamics of its areas. By modifying the reactive power
energy through the HVdc grid from area 3 to the other areas y s d b

tting of the converters, the TSOs can dispatch thoseiveact
Several research papers have already proposed to use HVdc- .
. . . o power reserves very rapidly. As for FACTS and synchronous
links to improve transient stability in power systems (sag e

[16], [17], [18]). Their implementation is difficult yet, abose generators in general, this fast deployment capabilitylse a

L val le for short-term volt ntrol [20].
control schemes do not account for the communication an% uable for short-te oltage control [20]

o . . : é—|Vdc converters are also suitable for other types of voltage
application delays, which are considerable as actions nee : .
support. In particular, emergency control actions as pego

to be taken within a few tens of milliseconds. Howevet ; S iy
: .~ 1h [21] could be implemented to avoid instability phenomena
as power electronics can manage fast changes of significan o . . .
L > ) In ‘abnormal conditions. In this perspective, converteticata
power injections, MT-HVdc represents a promising altaueat - .
. . e should remain in operation through balanced and unbalanced
to improve transient stability in power systems. faults
2) Damping electro-mechanical oscillations: The lack of ’
damping torque between different areas of a system may also
result in electro-mechanical oscillations between mazhinB. Effects
from ac-interconnected areas. As it is the case for trahsienThe application of voltage control at the HVdc converter
stability, these could be damped by appropriately modgyirstations is to increase the reactive power reserves of the ac
the active power injected into the MT-HVdc grid [15]. areas. Hence, if the voltage control strategies account for
For example, with respect to the power system plotted ihe internal dynamics and limitations of the areas, HVdc
Fig. 1, a weak ac interconnection between area 1 and atgmverters shall improve the capability of the ac areaste fa
2 may result in electro-mechanical oscillations betweaseh transient phenomena that could threaten voltage stability
two areas. By operating the HVdc grid so as to reduce theHowever, in the case of significant power injections, the
electrical distance between these two areas, the osuiiati redirection of power flows through ac grids might induce new

could in principle be mitigated. needs for voltage support in terms of quantity and location.
particular, the envisioned flexibility in real power injaxsts

B. Effects at the converter stations requires significant reactive gpow
reserves.

Providing rotor angle stability-related services invaast
changes of the power injections from the MT-HVdc grid into
the ac areas. Hence, it could induce transient dynamicsein th V. OPERATION STRATEGIES
ac areas that might affect ac voltage magnitudes and angles)Ve investigate in this paper several operation strategies
especially at buses close to the converter stations. Talargi for the MT-HVdc system that correspond to different ways
contingency in the ac areas, the range of rotor angle diabilito assess the control variables for the HVdc converters. The
related control should thus account for the available nmargianalysis focuses on three types of operators for the MT-HVdc
of both the MT-HVdc grid and the ac areas. grid, namely a coordination entity, an independent operato



converters, such changes can be managed without a sighifican
impact on the other areas. In this case, rotor angle stabilit
related HVdc control could be easily implemented. As to sirea
connected by a single converter, the implementation ofipec
control schemes shall depend on a preliminary agreement on
transient power exchanges with other areas.

As to voltage control-related ancillary services, the eoor
dination center is expected to provide reserves to the TSOs
depending on the rated power of the converters. Hence, the
coordinated HVdc operator controls the real power injexgio
at the converter stations under the constraint of being able
to inject the respective reactive power reserves. The iveact
power control at each converter would then remain a prerog-
ative of the local TSO.

Fig. 4. Control areas in the context of an inter-TSO cooriifimacenter.
B. Independent operation

and the transmission system operator in charge of one of thel‘et us consider now that the MT-HVdc system is op-

areas interconnected by the multi-terminal HVdc. erated by an independent entity that aims at maximizing

We will assume hereafter that the type of HVdc systerlrt1s opergnongl_beneflts Sl_JbJect to the connection _rules and
ecgnomic policies of each interconnected TSO. In this cante

operator does not influence the assessment of long-term el . S
) . . thé independent dc grid operator is in charge of the area
points with respect to the market outcomes. In this context

we discuss how each type of operator is likely to deal wit épresented in Fig.4, including the converter stations thed

ancillary services in the short-term ¢ transmission lines.
y ' The potential value of primary HVdc control is strongly

dependent on the policy in terms power injections during
A. Coordinated operation disturbances. If HVdc converters are subject to the same
Let us consider in the first place that the MT-HVdc infrasrules as generators, the independent HVdc operator would
tructure is operated by an entity, whose practices are décide rewarded to provide reserves to an imbalanced area and
together by all interconnected TSOs. From now on, we wihould refund part of this value to the TSOs that generate the
refer to such an entity as “inter-TSO coordination cen@uth corresponding reserves. Nevertheless, the primary frexyue
coordinated operation is advocated for security assedsimencontrol reserves provided by the independent HVdc operator
large-scale multi-TSO power systems [22], for example. lio the TSOs should fit with local attributes (time of deployre
this context, the inter-TSO coordination center is in chasff and duration), which usually differ from one area to anather
the area represented in Fig.4, including the converteioggt Consequently, it is likely that the independent HVdc opera-
and the dc transmission lines. tor could provide reserves only to the TSOs with the least
The main driver for the operation practices of an inter-TSstrictive definition of the reserves.
coordination center is that its control actions must bertefit Although the secondary HVdc control will face more de-
all TSOs, as any of them would oppose a decision-makinggtions with respect to the reference values of the control
process that conflicts with its objectives. This principlekms settings, its implementation will be similar as for a cooated
it unlikely that TSOs share primary frequency control reesy operation. In particular, the independent HVdc operator is
if they have not previously agreed on a common definitidikely to charge TSOs with very limited reserves that induce
of the reserves in terms of time of deployment and durationeeds for secondary HVdc control. A specific regulation rnigh
Indeed, exchanging primary reserves between two TSOs witien be difficult to design, as the independent HVdc operator
different reserve durations could only satisfy the one whié can be in situation of a monopoly over trans-national regjion
shortest duration. As rotor angle stability-related services are usually not
With no primary HVdc control, the motivations of thepriced, an independent HVdc operator is unlikely to provide
secondary HVdc control is limited to handling unscheduletiem unless the service is mandatory.
changes of the power flows through the MT-HVdc system andOn the contrary, as voltage support is usually priced [23],
smoothing the evolution from a set point to another. This male independent HVdc operator is expected to supply reactiv
involve issues related to potential short-term imbalanices power reserves at its converters. Nevertheless, the dffere
areas with very limited reserves, such as offshore wind $armquantity may depend on a trade-off between the incomes
for example, for which the TSOs should agree at least oelated to reactive power reserves and real power injegtion
appropriate incentives and/or penalties. as for conventional generators for example [24]. Unlikehwit
To improve small-signal and transient stability in the acoordinated operation, the quantity of reactive power mese
areas, the inter-TSO coordination center must handle féstconsidered as a variable here, which might involve more
changes of the control settings during a short period of timisks of contingencies and requires ad-hoc policies to esidr
(typically a few seconds). For areas connected by at least taritical situations.



The paper emphasizes that the potential use of the MT-HVdc
system to share primary reserves relies on adequate tethnic
and economic policies about which the TSOs might fail to
agree, leading to no action in the case of coordinated dparat
On the contrary, an independent HVdc system operator, by
maximizing the income it can make with the infrastructure,
could propose reserves if economic incentives are sufficien
As emphasized in [25], the consequent redistribution of the
primary frequency control reserve costs is to benefit the §,SO
which should in turn reward the independent HVdc operator
for transmitting reserves. An extended TSO could even rely o
bilateral agreements with the neighboring TSOs, which Ehou
ease the integration of reserve transmission costs.

Providing rotor angle stability-related ancillary seesowith
a MT-HVdc grids may induce benefits mostly in terms of
reducing needs for local investments to maintain the riitiab
of the systems. If grid codes do not make those services
mandatory, an independent HVdc operator is unlikely to
C. Integrated operation implement specific control schemes. On the contrary, am-inte

As for a new ac transmission infrastructure close to ahSO coordination center or an extended TSO is more likely to
interconnection, a TSO operating one of the interconnect@gply emergency control improving rotor angle stabilithis
areas could extend its control area to the HVdc conversig®uld involve little operational costs, while the techriead
stations and power lines/cables. In that context, the teled €conomic benefits would mainly concern TSOs with multiple
TSO” would have to manage an area including the conversiéinnections to the MT-HVdc systems.
stations as represented in Fig. 5. As to voltage-related ancillary services, the quantity of

The extended TSO should then operate the dc grid @$erves may depend on a trade-off between incentives for
an extension of its own network, supporting the operatidgactive power support and benefits in terms of real power
costs and taking advantage of the infrastructure to suppB@nsfers, in particular for an independent HVdc operataf a
its own operation practices. It could more easily set @ extended TSO. As an inter-TSO coordination center might
bilateral agreements to purchase system services in tef@é be directly dependent on economic incomes, its supply
of primary frequency control from the TSOs whose resenfgight be more regular.
definitions correspond to a longer duration and a shorteg tim [N @ny case, the operation of an MT-HVdc grid relies on
of deployment. It could then sell those reserves to the Tsbgth the technical flexibility of the infrastructure and the
that have reserves with a shorter duration and a longer til@licies of the TSOs in terms of interdependent dynamics
of deployment. between the ac and dc grids and pricing for ancillary/system

As to secondary HVdc control, the extended TSO Couﬁprvice_s. Although such policie_s are decisive, their imple
manage the imbalances related with primary control and g@ntgtlon in the_context of multi-national MT-HVdc systems
areas with intermittent generation only. This would howevéemain hypothetical. Further works should thus focus on the
require the definition of adequate tariffs for sudden charafe design of grid codes and tariffs for MT-HVdc grids, which
the power injections into the HVdc grid. In this particulase, might be particularly challenging to define for offshore ac

the regulation entity of the extended TSO might be relevafif€@s that do not depend of an existing regulated transmnissi
to design the tariff. entity, such as an offshore wind farm for example.

Providing rotor angle stability-related services couldhs-
ier with an integrated operation through bilateral agresgse

between the extended TSO and the other ones on transierff@mien Ernstis a Research Associate of the Belgian FNRS
modulation of the power exchanges. from which he acknowledges the financial support.

Reactive power reserves associated to the converters con-
necting the ac area operated by the extended TSO shall be _ _
easily integrated. Those located at the other convertea§ shlll European Technology Platform Smartgrids, “Strategesech agenda

. . . . for Europe’s electricity networks of the future,” EUR2258tp. 1-96,
depend on pricing policies and operational trade-offs,as f

2007
an independent HVdc operator. Koldby, E. and Hyttinen, M. , “Challenges on the road to effshore

HVdc grid,” Proc. of the Nordic Wind Power Conference, pp8,1-
September 2009

Fig. 5. Control areas in the context of integrated operaliprT SO 5.
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