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a b s t r a c t

For future efficiency improvement of the frequency containment process (primary control) within Euro-
pean power systems, cooperation between (multiple) synchronous areas using their controllable HVDC
interconnections is optioned. However, the differences in system size, HVDC interconnection capacity,
and the balancing performance per individual system will have its specific system frequency effect for
each different balancing cooperation concept. Consequently, without alignment on cooperation, HVDC
balancing might lead to disproportional support between systems, to frequency oscillations, reserve un-
reliability and non-compliancy, and to network constraints. Therefore, this work assesses frequency qual-
ity and associated DC power flows for several balancing arrangements, using a developed load-frequency
controlmodel with frequency interdependency for coupled power system. For a trilateral balancing coop-
eration case study, it is found that certain cooperation concepts result in undesired frequency oscillation
and poor frequency quality. However, cooperation where especially fast-response services are shared,
such as virtual inertia, show improved system frequency performance. For the case where power imbal-
ances are proportionately distributed among the systems, it is concluded that power transfers over HVDC
interconnections are limited and additional control optimisation can be performed. Those concepts with
aligned central or coordinated control show best results for a future cooperation for balancing between
synchronous areas.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Current developments such as the integration of Renewable
Energy Sources (RES) and coupling of multinational electricity
markets deteriorate frequency quality (performance) of intercon-
nected power systems [1,2]. Conventional generation is replaced,
leading to a loss of system inertia and a loss of the supply of re-
serves. As a result, the ability of the system to counteract power
imbalances decreases [2,3]. Meanwhile, reserve consumption by
stochastic forecast errors is becoming significant [4,5], especially
in larger sized balancing areas [6,7].
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The lack of balancing performance is especially noticeable in
the relative smaller power systems such as the synchronous areas
of Great Britain (GB), former UKTSOA, and Nordic (NE), former
NORDEL. Their risk of not being compliant to frequency quality
targets is expected to increase, should however remain pursuant to
regulations, as defined by the European Network of Transmission
SystemOperators of Electricity (ENTSO-E) in the Network Code [8].
These contain mandatory restrictions on the occurrence and
magnitude of frequency deviations (frequency quality).

A viable option to improve frequency quality is cooperation
between synchronous areas (inter-synchronous area) using HVDC
interconnections. Such (bilateral) cooperations for the frequency
containment process (primary control) have been investigated
[9–16] for the purpose of supporting system balance. However, the
focuswasmainly on one single cooperation concept, andmainly on
a bilateral cooperation (only two synchronous areas). Besides stud-
ies, a pilot between two synchronous areas (GB and Continental

http://dx.doi.org/10.1016/j.segan.2015.12.003
2352-4677/© 2015 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.segan.2015.12.003
http://www.elsevier.com/locate/segan
http://www.elsevier.com/locate/segan
http://crossmark.crossref.org/dialog/?doi=10.1016/j.segan.2015.12.003&domain=pdf
mailto:j.e.s.d.haan@tue.nl
mailto:caec@kth.se
mailto:m.gibescu@tue.nl
mailto:jan.van.putten@tennet.eu
mailto:gerard.doorman@ntnu.no
mailto:w.l.kling@tue.nl
http://dx.doi.org/10.1016/j.segan.2015.12.003


126 J.E.S. de Haan et al. / Sustainable Energy, Grids and Networks 5 (2016) 125–134

UA

SE

NO

FR

NL
DK

GB
DE

DE=  Germany
DK=  Denmark
FR=  France
NL=  Netherlands
NO=  Norway
SE=  Sweden
UA=  Ukraine
GB=  United Kingdom

Fig. 1. Geographical map of the trilateral coupling (triangle) of the synchronous
areas of Great Britain, Nordic, and Continental Europe and their operational HVDC
interconnections (solid black line) and the planned HVDC between United Kingdom
and Norway (dotted black line).

Europe (CE), former UCTE), operated by the Dutch TSO TenneT and
the British TSO National Grid [16], has been executed. This study
work extends this pilot and the ongoing research by investigating
a trilateral synchronous area balancing cooperation, which could
become practice between GB, CE and NE when the planned HVDC
interconnection between United Kingdom and Norway will be
commissioned [17], geographically depicted in Fig. 1. This depends
on market developments and economic drivers in both United
Kingdom and Norway as indicated in [18].

Please note, this European trilateral balancing coupling con-
sists of power systems with different size, different HVDC in-
terconnection capacity, and cooperation can be performed in
different ways. This all has its effect on the resulting frequency
quality andHVDCpower transfer for balancingwithin andbetween
the power systems, respectively. It is expected, without alignment
and coordinated cooperation, that balancing arrangements might
lead to disproportional support, frequency oscillations, reserve
non-compliance and unreliability, and network constraints. There-
fore, this work researches the active power balancing performance
of five balancing cooperation concepts. Therefore a new high-level
load-frequency controlmodel is developed capable to simulate the
frequency performance of multi-coupled power systems and to
compute power transfers over the DC interconnections. This work
contributes by recommending adequate balancing cooperation ar-
rangements in line with the European cooperation concepts as de-
fined in the Network Code Electricity Balancing [19], and how to
consider HVDC control settings with the objective to secure fre-
quency quality, and prevent adverse effects.

The article is organised as follows. Section 2 briefly overviews
cooperation for frequency quality between power systems and
the possible challenges it might face. Section 3 elaborates on
the European cooperation concepts proposed by ENTSO-E. The
modelling part is introduced in Section 4 and results are shown in
Section 5, where frequency responses and DC power transfers as
a function of power imbalances are computed. Section 6 provides
recommendations how to ensure that each synchronous area
remains reserve compliant and how to optimise cooperation in
frequency support. Finally in Section 7, conclusions are drawn.

2. Cooperation for frequency quality

This section briefly overviews frequency quality, defined as
the occurrence, duration, and magnitude of frequency deviations,
and it introduces the trilateral balancing coupling of synchronous
areas.

2.1. Frequency quality targets

System frequency must be maintained between certain thresh-
olds [6], to prevent activation of automatic protectionmechanisms,
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Fig. 2. The frequency quality targets of ENTSO-E considered in this work.

leading to e.g. activating under-frequency load shedding. To not
compromise the supply of electricity to a large number of con-
nected customers, ENTSO-E embodies frequency quality parame-
ters which are values to be considered for the design of control
processes and reserve dimensioning [8]. In Fig. 2. The three tar-
gets considered in this work are depicted for a frequency response
during an exemplarily infeed loss. For a small Rate of Change of Sys-
tem Frequency (ROCOF), system inertia is essential. The maximum
instantaneous frequency deviation (frequency nadir) allowed af-
ter the occurrence of the dimensioning incident in European syn-
chronous areas are for GB 800 mHz, for CE 800 mHz, and for NE
1000 mHz [6]. The maximum steady-state frequency deviation is
themaximumallowed frequency deviation atwhich the oscillating
system frequency stabilises after the dimensioning incident [8], for
GB 500 mHz, for CE 200 mHz, and for NE 500 mHz.

2.2. Frequency containment process

The Frequency Containment Process (FCP), alias primary
control, is the automatic and collective process of all Load-
Frequency Control Blocks (LFC Blocks) within a single synchronous
area to stabilise system frequency after a power imbalance, by
injecting or withdrawing additional power to the system. Primary
control (speed droop) acts as a proportional control function,
similar to the inherent response of frequency sensitive loads [20]
and fully activates Frequency Containment Reserves (FCR) within
30 seconds, compliant to [8].

2.3. Pilot BritNed-interconnector

A European inter-synchronous area cooperation for primary
control is the pilot testing of BritNed (HVDC interconnection be-
tween the Netherlands and United Kingdom), where the DC sub-
marine cable is equipped and operated with a droop controller
with settings pursuant to the Network Code [21]. Additional bal-
ancing power on top of commercial transaction is transferred [22],
as a function of the frequency difference between GB and CE. Con-
ditions of the pilot are maximum balancing transfer of ±100 MW,
with an applied droop of 4% (sensitivity factor in physical units of
500 MW/Hz).

The performance of the droop control on the HVDC intercon-
nector is depicted in Fig. 3, with actual measurements of the fre-
quency difference between GB and CE depicted in the top plot. In
the bottom plot, the total power transfer (trading + balancing) on
the BritNed HVDC interconnector is depicted. A clear positive cor-
relation between frequency differences and power transfers is vis-
ible. From the time interval 20:30–21:30, the market transfer is
1000 MW. The BritNed interconnector is designed to be capable of
transporting up to 1200 MW (dynamic rating) for two hours [23].
Therefore, balancing capacity can implicitlymade available for this
pilot without withdrawing capacity from the market. The max-
imum measured ramp-rate of power transfer over the BritNed
interconnector is ≈45 MW/s. In a previous study for frequency
control through BritNed [23], a maximum ramp-rate of 100 MW/s
was supposed for balancing purposes. These values will be ad-
dressed later on in this work for the ramp-rate requirement per
cooperation concept.
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