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Abstract: Liberalization of electricity markets has brought focus on the optimal use of generation
and transmission infrastructure. In such a scenario, where the power transmission systems are being
operated closer to their critical limits, Ancillary Services (AS) play an important role in ensuring secure
and cost-effective operation of power systems. Emerging converter-based HVDC technologies and
integration of renewable energy sources (RES) have changed the power system dynamics which are
based on classical power plant operation and synchronous generator dynamics. Transmission system
interconnections between different countries and integrated energy markets in Europe have led to a
reduction in the use of energy from non-renewable fossil-based sources. This review paper gives an
insight into ancillary services definitions and market practices for procurement and activation of these
ancillary services in different control areas within the European Network of Transmission System
Operators for Electricity (ENTSO-E). The focus lies particularly on ancillary services from HVDC
systems. It is foreseen that DC elements will play an important role in the control and management
of the future power system and in particular through ancillary services provision. Keeping this in
view, the capability of HVDC systems to provide ancillary services is presented.

Keywords: ancillary services; HVDC systems; loss management; frequency control; voltage and
reactive power control; black start; congestion management

1. Introduction

In a vertically integrated power system, the main task of the system operator is to operate
the power system in a reliable and secure manner. With unbundling, the vertically integrated
power systems have been unbundled into generating units, transmission system operators (TSO),
and distribution system operators (DSO). Electricity markets have been established for a transparent
and cost-effective trade of energy. However, with energy trade, other so-called ancillary services
are also exchanged between different market players. Ancillary services are the resources required
by TSO for reliable and secure power system operation [1]. Important power system characteristics
such as frequency, voltage, load and system restart process are maintained by these services [2].
The nomenclature for ancillary services varies in different parts of the world. For example in the USA,
for PJM operator area ancillary services for frequency control are known as regulations and reserves [3]
(operating, primary, synchronized and quick start reserves [4]), for CAISO (The California Independent
System Operator) area the services are termed as regulation up, regulation down, spinning reserve and
non-spinning reserve [5]. The ancillary services for frequency control has been categorized as regulation
and contingency by Australian Energy Market operator [6] whereas in Europe as per guidelines on
electricity balancing the frequency control services are known as frequency containment reserves,
frequency restoration reserves and replacement reserves [7]. These all services enable respective

Energies 2019, 12, 3481; doi:10.3390/en12183481 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-4024-5315
https://orcid.org/0000-0001-5461-8891
http://dx.doi.org/10.3390/en12183481
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/12/18/3481?type=check_update&version=2


Energies 2019, 12, 3481 2 of 20

system operator with same functionality i.e., frequency control in this example however the names
are different in different energy markets. As in this review paper the emphasis has been placed on
ancillary services in European context so the terminology as used in Europe is considered.

Real-time power system operation involves several uncertainties and these uncertainties have
been further increasing as a consequence of augmented integration of distributed power generation
from RES. For secure power system operation in such a scenario, ancillary services market has gained
critical importance. Ancillary services can be market-based or non-market-based [8]. Market-based
ancillary services are procured by the TSOs from different stakeholders from electricity market [9].
In some control areas it is mandatory for power system entities to provide ancillary services with or
without payment, these ancillary services are termed as non-market-based ancillary services. While the
ancillary services have been defined by ENTSO-E for the interconnected European power system,
their implementation, the method of procurement, and activation for these services varies in different
member states [10,11].

In this paper, a review of ancillary services definitions, procurement, and implementation methods
in different ENTSO-E areas is presented. Various methods through which the HVDC system elements
can participate in providing ancillary services are also reviewed. The paper is organized in 6 sections.
Section 2, provides insight into definitions and technical aspects of ancillary services for ENTSO-E
control areas. The overview of activation and market practices for procurement of ancillary services
followed in different ENTSO-E member states has been addressed in Section 3. Section 4, is dedicated
to an overview of HVDC system types, connection topologies, control structures, and time constants
associated with HVDC systems. A review of various literature work about use of HVDC systems for
participation in ancillary services has been undertaken and a comprehensive summary is shown in
Section 5. Finally, the conclusion of this survey paper is presented in Section 6.

2. Ancillary Services Overview

The functions or services needed by a TSO to guarantee power system security (reliable and
secure power system operation) are termed as “Ancillary Services” [10]. These services are either
provided by TSO itself or procured from other stakeholders, for carrying out the power transmission
from generating units to the load centers while meeting power quality standards [12,13]. The authors
in [14] have mentioned that as per the definition, the number and types of the services is very broad.
The ancillary services are used to provide the stakeholders with the following capabilities:

1. Loss compensation
2. Frequency Control
3. Black start capability
4. Voltage or reactive power Control
5. Oscillation damping
6. Congestion management

The details of the ancillary services shown in Figure 1 are presented in the following subsections.

2.1. Loss Compensation

The TSO must compensate for all the losses incurred in the process of power transmission from
generation units to load centers. These losses correspond to transmission line losses and losses in
various other equipments. The TSO must procure energy to make up for these losses. If the generation
plant for this energy is not located in the TSO control area, the TSO must take into account the losses
for the power transmission in other zones also [14].
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Figure 1. Ancillary services classification.

2.2. Frequency Control

In conventional AC power system, the system frequency is a universal characteristic for the
synchronous system i.e., it remains same at every measurement point in the system. For reliable
and secure power system operation, it is desired that the frequency of the system shall remain
constant at nominal system frequency value (50 Hz for ENTSO-E area). Any deviation in frequency
can be attributed to a mismatch in power generation and power consumption (load). A set of
parameters have been defined for the assessment of reliability and quality of frequency for ENSTO-E
area by European Union commission regulations vide guideline on electricity transmission system
operation [15]. These parameters are defined as follows:

a Time to recover frequency: The maximum expected time (for the synchronous area of
Continental Europe (CE), Great Britain (GB) and Ireland & Northern Ireland (IE/NI)) after
the occurrence of an imbalance (smaller than or equal to the reference incident) in which the
system frequency returns to the maximum steady-state frequency deviation [15]. This time
varies depending upon the time constants of equipments participating in the frequency control.
The different time constants associated with AC and DC systems are presented in more detail in
Section 4.

b Frequency recovery range: The range for the system frequency within which the system
frequency is expected to be restored within the time of recover frequency in event of an imbalance
(equal to or smaller than the reference incident) in the synchronous area of CE, GB and IE/NI [15].

c Frequency restoration range: The system frequency range (for GB, IE/NI and Nordic
synchronous areas) to which the system frequency is expected to return within the time to
restore frequency, after the occurrence of an imbalance (equal to or smaller than the reference
incident) [15].

d Standard frequency range: Defined symmetrical interval around the nominal frequency within
which the system frequency of a synchronous area is supposed to be operated [15].

e Standard frequency deviation: Absolute value of the frequency deviation limiting the standard
frequency range [15].

f Steady-state frequency deviation: Absolute value of frequency deviation once the system
frequency has stabilized after occurrence of an imbalance [15].

The frequency ranges (recovery, standard, steady state, and frequency deviation) vary from
system to system depending upon the size of the system, typical generation mix, and the time required
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for activation of reserves. For a smaller islandic system such as GB or IE/NI, these frequency ranges
are larger as compared to the larger CE power system. This is due to the fact that deviation in
frequency has direct relation with deviation in active power and same power imbalance will result in
large frequency deviation for the smaller systems as compared to the same for larger CE system [16]
i.e., (∆P/ ∑ Plarge) < (∆P/ ∑ Psmall). The range for these parameters as defined in the grid code for
CE, GB, IE/NI and Nordic power system [15] is shown in Table 1.

Table 1. Frequency quality parameters [15].

Parameter CE GB IE/NI Nordic System

Standard frequency range (mHz) ±50 ±200 ±200 ±100

Maximum instantaneous deviation (mHz) 800 800 1000 1000

Maximum steady-state deviation (mHz) 200 500 500 500

Frequency control is a set of control actions aimed at maintaining the system frequency at its
nominal value. Frequency control is implemented in different stages, the commonly defined services
for frequency control in ENTSO-E area are categorized as follows:

i Inertia Support
ii Frequency Containment Reserve or Primary Control

iii Frequency Restoration Reserve or Secondary Control
iv Replacement Reserve or Tertiary Control

i Inertia Support: Inertia support is the autonomous response of power system components to
frequency deviations. When provided by synchronous machines, it represents the kinetic energy in
rotating parts of the synchronous generators which is released on occurrence of system imbalance
events [17]. Whenever there is any deviation in the frequency (from predefined nominal frequency
value), the generators vary the power generation accordingly and makeup for the small deviations
in frequency. For frequency decrease below the nominal frequency value, the power generation is
increased by the synchronous generators which in turn brings the frequency back to its nominal
value and the reverse happens in case of an increase in frequency [18]. The inertial response is the
fastest response for any deviation in frequency (it starts as soon as any deviation in the system
frequency is observed) [19]. Inertia of power system is an important parameter for frequency
stability, and it influences the initial rate of change of frequency after a system imbalance. If a
system has higher inertia the frequency deviation will be slower and hence TSO will have margin
for activation of reserves [20].

ii Frequency Containment Reserve or Primary Control: Active power reserves available to contain
the deviation in the frequency whenever there is mismatch between load and generation (system
imbalance) are termed as ‘frequency containment reserves’ or ‘FCR’ [15]. The FCR are activated
within a few seconds of imbalance and remains active for a limited period of time. The active
power injection set points of the generators remains unchanged during this time [21].

iii Frequency Restoration Reserve or Secondary Control: ‘Frequency restoration reserves’ or ‘FRR’
are active power reserves which are available to recover the frequency back to nominal frequency
value after any disturbance. FRR are also used for fine regulation of frequency. FRR reestablish the
power balance to scheduled value for a control area with more than one Load frequency control
(LFC) areas [15]. FRR brings the area control error (ACR) to zero by restoring the power exchanges
between different zones to original values. The active power set points of various generators in
the control area with imbalance are changed so that the committed FCR are again available [21].
FRR can be activated automatically and manually [10].

iv Replacement Reserve or Tertiary Control: ‘Replacement reserves’ or ‘RR’ are the active power
reserves available to restore and support the required level of FRR and to be prepared for further
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system imbalances, including generation reserves [15]. RR are activated manually as a result of
system optimization by the system operator [21].

The sequence of activation of above-mentioned frequency control services followed by Belgian
TSO (Elia) after an imbalance is shown in Figure 2 [22]. Inertia support acts immediately and FCR
reacts within a few seconds (full activation within 30 s to any discrepancy between power generation
and load with the objective of restricting the frequency deviation. FRR are activated starting from 30 s
to bring the system frequency back to its nominal value after the imbalance. RR are activated within
15 min to make FRR available for any other system imbalance. New re-dispatch set points are updated
by Elia for economical system operation within 1 h. The sequence of activation for reserves is same
for other ENTSO-E control areas also; however, the implementation varies (activation time, threshold
value, participating entities etc.).
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Figure 2. Frequency control ancillary services activation time [23,24].

2.3. Black Start Capability

The ability of a power system to perform black start operation is known as ‘Black Start
Capability’ [25]. Black start operation is the process of reviving a power system or a part of power system
back to the operational mode from a partial or full shutdown (independent of another power system).
Blackouts (situation of total or partial power loss in power system due to unexpected transmission
system or generation failure) are the least desired scenarios for power systems and result in social
and economic loss [26]. Restoration of power system after a blackout comprises a set of coordinated
actions of many power system components and is very complex given the numerous generators,
loads and transmission system constraints [27]. In present power systems, it is necessary to recognize
the generating units capable of starting without external support and provide power locally. As a
consequence of electricity market de-regularization, black start service is treated as a separate ancillary
service and is procured by the TSOs from the energy market [28]. As per the regulations, a TSO must
identify the generators with black start capabilities in its control area and use these capabilities in a
manner to minimize the system restoration time.
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2.4. Voltage or Reactive Power Control

‘Voltage or reactive power control’ is a set of measures or control actions intended to maintain a
constant voltage level or reactive power value at each node of the system [15]. These control actions
are carried out at different nodes (generation nodes or transformers or AC transmission line ends
or HVDC systems or other means) of the power systems. Contrary to frequency, which is a system
wide variable, voltage is a local quantity varying for every node of the system. The voltage varies
depending upon the system topology, generator, or load location and type of loads. Frequency in the
power system is affected by active power balance, voltage is affected in the similar manner by the
reactive power balance. Voltage control is implemented by controlling the injection of reactive power
in the power system and for this purpose automatic voltage regulators, static VAR compensators,
capacitor banks, and reactors are deployed. As it is difficult to transmit reactive power, it is important
to control the voltage locally [29]. In view of this limitation, it is very crucial that voltage control
equipment is located at critical locations.

Depending on the connection point voltage, the operational voltage limits for steady-state power
system operation have been defined for ENTSO-E control area by the European Union commission
regulation on electricity transmission system operation [15]. These limits are given in Table 2.

Table 2. Steady-state operational voltage range [15].

CE Nordic GB IE & NI Baltic

Connection point voltage 110 kV–300 kV

Voltage range (pu) 0.9–1.118 0.9–1.05 0.9–1.10 0.9–1.118 0.9–1.118

Connection point voltage 300 kV–400 kV

Voltage range (pu) 0.9–1.05 0.9–1.05 0.9–1.05 0.9–1.05 0.9–1.097

Ensuring adequate volume and time response of remedial actions to keep voltage within the limits
in its control area is one of the tasks of TSO [15]. Thus, a TSO must ensure that sufficient reactive power
regulating capacity is available, and this capacity can be activated when needed. The regulating actions
to control voltage level can be tap change of power transformer or switching of capacitors/reactors or
control of HVDC systems or change in reactive power output of generators etc. The voltage or reactive
control service can be split into two hierarchical levels i.e., local and centralized control [29].

i Local Control: An automatic control in which the participating devices adjust their reactive power
to maintain a constant voltage value at a local measurement point [29]. The local voltage control
service is activated within a few seconds to voltage profile [30].

ii Centralized control: ‘Centralized voltage control’ is a national/utility level manual voltage control
that is activated on the request of the TSO by the control service provider. This control is aimed at
optimizing the set points of pilot nodes based on centralized power flow studies. Centralized control
manages the reactive power in the system so as to minimize system losses, increase dispatch control
efficiency, reactive power resources co-ordination in real time in normal grid operation and recover
the voltage level deviation [31].

In some countries for example France, voltage control is implemented in three hierarchical levels
i.e., primary, secondary, and tertiary control. Primary control is activated locally and is activated
automatically. Secondary control is an automatic control and controls the voltage at main transmission
buses. Tertiary control is activated manually at utility level after power flow analysis to free reactive
power reserves.

2.5. Oscillation Damping

In power system operation, it is desired that the frequency and voltage values shall remain within
the stable operation range during or after internal (excitation loss, generator instability etc.) or external
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disturbances (transmission line fault, loss of generation or load etc.) [32]. As a consequence of these
disturbances, low frequency oscillations occur in the power system. These oscillations can be local
(to a single plant or generator or a region) or inter-area (geographically spread and involving several
remote generators) [33]. Local oscillations (0.7–2 Hz [34]) occur due to presence of fast exciters in the
power system whereas inter-area oscillations (0.1–0.7 Hz [34]) are a result of over loading of weak
transmission links [35]. If not damped properly, these oscillations may cause partial or total power
system blackouts. Automatic voltage regulators equipped with a power system stabilizer (PSS) [36]
and flexible AC transmission system (FACTS) devices [33] such as static VAR compensator (SVC)
and static synchronous compensator (STATCOM) are employed in the power system for damping
these oscillations.

2.6. Congestion Management

Congestion in power system is a situation in which the transmission system is not able to
fulfill all the desired transactions due to power system’s physical and operational limitations [37].
These physical and operational limitations can be thermal limits of transmission lines and transformer,
voltage limitations, and transient or other stability limits [38].

In grid codes for capacity allocation and congestion management (CACM) [39], 3-types of
congestion i.e., market, physical, and structural congestion has been defined. A situation when
cross-zonal capacity or allocation constraints limits the economic surplus for single day-ahead or
intraday coupling is termed as ‘Market congestion’. When the thermal limits of grid elements and
voltage or angle stability limits of power system are breached during forecasted or realized power
flows, it is defined as ‘Physical congestion’. ‘Structural congestion’ has been defined as transmission
system congestion that is predictable, geographically stable over time, and occurs frequently under
normal power system conditions. In electricity markets power system congestion leads to price split
between various regions. One such case was observed on 3rd October 2018 when the price difference
for day-ahead wholesale price between Germany and Belgium was e 105–152 per MWh. This price
difference was due to physical congestion between Belgium and Germany [40].

Congestion management is the process of making use of available power system infrastructure
(economical and operational) while operating within system constraints [41]. Congestion management
gives long-term investment signals to the TSO for strengthening local (to a single TSO) or cross-zonal
(shared with other TSOs) transmission system infrastructure. A TSO responsible for a given control
area or multiple TSOs responsible for the concerned control area must compensate the cost for remedial
actions for congestion management [15]. A number of methods have been proposed for congestion
management in [38–43], these can be broadly categorized into two methods i.e., technical and
non-technical methods. Technical methods of congestion management can be cost free and not
cost free [44]. Use of FACTS devices, phase-shifters, and transformer tap change for congestion
management comes under cost free congestion management methods. These methods are readily
available with the TSO, have limited economic impact and do not involve other stakeholders such
as generation or distribution companies. Load shedding and rescheduling of generating units for
the purpose of congestion management comes under not cost-free methods. Technical methods are
ordered by the TSO. Non-technical congestion management methods can be market-based (auctioning,
counter trading, nodal, or zonal pricing etc.) and non-market-based (pro rata or first come first serve).
There is no involvement of TSO in non-technical congestion management methods and these are just
observed by the TSO. Classification of various congestion management methods has been illustrated
in Figure 3.
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3. Ancillary Services in De-Regularized Electricity Market Context

Although ancillary services have been defined by ENTSO-E, the methods for procurement and
implementation of these ancillary services vary across different control areas of ENTSO-E. A survey
carried out by ENTSO-E on ‘ancillary services procurement, balancing market design 2018’ [11] shows
that different EU member states have implemented the centrally defined ancillary services in very
different manners. For instance, different balancing and ancillary services markets in EU member
states have different market closing time for procurement of the ancillary services, different set of
participants, different activation time (deadband before activation or instantaneous activation) and
different procedure for recovering the cost of ancillary services. As an illustrative example, few features
related to FRR (energy) ancillary services for balancing and ancillary services markets in Germany,
Belgium, France and Norway are tabulated in Table 3. From this table it is clear that the ancillary
services are different products in each of these countries, even when defined in a single grid code.

It has been set in [15] that each TSO must procure 30% FCR from within its load flow block.
The volume for FRR and RR to be procured from within load flow block is 50%. A platform for
primary and secondary control reserves has been established in Germany for sharing the reserves
among the TSOs from Germany, France, Belgium, the Netherlands, Austria and Switzerland [46].
Such flexibility in procurement of services from other control areas gives the TSOs an economical
opportunity and encourages the optimal use of inter-zonal transmission capacity. This flexibility
of balancing and ancillary services markets has motivated the TSOs to enhance the cross-zonal or
inter-country transmission capacities. While procuring the services from different control areas,
care needs to be taken about various features of the offered service. From Table 3, it can be observed
that the product resolution in time is 1 h for the FRR in balancing and ancillary services market
in Germany whereas the same is 30 and 15 min for markets in France and Belgium, respectively.
Therefore, to buy the same FRR from Belgian and French markets, a TSO must procure 4 and 2
products respectively as compared to 1 in balancing and ancillary services market in Germany.

Table 3. Frequency restoration reserve—balancing and ancillary services market implementation in
4 countries [11].

Frequency Restoration Reserve—Energy

Germany Belgium France Norway

Activation rule Merit order Pro rata

Procurement Scheme Market only Mandatory only -

Product Resolution (MW) 1 < x ≤ 5 x ≤ 1 no minimum bid size -

Product Resolution (in time) 1 h 15 min 30 min -

Distance to real time for auction x ≤ 1 min 5 < x ≤ 15 min -

Provider Generators + load + pump storage Generators+ pump storage Generators

Activation time (0 to max) 90 s < x ≤ 5 min 5 min < x ≤ 15 min 90 s < x ≤ 5 min

Settlement rule Bid price - Marginal price

Cost Recovery Scheme Balance responsible party Grid users Balance responsible party Grid users
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4. HVDC Transmission Systems, Control and Dynamics

HVDC transmission systems are seen as a key enabler for bulk power transmission over long
distances with better controllablity as compared to conventional AC systems. HVDC transmission
systems can be asynchronous interconnection, embedded transmission line in synchronous system
and offshore to onshore grid interconnections. Asynchronous HVDC interconnection is the connection
between AC systems operating at different frequencies or systems operating at same frequency but
different phase angles [47]. An example of such interconnection is NORNED HVDC link between
Norway and the Netherlands. HVDC synchronous interconnection or embedded HVDC is the connection
between two nodes in a synchronous area such as ALEGrO link between Belgium and Germany.
For evacuation of bulk power from remotely located offshore windfarms, HVDC interconnections are
becoming a preferred option. HVDC transmission link BorWin1 in Germany is an example of such
system. The representative line diagrams of HVDC transmission systems for asynchronous, synchronous
and offshore HVDC connection are shown in Figure 4a–c, respectively.

AC System 
Frequency -f1

AC System 
Frequency -f2

HVDC link

(a)

AC System 
Frequency -f1

AC System 
Frequency -f1

HVDC link

(b)

AC System 
Frequency -f1HVDC link

Collecting 
Point

Wind Farm

(c)
Figure 4. Line diagram for (a) asynchronous HVDC transmission system interconnection (b) synchronous
HVDC transmission system (embedded line) and (c) offshore HVDC transmission system.

For HVDC converter stations two types of HVDC technologies are used namely Line commutated
converter (LCC) which uses thyristors in current source converters(CSC) topology and voltage source
converters (VSC) that uses gate turn-off thyristors (GTOs) or insulated gate bipolar transistors
(IGBTs) [48] as shown in Figure 5a,b respectively. Both technologies have some advantages and
disadvantages. LCC technology is a very mature technology, cheaper, has less converter station losses,
more short-term overload capability and has higher converter ratings in comparison to VSC-based
HVDC systems [12]. However, this technology requires large AC and DC harmonic filters, significant
dependency of active and reactive power, no blackstart capability and requirement of strong connecting
AC systems. It is complicated to use LCC-based technology when power reversal is frequently required
because the voltage polarity needs to be changed to change direction of power flow [14]. LCC-based
HVDC systems are normally used for back-to-back or point-to-point interconnection of asynchronous
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systems [49]. VSC-based HVDC technology is relatively new and can be used to control both active
and reactive power separately. This technology can provide AC voltage to blacked-out grids and
provide reactive power support similar to statcom [14]. VSC converters are smaller due to requirement
of smaller filters [12] and more dynamic in particular with respect to power reversal. VSC-based
technology is considered to be a better choice for multi-terminal HVDC grids.

Sending End

Real  
Power

AC 
system-1

Receiving End

Real
PowerActive 

Power

AC 
system-2

(a)

Active
Power

AC 
system-2

AC 
system-1 Real

Power
Real

Power

(b)
Figure 5. (a) CSC and (b) VSC-based HVDC systems [48].

Interactions between HVDC systems and AC systems have increased due to the increasing
number of HVDC systems. A control structure as per Figure 6 has been proposed in [50] to highlight
the similarities for primary, secondary, and tertiary control for HVDC and AC system using well
known power system interaction between lower controllers and power dispatch.

Multi-area system controls

Tertiary control: 
market, OPF...

Secondary control Primary control
Inner control

Frequency droop

Power loop

Governor, excitation

Secondary control 
+ DC redisptach

Primary control Inner control

DC Voltage droop

Power loop

Current control

Power Exchanges

AC

HVDC

Figure 6. Combined AC and DC control scheme [50].

It is expected that HVDC systems shall also participate in ensuring secure power system control
and operation. A converter control for VSC-based HVDC systems as illustrated in Figure 7 [51,52] is
generally used for controlling the firing of the IGBTs to control the HVDC grid and AC system voltage.
The active power balance in the HVDC system is reflected by the DC voltage in a manner similar
to frequency in the AC system [12]. Active power-DC voltage control in the DC system is therefore
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similar to active power-frequency control in AC systems. Furthermore, it is possible to implement
active power and reactive power droop control from the converter stations by controlling the values kp

and ka as shown in Figure 8a,b, respectively. However, as mentioned earlier for LCC-based HVDC
systems it is not possible to control reactive power independent of active power and extra reactive
power compensation is required to change reactive power independently [14]. kp and ka in Figure 8a,b
are the active power-dc voltage and reactive power-ac voltage droop coefficients respectively.
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Figure 7. Control scheme for VSC converter station.
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Figure 8. Reference (a) DC voltage based on active power-DC voltage droop and (b) AC voltage based
on reactive power-AC voltage droop.

It is also possible to incorporate AC system frequency-active power droop to make the converter
react to the frequency deviations in the AC system. The control diagram is presented in Figure 9. k1 in
Figure 9 is the frequency-active power droop coefficients.
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Figure 9. AC system frequency-based active power-DC voltage droop control [53].

In contrast to AC systems which have large inertia, the DC systems have negligible inertia
(only small amount of energy is stored in cables and capacitors). A consequence of this small inertia is
that the DC systems respond faster to system imbalances than AC systems [54]. An overview of time
constants associated with various services for AC and DC systems is presented in Figure 10.
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Figure 10. Time constants for activation of services for AC & DC system elements [54].

As stated earlier, DC voltage in HVDC systems plays the same role as frequency in the AC systems
and can be considered to be an indicator of stable grid operation. Hence, active power imbalances
can be controlled by controlling the DC voltage. It can be observed from Figure 10 that the activation
time of DC equipments is two orders of magnitude lower than AC system equipments. Primary DC
voltage control is activated much faster than FCR and it can play a similar role of inertia support
(if frequency-based active power droop is implemented). Using HVDC for frequency control also
results in improvement of frequency nadir [55]. It has been concluded in [56] that combining the
frequency control reserves (among CE, Nordic and GB systems) using HVDC systems improves
ROCOF, frequency nadir, and frequency quality. It can be deduced from these studies that HVDC
systems can be an alternative to provide frequency support in the manner which is equivalent to inertia
support. Various scenarios for providing frequency support (inertia, FCR, FRR and RR) by providing
required active power from HVDC interconnections are shown in Figure 11. It is pertinent to mention
here that inertia support and FCR can only be provided by asynchronous or offshore windfarm HVDC
interconnections and cannot be provided by the HVDC connections embedded in synchronous zone
(as HVDC systems do not store/generate power themselves and the additional power comes from
other generation sources). It is possible to provide FRR and RR using synchronous HVDC systems by
making remote generation units contribute by changing their set points. It is not possible to provide
blackstart using HVDC systems independent of other AC system as some power source is required.
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Figure 11. Change in active power flow through HVDC transmission line for providing
(a) inertia support, (b) frequency containment reserves, (c) frequency restoration reserves and
(d) replacement reserves.

5. Ancillary Services and HVDC Systems

As mentioned in Section 3, liberalized electricity markets and integration of remote renewable
energy sources have highlighted the need for enhanced cross-zonal transmission capacity among
various European countries. HVDC transmission systems seems to be the most viable solution for
cross-zonal interconnection as these can carry more power and have better controllability. Also,
for integrating offshore renewables generation HVDC systems are being preferred. It will not be
an over statement that in near future the DC elements will play an important role in power system
management. Guidelines have also been published for participation of HVDC systems in power
system operation support in ENTSO-E area [57]. For instance, the guidelines allows the TSO to require
the HVDC system to control the active (and reactive) power output to maintain stable AC system
frequency, provide synthetic inertia in event of frequency deviation in the connected AC system and
remain connected and in operation if the network frequency changes at a rate from −2.5 to +2.5 Hz/s .

HVDC systems can actively participate in providing ancillary services to AC systems [14] as
detailed in Section 4 also. At the same time HVDC systems will also need ancillary services such
as energy balance, loss compensation, black start and restoration for smooth operation [12]. In [58],
the capability of windfarms connected through HVDC to provide ancillary services to DC systems has
been presented. The aspects of ancillary services required by HVDC systems are not further covered in
this paper.

Based on the requirements of ancillary services for AC system, research has been going on
to develop the possible solution for providing the ancillary services from HVDC systems to AC
systems and in the literature several possible solutions have been proposed. The literature review of
possible methods for ancillary services provisions from LCC-based and VSC-based HVDC systems is
presented below:

i LCC-based HVDC system: The authors in [59–62] have proposed some approaches to control the
system voltage from LCC-based HVDC systems. Voltage stability analysis for multi-feed HVDC
system using STATCOM has been presented by authors in [63]. Various methods for providing
frequency control service from such HVDC systems are presented in [64,65]. In [66], the authors
have proposed virtual synchronous generators (VSG) approach for providing frequency control
from islanded windfarms. Methods for providing blackstart service with LCC-based HVDC
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systems has been detailed in [67,68]. Methods for power oscillation damping using LCC-based
HVDC systems for connected AC systems are detailed in [62,69,70].

ii VSC-based HVDC system: In [71,72], the authors have proposed VSG approach for providing fast
frequency control and virtual inertia from the VSC-based HVDC converter stations. Fast frequency
and AC system voltage control has been proposed by the authors in [73]. For providing primary
frequency support (FCR) from offshore windfarms, HVDC converter control techniques have been
proposed in [74–78]. In [59,79–81], the authors have discussed the provisions for AC system voltage
control service from HVDC systems. The method for providing frequency from the energy stored
in HVDC link is highlighted in [82]. The authors in [83–85] have presented the various studies on
blackstart capabilities of VSC-based HVDC systems. In [86–90], the authors have highlighted the
control aspects for oscillation damping for VSC-based HVDC systems.

Based on the literature review, some of distinctive features of HVDC systems and their possible
use for providing ancillary services have been summarized in Table 4. It is assumed that sufficient
reserves are available in the systems to provide the considered ancillary services.

Table 4. Ancillary Services from HVDC Transmission systems.

Services

System Asynchronous Synchronous Offshore Remarks
LCC Based VSC Based LCC Based VSC Based LCC Based VSC Based

Inertia ++ ++ NA NA ++∗ +++∗ VSC-based HVDC systems offer better
controllability for offshore connections

FCR ++ ++ NA NA ++∗ ++∗ Synchronous zone embedded HVDC systems
cannot provide Inertia and FCR

FRR +++ +++ NA NA ++∗ ++∗ HVDC systems provide better controllability as
compared to AC systems

RR +++ +++ NA NA ++∗ ++∗

Voltage
control

− +++ − +++ − +++ LCC-based HVDC systems cannot provide voltage
control and Black start capability

Black start − ++ − ++ − ++

Congestion
Management

+++ +++ +++ +++ − − HVDC systems have better power carrying
capability than AC systems

Oscillation
damping

++ +++ ++ +++ + + VSC-based HVDC systems have better oscillation
damping capabilities

Note. The symbol -, +, ++ and +++ means that the HVDC systems cannot provide the service, are able to provide
the service, are able to provide the service similar to conventional AC systems and can provide the service better than
AC systems respectively. * implies that the HVDC system requires appropriate controls at the offshore side to
provide this service. NA implies that it is not possible to provide this service from respective HVDC system.

6. Conclusions

Ancillary services play a pivotal role in ensuring reliable power system operation. It is critical that
various power system equipments which can provide these services could be used in an economical
way while enabling smooth power system operation. This review paper details the definitions of
ancillary services, procurement, and activation practices for these services as followed in different
control areas of ENTSO-E. It can be concluded from this study that every control area in ENTSO-E
follows its own practice for procurement and activation of ancillary services, despite these services
being defined by one grid code.

A major outcome of this review paper is the significant potential of HVDC systems (specially
VSC-based) in providing ancillary services. A comprehensive analysis of possible control methods and
time frame of activation of HVDC equipments highlights the robustness and fast control aspects of
HVDC systems. These characteristics are the major drivers for considering ancillary service support
from HVDC systems especially within the context of an interconnected grid and offshore grids.
From the comparative analysis for different HVDC systems it can be inferred that VSC-based HVDC
systems can provide ancillary services in a manner better than or similar to that of the conventional
AC systems. This analysis expands on the features of HVDC connections types in providing different
ancillary services based on a literature review.
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To facilitate the sharing of ancillary services from HVDC among different operators of an
interconnected system, a coordinated evaluation of the most optimal use of ancillary services on
pan-European level would be necessary. The categorization of different ancillary services from HVDC
systems and their characteristics as presented in this paper, could be a starting point for such analysis.
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