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Abstract: The gradual displacement of synchronous generators driven by conventional power plants,
due to the increasing penetration of distributed renewable energy sources (DRES) in distribution
grids, is creating a shortage of crucial ancillary services (AS) which are vital for the frequency and
voltage stability of the grid. These AS, and some new ones, could now be offered by the DRES,
particularly those that are converter interfaced, in a coordinated way in order to preserve the grid
stability and resilience. Although recent standards and grid codes specify that the DRES exhibit some
system support functions, there are no specifications on how to measure and quantify (M & Q) them
both at DRES level and in aggregated form. The M & Q of AS is crucial, since it would allow the
AS to be treated as tradable AS in the current and future AS markets. This paper attempts to define
a number of AS that can be offered by converter-interfaced DRES and suggests methods for their
M & Q. The new AS addressed are: (1) inertial response; (2) primary frequency response; (3) active
power smoothing (ramp-rate limitation); (4) exchange of reactive power for voltage regulation;
(5) fault-ride-through (FRT) and contribution to fault clearing; (6) voltage harmonic mitigation.
Additionally, a rough estimation of the additional investment and operational cost, as well as the
financial benefits associated with each AS is provided in order to form the basis for the development
of business models around each AS in the near future.

Keywords: active harmonic filtering; active power smoothing; ancillary services; distributed
renewable energy sources; distribution grids; inertial response; primary frequency response;
voltage regulation

1. Introduction

Ancillary services (AS) are defined by transmission system operators (TSOs) as services necessary
for the reliable operation of the power system, [1] or needed to ensure security of supply, [2,3].
According to [4], which is a common report by the European Network of TSOs of Electricity (ENTSO-E)
and several European Union (EU)/distribution system operators (DSO) entities (E.DSO, Eurelectric,
etc.) AS are defined as services provided to DSOs and TSOs to keep the operation of the grid within
acceptable limits for security of supply and are delivered mainly by third parties (with respect to
the control of the source) or by the TSOs and DSOs themselves. The currently available AS, in all
European synchronous areas, have mainly as a target to keep frequency and voltage within specific
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safe bands and restore their values to the normal range after an imbalance occurrence. Therefore,
these AS mainly refer to frequency response, voltage control through reactive power support and
black-start capability, [5] and can be classified as follows [4]: (i) frequency AS (mainly for balancing);
(ii) services for congestion management; (iii) non-frequency AS, such as voltage control and grid
restoration. Frequency-related AS are further distinguished as frequency containment reserves (FCRs),
frequency restoration reserves (FRRs) and replacement reserves (RRs).

Currently, these AS exist only at the transmission system level and are usually remunerated (by
the TSO or the respective AS market) following various approaches such as, [6,7]: (i) a regulated price:
in this approach a fixed price is set by the regulator or the TSO; (ii) a pay as bid price: the AS provider
receives the price of the accepted offer; (iii) a common clearing price: the successful sellers are paid
the price of the most expensive accepted or the least expensive rejected offer. The AS remuneration
includes several components that reflect the different costs of the providing entity, e.g., the fixed
allowance and the availability price refer to the cost of the seller to make a specific amount of AS
available, costs regarding the actual exploitation of the product and the one that may rise each time that
the provider is called upon (in a specific period of time), respectively, i.e., the opportunity cost. For this
reason, there are AS markets operating in parallel with the operating energy market. Currently, these
AS are mainly provided by synchronous generators (SGs) driven by conventional fuel-driven power
plants (PPs). It is noted that the aforementioned AS belong to the steady state or quasi-steady state
condition of the transmission system. Therefore, their measurement and the subsequent quantification
is easily made by conventional measuring devices that need to measure active or reactive power and
energy. It should be mentioned that currently the inertial response, which belongs to the dynamic
and transient area of operation, is considered an inherent property of SGs and therefore, is neither
measured nor remunerated.

The increasing DRES penetration is expected to displace in the future the conventional PPs. This is
actually an EU target that currently drives many research activities [8]. However, decommitment of
conventional PPs will lead to the reduction of AS which are essential for the power system stability
and safe operation. To mitigate this problem, three options are currently investigated: (i) the use of
conventional PPs as providers of AS, for instance for provision of inertial response or reactive power to
the TSO or as spinning reserves [9], (ii) use of utility-scale storage systems operated by third parties,
i.e., other than the TSOs and DSOs, (iii) aggregation of those AS (and additional ones) from DRES
connected in the distribution system level. Obviously, the last option represents the most decentralized
approach and indirectly transforms the distribution systems into virtual power plants (VPPs) as seen
from the transmission system. The most significant advantage of this solution is that even the smallest
DRES owners can become active participants in the operation of the power system. Additionally, the
decentralized approach-when based on DRES- enhances significantly the security in energy supply.

Realizing that the DRES, particularly the converter-interfaced ones, can have functionalities that
could support the power grid, some recently issued grid codes and standards ask for the provision
of various services by the DRES in the form of system support functions [10–12]. Examples of such
services are: the provision of reactive power for voltage regulation purposes, the FRT capability,
the injection of specific currents during a grid fault and the limitation of the rate of change of the
electrical power of DRES (ramp rate limitation). It is noted that, by considering those services as
system-support functions, their provision becomes mandatory in order for the DRES to get connection
permission. Thereby, it is evident that no motivation is granted to the DRES for offering such services,
despite the fact that some of these services imply a direct or indirect cost to the DRES owner; for
instance the provision of reactive power may result in active power curtailment if the RES converter
is not oversized. However, the TSOs of some weak transmission systems, e.g., Puerto Rico [13] and
Ireland [13–15], have issued new requirements for the DRES directly connected to the transmission
system. These requirements have the form of system support functions after realizing the consequences
of the increased DRES penetration and the subsequent decommission of conventional SGs in those
weak grids.
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The recent advances in power electronics have enabled the converter-interfaced DRES to exhibit
new functionalities that are useful to the distribution grid and the transmission system: (i) they may
provide virtual inertial response, just like the conventional SGs, in an energy-neutral way if they are
equipped with fast energy storage systems (FSS), like supercapacitors. In such cases, the inertial
response can be offered even when the primary energy sources (sun or wind) are unavailable; (ii) they
may be controlled to operate with a certain headroom, i.e., as FCRs. In fact, the slope of their P-f droop
and the frequency deadband can be easily adjustable through setpoints sent remotely; (iii) by changing
their control mode into voltage-controlled sources, the DRES can exhibit grid-forming capabilities,
enabling, in this way, their participation in the black-starting procedure of distribution grids and even
in their islanded operation; (iv) they can be controlled as active harmonic filters in order to mitigate
voltage harmonic pollution within the distribution systems.

Electrochemical energy storage systems (ESS), like Li-ion batteries, which are also
converter-interfaced, can also provide all the aforementioned functionalities apart from inertial
response, as this stresses the batteries in a rather unacceptable manner. Some differences also exist
between the variable-output DRES -like photovoltaics (PVs) or wind energy conversion systems
(WECS), which are converter-interfaced and the dispatchable DRES—like hydro or biomass—which
are directly coupled to the grid via SGs. The latter can provide inherently inertial response due to the
involved rotating masses, however, their actual inertia is hardly known. They can also act as FCR,
however their governors are much slower than the respective reaction of the power-electronic converters.
Furthermore, their reactive power capability is narrower compared to the converter-interfaced DRES
due to limitations in rotor design or due to power-angle stability reasons.

It is evident that the DRES can provide a number of useful services that can support either the
distribution grid or transmission system if they are aggregated. However, in order for these services
to be treated as AS (and not simply as system support functions) they should be properly measured
and quantified in a unified and commonly agreed (by all stakeholders) methodology. In addition, the
costs associated with the provision of these services and the financial benefits should be identified,
so that relevant viable business models can be developed. Furthermore, when dealing with AS offered
to the transmission system by aggregating their origin from individual DRES within the distribution
system, methods to M & Q them should be established for all nodes where the service is offered. This is
essential for the proper remuneration of each DRES according to its contribution, while taking into
account technical constraints imposed by the distribution grid.

It should be mentioned that currently there exist no established AS market in the distribution
system. Models of such AS markets can be found only in the technical literature (e.g., H2020 Project
SmartNet [16]). However, these models focus on market structures without paying attention on the
way the AS should be measured and quantified in order to become tradable quantities.

Currently, the term “ancillary service” is frequently used for DRES in the technical literature,
so as to describe their various functionalities, e.g., reactive power for voltage regulation purposes,
virtual inertia, primary frequency control, harmonic mitigation or even power smoothing. Many of the
aforementioned AS have been recently introduced in the literature and are still under investigation;
hence, the absence of particular metrics for their quantification is a common problem. This applies at
metrics regarding both the overall service provision at particular points of the network (e.g., at the
transmission-distribution interface), as well as the contribution of each AS provider, as mentioned
in [17,18]. Therefore, it is essential to establish new quantification methods that will reflect the actual
provision of every AS at the points of interest, with relatively high accuracy. The latter is important to
enable AS that are offered at the distribution system to participate in future AS markets.

This paper is an attempt to define a number of AS that can be offered by DRES connected in
the distribution system. By definition it is meant: (i) the way an AS should be M & Q and, (ii) an
initial, thus not exhaustive, identification of the financial costs incurred for providing this AS and the
benefits that result from its use. Further elaboration with respect to detailed evaluation of the financial
costs and benefits is required but this falls in the frame of the development of viable bossiness models
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around each AS which is beyond the scope of this paper. Some of the AS are useful for the operation of
the distribution grid, thereby they are procured by the respective DSO. Other AS, particularly those
related to the stability of the power system, are aggregated and offered to the TSO at the point of
interconnection (POI) of the distribution grid with the transmission grid. In such cases, aggregators
may be involved for trading these AS, but the DSO should always be present in order to assure that the
technical constraints within the distribution grid are respected.

To the best of the authors’ knowledge, there are no relevant references regarding the quantification
of various AS offered by DRES connected in the distribution system. This is particularly stressed out
in [18], where the lack of proper measurement and quantification is identified as one of the technical
barriers that prevent the introduction of AS in distribution networks. The same is true with respect to
the financial costs and benefits associated with each AS. For these reasons, the approach presented
in this paper is all new. On the other hand, new standards that specify a number of system support
functions for DRES give clues on the way these functions should be measured. Hence, the suggestions
for the measurement of the proposed AS, particularly those associated with transient or dynamic
DRES responses, are largely based on these standards. Since several AS are examined in this paper,
detailed reviews and the relevant state-of-the-art with respect to their M & Q are presented in the
rest of the manuscript in the respective Sections. The established AS in the transmission system level
formed the basis for the definition of new AS offered by DRES connected in the distribution system.
Detailed reviews of the main AS that already exist at the transmission system level with respect to their
definition per country, the PPs that provide these AS and their remuneration can be found in [1,6,18].

The remainder of the paper is organized as follows: In Section 2 of the paper, the background
and assumptions for the definition of several new AS that can be offered by converter-interfaced
DRES connected to the distribution system are presented. The new AS addressed in this paper are:
(1) inertial response; (2) primary frequency response; (3) active power smoothing (ramp-rate limitation);
(4) exchange of reactive power for voltage regulation; (5) Fault-Ride-Through (FRT) and contribution to
fault clearing; (6) voltage harmonic mitigation. In Section 3, for each of the aforementioned individual
AS: (i) a brief overview of the state-of-the-art with respect to technical literature and Grid Codes is
conducted; (ii) the theoretical and mathematical formulation of the new M & Q method is proposed
and the challenges with respect to its practical implementation are identified; (iii) the associated costs
and benefits are roughly estimated and analyzed in order to form the basis for the development of
respective business models. Some technical barriers towards the development and future adoption of
the suggested AS are briefly presented in Section 4, while Section 5 presents the conclusions.

2. Background and Assumptions for the Introduction of New AS Offered by the DRES at
Distribution System Level

Currently, the frequency and non-frequency related AS are procured and remunerated by
conventional PPs directly connected to the transmission system level. National TSOs define various
AS in their own way, especially with respect to the frequency-related AS. Several differences exist also
with respect to: (i) the type of source that provides the AS; (ii) the obligation (mandatory or optional
AS provision); (iii) the fundamental values that are being remunerated; (iv) the remuneration and
procurement schemes. However, the inertial response is still considered as a system support function,
since it is provided by the inherent inertia of the conventional SGs, and, for this reason, it is not
remunerated, [19]. In addition, recently published Standards and Guidelines [20] require the large-scale
variable-output DRES that are directly connected to the transmission system, to offer frequency or
voltage support as system support functions, which are also not remunerated, as in the previous case.
However, in order for a distribution system to be able to provide certain AS, the DRES within it need
to be intentionally controlled, leading in many cases to curtailment of active power (operation with a
headroom) that would be otherwise injected into the grid, and in other cases to increased operational
cost due to reduced efficiency and additional losses (e.g., when exchanging reactive power [21] or
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operating below a certain power level [22]). Therefore, it is necessary to accurately measure and
quantify all these frequency and voltage support actions in order for them to be treated as AS.

This section presents a new approach on how to M & Q these services. This applies to services
offered to the distribution grid at the terminals of the DRES and to services offered, in aggregated form,
to the transmission system at the POI with the distribution grid. A significant assumption made to
facilitate the M & Q is the following: the distribution grid has defined physical limits and there is a
single POI with the upstream transmission grid. This assumption is realistic for the majority of the
distribution grids and enables the evaluation of the contribution of each DRES to a specific service.
Apart from the measurement and quantification, the financial costs and benefits associated with each
service are roughly presented. Their quantification is essential for the development of viable business
models based on the AS, but this is part of ongoing and, yet, unfinished research.

Given the fact that AS are offered during transient conditions, suitable measuring specifications
are required for their proper measurement and quantification with respect to the starting and ending
point of each AS. Hence, modern metering devices will need to be installed and be fully in line with the
new measurement standards. This is particularly emphasized in [17], as one of the technical challenges
that the DSOs have to deal with due to the increasing DRES penetration. Currently, measuring
systems installed in distribution networks do not serve for the DSOs to gain access over particular
quantities, which are essential for enacting any control over DRES, e.g., active power reduction or
reactive power adjustment, so as to maintain the system balance. Moreover, the measuring devices
within the distribution grids include SCADA systems, smart meters and line measurement systems [23].
A drawback of these devices is that they can only measure data related to the steady-state network
operation [24]. Consequently, their use for capturing AS related to the dynamic network operation
(e.g., the provision of inertial response, dynamic reactive power support) is not acceptable. Furthermore,
the measurements should be synchronized to determine the contribution of each DRES to the overall
distribution system behavior, something that cannot be implemented by the existing devices due to
the lack of a synchronization mechanism, [23]. It should be noted at this point that according to the
requirements for the interconnection of DRES mentioned in the IEEE Standard 1547−2018, [10], their
built-in metering infrastructure presents limited measurement capability with respect to dynamic
phenomena. Therefore, the inverters of DRES are usually equipped with devices that focus on the
accurate detection of changes and not on the accurate calculation and measurement of absolute
values, [25]. Finally, phasor measurement units (PMUs) [26] are usually used at the transmission
system level. PMUs act on a fast timescale with reporting rates up to 50/s and are able to provide
synchronized measurements. However, PMUs are considered expensive enough to be installed at each
DRES connected in a distribution grid and have specific limitations, as highlighted in [27].

In order to enable the development of new business models in a quantified and monetary way, new
metrics for the quantification of the AS will be proposed in this section together with an initial definition
of various AS (and a brief review) that can be offered by DRES either at distribution system level or
towards the upstream transmission system. In the latter case, they are assumed to be aggregated and
offered at the single POI of the distribution system with the transmission system.

To enable the proper definition and quantification of AS the following assumptions are made:

• At the distribution system level (Figure 1), one or more individual control areas (ICAs) are foreseen,
where the DRES with the newly developed functionalities are optimally orchestrated by suitable
ICT infrastructure. Generally, the whole distribution grid can be considered as an ICA, hosting
loads and DRES in the medium voltage (MV) level and microgrids in the low voltage (LV) level.

• The DRES within the distribution system have new advanced functionalities enabling them
to provide the AS shown in Figure 2 [18,27,28]. These functionalities have been technically
developed and are reported in various deliverables [27,28] of the ongoing research project named
EASY-RES [8] which is funded by European Union. Each DRES can provide: (1) inertial response;
(2) primary frequency response; (3) power smoothing; (4) reactive power support; (5) harmonic
mitigation; (6) FRT capability and fault-current contribution. Functionalities (1), (3) and (6) require



Appl. Sci. 2020, 10, 7106 6 of 36

an additional ESS, which will be a FSS, because large amounts of power are required for dynamic
and transient phenomena. This FSS would be a supercapacitor that is connected to the DC-link of
the DRES converter (Figure 3). It is noted that these functionalities require a new type of converter
control, like the one presented in [28], for the converter-interfaced DRES (CI-DRES). Actually
the CI-DRES should operate like virtual synchronous generators in order to provide in a unified
way all the aforementioned functionalities. This is applicable to all CI-DRES irrespective of their
primary source (PV, wind, etc). However, just for simplicity reasons, many of the AS addressed in
this paper use PVs as primary source.

• The distribution system has physical boundaries and a single POI with the transmission system as
shown in Figure 1.

• Battery energy storage systems (BESS) are assumed to be installed only at the POI of a LV µG
with the upstream MV gird and the POI of the ICA with the transmission system (see Figure 1).
The BESS are sized only for the following AS: (1) power smoothing, (2) exchange of reactive
power for voltage regulation purposes, while they will be able to provide also, (3) contribution to
harmonic mitigation and (4) contribution to fault clearing.
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By exploiting the aforementioned DRES/BESS functionalities, proper control schemes for voltage
regulation and protection coordination will be applied at ICA level, while each ICA will be able to
offer inertial and PFR by optimally allocating the respective responses to the DRES within each ICA.

The definition, measurement and quantification for each of these six AS is presented in the rest of
this section together with rough estimations of the challenges for their introduction. The costs and
benefits resulting by the introduction of each AS are also roughly presented.
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3. New Types of AS Provided by DRES/ESS: Proposed Definition and Its Justification, Suggested
Measurement and Quantification, Associated Costs/Benefits

3.1. Active Power Ramp Rate Control/Power Smoothing

3.1.1. Proposed Definition and Its Justification

During the last few years, the increased penetration of variable-output converter-interfaced DRES
has led to significant net load variations and has modified the existing load pattern at system level.
These variations, mostly appearing in minute-to-hour timeframes [29,30], can no longer be neglected
by the TSOs and need to be properly compensated in order to maintain the power balance in the
transmission system by increasing the required FCR and FRR. To mitigate this requirement, a growing
number of grid codes, over the last years, are posing specific limits to RES generation so as to avoid
extreme active power ramp rates, especially in weak grids, e.g., the TSOs in Ireland, [31,32] and Puerto
Rico [13], pose specific ramp-rate limitations for PV systems and wind farms. For example, the Puerto
Rico Electric Power Authority (PREPA) [13] requires the RES PP fluctuations to be less than 10%
(of nominal power)/min. In other countries, e.g., Mexico, the regulations target greater restrictions, of
around 1–5%/min [33]. It is noted that these specifications concern variable-output DRES connected
in the transmission system. To address the high ramp rates originating from DRES connected in the
distribution system, PREPA suggests the use of utility scale ESS at the POI of the distribution grids
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with the transmission system [34]. It is noted that the aforementioned requirements have the form
of system-support functions, therefore they are not remunerated [6]. On the contrary, their absence
is penalized.

Variable-output DRES can limit the ramp rate of their electrical power by using suitable control
algorithms. Some wind generators equipped with advanced controllers, such as the rotor inertia
control [35] and pitch angle control [36] can control the ramp rate (also referred to as power smoothing)
without involving any complementary ESS. However, this is associated with a higher stress of their
mechanical system. On the contrary, using a complementary FSS, both wind generators and PV systems
can provide power smoothing without curtailing power or increasing the mechanical stress [37,38].
The use of FSS enables the smoothing of the power in timeframes from milliseconds up to few seconds.
The use of slower ESS, such as BESS, is more suitable for power smoothing in time frames from
some seconds up to several minutes. The degree of power smoothing depends on the algorithm
implemented and the size of the ESS. The most prevalent power smoothing algorithms are based on
moving average [39] or ramp-rate control [40].

3.1.2. Measurement and Quantification

Attempting to define a methodology for the measurement and quantification of the limitation of
electrical active power ramp rate, active power ramp rate at the Point of Common Coupling (PCC) of a
DRES is firstly defined by,

ramp =
∆Pel(t)

∆t
(1)

with:

∆Pel(t) =
Pel(t) − Pel(t− ∆t)

PN,DRES
(2)

where, ∆Pel(t) is the per-unit (pu) variation of the electrical active power, Pel(t), during the time
interval, ∆t, while PN,DRES, is the rated power of the DRES.

In order to better clarify our approach for the definition of the measurement and quantification of
the ramp limitation we will use the following example: Measurements of the electrical power of a
239 kWp PVPP in the region of Sencur (Slovenia) were taken for several hours with 1 s resolution [28].
Figure 4 shows the power (expressed in pu) during a 40-min period.
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Figure 4. Output power (red: actual; green: smoothed) of a 239 kWp PVPP with 1 s resolution [28].

The shaded area in Figure 4 is enlarged in Figure 5 where the PV power is shown in red, while the
smoothed electrical power in green. The PV power is the power determined by the maximum power
point tracking (MPPT) algorithm of the PVPP. The smoothed electrical power is achieved by using a
FSS (an ultracapacitor bank) in the DC link of the PV converter and by implementing the smoothing
algorithm developed in [28] that limits the ramp rate to ±20%·PN,DRES/min.
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The ramp rates are shown in Figure 6, where it is evident that, the ramp rate would be as high as
−30%·PN,DRES/min or +25%·PN,DRES/min.
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The achieved ramp rate limitation (RRL) can be quantified on the basis of the difference between
the actual electrical power, Pel(t) and the active power generated by the primary source Pg(t).

RRL =

t2∫
t1

∣∣∣Pel(t) − Pg(t)
∣∣∣dt (3)

with the time interval t2 − t1 is defined as the period over which the RRL needs to be quantified,
e.g., one hour or one day, etc. The resulting RRL can be seen as the sum of the shaded areas A1 and A2
in Figure 5. It is important that the control algorithm regularly (e.g., every some seconds) returns the
state of charge of the FSS to its original state so the DRES is able to achieve the next ramp limitation.
This prerequisite will finally yield

t2∫
t1

(
Pel(t) − Pg(t)

)
dt = 0 (4)
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if the losses in the FSS and the associated DC/DC converter as well as the losses in the DC/AC converter
are ignored. In case these losses are evaluated [21], then the integral in (4) should be equal to the
aggregated losses over the period t2 − t1.

Another way for the evaluation of RRL could be based on the measurement of the work performed
by the FSS associated with the DRES as shown in Figure 3. In this case,

RRL =
∫ t2

t1

∣∣∣PFSS(t)
∣∣∣dt =

∫ T
0

∣∣∣VDC(t) · IFSS(t)
∣∣∣dt

ELoss_Tot = ELoss_DC/DC + ELoss_DC/AC + ELoss_FSS

RRLNET = RRL− ELoss_Tot (5)

where RRL is the total energy absorbed or released by the FSS within the time interval t2 − t1, IFSS is the
current flowing to the FSS, VDC is the DC-Link voltage level and ELoss_DC/AC are the energy losses on
the DC/AC converter of the DRES.

Equation (3) can be applied not only to DRES but also to a BESS. In the latter case, Pel(t) is the
electrical power upstream of the BESS, while Pg(t) is the electrical power downstream of the BESS.
Equation (5) can be equally applied to DRES or BESS.

Challenges

There are currently two major challenges for the practical implementation of the suggested
measurement and quantification procedure. The first one stems from the fact that there is currently no
unified method for the precise definition of the ramp rate itself. For instance, there is a plethora of
specifications with respect to ∆t in (1). The TSOs in Puerto Rico [13], Ireland [13–15], China [32,41], or
in England and Wales NGC [32], specify various ∆t in the range of 2 s, 1-min, 5-min or 10-min. Such
differences are documented in reviews like [28,32]. In the same context belongs the lack of specifications
with respect to ∆Pel(t) in (1). It is not clear what is actually meant with Pel(t): is it the instantaneous
3-phase active power measured at instant t, or is it the active power averaged over some period and,
in such a case, what is that period? Such details seriously affect the way powers and subsequently,
the ramp rates are measured and quantified. The second challenge stems from the lack of a unified
approach with respect to the measuring devices that will be used to measure the quantities in (3) or
(5). All these quantities are currently measured within the respective converters; however, the aim
of the measurement is the control of the converters and not the measurement and quantification of
power and energy [25]. Even if it is assumed that the DSOs or TSOs trust such measurements, the
different measurement accuracies among the various DRES, prohibit the use of the converter-based
measurements, because they will be finally translated in financial remuneration.

Suggestions

Considering that the ramp rate control is a quasi-steady-state phenomenon and that the electrical
quantities within the modern converters are measured in the time frame of µs, we firstly suggest that
Pel(t) represents the average active power over the previous 200 ms (10 cycles) [10] in the case of DRES,
since they will deal with rather fast evolving ramp rates. In the case of BESS it is suggested that this
averaging window in increased to 1 s, since the BESS will deal with slower ramps in the time frame of
1–10 min.

3.1.3. Costs and Benefits

In the case of converter-interfaced DRES, the power smoothing (ramp-rate limitation) in both
upwards and downwards direction requires a FSS the size of which depends on the largest ramp-rates
expected by the primary source and on their limitation i.e., the highest allowable ramp-rate at the AC
terminals of the DRES. Based on our research so far in the frame of the EASY-RES project we present
some initial results on the required sizing of the FSS: We considered a 6 kWp PVPP in Germany, where
measurements of solar irradiance were received with a resolution of 1 s. The limitation we set was
that the electrical power at the AC terminals should not present ramps larger than 30% of the PV
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nominal power per minute. Based on the solar irradiance, the DC power presented ramp rates as high
as 80% of the PV nominal power per minute. Another constraint that we set was that by the end of the
period fluctuations the state-of-charge of the FSS should return to its initial condition. Based on the
explanations given in the Appendix A, it was found that the required size of the ultracapacitor bank
was 47 Wh. Based on an average cost of €20/Wh [42], the ultracapacitor bank has as cost €940. The
required power of the DC-DC converter was estimated to be 0.9 pu, i.e., 5.4 kW with a cost of €540 (a
unit cost of €100/kW, [43], is assumed for DC/DC converters which is approximately half of the unit
cost of DC/AC converters as presented below in Section 3.5.3 and Figure 7). Thus, the total cost of the
power smoothing system is €1480 which is comparable to the cost of the PVPP (~€5000). It is noted
that the location of the specific PVPP was selected, since it represents fast solar-irradiance variations
due to scattered clouds. In other locations such as in southern Europe such variations are softer. It
should also be mentioned, that the same DC/DC converter and FSS can be used for other AS, such as
inertial response and provision of FRT and contribution to fault clearing which increases significantly
the utilization of the FSS and shares the implementation costs among three different AS.Appl. Sci. 2020, 10, x FOR PEER REVIEW  11  of  35 
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Figure 7. Unit cost of purchasing of 3-phase PV inverters in Greece in July 2020. Data from same
retailer for four different inverter manufactures.

In the case of BESS, the sizing procedure is similar, but the magnitudes are different. Since BESS
are foreseen in the POI of the distribution grid with the transmission system or at the POI of a LV
microgrid with the MV distribution system (see Figure 1) the limitation imposed on the ramp rate
is considered to be 10% of the nominal transformer rating/min which is similar to the requirements
imposed on DRES connected in the transmission system by TSOs of weak grids [13]. However, in
this case, the effect of the load variations and the effect of the smoothing already performed by the
DRES downstream should be considered. It is still an open research question the degree to which
these factors affect the sizing of the BESS. Another fact that should be considered is the unit cost of
Lithium-Ion (Li-ion) based stationary BESS which is of order of 300–400 €/kWh [44,45], i.e., much
cheaper than that of the ultracapacitors.

The benefit associated with this service is that the distribution grid may appear to the transmission
system as a VPP which can limit the active power ramp rates. This, in turn, will lead to reduction of the
active power reserves by the TSO for the same frequency deviations. The deferral of the cost of these
reserves is the financial benefit. Simulations at system level are required to estimate the relationship
between the power smoothing at distribution grid level the reduction of those reserves.
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3.2. Inertial Response

3.2.1. Proposed Definition and Its Justification

Inertia is an inherent characteristic of SGs due to their rotating masses, which prevents fast
frequency variations in the first few cycles after a power imbalance occurs. Inertial response means
that a SG is able to inject instantly an additional power to the grid which is proportional to the rate
of change of the frequency (ROCOF) sensed at its terminals. This power is extracted, in cases of
underfrequency events, by the kinetic energy stored in the rotating masses causing their deceleration.
In cases of overfrequency events the reverse is true, i.e., additional kinetic energy is stored causing the
rotor acceleration.

In the case of single SG, it is more meaningful to express the inertia in terms of the inertia time
constant, as follows:

H =
Ekin
SN

=
1
2 J ·ω2

SN
(6)

where, H (in seconds) is the inertia time constant, Ekin is the stored kinetic energy in the rotating
masses with equivalent inertia, J (in kg·m2) and SN is the nominal apparent power of the SG. In the
same way, the equivalent H of a large power system can be defined. Using the motion equation of the
SG the following expression can be derived in pu:

2H
dω
dt

= pm − pe (7)

where, pm and pe are respectively the mechanical and electrical power expressed in pu using SN as
basis. It is evident from (7) that the ROCOF depends on the power imbalance and the inertial constant.
Realizing that the displacement of conventional SGs by inertialess DRES will result in increased
ROCOF, ENTSO-E [46] suggests that the DRES should provide synthetic inertia and that the various
TSOs should evaluate the minimum levels of equivalent H of their areas that are required to maintain
the frequency stability of their system. It is also mentioned in [46] that “traditional system inertia for
a synchronous generator dominated system is of the order of H = 5–6 s”, although deviations from these
values may exist among the various power system control areas.

The provision of synthetic inertia by a converter-interfaced DRES requires an ESS, where the
equivalent “kinetic energy” will be stored. This ESS is associated with an additional installation,
operational and maintenance cost that needs to be compensated. Therefore, synthetic inertia should
be treated as a new AS and be remunerated, contrary to the current practice, where it is considered
an inherent system support function. However there exist no methods for the measurement and
quantification of the inertial response provided artificially, despite the fact that there are various
methods to make a converter-interfaced DRES exhibit controllable inertial response [47–49]. In most of
these methods, the converters are controlled as voltage rather than current sources, emulating in this
way the behaviour of the conventional SGs. It should be mentioned that methodologies have also been
proposed [50–52] in order to make WECS exhibit virtual inertia exploiting their kinetic energy. In fact,
some of them have already been implemented in commercially available WECS [53–57]. However, this
approach is energy-neutral, meaning that the energy provided during the inertial response period is
then retrieved back from the grid, a phenomenon that may cause adverse effects to the overall frequency
response of the system [58] (e.g., a postponed, but equally deep frequency nadir or the appearance of a
second nadir). This approach also provides inertial response that depends on the operating point of
the WECS, i.e., the provided inertia is rather stochastic, and it is not fully adjustable [59,60] and causes
additional stress on the mechanical parts of the WECS [59]. For these reasons, we focus on inertial
response that is based on voltage-controlled converters and on the incorporation of an additional FSS
to provide the required energy. In this way, the inertia can be controllable and available all the time,
even during the periods the primary source (solar irradiation, wind) are unavailable. Such a feature
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will enable the TSOs to procure this service in a deterministic rather than probabilistic way, paving the
way for its introduction as new AS.

3.2.2. Measurement and Quantification

Supposing that a DRES can exhibit inertial response that corresponds to an inertial time constant
H, then (7) can be used to evaluate this response, pH = pm − pe for a given ROCOF, d f /dt. Such a
response is shown in Figure 8 for a PV system that incorporates in its DC a supercapacitor bank able to
provide inertial with H = 5 s. The physical configuration of the system under study is presented in
Figure 3. More specifically, the PV system is directly connected to the upstream network, which is
modelled as an ideal voltage source in series with an impedance. Initially, the PV system injects 0.25
pu to the grid, while the network frequency remains constant. Afterwards, to investigate how the PV
system reacts on frequency disturbances, the network frequency is modified by varying the frequency
of the ideal voltage source. There are three periods with negative, zero and positive ROCOF. Both the
positive and the negative ROCOF are equal to 0.02 pu/s (1 Hz/s), as shown in Figure 8.Appl. Sci. 2020, 10, x FOR PEER REVIEW  13  of  35 
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Figure 8. Simulation of inertial response of a PV system with H = 5 s, under ROCOF = 0.02 pu (1 Hz/s).

Note that a new model for the grid-interfaced converter of the PV system has been adopted for
these simulations. It has been developed in frame of the EASY-RES project and is called “Unified Virtual
Synchronous Generator” (UVSG). Scope of the UVSG model is to incorporate a series of functionalities
that will allow the widespread penetration of renewable energy sources in both distribution and
transmission systems. Among them, the provision of inertia response is regarded as one of the most
important functionalities that improves the frequency stability of the grid. More details regarding this
model are presented in [28].

The inertial response derived from the UVSG model and shown in Figure 8 can be confirmed with
(7) since, pH = 2H d f

dt = 2× 5× 0.02 = 0.2 pu, resulting in a step increase of the electrical power from
0.2 pu to 0.4 pu. In such cases with high ROCOF, thereby high pH, the measurement and quantification
of the inertial response can be evaluated from the sudden increase (or decrease) of the electrical power
of the DRES for as long as the ROCOF lasts. However, during most of the time, the frequency deviates
with very small ROCOF as shown by the frequency measurement for a time interval of 10 s with 20 ms
resolution in Figure 9. The frequency measurement was made on 23 August 2018 by the Greek TSO on
a 150 kV bus near Athens, Greece, via a PMU.
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Figure 9. Frequency measurement at a HV bus of the Greek power system (upper). Electrical power of
an unloaded PV system equipped with supercapacitor able to provide inertia constant H = 9.5 s.

In such cases, the electrical power of a DRES will exhibit small variations too, making the
measurement of inertial response questionable. Figure 9 shows the electrical power, during the night,
of a PVPP with 20 kVA nominal inverter power, which is controlled to provide inertial response with
H = 9.5 s. It can be seen that the electrical power, which in this case is the result of the inertial response,
varies as little as 100 W or 0.5% of the nominal power. Such small quantities may fall within the
measurement accuracy even of smart meters. On the other hand, if we assume that the frequency
pattern in Figure 9 is repeated for a whole year, the inertial response would sum up to 200 kWh which
is something tangible and cannot be neglected.

Based on the aforementioned obstacles, we suggest that the quantification of inertial response by
a DRES is based on calculations as follows: it is evident from (7) that the inertial response depends
only on H and ROCOF. The value of H should be validated in a certified lab by subjecting the DRES
converter to tests similar to the one shown in Figure 8. The ROCOF can be evaluated in discrete time
steps by measuring the frequency and time in a window of 100 ms as suggested in the recent IEEE
1547-2018 standard [10]. Thus, the inertial contribution Ei expressed in terms of energy over a period T
(an hour, day, etc.) can be calculated by

Ei =

[
2 ·H ·

N∑
i=1

∆ fi
∆t

]
· Sn =

[
2·H
∆t ·

N∑
i=1

∆ fi

]
· Sn

with
∆ fi = f (ti) − f (ti − ∆t)
N · ∆t = T

(8)

where, f (ti) is the frequency measured at the DRES PCC at time instant ti, Sn is the nominal power of
the DRES converter and ∆t = 100 ms.

The evaluation of the inertial response presented by a distribution system in aggregated form
at its POI with the transmission system is a very complicated task. This is due to the fact that the
loads within the distribution system have a frequency sensitivity that depends on their type while the
mixture of the various load types changes constantly. In such cases the minimum equivalent inertial
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constant of the distribution grid, Hdg, can be estimated based on the stored energy in the various DRES
equipped with supercapacitors:

Hdg =

Ndg∑
i=1

Hi · SiN

Ndg∑
i=1

SiN

(9)

where, Hi and SiN are the inertial constant and nominal converter power of the ith DRES and Ndg
is the number of the connected DRES equipped with supercapacitors. It is noted that, in the case
of a smart distribution grid, the aggregator or the DSO may change Hdg by controlling the value of
Hi of the ith DRES from zero up to the maximum value determined by the size of its supercapacitor.
Therefore, an agreement between the TSO and the aggregator/DSO can be established with respect
to the desired minimum, Hdg. In order to establish a mutual trust between the TSO-DSO/aggregator,
the inertial properties of each DRES within a distribution grid, as well as their connection status,
should be continuously visible via a DRES registry, which is transparent to all stakeholders, like the
one suggested in [4]. Apart from the mutual trust, Equation (9) can be verified only in the cases of a
significant frequency event, where the large measured ROCOF should be used to estimate the sudden
drop of active power using (7) and then compare it with the measured ∆P within the first second
after the start of the frequency event. The latter should be larger than the former due to the frequency
sensitivity of the loads.

Suggestions

The contribution of the DRES to inertial response can be quantified using frequency measurements
at the PCC of each DRES and then implementing (8). A registry containing the inertial properties of all
DRES in the distribution system should be constantly updated and be transparent to the TSO in order
to establish a mutual trust. This trust can be confirmed in the cases of major frequency events by using
(9) because only in such cases appear significant ROCOFs to make the inertial response measurable.

3.2.3. Costs and Benefits

The costs associated with the provision of inertial response from converter-interfaced DRES is the
installation cost of the required FSS and the DC/DC converter for the control of the former. The size of
the FSS can be roughly estimated as follows: if we assume that the DRES should be able to provide
inertia with H = 5 s, i.e., the average inertia time constant of the continental European grid, under
ROCOFs as high as 2.5 Hz/s, as anticipated in [19], then the power that should be injected by the FSS is,
according to (7), 0.5 pu of the DRES rated power. The FSS will be theoretically discharged until the
frequency nadir is reached. In continental Europe the frequency nadir is 49.2 Hz [31] while is other
European areas is 49 Hz. Considering the worst case of 49 Hz and ROCOF = 2.5 Hz/s, the nadir will
be reached in 0.4 s. Thus, the energy required from the FSS is 0.5 × 0.4 = 0.2 kJ/kW of rated DRES
power. Today, the cost of the ultracapacitor bank is of the order of 20–25 k€/kWh~5.5–7.0 €/kJ, [61,62].
Therefore, the ultracapacitor cost is 1.1–1.4 €/kW of DRES rated power. The cost of a bidirectional
DC/DC converter is of the order of 100 €/kW [43], therefore the converter cost is 50 €/kW of DRES
power. Roughly, the total cost is of the order of 51–52 €/kW of DRES power, which is very small
compared to the cost of converter interfaced DRES; ~800 €/kW for PV systems and ~1200 €/kW for
wind systems, [63].

The evaluation of the financial benefits requires simulations at power system level, but some
rough estimations are reported in [9], where is stated that in Great Britain the cost for containing
the increase of ROCOF increased by 90 M£ within a year. This happens because the respective TSO
engaged numerous synchronous condensers with flywheels in order to keep the decreasing system
inertial due to the decommission of conventional power plants.
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3.3. Frequency Containment Reserves (FCR)

3.3.1. Proposed Definition and Its Justification

FCRs are PPs operating, at nominal frequency, below their maximum capacity, thereby being able
to provide additional power (or reduce their output) in case of frequency deviations. Their power-
frequency response, called also P-f droop, is usually stepwise linear (see Figure 10) while a frequency
deadband is introduced, in order to avoid the continuous hunting of the frequency during the everyday
operation of the power system. The time response of the FCR is of order of some seconds, depending
on their governor and their primary source, while their target is to arrest the frequency nadir and
stabilize the system frequency at a new steady-state, leaving its restoration to the FRRs. Therefore,
FCR are the first to act for the frequency restoration, while the inertial response helps in deteriorating
the ROCOF, thus, providing the required time for the FCR to be engaged.Appl. Sci. 2020, 10, x FOR PEER REVIEW  16  of  35 
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The increasing penetration of the DRES, particularly those with variable output leads to noticeable
system frequency response degradation [60]. Moreover, several studies [64–66] agree that the demand
for frequency reserves in several countries across Europe and the United States has increased nearly
up to 10% of the additional RES capacity over the last few years. Although the opposite has been
observed in Germany [67], where the commitment of reserves has been reduced despite the increased
DRES penetration, this is attributed to change in the operation of the balancing market from static to
dynamic and to the cooperation among the different TSOs that practically unified their control areas.
Nevertheless, the increased DRES penetration and other physical reasons [68], e.g., excessive governor
dead-bands, or generators operating in modes that do not offer PFR by blocking their governors, lead
to the necessary participation of the DRES in the PFR.

Properly controlled converter-interfaced DRES can act as FCR providing either upward or
downward or both types of balancing capacity. Operation in downward mode is rather easy and
is implemented by moving the DRES away from its MPP as function of the measured frequency
at its terminals following a droop like Sdo in Figure 10. Already, recent standards and codes at the
transmission and distribution system levels [3,11,12], specify that Sdo = 2%− 12% determined by the
DSO together with the frequency deadband range. The slope of the droop Sdo can be specified either
with respect to the nominal DRES power in the case of dispatchable units (hydro or biomass) or with
respect to the MPP power, PMPP, in the case of variable power DRES. It is noted that DRES like wind
generators can limit their output up to a minimum power Pmin for stability reasons. In underfrequency
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events, the same Codes and standards [3,11,12], specify the reaction of DRES depending on whether
they are assigned as FCR or not. In the former case, the frequency deadband ∆ f /2 can be set by the
DSO between ±0.2 Hz and ±4 Hz while the slope Sdu = 2%− 12%. In case the DRES is not assigned as
FCR, it is specified that they should simply support the system by “limiting the reduction” of their power.
It is actually requested the DRES to “be resilient to the reduction of frequency at the point of connection while
reducing the maximum active power as little as possible” [12]. Thus, a maximum allowed reduction rate of
10% of the maximum power per 1 Hz for frequencies below 49.5 Hz is specified for usual condition but
a more stringent reduction of the order of 2% of the maximum power per 1 Hz for frequencies below
49 Hz may be requested by the DSO. It is evident that the Standards treat the frequency response of the
DRES as system support functions.

3.3.2. Measurement and Quantification

In order for this response to be treated as AS, its provision should be similar to the conventional
PPs, i.e., the DRES should be able to provide the balancing power both upwards and downwards.
To achieve the latter without adding any storage device, a variable-output DRES should operate below
its MPP, PMPP(t), with a headroom specified by the aggregator/DSO. Since the MPP varies with time, it
is reasonable to define the headroom as a constant portion of the available PMPP(t), which means that
the DRES output power at time instant t, will be:

P(t) = PMPPT(t) · (1− phead) (10)

where, phead, is the headroom expressed in pu with respect to PMPP(t). This operating mode will be
followed as long as f0 −

∆ f
2 ≤ f (t) ≤ f0 +

∆ f
2 . In case the frequency is outside the set deadband, the

power of the DRES will be determined by the frequency measured at its PCC and the slopes of the
droops. From Figure 10 it can be deduced that

P(t) = PMPP(t) + sdu[ f (t) − fmin] for f (t) < f0 −
∆ f
2

(11)

and:

P(t) = Pmin(t) + sdo[ f (t) − fmax] for f (t) > f0 +
∆ f
2

(12)

It is noted that fmin, fmax, ∆ f , phead, Sdu, Sdo are interrelated and fully configurable by the
DSO/aggregator. The aggregator/DSO may enable/disable the operation of a particular DRES as FCR
according to agreements made with the TSO. The contribution of a DRES to the PFR over a period T,
can be evaluated by:

ET
PFR =

tdisable∫
t=tenable

PMPPT(t) · dt−

tdisable∫
t=tenable

P(t) · dt (13)

where T = tdisable − tenable and tenable is the time instant when the DSO sends to the DRES the enable
signal to start operating as FCR, while tdisable is the time when the DSO sends to the DRES the disable
signal, to finish the AS. It is noted that, while P(t) is the measured active power at the PCC of the
DRES during the period T, the power PMPP(t) can only be calculated because it was not actually
delivered. It can be calculated by the measured MPPT power (actually the available “mechanical”
power, Pm−MPPT(t)) at the output of the DRES primary source (PV, wind generator, etc) and the
efficiency of the DRES converter(s). Analytical tools for estimating the efficiency ηDRES(Pm−MPPT) as a
function of Pm−MPPT(t) have been developed in [21,22]. Thus, PMPP(t) can be calculated as:

PMPPT(t) = Pm−MPPT(t) · ηDRES(Pm−MPPT) (14)
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It is evident that Equation (13) represents the lost opportunity cost (i.e., the energy that would be
otherwise injected into the grid) in order for the DRES to act as a FCR entity. Therefore, this expression
is suggested as a method for the quantification of the contribution of a DRES to PFR. It is noted that
Pm−MPPT(t) is internally calculated and registered by each variable-output DRES because they use it as
control objective. However, in order to practically implement (13), the value of Pm−MPPT(t) should be
retrieved from the internal registers of the DRES in synchronization with the measured P(t).

Regarding the accuracy of the various measurements, the specifications set in the IEEE 1547-2018
standard [10] are suggested considering that PFR is a quasi-steady state condition: frequency should
be measured with 10 mHz accuracy over a window of 50 cycles (1 s). The active powers in (13) are
suggested to be averaged over the same period (1 s) with an accuracy equal to 1% of the nominal DRES
power. This suggestion is stricter than the respective specifications in [11,12], where the accuracy in the
measurement of the power should be 10% of the nominal power and should be averaged over 1 min.
The reason for the stricter suggestion is that the measurements will be used for the remuneration of a
DRES, while the standards refer to measurements used for control purposes.

Validation

The actual participation of a DRES as a FCR entity can be validated by comparing the measured
P(t) with the one calculated by equations (10), (11) or (12) as a function of the measured frequency f (t)
considering also the various parameters set by DSO (see Figure 10). In this way a mutual trust between
DSO/aggregator and DRES owner can be established. The same trust between DSO and TSO can be
established provided that the DRES parameters and its locational information within a distribution
grid are transparent to the TSO via a mutually accessible DRES registry [4].

3.3.3. Costs and Benefits

The cost for providing this AS is actually the lost opportunity cost as described above for each
DRES. However, when considering the primary frequency response of the whole distribution grid
by aggregating the individual DRES this cost may be slightly increased or decreased by the losses
incurred within the distribution grid. The increase or decrease depends on the loading of the feeders
and actually if the power flow is reversed or not. It should be mentioned that the evaluation of an
aggregated P-f droop for the whole distribution grid based on the individual P-f droop characteristics
of the DRES while respecting technical constrains within the grid is still a research issue. The financial
benefits are obviously the deferral of commitment of respective reserves from conventional PPs.

3.4. Reactive Power Support for Voltage Regulation

3.4.1. Proposed Definition and Its Justification

The provision of reactive power for voltage regulation in the transmission networks is already
an established AS and is usually remunerated on the basis of measured reactive energy (MVArh)
exchanged. Operational costs such as the additional losses incurred in the excitation of SGs or in their
stators are considered for establishing the unit cost (€/MVArh) of this AS.

The regulation of the voltage within the distribution networks is the responsibility of the DSO.
Based on the passive nature of the distribution networks, the DSOs still use traditional means (such as
the on-load tap changer (OLTC), switching of capacitor banks, etc.) to regulate the voltage while the
relevant investment and operational costs are indirectly transferred to all consumers/producers within
the distribution network. However, the increased penetration of DRES has added new problems,
such as voltage rise, which can be effectively tackled by exploiting the reactive power capability of
the DRES despite the fact that distribution networks exhibit relatively large R/X ratios. In addition to
such internal problems, the TSOs impose limits in the reactive power exchanged with a distribution
network at its POI with the transmission system. The voltage stability of the transmission system is
deteriorated by the fact that the connected distribution systems exhibit capacitive behavior, i.e., inject
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reactive power towards the transmission system, particularly, when the net load (consumption minus
generation) is reduced below 25% of the interconnected HV/MV transformer capacity, [20]. Such low
loading conditions become more frequent as the DRES penetration within the distribution system
increases. In order to preserve the voltage stability of the system, ENTSO-E suggests that the exchange
of reactive power at the distribution system POI is closely monitored, and, if possible, zeroed. It is
evident that the reactive power of the DRES should be controlled in a coordinated way to address
the voltage regulation within the distribution network and the exchange of reactive power with the
transmission system. Numerous methods have been suggested in the technical literature to address the
voltage regulation in distribution networks under very high DRES penetration [69–72]. These methods
are based on the control of the reactive power exchanged by the DRES in centralized, decentralized
or distributed way [73–77] requiring different communication levels among the DRES and a central
controller. Recognizing the value of reactive power, recently issued standards and codes [3,10–12,78]
specify the reactive power capability of DRES connected in MV or LV distribution networks, limiting,
however, this capability to Power Factor (PF) = 0.95 and in stringent cases to PF = 0.90 although
operation under smaller PFs may be required [79].

The extended use of reactive power implies additional costs for the owners of the DRES or ESS.
For instance, the DC/AC converter of a converter-interfaced DRES (PV or wind) should be oversized in
order to simultaneously provide the maximum active and reactive power. Additionally, a converter
operating under PF , 1 has reduced efficiency [21], which means additional operating cost. Therefore,
the provision of reactive power should be treated as AS rather than system support function and should
be remunerated like in the case of the transmission systems. The quantification of the reactive power
contribution of a DRES or ESS connected in the distribution network is more complicated with respect
to the case when they are connected directly to the transmission system for the following reasons:
(1) distribution systems exhibit larger unbalances, (2) the voltage and current harmonic pollution is
larger and (3) some DRES may also act as active harmonic filters at the same time. These reasons are
closely associated with the various definitions of the term “reactive power” [80–85]. It is also reminded
that voltage regulation refers to the positive sequence and fundamental frequency component of the
voltage. In the same context, recent standards propose that the applicable voltages for DRES reactive
power control are quantified in one of the following ways:

IEEE 1547-2018 Std [10]: (i) the average of the RMS values; (ii) positive-sequence component of
voltages over one fundamental frequency period.

EN 50549 Stds. [11,12]: (i) the positive sequence of the symmetrical components; (ii) the average
of voltages of a three-phase system; (iii) the voltage of every phase to determine the reactive power for
every phase.

3.4.2. Measurement and Quantification

Considering the aforementioned issues, it is suggested in this paper that only the reactive power
exchanged through the positive sequence and fundamental frequency voltages and currents should be
considered for the voltage regulation AS. Thus, the contribution of DRES in reactive power should be
quantified by:

ERP =
∫

T

∣∣∣Q+
1 (t)

∣∣∣ · dt
Q+

1 (t) =
√

3 ·V+
1 (t) · I+1 (t) · sin

[
ϕ+

1 (t)
] (15)

where, V+
1 (t), I+1 (t) are the instantaneous RMS values of the positive sequence and fundamental

frequency of the line voltage and current at the DRES terminals, while ϕ+
1 (t) is the phase difference

between V+
1 (t), I+1 (t). It is noted that V+

1 (t), I+1 (t) and ϕ+
1 (t) can be instantaneously measured using

already developed methods for the operation and control of active harmonic filters [84].
It is evident that ERP in (15) represents the reactive “energy” (in kVArh) exchanged over a period

T. Since voltage regulation is a steady-state or quasi steady-state process, the specifications mentioned
in [86] with respect to T can be used: initially a digital value of reactive power is measured with T
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equal to 10 cycles (200 ms). Next, these values will be aggregated over a: 3-s period (15 of 10-cycles
values); 10 min (200 of 3-s values) and; 24-h period (144 of 10-min values) [27]. The aggregated data
are referred to an absolute time stamp corresponding to the final moment of the aggregation interval.
The accuracy in the measurement of voltage and currents should be 1% of their nominal values while
for reactive power 5% of the rated DRES apparent power. Such an accuracy can be achieved with a
sampling rate of at least 6.4 kHz (128 samples/period).

The exchange of reactive power increases the losses within the DRES converters. The additional
losses can be evaluated by

EL−RP =
∫

T ∆Ploss(t) · dt

∆Ploss(t) = Pout(t)
[

1
η(Pout,Q+

1 )
−

1
η(Pout,0)

] (16)

where, EL−RP (expressed in kWh) is actually the operational cost for providing reactive power.
The efficiency (η) of the DRES converter is a function of the converter active (Pout) and reactive power
(Q+

1 ) loading and can be analytically evaluated according to [21].

3.4.3. Costs and Benefits

The costs involved with this AS are the operational costs as mentioned above and the investment
cost due to converter oversizing. The oversizing factor generally depends on the R/X ratio of the feeder
on which the DRES is connected [78]. In addition, the operation of a DRES with a PF as low as 0.7,
which implies an oversizing of the order of

√
2 does not significantly affect its overall efficiency [22].

Thus, we may assume an oversizing of the order of
√

2 as a worst case. As can be seen in Figure 7, such
an oversizing does not lead to a proportional increase of the inverter purchase cost. Figure 7 shows the
per-unit retail prices of commercially available PV inverters in Greece in July 2020 from four different
manufacturers. It can be noticed that the per-unit price falls exponentially as the nominal power of the
inverter increases. As an example, let us consider the case of Sn1 = 17.5 kVA and Sn2 = 25 kVA which
are related with

√
2. The unit cost of the former is approximately 125 €/kW, while that of the latter is

93 €/kW. Therefore, there is an increase in purchase cost by €138 in total, which is 6.3% of the cost of
the 17.5 kVA inverter.

The benefits associated with this AS are mainly the deferral of investments the DSO would
otherwise do in order to accommodate the increasing penetration of DRES. Such investments are the
upgrade of feeders, the use of advanced distribution transformers with OLTC capability, the use of coil
banks to mitigate the capacitive reactive power at the POI of the distribution grid with the transmission
system, etc.

Some indicative costs of feeders for the Spanish distribution system are: the cost of the overhead
LV feeders is in the range of 16–26 €/m depending on the cross section and the kind of terrain, [42],
while their operational and maintenance costs are 170–270 €/km/annum, [42]. In the case of cables, the
respective costs are 48–98 €/m and 500–1000 €/km/annum, [42]. In the case of overhead MV feeders
the respective costs are 58–110 €/m and 600–1100 €/km/annum while for MV cables 118–316 €/m, and
1200–3200 €/km/annum, [42].

Some indicative costs of distribution transformers with OLTC [42]: According to the Slovenian
DSO, a 400 kVA distribution transformer with OLTC costs approximately 28 k€ while the conventional
one just 10 k€.

Some indicative costs of coil banks for reactive power compensation [42]: The installation cost of
coil banks in the Spanish distribution systems is of the order of 800 €/MVAr with the operational cost
of the order of 22 €/MVAr/annum.
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3.5. FRT Capability and DRES Reaction During Grid Faults

3.5.1. Proposed Definition and Its Justification

It is well known that the protection systems in distribution grids were designed under the
assumption of unidirectional power flow. The increasing penetration of DRES however changes this
situation and poses a number of challenges for the proper operation of the legacy protection systems,
such as: false or sympathetic tripping [87], protection blinding [88], increase or decrease in short-circuit
levels [89], undesirable network islanding [90], loss of protection coordination [91]. To avoid those
problems, the DSOs and the relevant grid codes requested-in the early stages of DRES penetration- the
immediate disconnection of the DRES at the occurrence of a fault. Their reconnection was allowed
after some minutes from the instant the fault was cleared. However, this situation caused a significant
active power mismatch as the DRES penetration increased significantly. The revised grid codes and
even the recent standards request for certain FRT capability of the DRES both in the LV and MV parts
of the distribution grid [11,12]. Apart from the FRT capability, the same standards now request that
the DRES inject reactive currents (in both the positive and negative sequence) in linear proportion to
the voltage drop sensed at the DRES terminals. The RMS value of the injected current is limited to
the rated current of the generating unit. Although the reason for injecting reactive currents during
faults is not justified in the standards and grid codes, we may assume that the reactive currents will
help in maintaining a larger voltage at the DRES terminals, thereby increase the time it should remain
connected for a specific FRT curve. However, the injection of reactive currents by DRES may cause the
aforementioned protection system problems. Moreover, in distribution grids with relatively high R/X
ratio, the injection of active currents would be more helpful in reducing the voltage drop during faults.

A lot of research has been conducted in past few years in order to address the protection systems
in distribution grids and microgrids under high DRES penetration (see Table 1). However, the research
focused on the use of more advanced protection systems and methods, which implies additional
costs for the DSO. These costs will eventually be transferred to all consumers/prosumers in the
distribution grid.

Table 1. Fault-clearing methods in distribution systems- a categorization.

modification of the existing protective philosophy by
applying alternative conventional protective
methodologies

• voltage-based protection [92]
• distance protection [93]
• differential protection [94,95]
• directional overcurrent protection [96]

Mitigation of the adverse behavior of the DRES in
case of short-circuit faults

• by applying fault current limiters [97,98]
• by disconnecting the DRES, [99]

Advanced methodologies (communication
technologies & adaptive systems), [100]

• adaptive protection [101]
• differential protection [102]
• artificial intelligence-based algorithms [103]

Further research has shown that, by suitably controlling the injected currents according to
locational information within an islanded microgrid, the legacy protection system can remain fully
functional and maintain its selectivity even under high DRES penetration [104]. However, to fulfill
this task, the DRES need to have a rather extended FRT capability [37] being also able to inject active
currents during the fault. Both the adjustable FRT capability and the injection of active currents when
the primary source is not available (lack or wind or during the night for PVPPs) can be achieved by the
implementation and proper control of a FSS at the DC link of converter-interfaced DRES. Therefore,
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an FSS system allows the DRES to inject controllable currents during the faults independently of the
magnitude of the primary source.

Based on the aforementioned analysis it can be said that, an FSS system enables the DRES to
follow any FRT requested by the DSO and inject controllable currents. This ability allows for the
proper configuration of the DRES reaction during faults as function of the short-circuit capacity of the
upstream grid while avoiding upgrades in the legacy protection system. Thus, for example, in cases
where the short-circuit capacity of the upstream is large enough, the DRES within the distribution
system may inject zero currents while remaining connected-this case is similar to the early days of
DRES penetration but with enhanced FRT capability. In cases the upstream grid is weak, the DRES
may be forced to inject controllable currents as function of their capacity and location [104], so that the
operation of the legacy protection system is preserved.

3.5.2. Measurement and Quantification

The following measurement and quantification methods are suggested in order to transform the
contribution to fault clearing and the associated FRT capability as an AS: A fault condition can be
detected by the sudden reduction of the 20 ms RMS values of any of the DRES phase-voltages below a
limit which is adjustable by the DSO [11,12]. Next, the DRES switches to current control mode and
starts injecting currents in the faulty phases like the one shown in Figure 11, emulating the operation
of a SG under short circuit.
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Figure 11. DRES fault current [105].

The current resembles the fault current of a conventional SG with a subtransient, tsubtr and
transient ttr period. The respective RMS value of the current is I′′ and I′. The subtransient period starts
immediately after the detection of the fault, while the transient period ends as soon as the voltage
recovers to steady-state values. All of these parameters can be configured by the DSO starting from
zero up to a maximum value determined by the thermal limit of the converter switches in the case of the
converter-interfaced DRES. In the case of DRES that are directly coupled with SGs, the aforementioned
parameters are not configurable, but are determined by the SG construction. However, in both cases
the contribution to fault clearing can be measured and quantified based on the energy quantity I2

·t as
follows:

E f ault_clearing = ESubtransient + ETransient where
ESubtransient =

∫
(I′′ )2dt = (I′′ )2

· tsubtr

ETransient =
∫
(I)2dt = (I′)2

· ttr

(17)

It is known that the grid codes among the various countries differ with respect to the requested
FRT capability of the DRES [105,106]. However, the implementation of an FSS system enables each
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DSO to configure its own FRT curve on each individual DRES. Such a generic FRT curve is shown in
Figure 12 determined by eight points.
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The required storage capacity of the FSS, CFSS, is estimated by the case where, during the fault,
the primary source is providing the nominal DRES power, PNOM, while for the time period t4 − t0 the
electrical power injected is zero, i.e., the DRES injects either zero or only reactive current. The required
CFSS is given by Equation (18):

EFRT = PNOM · (t4 − t0)

CFSS = 2EFRT
V2

FSS_rated

(18)

In case the DRES is required or allowed to inject active current, then only a portion of CFSS

calculated by (18) is required. In this case, the DRES will inject the maximum allowable current which
is equal to the nominal current. Therefore, the active power will be directly proportional to the terminal



Appl. Sci. 2020, 10, 7106 24 of 36

voltage. This portion, C′FSS is calculated by (19) where P1 is the active power injected under voltage
V1, etc.

E′FRT = PNOM ·


(1−V1) · (t1 − t0) + (1−V2) · (t2 − t1)+

+ 1
2 (V3 −V2) · (t3 − t2) +

+(1−V3) · (t3 − t2) + (1−V3) · (t4 − t3)


C′FRT =

2E′FRT
V2

FSS_rated

(19)

VFSS_rated is the rated voltage of the FSS in Volts (V), while all the rest voltages V1, V2, V3, V4 are
expressed in pu.

It is noted that (18) or (19) give the size of the ultracapacitor that should remain discharged in
order to absorb the power mismatch. Another case that should be considered is the following: the
DRES should contribute with active fault currents when the primary source is not available, e.g., during
the night for a PV system. In such cases, a portion of the FSS should be charged in order to provide the
required active power. In the worst case it can be assumed that the fault caused the voltage to drop to
V4 (see top of Figure 12) while the DRES is programmed to inject a current similar to Figure 11. The
required ultracapacitor size is the determined by:

E′′FRT = V4 · (I′′ · tsubtr + I′ · ttr)

C′′FSS =
2E′′FRT

V2
FSS_rated

(20)

where, I′′ is the RMS value of the fault current during the subtransient time duration tsubtr and I′ is the
RMS value of the fault current during the transient time duration ttr. Thus, in the worst case,

CTotal
FSS = CFSS + C′′FSS (21)

Equation (18) represents the availability cost that has to be remunerated. This cost involves only
the additional FSS and the associated DC/DC converter installation cost. Due to the small time-scales
involved during the faults the operational costs are negligible. On the other hand, Equation (17)
represents the actual contribution of a DRES during a fault and can be used for additional remuneration
of this AS in the cases where the contribution with controllable currents is requested. The remuneration
coefficient that will be applied to (18) should be evaluated on a cost-benefit analysis of this AS within a
distribution system.

3.5.3. Costs and Benefits

The costs and benefits are presented here in a qualitative way only. Their quantitative evaluation
is pending research to be carried out in the near future. The costs that need to be considered are:
(1) the additional investment cost of the required FSS according to (18); (2) in very weak parts of the
distribution grid or in islanded microgrids the injected currents in (17) may need to be larger than
1 pu, [104]. In such cases the converter of the DRES needs to be somewhat oversized. The oversizing is
not in direct proportion to the injected RMS current, if the short-term overloading capability of the
power-electronic switches is also considered; (3) part of the cost of the DC/DC converter required for
the control of the FSS. It is noted that the one DC/DC converter is required to control one physical FSS,
which is actually used to provide three AS- inertial response, ramp-rate control and FRT. The provision
of FRT is only rarely needed, therefore the DC/DC converter is rarely used for this AS. The unit costs of
the FSS, the DC-DC converter and the inverter oversizing are mentioned above in previous sections.

The benefits associated with this AS are the deferral of investments that would be otherwise
needed in upgrades of the distribution grid protection system (see Table 1) in order to accommodate
larger DRES penetrations.
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3.6. Voltage-Harmonics Mitigation

3.6.1. Proposed Definition and Its Justification

Harmonic pollution is a potential problem in distribution grids due to the proliferation of
non-linear loads [107]. For this reason, the EN 50160 standard specifies maximum voltage harmonic
pollution in distribution grids: the total harmonic distortion at any node should be less than 8% for
95% of the time within a week. Additionally, requirements are specified for individual harmonics too,
e.g., the 5th harmonic should be less than 6%, even-order harmonics such as the 2nd less than 2%, etc.

It is noted that it is one of the DSO responsibilities to preserve the voltage quality within its
distribution system. The harmonic pollution of the voltage is caused by the harmonic currents
flowing in the feeders and drawn by the non-linear loads and DRES that are converter-interfaced.
Various standards, e.g., the IEC 61000 series or the IEEE 519 specify limits on the harmonic pollution of
load currents while various grid codes and recent standards, e.g., IEEE 1547-2018 [10] impose limits
on the harmonic pollution of the currents injected by the DRES. Until now, most of the DSOs hope
that they can limit the harmonic pollution of the voltages in their distribution grids by assuming
that the prosumers will follow the limits imposed by standards and grid codes with respect to the
injection of harmonic currents. However, there is no guarantee that this will keep on happening given
the rapid expansion of the non-linear loads and the continuous reconfiguration and expansion of the
distribution grids, i.e., the continuous change of the feeder impedances. Moreover, research has shown
that the increased voltage harmonic pollution limits the DRES hosting capacity of the distribution
grids [108–110].

On the other hand, it has been shown that converter-interfaced DRES can act as active harmonic
filters, thus assist in the mitigation of voltage harmonics [111]. These DRES actually control their
currents so that- in addition to the fundamental-frequency current component-they inject harmonic
currents with magnitude and spectrum determined by the harmonic content of the voltage at their
terminals. The basic constraint is that the RMS value of the currents injected should not exceed the
thermal limit of the converter switches. Therefore, the DRES can act as active filters only when their
fundamental-frequency loading is below the rated one. On the other hand, given the fact that harmonic
currents are of reactive nature only, the active harmonic filtering action of the DRES is available even
when the primary energy source is not available. Moreover, the active harmonic filtering does not
require any additional equipment, such as supercapacitors, thereby there is no additional investment
cost in providing this service. However, additional operational costs, e.g., increase of power losses on
the DRES converter, should be considered in a similar manner as for the reactive power provision.

3.6.2. Measurement and Quantification

Assume that the DSO sends an enable signal to DRES, so that the latter starts acting also as an
active filter. The filtering action will stop either when a disable signal is received by the DSO or the
total harmonic distortion (THD) of the voltage at the DRES terminals falls below a predefined value
also determined by the DSO. The contribution of a DRES to harmonic mitigation can be quantified as
described in (22) considering the fact that a DRES -even when not acting as active filter- injects harmonic
currents, which should be below the limits specified by standards [10]. These currents can be considered
as “background” harmonics for which the DRES should be remunerated or generally rewarded.

I2
h(i) =

1
T

T∫
0

i2h,i(t)dt (22)

Dh,day =
1440∑
k=1

[Ih(k) − I1(k) · λh] , Ih(k) > I1(k) · λh (23)
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Dday =

√√√ 25∑
h=1

D2
h,day (24)

The instantaneous harmonic current ih,i is used in (22) to find its squared RMS value over a period
T = 1 min, within the ith minute. The actual contribution, Dh,day, of a DRES over a day (one day has
1440 min) for the mitigation of the hth harmonic is given in (23) where, I1(k) is the 1-min rms value of
the fundamental current injected by the converter during the kth minute and λh is the coefficient of the
individual harmonic as defined in [10]. For example, λh = 0.04 for h < 11, λh = 0.02 for 11 ≤ h < 17,
etc. Finally, the total daily contribution of a DRES in harmonic mitigation is calculated by Dday, which
is the suggested metric for the remuneration of a DRES. Considering that the switching frequencies
of the DRES are in the range of 10–20 kHz (the converters in wind turbines of the order of MW may
have switching frequencies that are even lower than 10 kHz), it is reasonable to focus on mitigation of
harmonics up to the 25th order. The instantaneous values of currents in (22) have to be measured at the
DRES converter terminals. The selection of T = 1 min instead of T = 10 min (as specified in EN 50160)
is justified by the fact that the quantification will be used for remuneration of the service. However,
this averaging period is a parameter that can be changed. It affects only the memory capacity of the
converter. The procedure for measuring the harmonic voltages and currents should be according the
Class A mentioned in the relevant standards [86,112].

3.6.3. Costs and Benefits

The operation of a converter-interfaced DRES as active filter can be simply done by suitable control
of the converter, thus, no additional investment cost is required, as mentioned above. However, the
converter operates with PF , 1, which means reduced efficiency [21]. This is an additional operational
cost, which can be evaluated in a way similar to the case of fundamental-frequency reactive power
mentioned above.

The financial benefits would be the deferral of investments by the DSO in order to mitigate
voltage harmonic pollution beyond the acceptable limits; such investments would be the installation of
passive or active harmonic filters in specific nodes. Other benefit is the reduction of the losses in the
distribution transformers due to the reduction of the voltage THD.

4. Identification of Some Technical Barriers and Further Research Targets

To enable the provision of the aforementioned AS in an optimized manner, a rather sophisticated
ICT infrastructure is required in each distribution system independently whether the AS are to be
provided to the upstream transmission system or within the distribution grid [16]. The ICT system
should interconnect every DRES with a central server on which a number of software will take decisions
on the optimal allocation of each AS to the various DRES and send the appropriate signals; actually
set-points, such as the inertial time constant, the slope of droops, the ramp rate values, etc. In addition,
the ICT system should collect and register the measured AS, so that they can be later remunerated
in the context of an AS market. Evidently, the ICT system should be robust and resilient towards
cyber-attacks mainly due to the accounting of quantities that will be finally remunerated. On the
other hand, the speeds involved in such an ICT system are not required to be high, because all the
aforementioned AS are provided on the basis of local measurements; the exchange of set-points and
the retrieval of measured AS are made in time scales of several seconds or minutes. However, the
currently used SCADA systems in most of the distribution systems are not suitable as building block
of the AS environment mainly due to the lack of the required security. Given the fact that the various
DRES currently use different communication protocols, the ICT should enable the easy integration of
those protocols without jeopardizing the security. Apart from security, the ICT system and the various
software platforms as well as any databases regarding the DRES, should be transparent to all involved
stakeholders: DRES owners, aggregators, DSO and TSO.
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Such an ICT system evidently has an investment and maintenance cost that needs to be allocated
among the various AS it serves. However, methods for fair allocation of this cost to the various AS is
still an open research issue.

With respect to harmonic mitigation the following barrier has been identified: the current grid
codes and relevant standards (even the recent ones) specify upper limits for the injection of harmonic
currents by DRES. Evidently, such specifications prohibit the use of the DRES as active harmonic
filters. Therefore, it is suggested that the DSO should lift those specifications from the DRES which
are assigned the role of active filters. At the same time, the DSO should monitor the activity of the
DRES not participating in the active filtering action to make sure that they follow the specifications.
Obviously, an ICT system is required at distribution grid level that will enable the DSO to monitor each
DRES, to send the enabling/disabling signals mentioned above, to register the quantified contribution
of each DRES and the voltage THD at all respective nodes.

Moreover, although there are mature methods for controlling the DRES to act also as active
harmonic filters, there is limited research on the methods to optimally allocate the filtering action
to specific existing DRES within a distribution grid. Such optimal allocation should be dynamic for
two reasons: the non-linear loads continuously change; the loading of the DRES also changes as their
primary source is volatile while at the same time they might be engaged in other AS of higher priority
that exhaust their rated power.

The current market regulations treat the DSO mainly as market facilitator, leaving the offer of
the AS to third parties, like the aggregators. Nevertheless, several technical constraints (e.g., line and
transformer thermal limits, over- and under-voltages during either steady-state operation or dynamic
situations and false operation of protection means due to influx of high currents) should be respected
when DRES located within a distribution system offer a specific AS. Hence, the DSOs should be involved
in the evaluation of the technically feasible amount of each AS, which can be offered at any time interval,
even in the cases an aggregator is responsible for the trading of these AS. Hence, the aggregation of the
AS, particularly those related to frequency deviation, and their secure and controllable provision to the
upstream TSO, still remains an open research issue. This ongoing discussion has already been reflected
and comprehensively presented in the recently published “TSO-DSO Report: An integrated approach
to active system management” [4]. As a starting point, in [113] a method is developed to (i) aggregate
the inertial response by several DRES within a distribution system and (ii) to optimally allocate a given
amount of inertial response to the DRES within the distribution system. This two-stage method takes
into account some of the technical constraints within the distribution system mentioned above as well
as specific constraints of the DRES, e.g., converter temperature increase and power losses. A broader
identification of relevant technical, financial and regulatory barriers can be found in [18].

5. Discussion

There are some issues that need to be discussed with respect to the actual implementation of the
suggested M & Q:

• The suggested M & Q methods for each AS need to be commonly agreed among the involved
stakeholders because, in the end, the quantification will be translated in remuneration of the AS.
Such a common agreement should be, preferably, reflected in new standards specifying the M &
Q method as well as the measurement accuracy. The measurement accuracy suggested in this
paper for the various AS has not been tested with suitable experimental setups. Such as testing
is essential because the measured quantities in some cases (e.g., inertial response or ramp rate
limitation and harmonic mitigation) may be small either due to the magnitude of the AS or due
to its short duration. For instance, the error introduced in the provision of PFR according to
Equation (13) needs to be evaluated as function of the sampling rate of currents and voltages.
The magnitude of this error will subsequently help in the final decision on a common sampling
rate followed by all DRES that participate in a future AS market.
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• Another issue concerns the device that performs the M & Q. A smart meter retrofitted at the
terminals of a DRES or a plant consisting of several DRES (e.g., a PV or wind plant) is an option
that has some merits and drawbacks. The merits include the fact that all DRES will have the same
M & Q system which, however, needs to be synchronized. In this case one single smart meter
per plant is sufficient. The drawback is that such smart meter that is able to capture and quantify
dynamic or transient AS does not currently exist. Another option is to implement the M & Q
within each DRES converter by using, for example, a dedicated Raspberry PI device which will
also take care of the communication between the DRES and the overlaying ICT system. The cost
of this option seems to be lower than that of the first option, since actually it will be an extension
of the already existing measuring systems within each DRES converter. However, it has to be
certified with respect to the expected accuracy and the synchronization procedure. This option
also allows the evaluation of the AS offered by each DRES individually.

• The action of a DRES as FCR is suggested to be quantified via (13) which, however, requires the
synchronized monitoring of the available maximum power point. Currently, in all converter
interfaced DRES, PMPP(t) is internally calculated with custom accuracy and rate. Nevertheless, in
order to adopt (13), PMPP(t), should be evaluated in a uniform way and should be accessible to
the external or internal metering system.

• Currently many grid codes impose lower power limits on DRES in order to participate as FCR.
For example, this limit is 1 MW in the case of Greece. Such limits prohibit the participation of
small DRES although their aggregated contribution cannot be ignored. Thus, aggregation may
be required but this, in turn, requires suitable aggregation methods, such as the one published
recently by the same authors for inertia aggregation [113].

• For some AS such as inertial response and PFR, the availability of the service is equally important
to actual delivery of the service when remuneration is considered. The respective suggestions
made is Sections 3.2.2 and 3.3.2 need to be evaluated experimentally and subsequently in real
relevant environment.

• A number of dispatchable DRES such as small hydro or biomass units are already installed and are
expected to be installed in distribution grids. These units employ rotating electrical machines that
inherently possess inertia, but its magnitude is either unknown or know with limited accuracy.
Means for their on-line evaluation (overhauling and testing in certified labs is expected to be very
expensive) should be devised in order for them to equally participate in future inertia markets in
a fair way.

6. Conclusions

The converter-interfaced DRES that are controlled as grid-formers can provide a number of
functions that can support the frequency and voltage stability of the grid, as well as the fault-clearing
and harmonic mitigation in distribution grids, despite their increasing penetration. This paper focuses
on providing the theoretical framework with respect to the M & Q of various AS. It was shown that
these support functions can be transformed into future AS by suggesting suitable methods for their M
& Q, so that they can become tradable.

Based on the experience gained from AS at transmission system level, the paper proposes the
definition, the M & Q method, as well as a rough estimation of the associated costs and benefits for the
following new AS: (1) inertial response, (2) primary frequency response, (3) active-power smoothing
(ramp-rate limitation), (4) exchange of reactive power for voltage regulation purposes, (5) FRT and
contribution to fault-clearing, (6) voltage harmonic mitigation.

To the best of our knowledge, this is the first attempt to clearly define and quantify AS offered by
DRES connected within distribution systems. A number of open research issues and some barriers
imposed by current grid codes have also been identified. However, the authors believe that the research
gaps and the barriers can be addressed in the near future without affecting the proposed M & Q of the
new AS.
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Appendix A

In a real 6 kWp PV system in Germany measurements have been taken with 1 s resolution during
a day, specifically on 28/09/2018. The measurements concern 12 h of this day starting from 07.30 to
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Figure A1. Power Smoothing Performed by the Super-Capacitor: (a) blue curve: measurements of the
PV power of a real 6 kWp PV system in Germany with resolution of 1 s; orange curve: the active power
finally injected in the grid after the performance of the power smoothing algorithm; (b) blue curve: the
ramp-rate of the real active power in pu/min; orange curve: the ramp-rate of the smoothed power in
pu/min; (c) the power absorbed/released by the supercapacitor (SC); (d) the SC energy along with its
reference value.
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As it can be observed in Figure A1a with the blue curve, from around 13.00 to 15.00 (i.e., 20,000 s
to 30,000 s) there exist several fluctuations in the PV power, since it is a very cloudy day. It is assumed
that the PV converter performs a simple ramp-rate control in a similar manner as the one presented
in [114]. The ramp-rate limitation is set to 0.3 pu/min. Based on this control, the power of the SC
released/absorbed is depicted in Figure A1c. After the smoothing action finishes, the supercapacitor
(SC) restores its energy back to its reference value (Figure A1d). With respect to its power the DC/DC
converter of the SC is assumed to be able to absorb/release up to 0.9 pu, i.e., 5.4 kW for this specific PV
system, since in Central Europe such rapid fluctuations like Figure A1a are very often. The energy
needed for this action is calculated to be 47 Wh in a similar manner as calculated in [114].
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