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ABSTRACT The concept of Virtual Power Plant (VPP) has arisen over a decade ago from the relatively
low competitiveness of the back then emerging non-dispatchable RES. A set of smaller generators imitates
the behavior of large synchronous generators. So far, static aspects such as generation or slow dynamics
have been of interest, as it is the case for the zonal secondary frequency control scheme in Spain, which
can be viewed as a VPP. However, considering dynamic aspects is of high importance, especially to further
increase the current penetration level of Renewable Energy Sources (RES). Indeed, one should deal with
the full participation of RES in grid ancillary services. This means not only to get some positive impact
on grid voltage and frequency dynamics but to bring concepts which allow integrating RES to existing
secondary regulation schemes on the same level as classic synchronous generators. For that, we propose
here a new concept called Dynamic VPP (DVPP) which fully integrates the dynamic aspects at all levels:
locally (for each RES generator), globally (for grid ancillary services and interaction with other close-by
elements of the grid) and economically (for internal optimal dispatch and participation in electricity markets).
A DVPP s a set of dispatchable and non-dispatchable RES along with a set of common control and operation
procedures. The latter procedures include the choice of dispatchable and non-dispatchable RES constituting
the DVPP, the control of DVPP generators for local objectives and participation of the DVPP as a single
unit in ancillary services (especially in case of loss of natural resources - e.g., wind, sun - on a part of
the DVPP), the limitation of the risk of adversely interaction with close-by elements and the feasibility in
both current power systems scenarios and future ones with large share of RES. This new DVPP framework
and approaches developed for its implementation allows ensuring optimal operation of a mixed portfolio
of dispatchable and non-dispatchable RES generators for planning, participation to the markets and real-
time control. For the control, all time-scale dynamics are considered to improve RES management (internal
re-dispatch inside the DVPP to take advantage of dispatchable/non-dispatchable nature of each RES and to
optimally manage the lack of natural resources in some regions of the DVPP) and their participation to grid
ancillary services. Concrete structures of DVPP as well as ways to address the other control and economical
aspects will be shown. This new DVPP concept is now under development in the H2020 POSYTYF project
(https://posytyf-h2020.eu/).

INDEX TERMS Grid ancillary services, grid integration, renewables, virtual power plant.

I. INTRODUCTION
The associate editor coordinating the review of this manuscript and Renewable Energy Sources (RES) are key for the global

approving it for publication was Fabio Mottola "~ . energy transformation. The volume of RES has been
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increasing during the last decades in all power systems.
Fig. 1 shows that, in Europe, the RES share nearly doubled
from 2005 to 2015. By using more RES to meet its
energy needs, the European Union (EU) lowers its depen-
dence on imported fossil fuels and makes its energy
production more sustainable, in line with the energy union
strategy.

The EU is on track to meet its target of a share of at least
32% of renewable energy in 2030 and 66% in 2050 according
to the new revised Renewables energy directive (2018/2001)
and the EU SET Plan [1]. Although an impressive progress
has been achieved as a result of the ambition and vision
to meet climate targets, more effort will be needed to meet
long-term decarbonisation objectives. By 2050, renewable
energy could be the largest source of energy supply, rep-
resenting two-thirds of the energy mix. This requires an
increase in the share of RES of about 1.2% per year, a seven-
fold acceleration compared to recent years. To achieve these
objectives, one must lead the development of the next gen-
eration of RES technologies, but also integrate the energy
produced from RES into the energy system in an efficient and
cost-effective manner.

However, a high share of variable renewable generation
will pose new challenges for the operation of power systems.
A key question is whether there will be sufficient power
system flexibility to deal with the increased variability in
generation effectively. Flexibility denotes here the ability to
constantly keep generation and load in balance and to respond
to (quick and large) generation-load unbalances. Flexibil-
ity can be provided by generators (both, conventional and
dispatchable RES), consumers, energy storage systems, and
delivered through networks or appropriate system operation
rules.

A power system is composed of transmission and distribu-
tion grids. Transmission grid operates at Very High Voltage
(VHV) levels to transmit energy over long distances, with
minimal losses. Distribution grids operate a lower voltage
levels and distribute the energy among the connected cus-
tomers (some industrial customers may be connected to the
transmission level directly). Importantly, they are operated by
distinct actors: transmissions grids are run by Transmission
System Operators (TSO), whereas distribution grids are oper-
ated by Distribution System Operators (DSO). RES can be
connected to both grids: large RES plants (and systematically
all offshore wind parks) are directly connected to transmis-
sion grids, whereas smaller RES generators are connected to
and spread among the distribution grid.

Stability of power systems is a quality of their control by
which they progressively return from moderately disturbed
condition to a state of equilibrium. Power system control
(servo-control process acting on a dynamic system) aims
at keeping the frequency and voltage magnitudes close to
their set points. Stability is a major concern of power system
operation: the system has to reach a stable operation point
after any disturbance (short-circuit, line or generator trip, etc).
This constraint impacts:
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o The device — generator level: it is required that the
physical variables of the generator (voltage and currents)
remain within security limits so that the material is not
damaged in case of disturbance and the generator can
continue operating.

o The system — grid level: it is required that the overall
generation-load balance is respected for the whole inter-
connected system. This means that physical variables
of the system (voltages, currents and frequency) remain
within security limits, which is guaranteed by setting
up and activating so-called system or ancillary services.
Therefore a global — system — view of the whole inter-
connected power system is required (not only on one or
some generators).

Variable RES such as solar PV and wind generation are

i) intermittent and causing fluctuations on all time scales,
which need to be balanced by dispatchable generation,
ii) spatio-temporally correlated, iii) geographically dispersed
(on both transmission and distribution parts), and iv) con-
nected to the grid through power electronics and thereby
lacking the physical robustness (inertia) of rotating machines.
To accommodate the increasing amount of variable RES
generation, a sufficiently strong transmission grid is needed.
The grid’s capacity should be high enough to transmit this
generation under dynamic stability constraints (dynamic limit
of power lines). This limit is systematically lower than the
thermal limit of the transmission lines and it is difficult to
assess and ensure by regulation. Storage is an alternative to
the direct evacuation and transmission of RES generation,
but it implies high costs. In addition, the large-scale use
of electrochemical batteries may have a significant envi-
ronmental impact. Altogether, the stability issues related
to RES limit their use. Indeed, in many power systems
around the globe (such as Ireland, Australia, or small island
systems) ensuring system stability is the main bottleneck
to further integrate sustainable RES. A possible solution
consists in increasing the share of so-called dispatchable
RES, i.e., the ones which have a natural energy storage
capacity (solar thermal or hydropower plants, for example).
In this context, the concept of smart grid offers important
opportunities to manage large scale renewable power plants
appropriately. [2], [3]

System integration of RES faces major limitations when
high penetration is expected (more than 50%). They are
mainly related to several aspects of stability assessment and
secure operation:

« A dynamic stability margin (secure power transmission)
should be ensured in case of meteorological hazards.
One should thus prevent any risk of generalized black-
out.

« RES should systematically participate in ancillary ser-
vices: this is not the case today since RES generation
is not the predominant generation at the overall scale
of interconnected systems. In case of an increase in the
share of RES this situation should change. RES con-
nection at distribution level is further challenging since
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FIGURE 1. RES production in Europe (source: Statistical Office of the European Union).

ancillary services are provided by generation connected
at the transmission level.

« Frequency stability - in terms of electric synchrony, i.e.,
keeping the electric frequency in a tight band around a
target (50Hz in Europe) as a necessary and sufficient
condition of stability - raises a question since RES are
systematically connected to the grid via power elec-
tronics and have naturally low or zero inertia. Massive
integration of RES poses not only a question of stability
but also the question of revisiting from a theoretical point
of view such notion and conditions of stability.

We present here a new concept called Dynamic Virtual
Power Plant (DVPP) to tackle the aforementioned challenges
to large-scale implementation of RES. A DVPP consists of
a set of different, dispatchable and non-dispatchable RES,
as generally shown in Fig. 2. These RES are well chosen in
order to ensure safe and optimal grid insertion and opera-
tion by offering their combined flexibility (ramping up and
down for frequency control: from fast frequency response
to secondary control), internally balancing their fluctuations,
and selling their aggregate generation output in the wholesale
energy and ancillary service markets.

To further elaborate upon these points consider the task
that a set of distributed renewable energy resources (DERs)
should collectively provide a post-fault response similar to
that of a traditional thermal generator. However, no single
individual DER can typically provide such a response. For
example, some sources are limited in energy (e.g., super-
capacitors), others in reactive power capacity (e.g., a wind tur-
bine), others in bandwidth (e.g., a hydro governor), others in
peak power (e.g., PV), and so on. Hence, the desired response
has to be disaggregated to the DERs taking their individual
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constraints into account, and the individual responses have
to be realized by decentralized control so that the aggregate
DVPP behavior matches that of a synchronous machine.
Further problems arise from the DERs being typically spa-
tially distributed, the disaggregation having to be adaptive
(accounting for intermittency of renewables), and so on.
In summary, in future power systems, ancillary services have
to be increasingly shouldered by DERs and the DVPP frame-
work conceptualizes this problem and formalizes an approach
based on disaggregation of the desired behavior and coordi-
nating heterogeneous DERs.

The concept of Virtual Power Plant (VPP) has already
been used in literature but mostly for static aspects. Indeed,
the existing work on VPP deals with a set of RES gen-
erators but limited to economic dispatch (e.g., [4]), static
ancillary services such as baseline injections, tracking of
power and voltage set-points, or RES integration in electricity
markets [2], [5], [6], [7]. The fastest dynamics studied in
a VPP concern the secondary frequency-power control [8],
[9]. Reference [10] considers also a bi-level optimization
model to manage the distribution network losses and voltage
deviation in conjunction with the VPP participation into the
energy and reserve markets. In [11] setting and sizing of
VPPs in distribution networks is analyzed. In comparison,
a DVPP is concerned with dynamic ancillary services, such
as fast frequency and voltage control. For such services the
spatial aspect (i.e., DERs dispersed over the grid) is important
as well as and dynamic constraints of the DERs, such as
the bandwidth of the individual sources. To the best of our
knowledge, conventional VPPs are not concerned with fast
ancillary services, spatial aspects, or dynamic constraints.
Further, heterogeneity of the DERs is a minor aspect in
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FIGURE 2. DVPP Concept a). Source: Renewablepedia.

conventional VPPs, whereas it is a key enabling concept
for DVPPs: in a DVPP DERSs can collectively provide an
aggregate response which no device can achieve alone. This
entirely novel problem setting as well as the various disag-
gregation and control challenges alluded to before led us to
coin the term DVPP.

The power electronics used to connect RES generators to
the grid brings fast dynamics, which need to be taken into
account. Within the proposed concept of DVPP, all dynamics
of the DVPP and neighbor AC grid are taken into account.
This is mandatory for a full integration of the DVPP to
existing control (primary and secondary) schemes in order to
allow full participation of the DVPP to grid ancillary services.
Our DVPP concept integrates all aspects: static (load-flow),
optimal (perimeter definition for short/medium and long-
term run) and dynamic (control for local - machine - and
global - grid - objectives). It allows thus reaching optimality at
all levels of operation: planning (long term), participation in
secondary control (medium term operation) and fast control
(for internal re-dispatch (among RES generators inside the
DVPP) and fast ancillary services (voltage and frequency)).

The paper is structured as follows: in Section II the
specifications and objectives of the DVPP are explained.
In Section III the components of the DVPP are given.
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Section IV deals with the static aspects of the DVPP and
Section V with the dynamic ones. In Section VI are discussed
the approaches used to reach the DVPP objectives while
Section VII is devoted to conclusions.

II. SPECIFICATIONS AND OBIJECTIVES

The main objective of the DVPP is to integrate a portfolio of
dispatchable and non-dispatchable RES, which allows partic-
ipating in ancillary services and providing flexibility.

Starting from limiting facts of today’s situation, specific
scientific and technical objectives are deduced.

Fact 1: the increase of the share of dispatchable RES allows
for the integration of a higher share of non-dispatchable RES
and thus for a significant increase of the overall installed RES.

The implementation of the general DVPP idea above
requires first a coordination between the two kinds of RES
and along with conventional generation. Thus, the aggregated
DVPP may present itself to the grid as a single dispatchable
and fully controllable source. Resources of the DVPP may
thus be optimized. They may participate also in ancillary
services.

Fact 2: to achieve a high penetration level of RES, such
sources should participate in ancillary services.
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To that end, the controls implemented for such services
should be revised. The prevalent multi-layer structure should
evolve to become compliant with the DVPP notion above.
Also, the time scales of the controls should be revisited to
deal with the fast dynamics of most of the RES (interfaced
with power electronics) (e.g., [12]).

Objective 1: define the structure and controls of the DVPP
to enable the full participation in ancillary services.

Stability definitions (as well as assessment) in actual power
systems rely on the notion of synchrony. Deviations from
synchronous operation are limited by large synchronous gen-
erators which provide the global inertia of the system. In case
of high penetration of RES, a stable grid frequency should
be ensured also by other means [13]. Power electronics
could be operated in grid forming mode, i.e., like a voltage
source. Stability analysis and control under current satura-
tions (“‘hard” limitations) is a difficult task to be addressed.
The DVPP would have a main role in settling such a new
synchrony. This is a matter of control. The analysis of such
new notion of stability needs also to be done in a new man-
ner (to be defined) [14]. Indeed, fast dynamics due to high
penetration of RES and power electronics no longer allow
for usual hypothesis in stability studies like the ones which
led to classic classification of angle, frequency, voltage and
small-signal and large-disturbance stability.

Fact 3: RES grid integration cannot rely on synchrony and
““grid frequency” as inputs/hypothesis.

Objective 2: new means (methodologies) for analysis and
assessment of stability should be introduced for the control
of the DVPP.

RES are geographically distributed. The individual injec-
tions are small in comparison to those of conventional gen-
erators, but the sum of all these injections is important at
the scale of the overall system. To include them in a DVPP
concept, methodologies to aggregate specifications of control
are needed.

On the one hand, the control actions should extend also
to voltage and transient dynamics. In presence of mas-
sive power electronics penetration, this leads to multi-scale
(fast/slow) problems. Classic assumptions of decoupling and
non-interaction no longer apply. Indeed, fast operation of
converters (due to operation switching or other external com-
mutations due to, e.g., rapid setpoint changes communicated
from a higher system operation layer such as pricing signals)
may lead to currently rarely encountered and possibly even
unforeseen types of interactions. One such class consists
on coupling modes studied in [15], [16], and [17]. These
are electric interactions between geographic distant devices
which are different from the classic inter-area modes put into
evidence between large inertia thermal synchronous gener-
ators. Thus, such interactions should be taken into account
not only among RES of the DVPP but also with other exter-
nal elements like, e.g., converters of HVDC links in the
neighborhood of the DVPP. On the other hand and with
the amount of RES connected at distribution level becoming
important, the DVPP concept should include those generators
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as well. This means that the aggregation logic should cover
both distribution and transmission levels of the grid. Such
an aggregation is addressed in [18]. It should be extended
here to include the analysis and control points raised above.
Moreover, to physically apply the controls to the RES gen-
erators, a disaggregation methodology of the DVPP controls
should be proposed. Notice that there is no general methodol-
ogy available for disaggregation of dynamic control and this
should be developed. Also, resilience is an important item
to be integrated: if a lot of local controllers are designed so
that the global DVPP response is as desired, the closed-loop
response should still be satisfactory if any single one of them
fails.

Fact 4: RES connected to distribution grids should partic-
ipate in new ancillary services and be part of the DVPP.

Objective 3: define a way of aggregating DVPP objectives
and actions compliant with the split of the grid into transmis-
sion and distribution levels.

To capture the time-scales and phenomena mentioned
above, new models are needed. Indeed, hypothesis of separa-
tion between voltage and frequency phenomena is no longer
valid in the new context. Models should be revisited both at
simulation and control levels/purposes [14].

Fact 5: the hypothesis of separation between voltage and
frequency phenomena should be revisited.

Objective 4: propose models adequate to the multi-scale
and coupling dynamics of the new grids.

Objective 5: define the perimeter of DVPP (to ensure
economic efficiency).

This should be done both for long-term and real-time. The
DVPP’s resource portfolio should be optimized in function
of availability of DVPP sources (related to meteorological
conditions and to maintenance/failure constraints), grid con-
ditions and market prices. This leads to a real-time redispatch
tool which must assess both economic and security (N-1
stability) issues.

Long-term optimality of the solutions should be analyzed,
especially against solutions using electrochemical storage.

Objective 6: Prove that the proposed solution is competi-
tive compared with solutions combining variable RES with
electrochemical storage.

The DVPP is a new concept which brings together gen-
eration and grid aspects. Moreover, as RES can be connected
both to transmission and distribution grids, the DVPP perime-
ter may contain both types of grids. This raises thus also
regulatory questions. Proposals should be made at this level
to facilitate DVPP integration.

Objective 7: Provide business cases and regulatory solu-
tions to allow DVPP development.

The DVPP concept should be flexible enough to allow
implementation in several stages which could progressively
be followed by the TSOs, DSOs and generators:

« Applicable today in the actual regulatory framework and

structure

« Near future scenario in which RES penetration will over-

pass the threshold to invalidate the classic hypotheses
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of dynamic behaviour of interconnected power systems:
higher frequency variation, separation between volt-
age and frequency dynamics (Fact 5) and classification
of stability in angle, frequency and voltage stability.
Objectives 4 and 5 should be treated in this new context
in a different way.

Objective 8: Implementation in two stages for TSOs,
DSOs and generators.

A generic example of a DVPP developed to meet all above
objectives is given in Fig. 3. Indeed, it contains several kinds
of RES (different technologies for different natural resources,
of dispatchable and non-dispatchable type), geographically
spread on both transmission and distribution levels. Several
points of grid connection may exist. DVPP generators are thus
not necessarily close one to each other. Conversely, some RES
generators can be close to other dynamic elements of the grid
(other generators, FACTS, HVDC, ...) that do not belong to
the DVPP.

Ill. COMPONENTS
The proposed DVPP concept is based on the following types
of units:

« PV: solar photovoltaic power plants (large scale)

o ST: solar thermal power plants, including thermal energy
storage in molten salts.

o W: offshore or onshore wind power plants

« HYD: hydropower power plants

o PS-HPP: pumped-storage hydropower with bidirec-
tional operation

« BIO: biomass power plants

o GEO: geothermal power plants

o Conventional thermal units already existing in the
system can also be considered, and they can be inte-
grated in the DVPP and coordinated with the renew-
able units: CF-TPS coal-fired thermal power station,
CC-TPS combined-cycle thermal power station and
N-TPS nuclear thermal power station

o Additional units like batteries, hydrogen electrolyze,
flexible loads, etc., can be potentially added to the
concept

The previous units can be classified in terms of dispatcha-
bility as follows:

o The primary energy availability permanently constraints
the power output capability. PV

o The primary energy availability constraints the power
output capability, but the power can exceed the threshold
temporarily (short time-seconds). W

o The primary energy availability influences the power
output capability. However, the power output can be
increased by means of a secondary (inherent storage)
energy source. ST

o The primary energy availability is sufficient to not con-
strain the output power. However, in some cases the time
response will be slow (see Table 1). BIO HYD CF-TPS
CC-TPS N-TPS
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o The primary energy availability does not constraint the
power output capability and it is possible to reverse the
power plant to produce primary energy from the surplus
of electricity in the network (bidirectional capability).
PS-HPP

Table 1 shows the response time, the inherent storage time

and the generation technology employed by the different
components discussed. Response time is understood as the
time elapsed between the acknowledgement of a new power
reference and its successful tracking. Inherent storage time
is the total amount of time in which an electricity generation
technology can provide electricity at full capacity by means
of its inherent energy storage. The underlying generation
technologies are PE: power electronics, SG: synchronous
generator and IG: induction generator. These aspects deter-
mine the role that each technology may have within the
electric power system. PV and wind present fast response
times (from milliseconds to a few seconds), whereas the
other technologies are much slower as they are solely based
on synchronous generators. However, the inherent storage
time of PV and wind is zero, whereas the other technologies
offer this characteristic, from hours to months (conventional
plants).

IV. STATIC ASPECTS
A. TOPOLOGIES AND SCENARIOS
The DVPP concept introduced here is flexible in the sense

that covers several power systems situations:

o continental and island power systems: it can insert a
set of RES in an interconnected power system or in an
isolated island. In the first case, it will participate to
existing control schemes for the large thermal plants.
In the second case, it will directly ensure voltage and
frequency services.

o transmission and distribution grids: RES can be con-
nected on both transmission and distribution sides as
shown in Fig. 3. The new DVPP concept should allow
for participation of RES generators from both sides.
This implies coordination of the control actions through
the border between the two grids [19]. This coordi-
nation is intended at both administrative (share of the
data/measures and control actions) and technical (dif-
ferent voltage levels and different structure (radial for
distribution versus meshed for the transmission) of the
grids) levels. Data availability is important, especially
for second level controls (to ensure ancillary services)
and for coordination of control actions in general (as
DVPP actuators are geographically distant). It is sup-
posed that voltage and frequency measures from both
transmission and distribution sides will be available at
a common control point called DVPP dispatching in
the sequel. Controls will be computed in the DVPP
dispatching and sent back to the DVPP actuators. The
above mentioned measures can be classic or PMU.

o several grid connection points: insertion of the DVPP
in the rest of the system may be via several connections
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points as in Fig. 3. Moreover, the DVPP may have RES
generators in several distribution grids.

o imbricated structure: RES generators participating in
the DVPP are not chosen from geographical or topo-

as disturbances/dynamic interactions in synthesis of the
DVPP controls.

The following scenarios have been defined:

o Type I. islanded scenarios are in general smaller

logical considerations. As a consequence, components
of a DVPP are not necessarily close. Moreover, some
close-by generators may not participate in the DVPP
(devices in black in Fig. 3). They should be considered
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and simpler as compared to continental scenarios.
Therefore, a smaller number of buses (in this case, 7)
and a single voltage level is considered for this case
(Figure 4).

VOLUME 10, 2022



B. Marinescu et al.: Dynamic Virtual Power Plant: A New Concept for Grid Integration of Renewable Energy Sources

IEEE Access

TABLE 1. Response and storage times for different technologies.

Response Inherent Generation
time storage time  technology
13Y% 100ms-5s 0 PE
ST I5min-4h 0-24hours SG
W 05ms-1s 0 SG/IG+PE
HYD 2 - 5 min 4h - 16h SG
BIO 10 min-6h  weeks SG
CF-TPS | 80 min - 8 h  months SG
CC-TPS | Smin-3h months SG
N-TPS ~24h months SG
PS-HPP | 2 -5 min 4h - 16h SG
GEO 30s—2min oo SG

o Type II: the vast majority of scenarios are AC intercon-
nected systems, and they are typically bigger and more
meshed. Therefore, a higher number of buses (in this
case, 13) and different voltage levels (i.e., transmission
and distribution) are considered. Moreover, two different
versions of this type of scenario are considered. One cor-
responds to a typical scenario with good solar resource
(for example southern Europe) (Figure 5), whereas
the other corresponds to a typical scenario with good
onshore and offshore wind resource (Figure 6), includ-
ing HVDC interconnected offshore wind (for example
northern Europe).

o Type II: regarding HVDC interconnected scenarios
without AC interconnections, they typically correspond
to bigger islands. For that reason, the grid layout con-
sidered is slightly more complex, with a higher number
of buses as compared to Type I (in this case, 11). Also,
different voltage levels are also considered in this case
(Figure 7).

B. OPTIMIZATION

The original concept of VPP germinated from the need
of tackling the relatively low competitiveness of the back
then emerging non-dispatchable RESs such as wind and
solar generation when compared with large, dispatchable
conventional generation such as hydro and thermal power
plants. Most power system regulators require a minimum bid
size to be submitted to electricity market auctions, leaving
most stochastic, non-dispatchable RESs out of market, being
remunerated by ex-post settlements with generally lower
profitability than that of market participants. Increasing this
competitiveness is essential to pave the way to an eventual
mass integration of such renewable sources. In this vein,
aggregation of non-dispatchable RESs in the form of a VPP
as a single offering unit in electricity markets with a total size
larger than the minimum bid size becomes apparent.

An alternative to the VPP concept that is rapidly gaining
interest is the installation of electrochemical (battery) energy
storage systems (BESS) due to their capability to provide
both active and reactive power regulation with very short time
responses (down to several tens of milliseconds). Moreover,
the advances in the BESS technology and their modularity
imply a remarkable flexibility that allows the installation of
BESSs of up to 100 MW and over 100 MWh such as the

VOLUME 10, 2022

External B3
power system
<]
B1 B4 B6
@ of
| —> >
B2 B5

S o

SG

FIGURE 4. Scenario type .

lithium-ion BESS installed in Hornsdale, Australia, in 2017.
The potential of BESSs to provide a large number of ancil-
lary services and to mitigate the impact of the stochastic
nature of non-dispatchable RESs, together with the gradual
decrease in the price per MW and MWh, justify their current
popularity as a solution to increase the competitiveness of
non-dispatchable RESs.

However, the main limitations of BESSs, that prevent their
massive integration in the power grids, are their still high
installation (capital) costs, their relatively short life span (up
to 7 years, or a few thousands of cycles), their intrinsic self-
discharge (up to two perceptual digits per day of their state of
charge), the limited availability of the materials required in
their construction, and their negative environmental impact
at the time of their disposal.

The RES-based DVPP proposed in this work thus appears
as a promising approach to overcome the limitations of
BESSs listed above, and as a competitive solution to increase
the viability of non-dispatchable RESs. The DVPP is com-
posed of already installed RESs (both dispatchable and non-
dispatchable) and demands that can provide some level of
flexibility, thus reducing the installation costs to only the
deployment of the communication infrastructure required to
coordinate all assets. Moreover, by optimally operating all
assets, the increase of non-dispatchable RES competitiveness
may even surpass the benefits achieved with BESS solutions.

Electricity generation companies rely mostly on power and
energy markets for obtaining revenues from electric energy
trading. This is so since the late 1990s, where a transition
from optimal control strategies took place worldwide at a
remarkable pace [20].

Long-term electricity trading is mostly based on bilateral
contracts, whereas short-term trading is generally based on
competitive auctions or pools. The latter represents over
75% of the total energy traded [21]. Short-term markets thus
appear as the most relevant for the studies considered in this
work given their competitive nature. Short-term electricity
trading usually spans a time window of 24 hours, and different
pools take place prior to the power delivery. Two main groups
of participants are present in such pools, namely genera-
tion (electricity producers) and demand (retailers and large
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consumers). According to the quantity traded, short-term
electricity markets can be also categorized into energy mar-
kets, in which the market operator gives/receives payments
according to the amount of energy supplied to/consumed
from the network. Other markets are based on the trad-
ing of power for ancillary service provision (mostly active,
although reactive power-based markets are starting to become
relevant).

The optimal participation of the proposed RES-based
DVPP in the aforementioned energy and power markets
(operation) will thus be a key point in development of the
DVPP concept. The impact of uncertainties that characterize
both the stochastic RESs of the DVPP and market prices will
also be duly analyzed. To this aim, robust optimization [22],
[23] will be implemented, where uncertainties of stochastic
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generation and market prices are modeled as confidence
bounds and intervals.

Another important aspect is the market power of the DVPP.
Generally, market offering units based on RESs other than
hydroelectric power plants are relatively small. This implies
that their auction participation does not change the result-
ing clearing price of electricity, i.e., they are price takers.
However, if enough RESs are aggregated in the form of a
DVPP, the volume of energy auctioned could be high enough
to alter such a price, making the DVPP a price maker. In this
situation, the DVPP is aware of its own market power, and
will naturally tend to alter the price in such a way that its
benefits will be maximized. However, the regulatory agent
will attempt to minimize the influence of all price makers
in the system when clearing the market. This converts the
single-stage optimization problem solved for a price taker
DVPP into an iterative, multi-level problem when the DVPP
is a price maker, with a significant increment in complexity.

For the aspects mentioned before, it has been assumed
that the DVPP configuration was given, in the sense that
the DVPP is composed of a known set of already installed
RESs and flexible demands. However, the determination of
which configuration of DVPP (total size, share of the different
RES technologies and demands, geographical location of the
assets, etc.) would maximize the overall profit of the DVPP
in electricity markets while minimizing associated risks is
the result of an optimization problem that needs to take into
account, apart from the concepts outlined above, e.g., the
costs associated to the installation and exploitation of the
assets. The optimal configuration of the DVPP for the variety
of scenarios listed in Section I'V-A is also an important output
of the DVPP concept.

V. DYNAMIC ASPECTS

A. GENERATOR CONTROL

Dynamics of each RES generator should be managed in order
to ensure safe operation (from the material point of view, i.e.,
keeping currents, voltages and mechanical loads (in case the
mechanical structures of wind generators) within technologi-
cal limits of operation) and contractual obligations. The latter
are mainly on the active power production. To ensure that,
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controls should be implemented to track set points for active
power, voltage and mechanical speed. As RES are usually
connected to the grid by power electronics, supplementary
controls for the used power converters and the DC part are
needed.

In order to be able to operate a RES-based grid con-
trol without BESS (see Section IV-B), it is necessary that
the non-dispatchable power plants (PV, W) also provide a
required gradient of active power. The achievable power
gradient is thereby strongly dependent on the used control
method. For example, the usual control strategy of wind
power plants aims at a maximization of the power output
(maximum power output tracking - MPPT) in partial-load
region and a limitation of power above rated wind speed [24].
In contrast, compared to the usual strategy, demanded power
point tracking (DPPT) leads to an increased operating range,
which must be managed by the controller in terms of load
reduction with fast response times to be optimized [25]. The
operating trajectory that results in a desired power output,
however, is not unique and therefore depends on the choice of
the operational scheme encoded in the control concept. This
can be illustrated by considering the generator power given
as

p(v) = wg) Ty (v), ey

where w, and T, are the rotational speed and generator
torque, respectively, and v represents the current effective
wind speed. From (1), it is apparent that a variation of
power output to the demand can be achieved by an adjust-
ment of either the rotational speed, the generator torque
or both. Consequently, there is a need to study the impli-
cations of different operating strategies for power tracking
about the structural loading and possible response dynamics
in DVPP operation. To illustrate this, the power demand
transmission behavior of a wind turbine generator for two
different operating strategies (OS) proposed in [26] will now
be briefly presented. In the first concept, termed OS1, the
demanded power is achieved by a variation of the generator
torque only while keeping the rotational speed at its nomi-
nal value at the current wind speed. Contrarily, in OS2 the
controller enforces a variation of both, the generator torque
and rotational speed to meet the power demand. For com-
parison of the dynamics, the results are shown in Figure 8
as normalized step responses of AP,,s by AP, where AP,,r
denotes the demanded and AP the power generated by the
wind turbine generator. To assess the dynamics involved, the
turbine is faced with instantaneous demand changes while
operating in different constant wind conditions at a constant
power output of 70 percent of nominal power. The step
wise changes in the power demand P,,s are bidirectional,
i.e., increase and reduction of the power output demand at
steps of AP,s ={-0.3, —0.2, —0.1, 0.1, 0.2, 0.3} is con-
ducted. The simulation is repeated for wind speeds of v =
{8, 12, 16} m/s to roughly cover a range of common oper-
ating wind speeds, and in conjunction with the bidirectional
steps possibly reveal nonlinear effects. In analogy to the wind
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turbine control, the PV system should be operated with a
DPPT instead of a MPPT.

Thus, based on the results obtained so far validated on
a realistic high order wind turbine model, it is possible to
use non-dispatchable RESs as power generators in the DVPP
concept. Further investigations are being performed specif-
ically for PV power plants, solar thermal and hydro power
plants with equally realistic scenarios as for the wind turbine
generators.

B. GRID CONTROL

Ancillary services are important to maintain operation in case
of system incident or variation of operating conditions. Till
today, few requirements at this level are made for RES gen-
erators. RES generators of the DVPP should fully participate
to grid services. This means not only to provide some support
for voltage and frequency control, but for the entire DVPP to
be able to participate to actual implemented control schemes
in same conditions as the large thermal plants. For this,
it is not sufficient to add a supplementary control layer. The
control at the generator level should be revised. For example,
as mentioned in Section V-A, RES generators cannot be run
with MPPT [27], [28] and a reserve should be managed for
grid frequency services via deloading control (see, e.g., [29]).
Also, DPPT control [27], [28] can be used with a reserve
for grid frequency services. Moreover, multiplication of the
controls needs and actions led us to a dynamic system view for
the DVPP for modeling, specifications and control levels as
shown in the next section. This means a new approach for the
control, with a global view of the system and specifications
and a maximum coordination in the control actions.

C. INTERNAL REDISPATCH

Local and grid objectives should be ensured not only for
nominal operation but also in case of failure or variation of
availability of resources (sun or wind, for example). The latter
variations have an important impact on non-dispatchable RES
of the DVPP. To ensure a continuous run of the DVPP (espe-
cially for the ancillary services), enough fast internal redis-
patch of the RES resources is needed. This is done via a tool
for the real-time portfolio optimization of the DVPP. It mainly
consists into a security-constraint optimization problem for
which both generators and grid constraints (and even overall
system constraints) must be taken into account. The time
constant of such redispatch loop can be chosen around one
minute in order to integrate it in the overall control dynamics
given in Fig. 9 with no parasitic interactions.

D. INTERACTION WITH NEIGHBOUR DYNAMIC
ELEMENTS OF THE GRID

As mentioned before, the DVPP is not necessarily a geo-
graphically exclusive grouping. Indeed, between the devices
selected to be included in a DVPP, other static and dynamic
devices of the grid exist and may have a coupled behaviour
with the ones of the DVPP. Also, the same holds for devices in
the neighborhood of the geographic perimeter of the DVPP.
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Such interactions can be globally taken into account in the
aggregated control models mentioned in Section VI. How-
ever, certain devices require some particular caution. First,
the power electronic based ones may have higher interac-
tions with the converters of the DVPP, especially in case of
rapid control of the latter ones (see, e.g., [13], [30]). Second,
coordinated control with HVDCs and FACTS like SVCs
and TCSCs may have a beneficial impact on overall grid
performances and avoid oscillations between converters [31].

E. DYNAMICS OF SYSTEMS DOMINATED BY POWER
ELECTRONICS

Modern power systems are increasingly dominated by power
electronics, including FACTS devices, HVDC converters,
renewable energy interfaces and loads driven by power elec-
tronics. The special nature of power electronics compared to
synchronous generators have motivated significant research
in the last decade. However, the issues related to system
dynamics and stability have still to be investigated. The DVPP
concept should integrate this in order to be applied to future
power systems.

Novel methodologies will have to be developed both for
analysing, simulating and understanding the system under
study as well as for the control.

The development of models of different degrees of com-
plexity and granularity (including non-linear detailed models
of power electronics as well as linearized simple models)
together with employing co-simulation techniques will allow
developing sound analysis and identifying the possibilities
and limitations of the considered systems [32], [33].

As mentioned before, the conventional power system
stability definitions, their assessment, and the control
thereof through ancillary services rely on the notion of
synchrony. The latter is ensured in a conventional grid
through large rotational generation and tight control of fre-
quency and voltage predominantly by actuating synchronous
machines. The replacement of synchronous machines by
power electronics-interfaced generation not only changes
the qualitative power system dynamics towards more brittle
dynamics (with shorter time scales), but the system is also
subject to increasingly many fluctuations (due to variable
renewable generation) and with interfaced with ever-more
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fragile devices (e.g., converter-interfaced generation) that
cannot tolerate large fault currents. Finally, also the conven-
tional classification and separation into voltage, angle, and
frequency stability does not hold anymore in future power
systems that operate possibly far from a nominal equilibrium
and are driven by disturbances on all time scales [13].

Novel stability definitions and analysis concepts are
required that not only take into account the volatile physics
of future power systems but also hard operational limits,
accounting e.g. for converter over-currents. Hence, rather
than looking for the conventional “‘stability of a stationary
equilibrium point”, one should investigate how disturbances
amplify fluctuations in a neighborhood of the nominal syn-
chronous operation.

Control, including ancillary services, should also be
designed in accordance to this new context, as discussed in
the next section.

VI. DISCUSSION OF APPROACHES
This section discusses the main approaches to implement the
DVPP concept.

A. MODELS

To achieve the system-level view mentioned above,
we believe that models should be constructed in a new way.
They should be global (include both device and system-
level dynamics) but also sufficiently simplified and tractable
to cover the DVPP perimeter and to be used for control
design. Modern power systems contain hybrid, i.e., both
slow and fast dynamics. Fast dynamics come from power
electronics which are systematically used to connect RES to
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grid and to reinforce transmission grids (with direct-current —
HVDC - lines). Modeling should be innovative both for sim-
ulation as well as for control purposes. Indeed, to prevent
from unnecessary and unmanageable high-dimension of the
resulting models, specific approaches to capture dynamics
of interest should be used. For simulation, the so-called
co-simulation method can be used. It mainly consists in simu-
lating a large zone of the power system with different degrees
of details for well-chosen sub-zones. For the synthesis of the
control models, identification of the models in specific bands
of frequency closely linked to the phenomena to be preserved
would allow low-order yet highly expressive mathematical
models.

The assumptions underpinning these models are also dif-
ferent from the ones used till now in power systems. First,
the DVPP perimeter is not compliant with classic assumption
of split of the grid into very-high and low and medium
voltage levels. Indeed, this voltage separation is strong as
followed by administrative and control/operation separation
since the grids are run by different entities: the high-voltage
ones by TSOs and the others by DSOs. Strong hypothesis of
non-interaction of controls and separation of data and infor-
mation are at the basis of this structure. As RES are connected
at both voltage levels, to ensure optimality in DVPP definition
and operation, one should thus envisage DVPP perimeter
which include both sides of the grid. Hypothesis mentioned
above should be revisited to construct models adequate for
this kind of DVPP perimeter.

Next, in perspective to participation to ancillary grid ser-
vices, a larger view is needed: include future grid dynamics,
include not only one DVPP but several to deal with coordina-
tion (in secondary controls for voltage and power) and com-
petition in operation, include other dynamic power-electronic
based devices like, e.g., HVDC, to deal with interactions and
to damp some oscillations which might exist between these
devices and the RES generators of DVPP.

Finally, all aspects should be considered in the DVPP
design and control: voltage, frequency, internal robustness/
resilience/re-dispatch (N-1 grid stability). Because of the
fast/slow time-scales mentioned above, it is no longer possi-
ble (as in classic today approaches) to treat these phenomena
separately and the new models should integrate all of them.

B. OPTIMAL OPERATION AND CONFIGURATION OF DVPP
The operation of DVPPs is separated into an internal
and external operation architectures. DVPPs are currently
grouped into technical (TDVPP) and commercial (CDVPP)
ones, interacting mutually by allocating power commit-
ment (CDVPP) and rescheduling due to technical reasons
(TDVPP).

Although separation between TDVPP and CDVPP has
been made, the nowadays massively available amount of
information and data has not been systematically consid-
ered yet. Further, most of the models used to formulate the
internal set-points (i.e., references for the dynamic control
loops such as active or reactive power set-points) for the
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economic operation are non-linear models, leading to mixed
integer non-linear optimization problems. These problems
can, for the case of power systems, be however transformed
into mixed integer linear problems for which efficient and
scalable (possibly suboptimal) approaches exist by now [34],
[35], [36], [37].

Large-scale deployment of DVPPs further complicates
computation of centralized set-points. Aggregation and dis-
aggregation strategies will become of high importance to
improve applicability. Combination of centralized and dis-
tributed internal set-points might be an interesting alternative.
Large-scale deployment also heavily increases burdens due to
additional system and grid constraints. Particularly, dynamic
constraints have not been addressed widely. Finally, large-
scale deployment turns DVPPs from price taker to price
maker, requiring not only models of the DVPP but also of the
complete power system. Large-scale deployment of DVPPs
with dispatchable and non-dispatchable RES requires new
modeling and solution approaches. The mutual impact of
DVPPs and the power system will be addressed in an iterative
manner. A simplified power system model will be used,
where generation is grouped according to its generation tech-
nology and by making use of standardized techno-economic
parameters for each group. The concept of clustered unit
commitment can be used [38].

Uncertainties of stochastic renewable sources and of elec-
tricity market prices need to be duly taken into account in the
optimization problem in order to obtain accurate information
of expected revenues and costs for a given DVPP operation.
Uncertainties will be taken into account through the so-called
robust optimization [22], [23], where the objective of the
optimization problem is the maximization of the revenue
(minimization of the costs) for the worst-case realization of
the uncertain profiles.

Modeling will include a linear representation of the net-
work by using a DC power flow model for active power [39].
Dynamic constraints will be included as well. Models will be
linearized through equivalent, linear expressions. Internal and
external management algorithms (i.e., internal dispatch and
external market participation) will be addressed by proposing
appropriate aggregation and disaggregation strategies, and by
combining centralized and distributed controls. Finally, reac-
tive power constraints will also be considered by modeling
the network with a linearized AC optimal power flow model.

Finally, the appearance of new ancillary service markets
will affect planning and operation of DVPP. New services
include ramping, inertial response services, fast-frequency
response (FFR) service, etc. [40], [41], [42]. In addition,
rules of existing markets may be needed to be updated. For
instance, the implementation of the Platform for the Inter-
national Coordination of Automated Frequency Restoration
and Stable System Operation (PICASSO) will profoundly
modify the market rules of the secondary reserve market in
Spain. New ancillary service markets will come along with
new requirements for market agents. Indeed, for fast fre-
quency response or secondary reserve markets, compliance
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with dynamic response criteria (although of different scale)
must be guaranteed apart from having sufficient power and
energy margin to deliver the response or typical requirements
on minimum bid size. Conventional units might not be able
to cope with new dynamic response criteria for having slow
activation responses, whereas single non-synchronous RES
plant are sufficiently fast but without the needed firmness.
The DVPP can provide fast responses while guaranteeing
the necessary power and energy margins due to its inherent
portfolio effect and the algorithms for planning, operation and
control. The DVPP will be technically able to participate in
most of the emerging ancillary service market. Changes in
market design and rules that modify the type of the bids or
the frequency of market celebrations will modify the planning
and operation of DVPPs. Indeed, PICASSO transforms power
bids to energy bids, but the bids are only cleared when a
need for secondary reserve provision arises, changing the
operation planning for this market. The trend towards more
frequency market celebrations benefits DVPPs dominated by
non-dispatchable, non-synchronous RES.

C. ADVANCED MODEL-BASED DVPP CONTROL

The traditional approach to automatic control is based on
a first-principle model of the physical system to be con-
trolled. These models come in different parameterizations,
e.g., frequency-domain transfer functions, state-space mod-
els, or higher-order differential equations. Uncertainties are
inevitable in the modeling process, and are handled in
model-based design through either robust or adaptive control
techniques [43], [44], [45]. Both the literature on power
systems modeling as well as model-based control are mature
and highly developed.

However, sometimes first-principle physical models are
too complex to be useful for control design (e.g., the wake
interactions inside a wind farm), too high-dimensional and
large-scale for the considered control objective (e.g., to damp
inter-area oscillations it is not required to know the detailed
continental power grid model), or simply too cumbersome
to calibrate (e.g., precisely fitting the values of all pas-
sives inside a converter). In such cases one would opt for
reduced-order models (e.g., an area equivalent), identify non-
physical (e.g., an ARMA model for load behaviour) models
from time series data, or directly go for a data-driven control
design leveraging recent advances and methodologies from
the machine learning community. Another way to construct a
control-model for the DVPP is to extract dynamics of interest
of the overall system into an as simple as possible (from the
state dimensional point of view) mathematical object [46].

From the control point of view, there are two ways to tackle
the DVPP control problem. First, a centralized control can
be used, which takes a maximum benefit from the unified
system-view of the DVPP and the surrounding power system.
A control model which takes into account all dynamics and
interactions is used along with classic robust control methods
and, as a consequence, one can expect maximum coordina-
tion, performances and robustness. The price to pay is the use
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of several measurements (and some of them could be from
distant generators) and a lack of resilience in case of failure of
one actuator (RES generator). Next, as opposite philosophy
of control, decentralized approaches can be used. They use
only local measurements to design control loops around each
device. Among these extreme cases that will be presented
below, intermediate control solutions can be envisaged like,
for example, centralized synthesis of controllers with decen-
tralized implementation.

1) CENTRALIZED AND COORDINATED CONTROL

The control schematized in Fig. 10 is a centralized
approach to handle several RES generators according to the
time-decoupling of the dynamics of the phenomena shown in
Fig. 9. Compared with the classic vector control, the control is
not structured around each actuator, but according to the time
response (frequency band) of the actuators and open-loop
plant dynamics [46].

Several stages of control are proposed according to the
time scales. The closed-loop obtained at one stage is the plant
for the next stage. In this way a hierarchical and sequential
synthesis is possible, with, at each level, account for the faster
controls of lower levels and with minimal risk of parasitic
dynamic interactions. Notice also that this strategy is com-
pliant with actual organization of controls in power systems
(structured in primary/secondary layers) and opens the way to
direct integration of RES into existing power systems controls
and market mechanisms.

2) DECENTRALIZED CONTROL

In parallel to the centralized control approach, we also pur-
sue a fully decentralized approach, where the device-level
controllers employ only local measurements as well as a
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few selected global broadcast signals. As a prototypical
example, consider a fast-frequency response provided by a
DVPP in grid-following mode; see Fig. 11 for an illustration.
In this scenario, a selected global frequency measurement
signal is broadcast to the local controllers of the devices
comprising the DVPP. The local controllers are designed so
that the aggregate response of the DVPP — from the fre-
quency measurement to the aggregate power output — meets
the aggregate dynamic specification, in this case a desired
droop and virtual inertial response. Aside from the aggre-
gate design specification, the local controllers also have to
take the local device-level limitations into account, such as
bandwidth limitations, energy and power constraints, over-
current limitations, and so on. In summary, the DVPP control
design is posed as a decentralized matching problem: local
controllers should meet the aggregate specification subject to
device-level constraints.

We pursue two distinct approaches to this problem. Our
first approach is based on a divide-and-conquer strategy:
the aggregate specification is disaggregated to purely local
specifications by means of dynamic participation factors
(a dynamic extension of the well-known static participation
factors). Next local matching controllers are tasked to meet
the disaggregated specification; see [47] for a preliminary
exploration of this approach and a case study coordinating
hydro and wind power for fast frequency response. Our
second approach falls square in between the centralized
and decentralized control paradigms: optimal and struc-
tured controllers are designed in a centralized fashion but
so that they allow for a decentralized implementation. For
both approaches we envision also grid-forming as well as
adaptive strategies that adapt online to changing condi-
tions inside the DVPP, e.g., fluctuations of wind and solar
production.
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VIl. CONCLUSION

The DVPP concept presented in this paper will pave the
way to top-down solutions to increase the penetration of
dispatchable and non-dispatchable RES in actual and future
power systems.

It allows treating all the aspects - static, dynamic,
optimality/efficiency - at once and in a coordinated way in
order to provide TSOs, DSOs and generators with knowledge,
models and tools.

It enables local decentralized small power plant operators
that join together in a DVPP to offer suitable grid services
for the transmission grid level. Stabilization of the grid and
further ancillary service will no longer depend on large power
plants; instead, a massive number of distributed generators
will contribute to ensuring that the grid can be operated
reliably. This will open up new business models for both the
generator and the operator side.

The DVPP concept provides the scientific basis for the
controller design since the requirements to support the grid
are formulated at an aggregated upper level and then disaggre-
gated to the local level for controller design. The local power
plants can be specified and upgraded with these dynamic
requirements. Previously (for today’s existing VPP), it has
not been possible to do this because only static power require-
ments have been specified.

Controls for both local (production) and grid (ancillary
services) objectives specifications will be provided for the
actual power systems in full compliance with the existing
regulations schemes, as well as for future power systems with
massive RES penetration and low inertia systems.

More specifically, the outputs will be:

o optimality criteria to define the perimeter/portfolio of
DVPP both for long term and real-time application: this
allows improving in a compliant/coordinated way both
optimal (from the economical point of view) configu-
ration of the DVPP and its participation to electricity
markets and ancillary services (from the dynamic point
of view)

« new controllers to allow RES to fully contribute to ancil-
lary services ultimately enabling system stability

« new business cases for the optimal operation and config-
uration of DVPP

« regulatory recommendations to enable DVPP develop-
ment and operation in conjunction with the generators’
operation in a classic way. Current rules should be
revised in order to allow economic and social welfare
improvement as well as security (stability in general and
blackout prevention in particular) assessment

« the assessment of the economic competitiveness of the
DVPP compared with solutions combining variable RES
with electrochemical storage

« new stability definitions and methodologies for stability
analysis and assessment. The classic framework and
hypothesis will be revisited to obtain approach for DVPP
in the context of power electronics dominance. The latter
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both inside the DVPP (because of the RES systemati-
cally connected to the grid by power converters) but also
outside the DVPP which may be in future a power grid
with high power electronics penetration

Part of the approaches mentioned in Section VI are
innovatory and at a basic research stage now. They will be
fully reported in forthcoming publications. Other are based
on classic methods which are used in a new manner in the spe-
cific DVPP context. Part of our ongoing POSYTYF project is
to also consider economic aspects. Within the near future joint
technical and economical proof-of-concept demonstrations
and commercial avenues will be reported.
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