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Dynamic Virtual Power Plants to address the
rapidly increasing deployment of renewable
energy sources

In many power systems around the globe (such as Ireland, Australia, or small
islanded grids) ensuring system stability is the main bottleneck to further
integrate renewable energy sources (RES). A solution to overcome this is to
increase the share of so-called dispatchable RES, i.e., those which have a natural
energy storage capacity (solar thermal or hydropower plants).

The main idea in the POSYTYF project is to group several Renewable Energy
Sources (of both dispatchable and non-dispatchable natures) into a systemic
object called Dynamic Virtual Power Plant (DVPP) which allows safe operation.

The DVPP concept facilitates the integration of RES generators into the electrical
network by offering their combined flexibility (ramping up and down at short
notice for frequency control), internally balancing their fluctuations, and selling
their aggregate generation output in the wholesale market).

Compared to other already proposed Virtual Power Plants (VPP), the DVPP
concept jointly addresses:

P the static power dispatch at single VPP level,

P the dynamic coordination of several VPPs to provide ancillary services to the
system,

P the attainment of an economic optimum.
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The POSYTYF project

The POSYTYF project explored the implementation of the Dynamic Virtual Power
Plant concept by combining expertise on power systems, power electronics,
automatic control and RES enabling to:

P cover both the transmission and distribution levels,

P investigate centralized vs decentralized control concepts for single device and
VPP management,

P address the specific stability issues associated to low inertia systems.

The project followed two complementary routes:

» Develop solutions directly implementable in today’s power system to support
network stability,

P Explore future electricity networks with massive RES penetration to
formulate technical and regulatory recommendations for tomorrow.

The project aimed to:

P Determine optimality criteria to define the perimeter/portfolio of DVPP both
for long term and real-time applications,

» Develop new controllers to allow RES to contribute to ancillary services
ultimately enabling system stability,

P Test the developed solutions by simulation and Hardware in the Loop (HiL) on
realistic scenarios to validate the feasibility of the concept,

P Define new business cases for the optimal operation and configuration of
DVPP,

P Assess economic competitiveness of the DVPP compared with solutions
combining variable RE with electrochemical storage,

P Propose new stability definitions and methodologies for stability analysis and
assessment.




The POSYTYF partnership

The project, coordinated by Centrale Nantes, ran from June 2020 to May 2024,
and gathered:

P Academic researchers: Centrale Nantes, Eidgenoessische Technische
Hochschule Zuerich, Universidad Pontificia lIT, Instituto de Investigacién
Tecnoldgica, Universitat Politécnica De Catalunya, Hochschule fiir Technik
und Wirtschaft Berlin

P Transmission and distribution network operators and Renewable Energy
generators: Réseau de Transport d’Electricité, Centro de Investigaciones
Energética Medioambientales y Tecnoldgicas, Iberdrola Generacidn Espafia
SA, Enedis, Bachmann Electronic, GmbH.

P A specialist in innovation management: DOWEL Innovation.
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The project was funded by the Horizon 2020 programme for research and
innovation of the European Commission, under grant agreement 883985,
with a grant that amounted to 4.7 ME€.



https://www.ec-nantes.fr/
https://ethz.ch/de.html
https://ethz.ch/de.html
https://www.iit.comillas.edu/
https://www.iit.comillas.edu/
https://www.upc.edu/ca
https://www.htw-berlin.de/
https://www.htw-berlin.de/
https://www.rte-france.com/
http://www.ciemat.es/
http://www.ciemat.es/
https://www.iberdrolageneracionespana.es/
https://www.iberdrolageneracionespana.es/
https://www.enedis.fr/
https://www.bachmann.info/en/bachmann/
http://www.dowel.eu/

Overview of project results

WP1 provided an analysis and modelling framework for the DVPP concept
development, including scenarios development, specification of grid services by
the DVPP, optimisation grid forming and grid following voltage source converters,
and models for DVPP control validation at large power system scale.

Key findings:

P Future power system scenarios with different RES penetration levels for the
analysis of realistic Virtual Power Plants in Europe

P Optimal assignment of grid forming and grid following roles to voltage source
converters

P Maximum virtual inertia that can be provided by a grid forming
interconnected RES

P Requirements and specifications for future power systems

P Phasor models of the DVPP usable to simulate low-frequency events in the
grid

WP2 developed a unified theoretical framework for controls at device and plant
levels. It designed control-oriented models of RE generators, synthetised
generators’ and plants’ controls, then assessed and validated their performance.

Key findings:

P Control-oriented models of single RE generators

P  Wind turbine control enabling rapid response to desired power changes

P PV power plant control for demanded power point tracking using model-
based and model-free approach

P Assessment criteria of REP for DVPP integration

» Control validation on multi-converter power hardware-in-the-loop test bed

WP3 developed centralized control of the DVPP with both centralized and
decentralized implementations. Both local (generator) and system (grid) levels
were analysed for local objectives and ancillary services for the case of actual
power systems (i.e. mixed thermal and power electronics-based generation). This
is complementary with the work of WP4 which focused on future power systems
(i.e. with 100% power electronics-based generation).




Overview of project results

Key findings:

P ARES control approach based on a new view of the dynamics of the whole
system (DVPP + grid) and an original control model, as an alternative to
classic vector control framework.

P A centralized control synthesis with overlapping based decentralized
implementation for the DVPP

P A decentralized secondary voltage control of the DVPP allowing participation
of the DVPP in this regulation along with the classic thermal plants

» A hardware in the loop validation

WP4 addressed the decentralized control of one or several DVPP(s) to provide
ancillary services. Controls were designed considering grid forming / grid
following spatial distribution; stability was assessed in view of complex-frequency
synchronization; and a strategy was developed for optimal provision of ancillary
services by the DVPP.

Key findings:

P Design of Decentralized Controllers for DVPP Ancillary Services
P Grid-Forming and Spatially Distributed Control of DVPPs

P Complex-frequency synchronization and stability assessment of future power
systems

P Passivity and stability conditions for grid-forming DERs
P Optimal Dynamic Ancillary Services Provision with DVPPs

WP5 addressed the integration of the DVPP within the current energy market
framework. Solutions were developed that span from real-time operation, mid-
term optimal market bidding, and long-term planning.

Key findings:

P Optimal market integration and economic viability of RE-based DVPPs
P Real-time optimal operation of DVPPs

P Long-term planning tool for renewable integration

P Regulatory framework analysis for renewable energy advancement




Providing the analysis and modelling
framework for the DVPP concept development

To implement the DVPP concept, a system view is necessary to consider all
elements and dynamics of both RES generators and neighbour grid dynamic
devices. While research has addressed the modelling of power systems dominated
by power electronics, and the economic and operational aspects of a virtual power
plant, a gap was identified with regards to modelling and analysing virtual power
plants as providers of ancillary services to ensure system stability.

In WP1, POSYTYF designed novel methodologies for analysing, simulating and
understanding the behaviour of dynamic virtual power plants in power systems,
thus enabling to identify their possibilities and limitations. Models were
developed including both device and system-level dynamics, while remaining
sufficiently simplified and tractable to cover the DVPP perimeter and to be used
for control design.

P Several scenarios were defined, considering both present, realistic situations
for short-term applications, and more futuristic ones implying lower inertia
levels.

P For each scenario, the power system requirements were reviewed to specify
the grid services that the DVPP could provide.

» A methodology was developed to define the optimal combination of grid
following and grid forming voltage source converters within a power system
and applied to the above-mentioned scenarios.

P Aset of EMT, Phasor and co-simulation models were developed to support
the validation of the developed DVPP controllers in the context of large
power systems.

These activities were led by Universitat Politecnica De Catalunya (UPC).




Providing the analysis and modelling
framework for the DVPP concept development

Finding #1: Renewables as backbone of power generation
and the need for flexibility

Different scenarios were developed for the analysis of realistic Virtual Power
Plants in Europe. The scenario design considered the weather conditions and
renewable resources of specific regions, and an optimization-based methodology
was developed to quantify the amount of RES capacity needed. Different RES
technologies were considered to meet specific requirements of grid integration of
renewables at different horizons of time, up to 100 % in the most futuristic case.
Results show that solar PV and wind technologies can provide the renewable
backbone, but they lack the flexibility needed to achieve a very high penetration.
Other technologies become important to cover the last range of integration (e.g.,
solar thermal and pumped hydro), that are expensive for low penetration but
provide a high flexibility, crucial for high penetration.

Finding #2: Optimal assignment of grid forming and grid
following roles to voltage source converters

An index-based methodology was developed under MATLAB/Simulink to assign
grid forming and grid following roles to voltage source converters within a power
system. Based on system performance indices obtained from small-signal and
transient analysis, the study of
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Providing the analysis and modelling
framework for the DVPP concept development

Finding #3: Maximum virtual inertia that can be provided by
a grid forming interconnected RES

UPC analysed the maximum virtual
inertia that a grid-forming
interconnected renewable source
could provide, considering AC grid
and resources dynamics. Such
analysis enabled to derive a
criterion to select the maximum
virtual inertia that the converter
could provide taking into account
the time response of the renewable
source, the DC link stored energy and th

Energy required for each grid inertia (H) and

grid-forming droop filter time constant (tysc)

Finding #4: Requirements and specifications for future power
systems

UPC designed specifications and requirements for future power systems,
envisioning a future grid with up to 100% penetration of converter-interfaced
generation, high availability of measurements, fast and seamless communication
between devices, multiple control architectures and full availability of Dynamic
Virtual Power Plants, Short-circuit calculation
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Providing the analysis and modelling
framework for the DVPP concept development

define how each power plant inside its electrical area will contribute to the overall

service being provided.

Finding #5: Phasor models of the DVPP can be used to
simulate low-frequency events in the grid

Modelling guidelines and suitability analyses were provided based on a
comprehensive comparative study amongst EMT and Phasor models currently
used to simulate converters in grid integration studies with renewable. Test

showed that the major advantage of
phasor models is the possibility to
increase the simulation time step and
reduce the execution time. Another
advantage is a more straightforward
interpretation of the results when
compared to detailed waveforms in
EMT. However, the set of studies to be
performed by phasor must be carefully
analysed. As the phasor models
consider idealistic conditions, their
results might be mistakenly optimistic
in cases involving large transients and
close-up faults.

0 For more information

» Deliverables:

® D1.1 Definition and specification of DVPP
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frequency ranges for illustrative purposes.

® D1.2 Specifications and requirements for actual and future scenarios

® D1.3 Methodology for role assignment and application to each scenario
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https://posytyf-h2020.eu/medias/fichier/d1-1-definition-and-specification-of-dvpp_1661764675248-pdf?ID_FICHE=205192&INLINE=FALSE
https://posytyf-h2020.eu/medias/fichier/d1-2-specifications-and-requirements-for-actual-and-future-scenarios_1661764738248-pdf?ID_FICHE=205192&INLINE=FALSE
https://posytyf-h2020.eu/medias/fichier/d1-3-methodology-for-role-assignment-and-application-to-each-scenario_1661764770049-pdf?ID_FICHE=205192&INLINE=FALSE

Providing the analysis and modelling
framework for the DVPP concept development

» Publications:

® Phasor and EMT models of grid-following and grid-forming converters for short-circuit simulations,
Electric Power Systems Research, 2023

® Limitations on the virtual inertia provision from grid-forming-connected renewable energy
sources, 19th International Conference on AC and DC Power Transmission, 2023

= Definition of Scenarios for Modern Power Systems with a High Renewable Energy Share, Global
Challenges 2023

= Modelling and Simulation of Power Systems with Grid-Connected Converters in OpenModelica,
PSCC 2022

= Modelling of Solar Thermal Electricity Plants in the POSYTYF Research Project for an Extensive
Integration of Renewable Energy Sources, SolarPACES2022

= Modelling Approaches of Power Systems Considering Grid-Connected Converters and Renewable
Generation Dynamics, EPE 2022.

® Phasor Modeling Approaches and Simulation Guidelines of Voltage-Source Converters in Grid-
Integration Studies, IEEE Access 2022
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https://www.sciencedirect.com/science/article/pii/S0378779623005515
https://ieeexplore.ieee.org/abstract/document/10136468
https://ieeexplore.ieee.org/abstract/document/10136468
https://onlinelibrary.wiley.com/doi/full/10.1002/gch2.202200129
https://ieeexplore.ieee.org/document/9960484
https://www.researchgate.net/publication/364301856_Modelling_of_Solar_Thermal_Electricity_Plants_in_the_POSYTYF_Research_Project_for_an_Extensive_Integration_of_Renewable_Energy_Sources
https://www.researchgate.net/publication/364301856_Modelling_of_Solar_Thermal_Electricity_Plants_in_the_POSYTYF_Research_Project_for_an_Extensive_Integration_of_Renewable_Energy_Sources
https://ieeexplore.ieee.org/document/9907575
https://ieeexplore.ieee.org/document/9907575
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=9774401
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=9774401

Modelling, Control and Integration of
Renewable Energy Generators in DVPPs

The dynamic virtual power plant control concept needs appropriately reqgulated
individual renewable energy (RE) generators to meet common control objectives.
To achieve a common objective, each RE generator as part of a DVPP must behave
in a pre-defined manner or be parameterized to act in a pre-defined manner. In
order to provide models and control design procedures, the limitations of the
primary conversion (PV array, wind turbine, green-gas turbine), demanded power
tracking as a novel key feature of RE generation, and the secondary conversion by
voltage source converters and generators are addressed within a unified control
theoretical framework.

POSYTYF WP2 used modern control theory methods for analysis, controller
synthesis, and performance quantification. Based on various technologies, the
controlled single power plants were integrated into a higher-level DVPP controller
synthesis (centralized/ decentralized) and had to work together in a
complementary decentralized way. Activities covered in particular:

» Reduced and controller design-oriented modelling of PV power plants.

» Models of wind turbines and wind farms, biogas and solar thermal power
plants for decentralised model-based controller synthesis and system
integration.

P Linear Parameter Varying (LPV)-based controller design with pole-regions and
model reference linear matrix inequality constraints to achieve optimal
controller synthesis for PV and wind turbines, with flexible power tracking for
fast frequency response with guaranteed stability of local closed -loop
systems.

P Test cases to evaluate the properties in the reference tracking and
disturbance rejection dynamics of the individual power plant. For reference
tracking, active and reactive power demand changes were studied.

P Controller validation in simulation and on a multi-converter Power Hardware-
in-the-Loop (PHIL) test bed with grid following and grid forming converters
and grid-equivalent emulation by synchronous generator.

These activities were led by the University of Applied Sciences HTW Berlin.
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Modelling, Control and Integration of
Renewable Energy Generators in DVPPs

Finding #1: Control-oriented models of single RE generators

HTW Berlin analysed the common features, interfaces and internal states of a
common model design of single power plant for DVPP integration related to
decentralized controller synthesis and simulation. The desired power change
(active and reactive power) was identified as an input and the space vector
amplitude and angle of the terminal voltage related to the PCC were identified as
outputs. To monitor the available power, an event-orientated signal is optionally
feed-backed to adapt participation factors at higher DVPP level.

grid equivalent

secondary power

conversion

e
{WT , PV} power plant controller -

-

Structure of Single Power Plants for DVPP Integration of PV and Wind Turbine System

Finding #2: Wind turbine control that enables rapid response
to desired power changes

HTW Berlin developed two operating strategies (OS1 and 0S2) for power tracking
control of wind turbines. The controllability of the nonlinear aeromechanical
subsystem and the consequences for the mechanical loads on the structural
dynamics during fast power tracking were investigated.
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Modelling, Control and Integration of
Renewable Energy Generators in DVPPs

It was taken into account that the operating trajectory of the wind turbine states
for a given power demand is not unique, i.e. the generated power results from the
torque and speed of the generator. The state trajectories for a desired power
output are determined by the selected strategy, which is incorporated into the

control design and implementation.

Finding #3: PV power plant control for demanded power
point tracking using model-based and model-free approach

HTW Berlin designed power tracking controllers for frequency support by
photovoltaic power plants without battery storage. To provide grid support
integrated into a DVPP, a PV power plant control scheme, and a design procedure
were introduced to ensure power reserve by leaving the optimal operating point.
A model-based and model-free (Extremum-seeking control) design procedure was
presented to achieve the specified control objectives. Simulation and
implementation in a test-bed system showed the applicability of the control
schemes. It was shown that highly dynamic power responses in the 0.5 to 2-
second range can only be set using the model-based method. In the worst case,
the model-free extremum seeking (ES) method requires response times of 12 sec.
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Extremum-Seeking Control for MPPT and DPT (Demanded Power Tracking)
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Modelling, Control and Integration of
Renewable Energy Generators in DVPPs

Finding #4: Assessment criteria of REP for DVPP integration

HTW Berlin created assessment criteria and test cases to evaluate the
characteristics in the reference tracking and the dynamics of the disturbance
suppression of the individual power plant for DVPP integration. Active power
and reactive power demand changes were investigated for the reference
tracking, while the disturbance behaviour was investigated by varying the
primary energy source, the magnitude of the grid voltage and the phase
angle of the grid voltage. The test cases can be replicated both in the
simulation and on the HTW's own test bench.

Finding #5: Controller validation on multi-converter
power hardware-in-the-loop (PHIL) test bed

An experimental validation procedure of RE generator for decentralized
implementation in the DVPP concept was presented. The experiments were
carried out using a multi-inverter Power Hardware in the Loop (PHIL) test
bench at the HTW as an exemplary setup. For this purpose, the previously
proposed local fast controllers (secondary power conversion) were
implemented at the inverter level and the primary converter controller
(demanded power tracking) on a PLC. For this purpose, up to three power-
electronic-interfaced generation units were operated in parallel and
connected to an equivalent grid. The latter consisted of an externally excited
synchronous machine and loads that could be switched on/off stepwise. To
emulate a typical frequency dip in
the test bed grid, the speed
control of the synchronous
generator was adapted
accordingly.

Multi-Converter Power Hardware-in-
the-Loop Test Bed System at HTW
Berlin
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Modelling, Control and Integration of
Renewable Energy Generators in DVPPs

For more information

» Deliverables:

® D2.1 Models for dispatchable and non dispatchable RPPs

® D2.2 Objectives and assessment criteria for control design

= D2.3 Controllers for the RPP level (all types of RPPs) validated in simulation

» Publications:

= Experimental Validation of a Dynamic Virtual Power Plant Concept Based on Multiple-Converter
Power Hardware-In-the-Loop Test Bench, 22nd Wind & Solar Integration Workshop, 2023

= Fast power tracking control of PV power plants for frequency support, at -
Automatisierungstechnik journal, 2023

= Fast Power Tracking Control of Wind Turbines for Frequency Support, IEEE FUZZ 2023: Special
Session on "Fuzzy Systems for Renewable Power Generation and Smart Grids", 2023

® Fault-tolerant Fast Power Tracking Control for Wind Turbines above Rated Wind Speed, XXI Polish
Control Conference, 2023

= Comparison between Pole Region Design and Model Reference Control for Multivariable TS Fuzzy
Systems, 32. Workshop Computational Intelligence, 2022

® Evaluation of different power tracking operating strategies considering turbine loading and power
dynamics, Wind Energy Science, 2022

® Grid Forming Stator Flux Control of Doubly-Fed Induction Generator , Energies, 2021
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System-level ancillary services: centralized
control, coordination and interactions, global
validation in case of actual power systems

Ecole Centrale Nantes investigated how to control and coordinate the individual
devices in a DVPP by taking into account as much as possible all grid dynamics in
order to provide grid ancillary services. Work focused on actual grid situation in
which classic thermal plants coexist with RES. This means that we considered
mainly grid following controls for RES and secondary controls are the ones which
are actually in operation. The objective was to provide concrete methodologies to
integrate DVPP’s RES in these existing grid controls. Validation was pushed from
primary academic offline simulations to simulation and hardware in the loop
experimentations with realistic models both for the RES and the grid.

In WP3, activities focused on:

» Development of a RES control approach based on a new view of the
dynamics of the whole system (DVPP + grid) and an original control model, as
an alternative to classic vector control framework.

P A centralized control synthesis for the primary voltage and frequency control
of RES generators of a DVPP.

P A decentralized implementation of the primary control of RES generators of a
DVPP, based on overlapping techniques.

P An original decentralized secondary voltage control of the DVPP allowing
participation of the DVPP in this regulation along with the classic thermal
plants. It is based on a new decomposition of the control actions (new inner
and outer control loops) and on the use of model free (in the sense of Fliess
& Join’s approach of the so-called “intelligent local Pl control”) control
techniques.

P A real-time validation, both in simulation and hardware in the loop. This was
run on a 22kW hardware platform with permanent magnet synchronous
generator for wind energy and power converters for grid connection.

These activities were led by Ecole Centrale Nantes (ECN).
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System-level ancillary services: centralized
control, coordination and interactions, global
validation in case of actual power systems

Finding #1: New control method of grid connected RES

A new control approach was proposed for the RES generators as an alternative to
the classic vector control. For this, the RES generators (of a DVPP) were
considered along with the main voltage and frequency dynamics of the grid in
which they are inserted. The classic vector control approaches propose local
generators related to each part of each actuator: local loops for each generator,
each grid side and generator side converters of each generator. Instead of this
hardware-oriented view, ECN proposed to jointly consider all dynamics of the
system (DVPP + grid), according to their natural time-scale separation. More
specifically, the controls were divided into 3 sets, "very fast", "fast" and "slow",
corresponding to the time constants of 10ms-5s, 5s - 30s and from 1min, as
shown in Fig. below:

P ‘"very fast" control: reactive power Q, active power P and DC voltage Vpc are
regulated at local level generation plants.

P "fast" control: active power - frequency droop, reactive power - AC voltage
droop, MPPT search table (e.g., for wind energy system or for solar energy
system).

P "slow" control: secondary active power P and reactive power Q, which come
from grid request for the local plant to participate in providing grid ancillary
services.

“Very fast” control
(10ms -5s)

an . Grid - related services

P -

“fast” control
(55 —30s)

Frequency droop control Secondary active/reactive powers
- Q/V droop control "

- Pitch angle & generator speed
Active/reactive power andfor | contrel/ DC voltage reference for PV
DC voltage reference

“slow” control
(>= 1min)

Active power/Frequency secondary
- Reactive power/ Voltage secondary

Time decoupling

Such strategy is applicable to any kind of RES based on power electronics and for
both centralized and decentralized control implementations. It is based on an

original control model which accounts for both RES generators and grid dynamics.

It is compliant to both scenarios of actual grids structured in classic 2 layers of
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System-level ancillary services: centralized
control, coordination and interactions, global
validation in case of actual power systems

primary and secondary controls or future grids with only (or dominant) RES based
on power electronics generation.

From secondary

r 3
From secondary

From secondary

New control in centralized implementation

Finding #2: Decentralized implementation of a RES control
synthesized in a centralized way

The above control based on
the natural time-scale
separation of the grid
dynamics were implemented
for a DVPP in decentralized
way as in the figure aside.

From secondary

From secondary

Ref. “fast”

For that, grid and local dynamics have been considered by overlapping techniques

as shown in the next figure.
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Interaction dynamics are rejected as disturbances in robust (linear and nonlinear)
control frameworks.

Finding #3: Decentralized secondary voltage control

A technical solution was given to allow participation of RES generators of a DVPP
to secondary voltage control in cooperation and coordination with classic thermal
generators. This solution allows also:

» Plug and play capabilities for both renewable and thermal generators:
generators can come into and go out of the control without any specific
actions needed for the reconfiguration of the control or data acquisition. This
is a key point to overcome difficulties related to volatility of natural resources
of renewable generators.

P Contribution of generators connected to the distribution side. This will also
facilitate participation of RES to voltage ancillary services as most of such
generators are connected to the distribution side and cannot participate
today to secondary voltage control. The proposed solution allows
coordination with the thermal plants connected on the transmission side
without any need for supplementary data exchange and cooperation
between transmission grid and distribution grid operators. This is an
important advantage to facilitate industrial acceptance and feasibility of the
solution.
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New strategies for control and optimization are used for that. They are based on
redefinition of the technical objectives, separation of dynamics of the system,
hierarchisation of tasks and model free (in the sense of Fliess & Join’s approach of
the so-called “intelligent local Pl control”) control specifically used and
implemented at several levels of the system.

Finding #4: Hardware in the loop validations

To prove the concepts in a more advanced way, hardware in the loop (HIL)
validations were performed. These were based on 22kW permanent magnet
synchronous generator for wind generation connected to the grid by a back —to-
back structure of two 22kW power converters. The grid was emulated in real-time
simulation with two 22kW power converters driven by Opal-RT eMegasim (EMT)
simulations of a realistic grid model.

4. 13,

|
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This allowed more realistic validations of the control and validation of the multi-
time scale operation of the DVPP (primary + secondary control levels along with the
internal redispatch level based on optimization developed in WP5).

o For more information

» Deliverables:

= D3.1 Report describing the DVPP ancillary service specifications and different control architectures
to achieve those

» Publications

= B, Marinescu, O. Gomis-Bellmunt, F. Dorfler, H. Schulte, L. Sigrist. Dynamic Virtual Power Plant: A
New Concept for Grid Integration of Renewable Energy Sources. In IEEE Access ; éd. IEEE, 2022,
vol. 10.
https://hal.science/hal-04476972

= H-T. Ngo, E. Kamal, B. Marinescu, Robust H2 Nonlinear Fuzzy Decentralized Control Design for a
VSC-HVDC Link, Advanced Control for Applications: Engineering and Industrial Systems, January
2024, (10.1002/adc2.184), https://dumas.ccsd.cnrs.fr/INRIA/hal-04476968v1.

= B. Marinescu, E. Kamal, H-T. Ngo, A System Model-Based Approach for the Control of Power Park
Modules for Grid Voltage and Frequency Services, https://arxiv.org/pdf/2107.02000.pdf

= M. Adabi, B. Marinescu. Direct Participation of Dynamic Virtual Power Plants in Secondary
Frequency Control. In Energies ; éd. MDPI, 2022, vol. 15, num. 8.
https://hal.science/hal-04476973

® H. Golpira, B. Marinescu, Enhanced Frequency Regulation Scheme: An Online Paradigm for
Dynamic Virtual Power Plant Integration, IEEE Trans. On Power Systems, 2024, pp.1-13.
(10.1109/TPWRS.2024.3368796). , https://hal.science/hal-04476540

= M. Kouki, B. Marinescu, F. Xavier, Exhaustive modal analysis of large-scale power systems using
model order reduction, Power Systems Computation Conference (PSCC) 2022, Porto, Portugal.

= EMT three-phase VSC grid-connected converter reactive power control using H-infinity LMI MIMO
Approach, Huang-Trung Ngo, Elkhatib Kamal, Bogdan Marinescu, ISGT 2022, Novi Sad, Serbia,
https://hal.science/hal-03779370v1/file/2022187180.pdf.

= H-T. Ngo, E. Kamal, B. Marinescu, Fast Frequency Support at a Wind Energy System Using Time-
Varying Inertia and Droop Controls based on Globally Optimal Hee Control Design 224
International Middle East Power Systems Conference (MEPCON), Assiut University, Egypt,
December 2021, https://hal.science/hal-03549094v1/document.

= H-T. Ngo, E. Kamal, B. Marinescu, F. Xavier, Robust Hee Decentralized Control Design for HVDC Link
Embedded in a Large-scale AC Grid , IEEE Electrical Power and Energy Conference (EPEC), May
2020, https://hal.science/hal-03172332/document.
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System-level ancillary services: decentralized
control, stability and regulation in case of
future power systems

Dynamic Virtual Power Plants (DVPPs) aim to coordinate a heterogeneous
ensemble of distributed energy resources (DERs) to collectively provide dynamic
ancillary services. The decentralized control of a single or several DVPP(s) to
provide ancillary services is one of the challenges addressed by ETH Zurich. Existing
coordinated control strategies of DER collections are highly customized for specific
devices, lacking the extendibility to other device aggregations as well as the ability
to match a desired aggregate dynamic behaviour. Another challenge addressed by
ETH is novel stability definitions and assessment for future power systems with
high penetration of DERs and low inertia. Power-electronics-based DERs could be
operated in a grid-forming mode to contribute to the stable operation of power
grids from a novel stability perspective. The stability of grid-forming DERs
associated with the grid-forming voltage phase-frequency-magnitude dynamics
should be defined, analysed, and quantified.

In work package 4, the activities focused on:

P The development of two decentralized control approaches for DVPPs to
provide dynamic ancillary services.

P The extension of one DVPP control approach to grid-forming and spatially
distributed DER aggregations.

P The experimental validation of one DVPP control approach in a PHIL testbed
at HTW Berlin.

P The definition of complex-frequency synchronization to analyse phase-
magnitude coupled dynamics from the complex-frequency perspective.

P The stability analysis of complex-frequency synchronization and voltage
stabilization, both with linear and nonlinear methods.

P The development of a strategy for optimal dynamic ancillary services
provision with DVPPs based on local power grid perception.

This work package was led by Eidgenoessische Technische Hochschule Zuerich
(ETH).
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Finding #1: Design of Decentralised Controllers for DVPP
Ancillary Services

ETH developed decentralised

controllers for DVPPs, specifically

focusing on a setup where the

DVPP units are connected to the
transmission grid through a single

point of common coupling. More broadcast
specifically, the approach involves e
designing local feedback

controllers for a group of

Distribute Energy Resources

(DERs) to collectively provide
(grid-following) dynamic ancillary

services like fast frequency and

voltage control, while adhering to individual device-level constraints. The control
design problem is framed as a decentralized model matching problem, aiming to
closely align the aggregate DVPP behaviour with some desired dynamics (given in
the form of a desired transfer function matrix), while satisfying local device-level
limitations. Two solution methods were proposed: a decentralised approach that
breaks down the problem into disaggregating desired dynamics and local model
matching, and a centralised method that addresses the entire system in a single
optimization problem. Both methods result in decentralised control
implementations. The efficacy of each design approach was demonstrated
through illustrative examples on a modified IEEE 9 bus system, and partially
validated in a power-hardware-in-the-loop (PHIL) experiment.

aggregate
output

desired dynamic behavior

Finding #2: Grid-Forming and Spatially Distributed Control
of DVPPs

remaining remaining

A power system power system
The decentralised
control design approach
for DVPPs, outlined in
Finding #1, was
expanded to include a
grid_forming DVPP DVPP area DVPP area
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control configuration. Unlike the grid-following DVPP control in Finding #1, ETH
focused on aggregated dynamic ancillary services provision with a grid-forming
signal causality. This involves imposing DVPP frequency and voltage magnitude
while controlling them based on power measurements. Addressing this, the
aggregation of grid-forming DERs necessitates special treatment, resulting in
nontrivial conditions for their local dynamics. Furthermore, compared to the
initial control setup in Finding #1, ETH generalised the DVPP control approach to
spatially dispersed DER locations, spanning high-voltage transmission systems to
low-voltage distribution grids with varying R/X ratios.

Finding #3: Complex-frequency synchronization and stability
assessment of future power systems

Future power systems allow scenarios with 100% converters without synchronous
generators. ETH made progress toward novel stability definition and assessment
in converter-based systems. The main focus is on grid-forming converters that are
controlled by an advanced grid-forming controller, i.e., dispatchable virtual
oscillator control (dVOC). The novel stability notion of complex-frequency
synchronization was formulated based on a recently developed complex-
frequency concept to analyse phase-magnitude coupled dynamics and assess their
stability. Additionally, the dVOC grid-forming control was equivalently
reformulated to complex-frequency droop control, serving as a new grid ancillary
service compared to the standard frequency droop control (i.e., primary
frequency regulation). ETH

I b4 ) )
provided several linear AN Complex frequency := = +
methods as well as a -k i LR
]

nonlinear one to investigate Y v
the stability problem from

the perspective of complex- ' » Re v v
frequency synchronization and voltage stabilization.

Finding #4: Passivity and stability conditions for grid-forming
DERs

ETH provided analytical stability results for grid-connected DERs with grid-forming
complex-frequency droop control, apart from the stability results for islanded
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converter-based power
systems. Particularly,
guantitative conditions
for complex-frequency
droop control
maintaining transient stability under grid disturbances were established. The
stability results were further extended from second-order grid-forming control
dynamics to full-order system dynamics that additionally encompass both circuit
electromagnetic transients and inner-loop dynamics. Additionally, complex-
frequency droop control was proved to exhibit output-feedback passivity,
featuring an explicit and physically meaningful passivity index. Based on this
passivity property, decentralized stability conditions for multi-converter grid-
connected systems were established. These theoretical findings offer practical
guidelines for parameter tuning and stability guarantees.

inner
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Finding #5: Optimal Dynamic Ancillary Services Provision
with DVPPs

ETH devised a sed-loop dynamics 7

strategy for disturbance

. ld . grid equivalent
optimal dynamic [Aﬂ}
ancillary services A4
provision using

performance output
[Af] to be minimized

A
|
DVPPs. The [ S
approach relies on
actively perceiving power grid characteristics and encoding dynamic ancillary
services, such as fast frequency and voltage regulation, through a parametric
transfer function matrix. This matrix defines various feasible response behaviours,
with our goal being to identify the optimal behaviour to be realized by the DVPP.
This "perceive-and-optimize" method involves identifying a grid dynamic
equivalent at the DVPP interconnection point and then optimizing the closed-loop
interconnection of this equivalent with the DVPP (represented by the parametric
transfer function matrix). This optimisation ensures stable and optimal closed-
loop performance for ancillary services, and the resulting controller guarantees
compliance with both grid-code and DVPP device-level requirements. ETH

ancillary services
épeuhcatmn
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validated the effectiveness of the approach through diverse numerical case
studies using a modified Kundur two-area test system.

For more information

» Deliverables:

® D4.1 Decentralized Controllers for DVPP Ancillary Services

® D4.2 Methodology for Stability Assessment of Future Power Systems

® DA4.3 Viability of the Proposed DVPP Ancillary Services Solution

» Publications:

® Control Design of dynamic virtual power plants: An adaptive divide-and-conquer approach, IEEE
Transactions on Power Systems 2021

® Grid-forming and spatially distributed control design of dynamic virtual power plants, IEEE Transactions on
Smart Grid 2023

® Experimental validation of a dynamic virtual power plant control concept based on multiple converter PHIL
test bench, 22" Wind and Solar Integration Workshop 2023

® Approximation by simple poles—part |: density and geometric convergence rate in hardy space, |IEEE
Transaction on Automatic Control 2023

® Approximation by simple poles--part II: system level synthesis beyond finite impulse response, IEEE
Transaction on Automatic Control 2023

® Complex-frequency synchronization of converter-based power systems, submitted 2022

® Nonlinear stability of complex droop control in converter-based power systems, IEEE Control Systems
Letters 2023

® Quantitative stability conditions for grid-forming converters with complex droop control, submitted 2023.

= MIMO grid impedance identification of three-phase power systems: parametric vs. nonparametric approaches,
62nd Conference on Decision and Control 2023

® Dynamic ancillary services provision: from grid-codes to transfer function-based converter control, submitted
2023

= Optimal dynamic ancillary services provision based on local power grid perception, submitted
2024

® Passivity and decentralized stability conditions for grid-forming converters, IEEE Transactions on
Power Systems, May 2024
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Optimal operation and configuration of DVPP
under uncertainty of non-dispatchable RES

In Work Package 5, the complex challenge of integrating and optimizing
renewable energy sources, aggregated as a Dynamic Virtual Power Plant (DVPP),
and within the current energy market framework was addressed. It focused on
developing robust strategies and tools to enhance the efficiency and economic
viability of renewable energy systems. This involved tackling the unpredictability of
renewable sources, the complexities of energy market dynamics, and the need for
adaptive regulatory policies. WP5 aimed to create solutions that not only meet
today's energy demands but also pave the way for a sustainable and resilient
energy future.

Work Package 5 was dedicated to advancing the integration and operational
efficiency of renewable energy sources within the energy market as a DVPP. This
was achieved by means of creating robust solutions that span from real-time
operation, mid-term optimal market bidding, and long-term planning, adapting to
the dynamic nature of renewable energy and market conditions. In particular, the
activities implemented in WP5 include (but are not limited to):

» The development of advanced strategies for robust bidding in sequential
energy markets, enhancing the integration of renewable energy sources into
market operations.

P The engineering of an accurate yet computationally efficient real-time
operation tool designed to effectively manage the variability and
unpredictability of renewable energy in live market scenarios.

P The design of long-term planning tools, aimed at projecting future energy
landscapes and contributing to strategic decision-making for renewable
energy integration and grid stability.

P Athorough and extensive review of the current regulatory frameworks,
identifying critical areas for policy enhancement to support the integration
and expansion of renewable energy.

These activities were led by Comillas Pontifical University, with the collaboration
of Iberdrola Energia Espafa, and Centro de Investigaciones Energéticas,
Medioambientales y Tecnoldgicas (CIEMAT).
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Finding #1: Optimal Market Integration and Economic
Viability of Renewable-based DVPPs

In WP5, an innovative strategy for integrating renewable energy sources into
sequential market operations was developed, focusing on enhancing their
participation in sequential energy markets as DVPPs. This involved creating robust
bidding methodologies that adapt to the variability of renewable energy and the
dynamics of the markets. The development of the proposed DVPP bidding
framework involved a meticulous evaluation of diverse, real-world scenarios
derived from actual European electricity markets. The outcome demonstrated a
notable improvement in market efficiency and a more effective integration of
renewable sources. For instance, in Spanish scenarios, a DVPP setup limited in
flexibility and featuring 200 megawatts of non-dispatchable, stochastic renewable
capacity, can outperform large battery energy storage systems of several tens of
megawatt-hours. Enhancing the DVPP with dispatchable resources or flexible
demands could lead to even greater benefits, indicating that well-configured
DVPPs offer substantial advantages in energy market operations. These results
highlighted the importance of strategic planning and advanced tools in ensuring
the successful market inclusion of renewable energies.

Finding #2: Real-time Optimal Operation of DVPPs

The successful participation of DVPP in electricity markets requires that such

DVPPs comply with system operation objectives at every instant. In this regard,

within WP5 a real-time operation tool ~
Inputs

was developed for managing renewable / — p—
. m Market clearance l Re-dispatch fn. R
energy sources in the form of a DVPP. It " o

[0/1]

-{ State of RVPP units

consists of a real-time optimal o || o
redispatch of the DVPP units to ensure % it .- —
that the market and system operator o aw/nmvar]

requirements are always met.

Moreover, the capability of the DVPP to ‘\ system

provide a variety of ancillary services to e — Py

the grid, including Frequency K M O Y,
Containment Reserve (FCR) and

Automatic Frequency Restoration Functional scheme of the DVPP Real-time
Reserve (aFRR, were demonstrated. Its Operation Tool
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effective deployment in these settings highlighted its potential to enhance grid
stability and operational efficiency, proving to be a practical solution for the
dynamic challenges of renewable energy management. Additionally, the tool's
impact was evaluated in scenarios with high DVPP penetration, particularly in
renewable energy-dominated island systems, highlighting its effectiveness in
diverse and demanding energy environments.

Finding #3: Long-Term Planning Tool for Renewable
Integration

The DVPP optimal market bidding tool described as Finding #1 primarily focused
on daily bidding in electricity markets. It considered a fixed DVPP portfolio, where
a predetermined set of units acted as a single market participation entity. While
this approach provided valuable insights into the DVPP’s immediate market
responses, it had limitations, particularly the lack of consideration for longer-term
planning and strategic decision-making regarding the optimal DVPP configuration.
In this regard, WP5 also developed a model upgrade, expanding its focus beyond
daily bidding with a fixed portfolio. Instead, the updated model embraces a
broader perspective, encompassing longer time horizons of several months. This
extension enables DVPP operators to proactively adapt their strategies to
capitalize on evolving market dynamics and changing conditions, by optimally
selecting the best DVPP portfolio that meets all regulatory requirements. This, in
turn, leads to a better alighnment of DVPP configuration with market trends,
demand forecasts, and renewable energy availability, resulting in maximized
profitability and sustainable market participation.

Finding #4: Regulatory Framework Analysis for Renewable
Energy Advancement

A thorough analysis of existing regulatory frameworks was carried out to
understand their impact on the advancement of renewable energy technologies.
This analysis identified crucial areas where policy changes could significantly
enhance the adoption and integration of renewable energy sources. It highlighted
the need for more adaptive and supportive regulations that can keep pace with
the rapid advancements in renewable technology. The challenges that DVPPs
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might encounter considering the current market regulatory landscape include, but
are not limited to, (i) the need to regulate new resources and to define new
market products; (ii) the importance of having updated and accurate price signals
and other forecast signals of uncertain parameters, which need to be transmitted
through Advanced Metering Infrastructure to ensure reliability in the
communication and coordination while guaranteeing aspects such as privacy,
transparency and accessibility; and (iii) the relevance of allowing flexible
configurations of DVPP portfolios to adapt to seasonal changes and evolving
market requirements. The study calls for a regulatory reevaluation to promote
DVPP integration, emphasizing the need for clear and enhanced regulations on
new resources, refined market products, reliable price signals, and the
deployment of advanced metering Infrastructures.

0 For more information

» Deliverables:

® D5.1 Modeling of VPPs for their Optimal operation and configuration
® D5.2 Tool for the Optimal Operation of DVPPs under Uncertainty of Non-dispatchable RES

® D5.3 Tool for Real-Time Portfolio Optimization

® D5.4 Definition of case studies
® D5.5 — Viability of DVPPs
® D5.6 — Impact of massive penetration of DVPPs on system operation and ancillary service needs

= D5.7 — Regulatory issues of DVPPs

» Publications:

® Marinescu, B.; Gomis-Bellmunt, O.; Dorfler, F.; Schulte, H.; Sigrist, L. "Dynamic Virtual Power Plant:
A New Concept for Grid Integration of Renewable Energy Sources", IEEE Access. Vol. 10, pp.
104980 - 104995, 2022.

= Oladimeji, O.; Ortega, A.; Sigrist, L.; Rouco, L.; Sdnchez-Martin, P.; Lobato, E. “Optimal Participation

of Heterogeneous, RES-Based Virtual Power Plants in Energy Markets." Energies 2022, 15, 3207.

= Oladimeji, O.; Ortega, A.; Sigrist, L.; Sdnchez-Martin, P.; Lobato, E.; Rouco, L. "Modeling Demand
Flexibility of RES-based Virtual Power Plants", Proceedings of the IEEE PES General Meeting 2022,
Denver (CO), USA.
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= Nemati, H.; Sigrist, L.; Rouco, L.; Sdnchez-Martin, P.; Ortega, A. "Addressing Unfeasibilities of
Energy Storage Systems Participating in Energy and Reserve Markets", Proceedings of the IEEE PES
ISGT Europe 2022, Novi Sad, Serbia

= Oladimeji, O.; Sigrist, L.;Ortega, A.; "Guaranteeing the Provision of Primary Frequency Control
Services by Distributed Generation", Proceedings of the IEEE PES ISGT Europe 2022, Novi Sad,
Serbia

= Biencinto, M.; Gonzalez, L.; Valenzuela, L. "Using time-windowed solar radiation profiles to assess
the daily uncertainty of solar thermal electricity production forecasts." Journal of Cleaner
Production, Volume 379, Part 2, 2022, 134821.

® Gonzalez, L.; Biencinto, M.; Valenzuela, L.; Arribas, L.; Polo, J. "Modelling of Solar Thermal
Electricity Plants in the POSYTYF Research Project for an Extensive Integration of Renewable
Energy Sources.", Proceedings of the 28th SolarPACES Conference, 2022.
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Project’s impact

Impact for the present grids and regulations:

Key in hands solutions were developed for the stakeholders of the actual grids: a
methodology for the DVPPs integration into the actual secondary control schemes
for voltage and frequency developed by ECN Nantes. The DVPP acts as a thermal
plant and takes place directly (i.e. with the same rights and obligations as the
large thermal plants) to such controls. Plug and play facility is ensured by an
original decentralized control. This enables participation of the DVPP generators
connected also on the distribution side, which is a novelty. Consequently, the
secondary grid services could be extended to renewables connected to
distribution grid which facilitates the increase of the share of renewables. Also,
primary controls both in centralized and decentralized implementations have
been proposed in other project work packages by HTW Berlin, ECN Nantes and
ETH Zurich as concrete tools for engineers.

Impact for future grids with high ratio of power electronics:

The project outcomes allow manufacturers to prepare future control for the
converters. Also, new principles of complex-frequency synchronization and
stability assessment of future power systems have been proposed by ETH Zurich
which are ground results for next methods for control and stability analysis.

Delivering an economic rationale:

Institute of Research and Technology, Comillas Pontifical University proposed a
methodology to reach optimum operation of a DVPP from the economic point of
view. Both aspects of integration with markets and dynamic controls have been
considered. Also, the DVPP concept has been proven to be more (economically)
efficient than the alternative one based on electrochemical storage.
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Potential for commercial exploitation:
Four patents are now at different stages of publication on:

P Decentralized control at primary level of the DVPP in a new approach based
on natural time-scales of the grid

P Decentralized secondary voltage control which allows direct participation of
DVPPs

»  Wind flow observer for the control of wind generators
P Condition monitoring for cables & lines.

The control solutions and concepts have been proven not only in simulation, but
also in two hardware in the loop platforms available in Nantes and Berlin.

Educational contribution:

A Pedagogical Toolkit is designed, containing both text descriptions and a set of
implementation routines from the major topics of a DVPP: modelling,
optimisation, and control. It is intended to help industry engineers to take into
hands new methodologies proposed in the project. The specific features are
detailed and explained in a pedagogical way using case studies that are easy to
understand and reproduce (documented codes provided) by operational
engineers who may not have a research background.

Scientific contribution:

Groundbreaking developments and high-level publications have been provided in
the following domains:

P A new framework of control of power electronics-based generators as an
alternative to classic vector control

Design of Decentralized Controllers for DVPP Ancillary Services
Design of decentralized secondary voltage control for DVPP inclusion
Grid-Forming and Spatially Distributed Control of DVPPs

Complex-frequency synchronization and stability assessment of future power
systems.
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