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Abstract

This thesis reports the results carried out by the author during the three-year activities
of the XXXV cycle of the Ph.D. course in Electrical and Information Engineering at
Politecnico di Bari. The main goal of this work was to implement a decentralized
approach to enable the provision of Ancillary Services (AS) by means of Distributed
Energy Resources (DERs).

As a first step, an analysis of Regulations, Directives, and Network Codes at the
national and European level was carried out to define the future framework of the elec-
tricity market. In addition, papers and technical reports concerning eight European
projects, such as SmarNet, CoordiNet, FLEXCoop, OSMOSE, inteGRIDy, eDREAM,
ADDRESS, and evolvDSO have been analyzed with the aim to define the state of the
art about the provision of AS by means of DERs. In particular, a set of coordination
schemes was identified from those proposed in the literature to coordinate the use of
DERs among Transmission System Operators (TSOs) and Distribution System Oper-
ators (DSOs). These coordination schemes are classified into centralized and decen-
tralized architectures, depending on the possibility of System Operators of managing
their respective networks. In addition, the main methodologies proposed in the liter-
ature to perform optimal dispatch of flexibility resources in a TSO-DSO coordination
framework, taking technical and grid constraints into account, have been identified and
presented.

In order to enable DERs in AS provision and coordinate system operators in their
usage, a few methodologies suitable for decentralized architectures were developed
and presented in this work. In particular, a new algorithm based on a three-phase opti-

mal power flow routine for mapping the flexibility area at the point of interconnection



(POI) between transmission and distribution grids was provided. Furthermore, two
alternative methodologies to aggregate flexibility resources located in distribution net-
works interfaced with the TN in multiple POIs were described. In addition, a Benders
decomposition algorithm able to optimize TN and DN flexibility resources for conges-
tion management in a few decentralized coordination schemes was also implemented.
The proposed methodologies were validated by means of simulation tests conducted
on a power system including transmission and distribution grids.

The last part of this thesis investigated how innovative grid services, such as Syn-
thetic Inertia (SI) and Fast Frequency Response (FFR), may be also provided through
fast control dispatchable resources located at the distribution grid level. With this aim,
a low-cost controller for end-user applications able to generate a SI law for dispatch-
able DERs was developed and tested through Power Hardware-in-the-Loop (PHIL)
tests. Similarly, PHIL tests were also carried out to investigate the capability of LED
lamps of public lighting systems to be controlled with the aim to provide SI and FFR

actions. Experimental results validated the proposed decentralized approaches.
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Introduction

Background and Motivation

In recent years, EU power systems and electricity markets are undergoing drastic
changes to implement the energy transition. In this direction, numerous initiatives
and regulations have been adopted to reach by 2030 a share of Renewable Energy
Sources of 40 % and reduce greenhouse gas emissions of at least 55 % with respect to
1990 levels [14], [15]. In order to achieve this goal, fossil-fueled generation is grad-
ually being replaced with renewable sources. Although the progressive replacement
of conventional power plants with non-programmable units is introducing additional
uncertainties in power system management [16], the presence of Distributed Energy
Resources (DERs) at distribution network (DN) level represents also an opportunity
for power system operators and the Ancillary Services (AS) market design [17]. Small
dispatchable generators, controllable loads, and storage systems may be exploited as
flexibility resources [4] for improving power system operation and facing power fluctu-
ations introduced by renewable sources [18], load changes, line outages, and forecast-
ing errors [19]. In this perspective, distributed generation, Demand Response (DR),
and microgrids will be considered as the major flexibility providers [20].

In the coming years, it is expected that the growing presence of DERs connected
to the distribution grid will negatively affect the DN operation [21]. In this sense, as
highlighted by the Italian Regulatory Authority, ARERA, the increasing number of
renewable sources, electrical vehicle (EV) charging stations and Heating, Ventilation
and Air Conditioning (HVAC) units located at the DN level might cause voltage pro-

file and congestion issues [22]. These issues pointed out the necessity to involve the



DSO in the provisioning of Ancillary Services from DERs to the TSO as well as allow
it in using grid services to ensure optimal use of DERs and improve the trading effi-
ciency of TN and DN [20]. This idea is also shared by Regulation EU 2019/943 [23]
and Directive EU 2019/944 [24]. In accordance with European regulations, several
studies investigated how DERs can be exploited as grid services for both TN and DN
in a TSO-DSO cooperation framework, distinguishing centralized and decentralized
coordination architectures. In general, the former assigns the control of resources to a
single operator, which may be the TSO or and Independent Market Operator (IMO).
This condition does not well fits with contexts in which transmission and distribution
grids are operated by separated grid operators, as in the Italian context, in which there
are one Transmission System Operator (TSO) and 55 DSOs [25]. As an alternative to
the centralized architectures, this thesis investigated different decentralized approaches
aimed to enable the provision of advanced Ancillary Services by means of Distributed

Energy Resources. Below are the main contributions of this thesis work and its outline.

Contributions

The two main topics of this thesis are the provision of grid services by means of Dis-
tributed Energy Resources and the coordination between the Transmission System Op-
erator and Distribution System Operator in using such resources as Ancillary Services.

The main contributions are resumed below.

1. Definition of the European and Italian regulatory framework about the provi-
sion of Ancillary Services through DERs and assessment of the main TSO-DSO

coordination schemes proposed in the literature.

2. Development of a three-phase optimal power flow (TOPF) to estimate the amount
of active and reactive power available at the TN/DN point of interconnection
(POI). This TOPF is suitable to deal with both medium voltage and low voltage

resources, unbalanced DNs, and coordinated active and reactive resources.

3. Development of two methodologies to aggregate DERs located in a distribution



grid interfaced with the distribution network through multiple points of intercon-

nection.

4. Implementation of a Benders decomposition algorithm (BDA) able to optimize
flexibility resources located at TN and DN levels with different TSO-DSO co-
ordination scheme. The proposed BDA can also be applied to power system
models in which transmission networks are interfaced with the distribution grids

in multiple POIs.

5. Analysis of data exchanged between TSOs and DSOs in coordination schemes

investigated at point 4.

6. Development of three different algorithms based on the autocorrelation of volt-
age signals to be implemented in a low-cost controller for fast frequency mea-

surement.

7. Development a low-cost controller able to autonomously measure frequency as
well as Rate of Change of Frequency (RoCoF), and implement a Synthetic Iner-

tia (SI) control law on the management system of remotely controllable DERs.

8. Design of a centralized control to provide SI and Fast Frequency Response

(FFR) through real LED lamps of public street lighting systems.

Outline of the Thesis

This thesis is organized into five Chapters plus the Introduction and Conclusion parts

below described.

Chapter 1 - The provision of Ancillary Services: defines the regulatory framework
at European and national levels and provides an overview of studies conducted on the

provision of Ancillary Services through DERs.



Chapter 2 - TSO-DSO Coordination Schemes and Market Models: describes the
need for coordination between transmission and distribution system operators in using
flexibility of DERs as Ancillary Services and provides an overview of the main TSO-

DSO coordination schemes proposed in the literature.

Chapter 3 - Methods for coordinated provision of flexibility in CM and Balancing:
illustrates the main methodology proposed in the literature for an optimal dispatch of
flexibility resources in a TSO- DSO coordination framework, with a focus on balancing

and congestion management (CM).

Chapter 4 - New methodologies for CM and Balancing: describe the methodolo-
gies developed with the aim to provide AS in decentralized coordination schemes, and

the simulation tests carried out to validate them.

Chapter S - Innovative Ancillary Services through DERs: describes simulation
tests concerning the provision Synthetic Inertia (SI) by means of actual controllable

DERs located at the distribution grid level.

10



Chapter 1
The provision of Ancillary Services

An electricity grid is designed with the aim to interconnect generating units with power
loads. By means of transmission (TN) and distribution network (DN) power lines, the
energy produced by conventional power plants and renewable sources, or stored in en-
ergy storage systems, is delivered to the final customers, such as homes and industries.
System Operators (SOs) responsible for the planning, development, and operation of
TN and DN are, respectively, the Transmission System Operator (TSO) and the Dis-
tribution System Operator (DSO). By acting on generating and load units, they ensure
that TN and DN power flows fulfill technical constraints. Moreover, since, to date,
large amounts of electricity cannot be stored economically, TSOs and DSOs are also
responsible for ensuring a real-time balancing between power generation and load de-
mand [14]. This issue is exacerbated by the increasing share of renewable sources,
such as wind and photovoltaic power plants, which are intermittent and add uncertain-
ties in power system management [15], [16].

In order to accomplish their tasks and ensure the stable operation of the whole
power system, SOs procure grid services, better known as Ancillary Services (AS),
from flexibility resources. Flexibility is usually defined as the capability of controllable
units to change power production and/or consumption in reaction to external prices or
activation signals with the aim to contribute to the grid operation in a cost-effective
manner [6]. Traditionally, AS were provided by means of power plants based on fossil

fuels, such as gas and coal plants, located at the TN level [17], [18] and electricity mar-

10



Chapter 1. The provision of Ancillary Services 11

kets were tailored for these so-called "conventional" energy sources [19]. Due to the
decarbonization of the energy sector [20] and the replacement of conventional power
plants with Renewable Energy Sources, in the coming years, flexibility for Ancillary
Services will be also obtained by dispatching the active and reactive power of Dis-
tributed Energy Resources (DERs) located in the transmission and distribution grds
[19], [21]. With this aim, in the last years, several projects and research groups are
studying how DERs could replace conventional power plants in providing effective
grid services [22]. Applications of controllable DERs as flexibility resources, like bat-
tery energy storage systems (BESS), thermostatic loads [23] or even coiling systems
for data centers [24], have also been proposed in the literature [25]. Nevertheless,
the possibility of exploiting controllable DERs for Ancillary Services is requiring a
change of roles of the TSO and DSO in power system operation as well as improved

coordination between them in exploiting such resources [22], [26].

1.1 Need for Ancillary Service in a TSO-DSO coopera-

tion framework

Traditionally, at the European level, the Transmission System Operators has been the
only operator allowed in procuring Ancillary Services for power system management,
whereas DSOs role was limited to a passive DN management, with both energy con-
sumption and generation of DERs at distribution level not yet optimized, nor coordi-
nated with the overall system [4], [27], [28]. In a future scenario, as also recognized
by the Regulation Authority ARERA for the Italian case [10], the increasing presence
of electrical vehicle (EV) charging points, Heating, Ventilation and Air Conditioning
(HVAC) units, and PV systems connected to the low voltage grid, will negatively af-
fect the distribution grids with voltage profile or line congestion issues [10], [28], [29].
Based on this, in the coming years, there will be a need of Ancillary Services for both
system operators. For instance, AS may be offered to the TSO for frequency/voltage
regulation and congestions management, and to the DSO to manage local congestions

and voltage control [30]. Based on descriptions provided in [31] and [31] on rele-
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vant grid services (conventional and future), an overview of main AS is provided in

Table 1.1
Table 1.1: Description of the main Ancillary Services
AS Description
Congestion Actions aimed at solving power line congestion problems [32].
management
Voltage Control is aimed at facilitating the transfer of active power
Voltage through power system nodes in an economic, efficient and safe
manner [32]. Products for Voltage Control can be diversified
control . . .
depending on whether the operation is normal or under
disturbances.
Frequency Containment Reserve (FCR)
Active power reserves available to contain frequency deviations
Frequency .
control after imbalances [32], [33].
Frequency Restoration Reserve (FRR)
Active power reserves available to restore the grid frequency
to the nominal value [32], [33].
It can be differentiated in automatic-FRR or manual-FRR.
Replacement Reserve (RR)
Active power reserves available to restore the required level of FRR
in order to be prepared for next system imbalances [32], [33].
Rapid injections/withdraws of active power following a
. contingency with the aim to mitigate the Rate of Change
Inertial R
response of Frequen.cy and .frequfancy deV1a‘.[10ns [3%].
It can be differentiated in Synthetic Inertia (SI)
or Fast Frequency Response (FFR).
Black Service aimed at ensuring the capability of the electric system to
start be able to be restored effectively and economically. [32].
Controlled The last stage of power system defense plans to operate
islanding electrical systems in a safe way [32].

1.2 Projects focusing on provision of AS through DERs

With the aim of enabling DERS to participate in the Ancillary Services market and pro-

vide grid services for the transmission and distribution networks, several initiatives and
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research projects have been deployed at the European level in the last years. In order
to provide an overview of the regulatory framework and the state of the art, as a basis
for this thesis, a study of scientific papers, National and European regulations as well
as deliverables of a few projects of the FP7 and H2020 [34] programs, promoted by the
European Commission, has been performed. An overview of the projects concerning

the addressed topic is provided below:

SmarNet [35] (H2020, 2016-2019)

The SmartNet project was aimed at developing TSO-DSO interaction schemes and
market architectures to obtain AS from demand side management and distributed gen-
eration. This project was one of the first to move steps in the field of coordination
between transmission and distribution operators. The performed research activities
permitted stakeholders to understand how real-time markets should be revised to en-
able the participation of such flexibility resources and to analyze the exchange of infor-
mation between System Operators to ensure the observability and the control of DERs.
Moreover, the project developed five TSO-DSO coordination models [36], which have
been discussed in Section 2.1. As shown in Figures 1.1 and 1.2, the project also inves-
tigated the capability of the most common DERs of complying with current technical
requirements of specific Ancillary Services [25]. In this sense, the project differenti-
ated into three different categories the Ancillary Services that should be provided by
DERs. In particular, as shown in Figure 1.3, it is possible to distinguish AS widely
implemented, but only provided by conventional generation up to date, emerging AS,
which are not widely deployed, and new functions that will be implemented in DERs
to allow them to provide specific Ancillary Services [31]. Three different pilots, re-
spectively, located in Denmark, Spain, and Italy, were carried out with the aim to test

a few AS in specific use cases, such as balancing, FCR, FRR, and voltage regulation.

CoordiNet [37] (H2020, 2019-2022)
The CoordiNet project was proposed as a large-scale campaign to demonstrate how
TSO and DSO shall operate in a coordinated manner to procure grid services in the

most reliable and efficient way. The main objectives of this project were of identifying
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Figure 1.1: Capability of DERs to provide current AS (source: SmartNet).
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Figure 1.3: Classification of AS (source: SmartNet).

the main gaps, barriers, and drivers for the TSO-DSO coordination, providing insights
and recommendations for the development of the European internal energy market,
and defining and testing a series of AS standardized products. Based on the outcomes
of SmartNet, this project developed seven groups of coordination possibilities [32]
(see Section 2.1 for further details) and a set of AS standard products, illustrated in
Figure 1.4. In order to test the products for congestion management (CM), balancing,
voltage control and controlled islanding, three large-scale demonstrators (located in
Greece, Spain, and Sweden), described in Figure 1.5, were developed.

In order to implement the described pilots, the project developed suitable platforms
aimed at managing the interactions among TSOs, DSOs and flexibility service providers,

tools for resources aggregation and for the control and the monitoring of DERs.

FLEXCoop [38] (H2020, 2017-2020)

The FlexCoop project was aimed at developing innovative tools and business models
to exploit the flexibility of consumers and obtain, through demand aggregators, AS for
grid stability and congestion management. In order to reach this target, the project
defined a series of business models and use cases to be applied in the performed pilots.
Considering two types of users, i.e. prosumers, which were the demand flexibility
providers, and cooperatives, which played the role of demand flexibility aggregators,

two different demonstrators were carried out. In the Dutch pilot, it was investigated
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how cooperatives could provide grid services like aFRR. While, in the Spanish pilot, it
was addressed the maximization of self-consumption of rooftop PV units and the im-
provement of the bidding process in the Day-ahead market (DAM). To carry out these
pilot projects, suitable tools were developed, such as those aimed to enable consumers
to be informed about their home’s environmental conditions, for generation monitoring

and forecasting, or for DERs aggregation.

OSMOSE [39] (H2020, 2018-2021)
The OSMOSE project analyzed how the need for flexibility will be satisfied in a fu-
ture energy scenario characterized by high shares of renewable energy and low carbon
emissions. With this aim, it focused on studying the optimal mix of flexibilities for the
European electricity system. Four different demonstrators were developed to test the
capability of specific resources to provide effective grid services. Innovative solutions
like a Hybrid Energy Storage System (HESS), consisting of a few batteries and capac-
itors, were tested. In the Italian pilot, solutions aimed at improving total system inertia
or voltage profiles and solving congestion issues affecting the transmission lines in
southern Italy were also tested. In this context, among various pilots, the possibility
of using a Dynamic Thermal Rating strategy for power lines and the Demand Side
Response for industrial loads was also investigated [40]. In addition, the capability of
wind power plants equipped with battery energy storage systems (BESS) of providing
Synthetic Inertia (SI) or automatic voltage control was also analyzed.

As part of this project, the author collaborated on a study aimed at assessing the
feasibility of proposed flexibility solutions to be implemented in the Italian context
[41].

inteGRIDy [42] (H2020, 2017-2020)

The inteGRIDy project investigated how cutting-edge technologies and mechanisms
can be integrated into a scalable cross-functional platform that connects energy net-
works with stakeholders. This was with the aim of achieving optimal and dynamic
operation of distribution networks and coordinating the share of DERs and BESS.

Among the main objectives of this project, there were:
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* integration of innovative smart grid technologies with optimal and dynamic op-

eration of distribution grids;

validation of innovative DR technologies and relevant business models;

* employment of storage systems to avoid renewable sources curtailment;

* providing predictive and forecasting tools;

* development of business models and services for the emerging electricity market.

With the aim to achieve this target, as shown in Figurel.6, ten demonstrators were
developed using DR, smartening of distribution grids (SG), energy storage systems
(ES), and EVs.
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Figure 1.6: Use cases of demonstrators (source: inteGRIDy).

eDREAM [43] (H2020, 2018-2020)

This project, named eDREAM, was aimed to develop new solutions for Distribution
System Operators and improve decision-making of aggregators and energy retailers.
In particular, a new decentralized and community-driven energy ecosystem, integrat-

ing microgrids and Virtual Power Plants (VPPs) with the distribution networks was
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implemented. Three pilots were carried out in the project with the aim to validate flex-
ibility aggregation via smart contracts, peer-to-peer (P2P) local energy trading market,
and VPP in energy communities. In addition, tools for power consumption/production
forecasting, Renewable Sources degradation assessment, customer load profiling, and

for blockchain-based energy marketplace were developed and tested.

ADDRESS [44] (FP7-ENERGY, 2008-2013)

The ADDRESS project was developed to implement a comprehensive commercial and
technical framework for the development of Active Demand in future smart grids. The
project focused on studying the active participation of domestic and small commercial
customers in power system markets and the provision of gird services to the different
power system participants [45].

Following test results of developed demonstrators, it provided recommendations
and solutions to remove barriers against the Active Demand deployment and regula-
tory barriers. In particular, three different field test sites having different demographic
and electricity supply characteristics (Spain, Italy and French) were carried out, and
components like an energy box, interfacing the consumer with the aggregator, and

aggregator tools were also developed and tested.

evolvDSO (FP7-ENERGY, 2013-2016)

The goal of the project evolvDSO was to define the roles of Distribution System Oper-
ators in future distribution network scenarios characterized by high penetration levels
of renewable energy sources and the proactive demand for electricity. As specified in
[46], ten priority processes were designed to implement the key services associated
with the future of the DSOs, concerning the business domains of network planning,
operational planning, operation and maintenance, market, and TSO-DSO cooperation.
In more detail, management tools to support the TSO-DSO coordination, such as an
interval-constrained Power Flow, to estimate the flexibility area at primary substations,
and a sequential optimal power flow (OPF), to define the control actions to be under-
taken to keep the active and reactive power flows at primary substations level within

specific limits, were developed [47].
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1.3 Regulatory framework

In order to assess the feasibility of various flexibility resources proposed in the litera-
ture to be exploited for the provisioning of Ancillary Services in a TSO-DSO coordi-
nation framework, several issues need to be considered. Aspects like the AS market
structure, roles of system operators, regulatory framework, and the European trends
toward the harmonization and integration of electricity markets need to be taken into
account. With this aim, a study of the European and National regulations concerning

this topic was performed and provided below.

1.3.1 The European Regulatory Framework

The European Union was an early mover away from fossil fuels in favor of cleaner
energies [48]. The first steps were made with Directive 2009/28/EC through which
the EU set to achieve a share of Renewable Energy Sources of 20%, or more, by
2020 [49]. Following it, in order to carry on this energy transition plan, with the
2015 Paris Climate Agreement, the EU set to reduce greenhouse gas emissions by
at least 40% by 2030 and reach the total carbon neutrality (net-zero emissions) by
2050 [48]. With this aim, a new set of rules called the “Clean Energy Package for
all Europeans” has been proposed in 2016 and approved in 2019 by the European
Commission [48]. This package consists of 8 new European laws to be converted into
national laws by each EU country and concerning the frameworks of energy security,
Internal Energy Market [50], [51], energy efficiency, decarbonization, and research,
innovation and competitiveness [50]. The implementation of the transition process has
also been supported by the introduction of Network Codes (NCs), a set of rules drafted
by the association of the European TSOs “ENTSO-E” [52] with the aim of facilitating
the harmonization, integration, and efficiency of the European electricity market [53].

The Clean Energy Package for all Europeans, simply known as “Clean Energy
Package” (CEP), together with the Network Codes and national regulations establish
a comprehensive regulatory framework to implement the energy transition of the elec-

trical power systems and the electricity markets at the European level.
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1.3.1.1 The Clean Energy Package: towards 2030 targets

Since 2020, the Third energy package on electricity has been replaced by the Clean
Energy Package [51], [54] with the aim of fitting the EU electricity market to the en-
ergy transition. In such context, Regulation EU 2019/943 and Directive EU 2019/944
were established to assign to the consumers a relevant role in the energy transition and

create appropriate coordination between system operators [55].

1.3.1.2 Regulation EU 2019/943

The European Directive 2019/943 on Common rules for the internal market for elec-
tricity [11] set the key principles for the design of a new electricity market. Replac-
ing Regulation EC/714/2009 [51], it introduced several changes for system operators.
First, it allowed European DSOs to be associated in a new European DSO entity [56].
As specified in Article 52:

“Distribution system Operators shall cooperate at Union level through the
EU DSO entity, in order to promote the completion and the functioning of
the internal market for electricity, and to promote optimal management
and a coordinated operation of distribution and transmission systems.
Distribution System Operators who wish to participate in the EU DSO

entity shall have the right to become registered members of the entity.”

Thanks to the efforts done by four electricity DSO associations (CEDEC, E.DSO,
Eurelectric and GEODE), the European DSO entity has been created in 2021 with
the aim to improve the efficiency of electricity distribution networks and ensure close
cooperation with the Transmission System Operators and ENTSO-E [11], [56]. In this
sense, as specified in [57] and [58], the EU DSO entity will be an important interlocutor
with ENTSO-E on monitoring the implementation of the network codes and guidelines
relevant for the operation and planning of DNs and their coordinated operation with the
TNs. In addition, in accordance with what has been specified in Article 55, this entity
will improve the cooperation between all European DSOs, facilitate the integration

of renewable and dispatchable resources in distribution networks, and promote the
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digitization of distribution grids through smart grids, smart meters, cybersecurity, and
appropriate data protection [58].

As a novelty, the same Regulation introduced also the possibility for Distribution
System Operators to play an active role in DN management in a TSO-DSO coordina-

tion framework. In this sense, Article 57 states:

“(1) Distribution System Operators and Transmission System Operators
shall cooperate with each other in planning and operating their networks.
In particular, Distribution System Operators and Transmission System
Operators shall exchange all necessary information and data regarding
the performance of generation assets and demand side response, the daily
operation of their networks and the long-term planning of network in-
vestments, with the view to ensure the cost-efficient, secure and reliable

development and operation of their networks.

(2) Distribution System Operators and Transmission System Operators
shall cooperate with each other in order to achieve coordinated access
to resources such as distributed generation, energy storage or demand re-
sponse that may support particular needs of both the Distribution System

Operators and Transmission System Operators.”

1.3.1.3 Directive EU 2019/944

Similarly to the previous Regulation, the European Directive 2019/944 on Common
rules for the internal market for electricity [12], which replaced Regulation EC/714/2009
[51], addressed the persisting obstacles to the completion of the Internal market for
electricity. Furthermore, it establishes the need for cooperation between TSOs and
DSOs, the integration of DERSs in the energy and service markets, and the possibility
for the DSO to provide grid services for the DN [59]. In this perspective, Article 31
defines the new tasks of neutral market facilitator and Ancillary Services buyer that
Distribution System Operators should perform in line with the national regulations.

About the former role, paragraph (5) of the same Article specifies that:
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“Each Distribution System Operator shall act as a neutral market facili-
tator in procuring the energy it uses to cover energy losses in its system in
accordance with transparent, non-discriminatory and market-based pro-

cedures, where it has such a function.”

While, about what concerns the role of Ancillary Services buyer, paragraph (6) clarify

that:

“Where a Distribution System Operator is responsible for the procure-
ment of products and services necessary for the efficient, reliable and se-
cure operation of the distribution system, rules adopted by the distribution
system operator for that purpose shall be objective, transparent and non-
discriminatory, and shall be developed in coordination with Transmission

System Operators and other relevant market participants. [...]”

However, the possibility for Distribution System Operators to procure grid services for
their own needs must be assessed and approved by the national regulatory authorities.

In this sense, paragraph (7) of the same Article establishes that each DSO:

“[...] shall procure the non-frequency ancillary services needed for its
system in accordance with transparent, non-discriminatory and market-
based procedures, unless the regulatory authority has assessed that the
market-based provision of non-frequency ancillary services is economi-

cally not efficient and has granted a derogation. [...]”

As specified in paragraph (49) of Article 2, by “non-frequency ancillary service” is
intended a service employed by the TSO or the DSO for steady state voltage regulation,
fast injections of reactive currents, provision of inertia for local grids stability, short-
circuit current, black start and island operation capability.

The same directive highlights also the necessity for coordination between DSO and
TSO in using DERSs as Ancillary Services. With this goal, paragraph (9) of Article 31,
specifies:

“Distribution System Operators shall cooperate with Transmission Sys-

tem Operators for the effective participation of market participants con-

nected to their grid in retail, wholesale and balancing markets. Delivery
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of balancing services stemming from resources located in the distribution
system shall be agreed with the relevant Transmission System Operator in
accordance with Article 57 of Regulation (EU) 2019/943 and Article 182
of Commission Regulation (EU) 2017/1485.”

A need for cooperation between TSOs and DSOs is also presented in paragraph (2) of
Article 32, which states:

“[...] Distribution System Operators shall exchange all necessary infor-
mation and shall coordinate with transmission system operators in order
to ensure the optimal utilisation of resources, to ensure the secure and effi-
cient operation of the system and to facilitate market development. Distri-
bution System Operators shall be adequately remunerated for the procure-
ment of such services to allow them to recover at least their reasonable
corresponding costs, including the necessary information and communi-

cation technology expenses and infrastructure costs.”

In order to implement effective coordination between the Transmission and Distribu-
tion System Operators, the first paragraph of Article 32 sets that Member States must
develop a regulatory framework that incentives DSOs to procure the necessary flex-
ibility resources from providers of distributed generation, DR or energy storage, in
order to operate their DNs efficiently and solve specific operative problems, e.g. local
congestions. In addition, as outlined in Article 34, Member States shall ensure that all
participants have non-discriminatory access to data, with clear and equal conditions
and in accordance with the relevant data protection rules.

The same Directive also allows Energy Communities to exploit energy storage systems
(e.g. of electric vehicles), Demand Response strategies, or energy efficiency schemes,
to provide flexibility for the power system and participate in the electricity markets.
In order to reach the target, recital (39) considers the possibility of DERs to be aggre-
gated:

“All customer groups (industrial, commercial and households) should have

access to the electricity markets to trade their flexibility and self-generated
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electricity. Customers should be allowed to make full use of the advan-
tages of aggregation of production and supply over larger regions and
benefit from cross-border competition. Market participants engaged in
aggregation are likely to play an important role as intermediaries between

customer groups and the market. [...].”

As specified in Articles 33 and 36, it should be noted that Distribution System Oper-
ators are not allowed, to own, develop, manage, or operate recharging points for EVs
or storage systems. Nevertheless, derogations may be set by Regulatory Authorities in

case of particular needs.

1.3.1.4 The Network Codes

In order to contribute to the processes of harmonization, integration, and efficiency
of the European electricity market, a set of rules has been developed and published
in the last years by ENTSO-E under the guidance of Agency for the Cooperation of
Energy Regulators (ACER), briefly named “the Agency” [53]. In detail, a few net-
work codes were set out from the Third Energy Package with the aim of providing
effective and transparent access to the transmission networks across borders as well as
guaranteeing a coordinated technical evolution of transmission systems. In accordance
with requirements set by Regulation EU 2009/714 [60], nine different network codes
have been defined and regrouped in three different categories, namely “connection”,
“operation” and “market” codes [53] (see Table 1.2). As specified in [61], although
such codes are often referred to as “network codes”, only the first four of those de-
scribed in Table 1.2 are network codes, whereas the remaining ones are guidelines
(GLs). Network codes and guidelines have the same legal value, but, in general, NCs
are more detailed than GLs and are ready for implementation. Conversely, guidelines
are more flexible than Network Codes because they need the development of method-
ologies to be implemented [61]. In this case, as happened for the definition of the
European Balancing Platform (described below), it is necessary that a group of TSOs
define a methodology, followed by a public consultation, and submit their proposal to

the National Regulatory Authorities for approval [62].
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Table 1.2: Network codes

Group Code Regulation  Acronym
High Voltage Direct Current Connections EU2016/1447 HVDC NC
Connection Requirements for Generators EU2016/631 RfG NC
Demand Connection Code EU2016/1388 DCC NC
Emergency and Restoration EU2017/2196  ER NC
Operations Cybersecurity - -
Transmission System Operation EU2017/1485 SO GL
Electricity Balancing EU2017/2195 EB GL
Market Forward Capacity Allocation EU2016/1719 FCA GL

Capacity Allocation and Congestion Management EU1222/2015 CACM GL
NC: Network Code, GD: guideline

Among the NC ans GL codes listed in Table 1.2, some of them concern also the
provision of Ancillary Services in a TSO-DSO coordination framework. Title III of
the DCC NC set requirements and rules for the connection of demand units to provide
Demand Response services to System Operators. In this sense, the regulation states
that a demand facility owner or a Closed Distribution System Operator (CDSO) may
offer DR services to the market and also to the system operators for grid security [63].

Regulation SO GL [33] lays down guidelines about “rules and responsibilities for
the coordination and data exchange between TSOs, between TSOs and DSOs, and
between TSOs or DSOs and significant grid users (SGUs), in operational planning
and in close to real-time operation”. In detail, Article 29 specifies that each TSO shall
operate the reactive power resources located within its control area, where possible, in
coordination with the transmission-connected DSOs, in order to fulfill the operational
security constraints of the transmission network. In Article 43, the same guideline set
also the requirements about the data exchange among the two System Operators. In
particular, by means of suitable methodologies, the TSO should be able to determine
the observability areas of the transmission-connected distribution networks, in order
to determine the state of the system accurately and efficiently. Structural information
concerning the obseved area, described in paragraphs (1) and (2), must be updated at
least every six months by each transmission-connected DSO. Furthermore, the same
Regulation also establishes the rules about the cooperation among TSOs and DSOs in

case of reserves providing units connected to the distribution grid. In this context, SO
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GL indicates as “reserve provider” a legal entity enabled to supply, from at least one

reserve providing unit or reserve providing group, the following services:
* Frequency Containment Reserve (FCR).
* Frequency Restoration Reserve (FRR).
* Replacement Reserve (RR).

With this aim, Article 182 highlights that TSOs and DSOs shall cooperate and ex-
change information in order to allow the delivery of active power by reserve units or
groups connected at the distribution grid.

Regulation EB GL [64] also concerns the provision of Ancillary Services in a TSO-
DSO coordination framework. According to Article 15, TSOs, DSOs, Balancing Ser-
vice Provider (BSP), and Balance Responsible Party (BRP) shall cooperate in order
to ensure efficient and effective balancing of the entire power system. This regula-
tion provides a guideline on electricity balancing including common principles and
methodologies for procurement, settlement and activation of frequency products and
services like FCR, FRR, RR [64]. Among various objectives, this regulation aims to
enhance the efficiency of balancing markets as well as the participation of Demand
Response resources, including aggregation facilities and energy storage systems. To
achieve this target, EB GL established the rules necessary to the TSOs to create the

following European platforms for balancing services provisioning [62].

Replacement Reserves platform - TERRE

This platform aimed at the exchange of balancing energy for the replacement reserves
has been derived from Article 19 of Regulation EU 2017/1485 [33]. Under the name of
“Trans European Replacement Reserves Exchange” (TERRE), this project developed
a RR platform and set up a European RR balancing energy market [65]. Operational
since January 2020, TERRE is currently under improvement [65], [66].

manual Frequency Restoration Reserves platform - MARI

The “Manually Activated Reserves Initiative” (MARI) platform is aimed at creating a
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European manual Frequency Restoration Reserves (mFRR) platform complying with
the Electricity Balancing Guideline. MARI was successfully launched on 5 October
2022 with the participation of 5 TSOs [67].

automatic Frequency Restoration Reserves platform - PICASSO

The “Platform for the International Coordination of Automated Frequency Restoration
and Stable System Operation” (PICASSO) is the project implemented to develop a
European platform for the balancing energy exchange of frequency restoration reserves
with automatic activation (aFRR). The platform, complying with EB GL, SO GL and
CACM GL codes, has the following main objectives [68]:

* improve economic and technical efficiency without affecting system security;
* develop an aFRR integrated market.

PICASSO has been brought successfully into operation on 1 June 2022 [68].

Inbalance Netting (IN) platform — IGCC

Imbalance netting is the process agreed between TSOs of two or more Load-Frequency
Control Areas wit the aim to avoid the simultaneous activation of FRR in opposite di-
rections, taking into account the amount of activated FRR and the related control errors
[69]. The “International Grid Control Cooperation” (IGCC) is the project chosen by
ENTSO-E in February 2016 to develop this common platform for the Imbalance Net-
ting process [69] successfully launched on 25 June 2021 [69]. Figure 1.7 illustrates
the European memberships for developed balancing platforms, distinguishing between

members, project members, observers, and non-operational members.

Frequency Containment Reserve Platform

In accordance with the objectives of Regulation EU 2017/2195 (EB GL), the develop-
ment of a common market for cooperation in FCR procurement was undertaken with
the aim of promoting effective competition, non-discrimination, transparency, new en-

trants, and increased liquidity [70]. Currently, the project involves eleven TSOs from



Chapter 1. The provision of Ancillary Services

29

I TERRE Member

TERRE Mon-operational Member
TERRE Observer

TERRE Project members

[l PICASSO Member
I PICASSO Observer

. MARI Member
|| MARI Observer

[ sscc maember

BHCE Mon-operabonal Member

.Iﬁﬂ.‘.bﬁuﬂv

Figure 1.7: Balancing Platforms membership (source: ENTSO-E).
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eight different countries (see Figure 1.8) and periodically promotes public consulta-

tions, gathering input and feedback from stakeholders [70].

Figure 1.8: FCR common market membership (source: ENTSO-E).

1.3.2 The Italian Regulation Framework

In Italy, there is an Ancillary Services Market (“MSD”) in which the National Trans-
mission System Operator, Terna, acting as a sole counterparty, procures the flexibility
resources needed to operate the entire power system. Currently, only programmable
generating units having a minimum installed capacity of 10 MVA and satisfying the
necessary technical requirements are allowed to participate in the MSD. Flexibility re-
sources are offered as upward and downward regulation and can be provided with or
without remuneration. In the former case, AS are remunerated at the price at which
flexibility was offered (pay-as-bid pricing mechanism) [71]. To date, only the follow-

ing Ancillary Services are remunerated in Italy[72]:

* infra-zonal congestions relief;
* secondary frequency control, corresponding to the aFRR [31];

* tertiary frequency control, which is divided into ready tertiary reserve, spinning

tertiary reserve, and tertiary replacement reserve, comparable to the RR [31];
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* real-time balancing.

The other Ancillary Services are provided without remuneration, as their provision is

mandatory [72]:
* primary frequency control, corresponding to the FCR [31];

* primary voltage regulation, in which reactive power generation is adjusted lo-

cally by means of automatic controls [31];

* secondary voltage regulation, in which reactive power generation is controlled

automatically according to a specified voltage set-point.

The Italian AS market is divided into two sub-markets, such as the ex-ante MSD and
the Balancing market. In the former, corresponding to a planning phase, Terna accepts
energy bids and submits offers with the aim to relieve residual congestions and procure
both secondary and tertiary regulation reserves [72]. Conversely, the balancing mar-
ket is a real-time phase in which Terna uses secondary and tertiary regulation reserve
intervals and maintains real-time balancing between injections and withdrawals.

As specified above, only programmable resources having an installed capacity
equal or higher than 10 MVA (properly called “relevant units”) are allowed to par-
ticipate in the MSD. Therefore, except hydroelectric power plants, renewable sources,
such as wind and PV power plants, or DERs are, currently, not all allowed in the AS
provisioning. With the goal of gradually opening up the MSD to those flexibility re-
sources currently not yet allowed in it, by means of Resolution 300/2017 [73], the
Italian Regulatory Authority allowed the development of pilot projects to gain useful
insights to redesign the AS market.

Furthermore, in order to transpose Regulation EU 2019/943 [11] and Directive EU
2019/944 [12], new rules are about to be introduced in the Italian regulation frame-
work regarding the Ancillary Services provision. With the Consultation Document
(DCO) 322/2019/R/eel [74], known also as “TIDE”, ARERA promoted a consultation
procedure useful to support Terna, the Italian TSO, in the redefinition of the Ancil-
lary Services necessary to the power system operation in the 2030 energy scenario. In

defining this new AS framework, the national TSO should consider the new presence
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of DERs aggregators as well as the possibility for Distribution System Operators to
procure grid services for its own needs or act as a neutral facilitator in providing grid
services to the TSO [74]. As specified in the same DCO, these orientations should be
defined considering the outcomes of pilot projects started with Resolution 300/2017
[73] and concerning the provision of grid services through virtual units (called UVA)
not yet enabled in participating in the Ancillary Services markets. In order to comply
with the European regulatory framework, the same DCO 322/2019/R/eel is also aimed
to identify the main guidelines for the integration of the Italian electricity market with
those of other EU Members States. In this sense, the document describes the actions
that should be undertaken to coordinate the Italian AS market with the balancing plat-
forms developed at the European level, described in Section 1.3.1.4.

The DCO 322/2019 provides also the criteria for allowing the participation of
DERs to the Ancillary Services market. In this perspective, it considered the nega-
tive impact that the increasing presence of renewable sources, HVAC systems, and
electrical vehicle charging points connected to the DN will have on distribution net-
works. As specified by the Authority in [10], in future scenarios, distribution networks
might be affected by congestions of power lines and voltage profile issues. In order
to allow the DSO to solve such troubles and use efficiently DERs located at the DN
level, the Authority highlighted the need to redefine the role of Distribution System
Operators, specifying that:

* the DSO should play the role of neutral facilitator in providing global Ancillary

Services trough DN resources to the TSO;

* in case of necessity, the DSO may procure local Ancillary Services for the dis-

tribution network operation.

In this sense, the DCO specifies that by Ancillary Services are intended such grid
services necessary to the System Operators to ensure the safe operation of the electrical
system. In turn, Ancillary Services are differentiated in global Ancillary Services,
if necessary to operate the national power system, and local Ancillary Services, if

employed to manage distribution grids o part of them.
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On what concerns the DSO’s role as a neutral facilitator, it should be able of moni-
toring its distribution grid in real-time and evaluate the effect of the activation of DERs
considering the effective network state [74]. In addition, in accordance with Resolu-
tion 628/2018 [75], an appropriate level of data exchange between TSO, DSOs and
Significant gird users should be implemented to improve the observability of resources
located in the distribution networks.

As described in DCO 322/2019, the DSO has also the possibility to procure only
non-frequency Ancillary Services, but it should operate in a transparent way and in
collaboration with the TSO and stakeholders. In this perspective, ARERA evaluates
the provision of AS from DERSs in a TSO-DSO coordination framework (see Sect. 2.4
for further details) and, by means of Resolution 352/2021 [76], approved the develop-
ment of pilot projects. In accordance with the DCO 685/2022 [77], outcomes of the
implemented demonstrators as well as the feedback provided by various stakeholders
will be analyzed and taken into account to produce the final document on the reform
of the Italian AS market (TIDE) in 2023 [74].

1.4 Lines of investigation

Flexibility resources represent an effective way to meet decarbonization targets estab-
lished with the transition processes. As above described, a redesign of the electricity
markets is taking place in several States to allow the participation of DERs in the AS
markets [78], [79]. Nevertheless, other challenges will also be addressed by System
Operators to manage power systems in future scenarios. With the replacement of tra-
ditional power plants with Distributed Energy Resources, the composition of power
systems is progressively changing and the role of traditional power plants will become
less relevant in power system operation [31]. Furthermore, the growing presence of
generating units interfaced with the electrical grid by means of power inverters will
lead to a decrease in total system inertia. As a consequence, in addition to the conven-
tional Ancillary Services, such as balancing, congestion management and frequency
regulation, innovative grid services like Synthetic Inertia (SI) or Fast Frequency Re-

sponse (FFR) will be also necessary to face SO needs. A paradigm shift in power sys-
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tem operation is also required to assign an active role to the DSOs [27]. With the future
provision of energy and Ancillary Services from resources connected to the distribu-
tion networks, the responsibility of the power system operation will be shared by the
TSO with the DSO. This aspect highlights the relevance of implementing TSO-DSO
coordination schemes based on decentralized architectures, in which the transmission
and distribution grids are managed by separate and independent System Operators.

In order to address these two challenges, this thesis work was aimed at investigating
methodologies for an optimal dispatch of flexibility resources in decentralized coordi-
nation schemes and to enable DERs located at DN level to provide SI/SI/ services in

low-inertia power systems.
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TSO-DSO Coordination Schemes and
Market Models

With the energy transition process, the provisioning of Ancillary Services in power
systems is changing. Thanks to the technological progress made in monitoring and
control fields, Distributed Energy Resources will be exploited as flexibility resources
to provide grid services to the TSO and DSO [14]. However, as remarked in [12],
strong cooperation and information exchange between SOs is fundamental to guaran-
tee optimal use of flexibility and ensure that the activation of DERs does not conflict
with the actions undertaken by other system operators [14],[80]. As a result, this coop-
eration can also lead to greater observability of the entire electrical system, with more

transparency and quality for the acquired data [30].

2.1 Market schemes for TSO-DSO coopeartion

In the last years, several research projects investigated how Distributed Energy Re-
sources can be effectively managed to provide Ancillary Services to the transmission
and distribution grids. Among them, the H2020 European projects SmartNet [35] and
CoordiNet [37] focused on the development of coordination schemes aimed at regu-
lating the interaction between TSO and DSO in using flexibility resources. Although

a multitude of coordination models and variants have been proposed in the literature

35
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[36], the main ones may be recognized in those developed and tested by SmartNet
and CoordiNet. In particular, based on a preliminary work of literature review, coun-
try surveys, theoretical analyses, and public consultations, five different coordination
schemes were developed by SmartNet taking into account the level of engagement of
the DSOs and the number of markets in which flexibility may be procured [36]. Fol-
lowing this work, additional schemes have been developed by CoordiNet [32]. Consid-
ering the schemes and findings carried out by these two projects, a set of coordination

models, shown in Figure 2.1, was carried out according to a five-layers classification.

2.1.1 Main roles in coordination schemes

A coordination scheme is defined as the set of roles and responsibilities for TSO and
DSO when procuring grid services from flexibility resources located in the distribution
networks [30]. As defined in [81], by role is intended the behavior of a specific mar-
ket party with specific responsibilities, which are unique and cannot be shared. Thus,
each coordination scheme is characterized by specific market architecture, tasks, and
responsibilities taken up by system operators and market players [36]. In general, coor-
dination architectures can vary from Total TSO to Total DSO, passing through Hybrid
DSO with regard to the coordination responsibility of DERs [78]. Therefore, pro-
cesses and information exchanges between system operators can vary according to the
adopted coordination architecture [36]. Nevertheless, the main differences between the
coordination schemes can be observed in the procurement phase of these resources, as
the prequalification, operation, activation, and settlement processes are quite similar
across the investigated schemes [36]. A description of the main activities concerning
the prequalification, grid operation, procurement, activation, and settlement of flexi-
bility resources based on [14], [36] was provided in Table 2.1. These activities are
defined considering the main roles of the TSOs in power system operation, described
by ENTSO-E in [82], and tasks that should be performed by the DSOs in the next years
[83].
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Figure 2.1: Mapping of main TSO-DSO coordination schemes
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Table 2.1: Description of main roles

Task

Description

Prequalification

Flexibility feasibility
checker
(FFC)

Is responsible to check if the
activation of flexibility
resources at DN level does
not negatively affect the DN

System Operator

Is responsible to operate

. (SO) a power system
Grid -
. . Is responsible to guarantee
operation Balance Responsible Party )
the balancing for
(BRP) ,
an electrical system
Handles data relate a
Data Manager : .
grid model or flexibility
(DM) .
resources located in it
Acquires flexibility-based
Buyer .
services in a market setup
Procurement Sells flexibility-based
Seller ..
services in a market setup
Market Operator Is responsible to manage a
MO) market and the related platform
Is responsible to determine
Reserve Allocator the amount of services to
(RA) be procured by means of
flexibility resources
The aggregation of TN and DN
o flexibility resources may be
Flii()lblhty aggregator performed by the DSO (for non-
commercial purposes) or by
commercial market parties (CMP)
Flexibility resources Generates and sends activation
Activation dispatcher signals to the flexibility
(FRD) resources to be activated
. Is responsible for measuring and
Settlement Measured Data Responsible communicating to MOs and SOs

(MDR)

the value of activated energy
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2.1.2 Classification layers

Several TSO-DSO coordination schemes may be identified in the literature. Each
model substantially changes depending on the number of markets, possibility of DERs
to be offered to TSO and DSO, and priority of the DSO on their usage. Typically, each
coordination scheme is identified by a specific name that reflects the adopted mar-
ket architecture or the policy on DERs allocation. However, as described in [32], it is
commonly recognized that there is no one-size-fits-all coordination scheme. This is be-
cause aspects like market and regulatory framework, grid characteristics, and roles of
TSOs and DSOs change from country to country. In addition, there are also TSO-DSO
market models that, although differently named, correspond to the same coordination

scheme or present slight variations [36], [32]. In order to classify the investigated co-

Need Buyer # Markets DERs for TSO Priority on DERs Market model

Figure 2.2: Five-layers classification

ordination schemes, a five-layers classification model, shown in Fig. 2.2, was defined

taking the following aspects into account:

* need to be satisfied by the acquired flexibility. It can be central (for the TSO),
local (for the DSO), or both of them,;

* buyer that may acquire flexibility, such as TSOs, DSOs, and commercial parties;
¢ Number of markets in the assumed coordination scheme;

* Possibility of the TSO to use DERs: has the Transmission System Operator

access to flexibility resources located at the DN level?

* Priority of the TSO or the DSO in using DN flexibility than other system oper-

ators.

In general, as described also in [32], these coordination schemes are service indepen-

dent and, therefore, can be applied to a set of Ancillary Services or to a combination of
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them. However, in accordance with the classification above provided, the TSO-DSO
coordination schemes can be regrouped in centralized or decentralized architectures
[84], [85], as shown in Table 2.2.

Table 2.2: Classification in centralized and decentralized architectures

Centralized architectures Decentralized architectures

Centralized M. scheme Local M. scheme (CoordiNet version)

Common M. scheme - Centralized v. | Multi-level M. scheme

Integrated flexibility M. scheme Shared balancing responsibility M. scheme
Common M. scheme - Decentralized v.
Distributed M. scheme

2.2 Centralized Architectures

In centralized TSO-DSO coordination architectures, the TSO is responsible for the
whole dispatch of AS resources located at both TN and DN level [85], [36]. Therefore,
in this case, there is one big central market in which flexibility resources located in the

transmission and distribution grids are offered and contracted [36].

2.2.1 Centralized Market model

Market organization and roles of system operators

As a basic coordination scheme proposed by SmartNet, the Centralized AS Market
model shown in Figure 2.3 is presented. According to the description given in [36],
in this scheme, the TSO can procure Ancillary Services from flexibility located at TN
and DN levels, while the DSO is not allowed to procure flexibility in real-time o near
to real-time. Nevertheless, in the case of local issues such as grid congestions, the
DSO may procure flexibility in other timeframes than the AS Centralized Market [36].
In case DERs cannot be offered even to the TSO, which can only use TN resources to
solve central needs, no extension of the current coordination activities between TSO
and DSO is necessary [32]. As shown in Figure 2.4, in the Centralized scheme, there is

one only central AS market operated by the TSO, in which both TN and DN flexibility
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Need Buyer # Markets DERs for TSO Priority on DERs Market model

: Centralized
: Market medel

Hll No extension needs of

current coordination

Figure 2.3: Mapping of the Centralized Market model

resources are offered. Therefore, in this case, the TSO is responsible for managing

the transmission network and operating the central market [84], [36]. Differently, the

Aggregator

DN flexibility

TN flexibility
Prequalification

[}
1
1
i (MO)
1 central market

_________

| Flexibility Activation command Data exchange

Figure 2.4: Centralized Market scheme

role of the DSO is limited to that of FFC for DN resources. In particular, since DN
constraints are not taken into account in the flexibility optimization (see clearing pro-
cess in Sect 3.1 for further details) performed by the TSO in the Central Market, the
prequalification allows DSO to verify if the activation of DN flexibility by the TSO
does not create any congestion in its own distribution network [36].

This market model was also presented by the CoordiNet project under the name of
Central Market scheme. This project investigated a few variants of this market model,
such as the Total TSO model, the Minimized DSO model, and the Fully Integration
model, which proposed alternative approaches to consider DN constraints in the clear-

ing process of the central market [32].
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Coordination scheme assessment

This coordination scheme is the one most in line with the current practice since the
TSO is the only system operator having access to the flexibility resources and the DSO
role is limited to the prequalification process [4], [36]. Therefore, to obtain flexibility
from distribution networks, a reduced exchange of information between TSO and DSO
is required [36]. As an alternative, DN constraints may also be included in the market
clearing performed by the TSO. However, in these conditions, the clearing process
may be heavy to be managed as a whole and, furthermore, the TSO should also be
able to interpret distribution network data. On the other side, having a single market
operated by the TSO, which is the only MO and buyer, simplifies the market structure
[36]. The main characteristics of this market model are resumed in Table 2.3, which
describes its advantages and disadvantages in terms of market organization, roles of

system and market operators and sharing of data.

2.2.2 Common Market model - Centralized version

Market organization and roles of system operators

In the Common Market model, flexibility resources at the TN and DN levels are shared
between TSO and the DSO with the aim to address both central and local needs, min-
imizing the total AS activation costs [30], [36]. Depending on the number of markets
in which resources are contracted, a centrlized variant (CV) and a decentrlized variant

(DV) of this market model may be possible [36]. In the former, illustrated in Figure 2.5,

Need Buyer # Markets DERs for TSO Priority on DERs Market model

! | ; Common Market
Local and central ! TSO and DSO : i model (Centralized)

Figure 2.5: Mapping of the Common Market model - Centralized version

the TSO and DSO are jointly responsible for the organization and the operation of a
common market platform. In this version, physical and operating limits concerning
TN and DN grid models and flexibility resources are shared by the TSO and DSO with

the aim to be included in the common optimization process [36]. Since, in this variant,
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Table 2.3: Benefits and drawbacks of the Centralized Market model

Benefits Drawbacks
TSO . . .
* The TSO is SO for the TN |+ Need for experience to in-
and the only responsible for | terpret DN data.
the central market, in which | * DN constraints may be vio-
TN and DN flexibility re- | lated if not included in the
sources are offered. optimization process per-
* Flexibility is not shared | formed by the TSO.
with the DSO.
DSO . . .
* DN constraints may be not | * The DSO is responsible for
communicated to the MO | the distribution grid, but has
(TSO). no access to the AS re-
sources to solve local is-
sues.
e Passive role, limited to the
DERs prequalification.
Market
organization * Single market platform, |* In case DN constraints are
easier to be managed, shared with the TSO:
with low operational costs | - high computational bur-
and standardized pro- | den;
cesses/products. - possible scalability issues
and communication bottle-
necks.
Shared
data * Reduced communication | * DN contraints are commu-
between TSO and DSO. nicated to the MO if in-
cluded in the market clear-
ing process.
Implementation * In line with the current reg- | * Risks for security and pri-
ulatory framework. vacy of data in the case DN
constraints are shared with
the TSO.
References [36], [86], [87], [88]
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the TSO and DSO are jointly responsible for the market operation, a neutral third party
may be appointed by both system operators as an Independent Market Operator (IMO)
to manage the common market under their supervision [36]. As shown in Figure 2.6, in
this case, the MO is responsible for the common market operation and the optimal dis-
patch of flexibility resources for TN and DN needs. Once the common market has been
cleared, it communicates the market outcomes to TSO, DSOs and flexibility providers
(CMP) to activate the contracted AS resources [84]. This neutral third party is also
responsible to guarantee the privacy of data acquired from System Operators [89].

A few variants to the Common Market model are resumed in [32]. However, as
observed in [36], the Common Centralized Market model can be considered as an ex-
tension of the Centralized Market Model, with the difference that, in this case, central

and local needs as well as TN and DN constraints are taken into account.

Coordination scheme assessment

This market model can represent a basic scheme to be extended for further collabo-
ration among system operators [36]. Flexibility resources are shared between TSO
and DSO with the aim to satisfy needs of both system operators and minimize the to-
tal AS activation costs. Nevertheless, due to the huge amount of flexibility resources
and constraints (both TN and DN levels) to be processed, this market model requires
high computational efforts. Furthermore, although in this scheme the overall activation

costs of AS resources are minimized, the individual costs for TSO and DSOs might be

4 DN flexibility

TN flexibility

Prequalification

- - - -

LA

central market

e e e e - e e e e

Flexibility Activation command Data exchange

| e pecowe |

Figure 2.6: Common Market scheme - Centralized version
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higher compared to those of other schemes [88]. About this issue, there is also a need
to establish a criterion for allocating costs of flexibility resources between TSO and
DSO [36]. Benefits and drawbacks of this scheme are resumed in Table 2.4.

2.2.3 Integrated flexibility Market model

Market organization and roles of system operators

Differently from the previous coordination schemes, the Integrated flexibility Market
model promotes the possibility for flexibility resources to be procured by regulated
operators (i.e. TSO and DSO) and commercial market parties (CMP) [36], [32]. This
is performed without distinction between regulated and liberalized players [36]. As
shown in Figures 2.7 and 2.8, there is a common market platform in which system

operators and CMP may acquire flexibility from TN and DN resources. In this market,

Need Buyer # Markets DERs for TSO Priority on DERs Market model

; TS0, DSO and ! H j Bl Integrated flexibility
[l commercial parties i} | | | Market model

Figure 2.7: Mapping of the Integrated Market model

Local and central

which is organized according to a discrete number of auctions, TN and DN resources
are contracted in a single market managed by an IMO, with the aim to ensure neutrality,
transparency, and efficiency in the market operation as well as a level playing field for
all players [36], [32]. However, unlike the Common Market model, in which flexibility
is allocated to the operator with the greatest need, in the Integrated Market model, AS
resources are allocated to the operator with the greatest willingness to pay. In addition,
flexibility resources previously contracted by the TSO or the DSO can be newly resold

to other market operators.

Coordination scheme assessment

As specified above, in this market scheme, flexibility resources are allocated to market
participants with the highest willingness to pay. As a result, if multiple market partic-
ipants are interested in a specific resource, their competition may lead to an excessive

increase in the price of that resource. This may be also caused by flexibility resources
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Table 2.4: Benefits and drawbacks of the Common Market model - Centralized version

Benefits Drawbacks
TSO . . .

* The TSO is responsible for ¢ The TSO share with the
the operation of its own | DSO the common market
grid. operation.

DSO . . .

* The DSO is responsible for | The DSO share with the
the operation of its own | TSO the common market
grid. operation.

* Not priority in procuring
DERs.
Market
organization * A third operator (IMO) is |+ Reduced market operational
appointed by TSO and DSO | costs than DV.
to ensure the neutral market | » Cost allocation between
operation. system operators may be

* Needs of system operators | difficult.
are satisfied minimizing the | ¢ Individual AS costs of
total AS activation costs. TSOs and DSOs might be

* Market operational costs are | higher compared to other
shared between TSO and | schemes.

DSO.
Shared
data * Observability of the entire | Data about TN and DN
electrical system. models and resources are
shared with a neutral MO,
adding risks to the security
and privacy of data.
Implementation . . .

* The standardization process | * High computational efforts
of products and communi- | for the market clearing pro-
cation requirements may be | cess.
lower in the case of a CV.

References [30], [36], [32], [88]
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that, if activated, can negatively affect the operation of other grid operators [36]. On
the other side, the presence of non-regulated parties may increase market liquidity. In
this sense, flexibility resources procured in the Day-ahead market o intraday markets
that are no longer needed may be resold (or procured) in the real-time market. This has
the advantage to reduce imbalance penalties since grid operators can procure in real-
time the necessary resources. However, since also non-regulated parties are allowed
in procuring AS resources, the TSO has difficulties in estimating the effective amount
of flexibility to be procured. As a result, there is a risk for system operators of not
obtaining what they need, and they are forced to buy additional capacity upfront [32].

Due to the complexity of its mathematical model, which requires an application
of the game theory, this market scheme has not been investigated by SmartNet [88].
However, the presence of a single common market platform enhances the participation
of DERs and facilitates the standardization process of flexibility resources [36]. In
addition, market operating costs can be shared over a higher number of participants
[32]. Nevertheless, if the IMO is not involved in the prequalification process of AS
resources located at the DN level, the activation of DERs may be in contrast with
the DSO operation. Therefore, TSOs and DSOs should communicate to the IMO the
reserved data about TN/DN models and constraints. In this case, clear rules need to be

defined in order to ensure security and privacy for shared data [36].

DN flexibility

TN flexibility

Prequalification

P ——_—

1
1 — N— 1
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Figure 2.8: Integrated Market scheme
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Table 2.5: Benefits and drawbacks of the Integrated flexibility Market model

Benefits Drawbacks
TSO
* Access to resources pre- |* Due to the presence of non-
viously acquired by other | regulated parties, which can
players and no longer | buy flexibility, the TSO has
needed (DSO, CMP ...). difficulties in estimating the
* Flexibility previously pro- | effective amount of neces-
cured and no longer needed | sary flexibility.
can be resold to the DSO.
DSO * Access to resources pre- |* No priority of the DSO in
viously acquired by other | procuring DERs.
players and no longer |e If the IMO isnotinvolved in
needed (TSO, CMP ...). the prequalification process,
* Flexibility previously pro- | the activation of DERs may
cured and no longer needed | affect the DSO operation.
can be resold to the TSO.
Market
organization * Grid operators can procure |* The activation of AS re-
resources in real-time. sources may be in contrast
* DN flexibility resources | with other grid operators.
may also be aggregated by |* In case of competition be-
different DSO-areas. tween market stakeholders
* Reduced AS costs due tothe | for the same product, un-
higher liquidity level. necessary price increases
* Operational costs of the | may be generated.
common market are shared | Liquidity for the intraday
between market operators. market might be reduced.
Shared
data * All flexibility resources are | Need for sharing TN and
communicated to the IMO DN data with the IMO, in-
in order to guarantee the | troducing risks for security
market neutrality. and privacy of data.
Implementation * The presence of a single |* Since this market model
market platform increases | has high mathematical com-
the participation of DERs | plexity, it has not been in-
and simplifies the standard- | vestigated as other coordi-
ization process of products. nation schemes.
References [30], [36], [32], [88]
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2.3 Decentralized architectures

In decentralized TSO-DSO coordination architectures, each system operator is respon-
sible for the operation and the procurement of AS resources for its own network. In
this case, due to the coexistence of central and local markets, different pricing meth-
ods, such as pay-as-bid or pay-as-clear approaches (See Section 3.1 for further details),
may be adopted. This aspect can be considered an advantage because it allows the use
of pricing schemes tailored to the characteristics of a specific market, but it could be
complicated to be managed in the case of multiple market platforms with different

features [84].

2.3.1 Local Market model (CoordiNet version)

Market organization and roles of system operators

In the Local Market model proposed by Coordinet [32], as shown in Figure 2.9, there is
one only local market in which the DSO procures DN flexibility to solve its own needs.
Differently from the Local Market model proposed by SmartNet (see Section 2.3.2),

resources located in the distribution grid cannot also be offered to the TSO.

Need Buyer # Markets DERs for TSO Priority on DERs Market model
3 o 3 3 Bl Local Market model
i ! ! ! (CoordiNet version)

Figure 2.9: Mapping of the Local Market model (CoordiNet version)

In this case, as illustrated in Figure 2.10, the DSO is responsible for managing the
distribution network and its local market. However, no coordination is supposed with
the central market managed by the TSO (if existing).

Coordination scheme assessment

As observed in [32], due to the absence of coordination between the central and the
local markets, this coordination model is suitable for controlled island distribution net-
works or for cases in which there are no transmission networks (e.g., islands). How-
ever, in case the distribution network is interfaced with the transmission grid, a min-

imum level of coordination between TSO and DSO must be ensured at the TN-DN
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Figure 2.10: Local Market scheme (CoordiNet version)

interconnection point [32]. Table 2.6 resumes the main benefits and disadvantages of

this coordination scheme.

2.3.2 Multi-level Market model

Market organization and roles of system operators

As introduced in the previous subsection, the Multi-level Market model described in
[32] extends the use of DN flexibility resources to the TSO. In this case, there are
a local market and a central market in which DERs located at the DN level may be
offered to the DSO and TSO for, respectively, local and central needs. However, as
shown in Figure 2.11, in this scheme, the DSO has priority in using flexibility located

at the DN level to solve its own issues with respect to the TSO.

Need Buyer # Markets DERs for TSO Priority on DERs Market model

Multi-level
Market model

Local and central o T5C and DSO

Figure 2.11: Mapping of the Multi-level Market model

This scheme has also been proposed by the SmartNet project under the name of Local
AS Market model [36]. As shown in Figure 2.12, the DSO is responsible for the
operation of both distribution network and the local AS market, while the TSO is

responsible for the operation of the transmission network and the management of the
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Table 2.6: Benefits and drawbacks of the Local Market model (CoordiNet version)

Benefits Drawbacks
TSO

* Reduced amount of AS re- ¢ The TSO cannot procure
sources to be shared with | AS from DN flexibility.
the DN.

DSO S .

* The DSO may manage and | ¢ Possibility to exploit only
procure AS resources from | DN resources to procure
the DN to solve its own | AS: risk of illiquidity in
need. case of small-sized local

markets.

Market

organization * The local market is operated | * No coordination of the local
directly by the DSO, which | market with the central one
is also responsible for the | (if existing).
DN operation.

Shared

data * Reduced communication | * Reduced observability of
between TSO and DSO, the entire electrical system.
since only a coordination
at the TN-DN interfacing
point is required.

* No need to share data about
distribution networks.

Implementation )

* The DSO must have a full | * Non-optimal use of DERs
control over its distribution | since they cannot be shared
network and, therefore, ad- with the TSO.
equate investments in ICT
are required.

* Suitable for distribution net-
works that are islanded or
operated in controlled is-
landing mode.

References [32]
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central market, in which TN and aggregated DN flexibility resources are contracted.

DN flexibility
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central market | local market
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Figure 2.12: Multi-level Market scheme

In particular, the local market managed by the DSO is run first with the aim to solve
local needs. Then, once the local market has been cleared, only the remaining DN
resources are aggregated and offered by the DSO to the TSO in the central market [36].
In such a way, the TSO may procure flexibility from resources at the TN level and from
the aggregated DERs provided by each DSO at the POI. After the TSO determined the
AS necessary to solve central needs, clears the central market, and communicates to
the DSO the amount of flexibility required at the POI from DN resources.

The aggregation process performed by the DSO (FA) allows DN flexibility re-
sources to be offered to the central market without having to communicate to the TSO
data about DN constraints and resources (prices, volumes, capability, ...). However,
like for the Centralized AS market model, it must be ensured that the activation of DN
resources for the TSO needs does not negatively affect the distribution grid. A smart
aggregation solution was proposed by SmartNet in [36] with the aim to ensure that
only distribution grid resources that do not cause any DN congestion are offered to the
TSO. In any case, since the activation of flexibility at DN level may generate power
imbalances, the DSO must notify this activation to the TSO in such a way that the TSO
may re-establish the power balance [36].

Based on these assumptions, in the Multi-level market model, the DSO is respon-

sible for the distribution grid and the local market operation, playing also the role of
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the middleman (FA) between DERs located at the DN level and the TSO [36]. Due
to the fragmentation in multiple local markets (one per DSO), the aggregation of DN
flexibility resources cannot be performed for resources located in different DNs. Fur-
thermore, although, in this case, AS products are tailored to the needs of each local
market, resources offered to the TSO must be aggregated in a format complying with

that of the central market [36].

Coordination scheme assessment
As previously specified, in this case, there is a local market managed by the DSO for
local needs and a central market operated by the TSO for central needs. As a whole, the
market operation of this coordination scheme can be very efficient in the case of large
DNs, since characterized by higher numbers of Distributed Energy Resources [36].
Conversely, operative costs may increase in smaller local markets. This is because
each marker platform should be equipped with an appropriate level of ICT resources
and communication infrastructures. In addition, local markets may suffer from illig-
uidity risks and lower economies of scale, causing higher market operating costs [36].
Whenever local markets are affected by scarce amounts of DN flexibility resources,
unwanted measures, such as load shedding or load curtailment, may be necessary to
guarantee the correct operation of the distribution network [36].

In performing this kind of scheme, it is important that local and central markets are
coordinated and closed at different timing. This is with the aim to avoid that flexibility
resources presented at both markets are double accepted [88]. Table 2.7 resumes the

main benefits and drawbacks of this coordination scheme.

2.3.3 Shared balancing responsibility Market model

Market organization and roles of system operators

In the Shared balancing responsibility Market model, the responsibility of balancing
the distribution network is transferred to the DSO, which must use its own resources to
fulfill this responsibility [30], [36]. Moreover, as shown in Figures 2.13, flexibility re-
sources located at the DN level cannot be offered to the TSO [30], [36], [32]. The main

difference with the other investigated schemes is that, in this case, AS resources cannot



Chapter 2. TSO-DSO Coordination Schemes and Market Models 54

Table 2.7: Benefits and drawbacks of the Multi-level Market model

Benefits Drawbacks
TSO . .

* TSO responsible for the TN |« The TSO may have higher
and the central market oper- | operational costs since it
ation, in which TN and DN can only use DERs non ac-
resources are contracted. tivated by the DSO.

DSO .

* DSO responsible for the DN | ¢ Small local markets may be
and local market operation, | affected by high operational
from which it can procure | costs (illiquidity of the mar-
DN AS to solve local needs. | kets and no economy of

e Priority of the DSO on | scale).
procuring DERs. * Costs for ICT equipment

* The DSO aggregates re- | can impact on the economy
maining DERs at the POL. of small local markets.

Market

organization * DN constraints may be in- | * Additional operational costs
cluded in the central mar- | due to the presence of mul-
ket optimization by means | tiple markets.
of the aggregated DERs cost | » Aggregation of DERs per-
curve provided by the DSO | formed at the level of DSO
to the TSO. area, reducing the possibil-

* Small markets with reduced | ity to combine DERs of dif-
number of participants are | ferent markets.
easier to be managed.

Shared

data * No data about DN model or |+ Resources at the DN level
DERs are shared with the | must be aggregated in a
TSO, reducing risks for se- | format complying with the
curity and privacy of data. central market.

* The activation of DERs
must be communicated to
the TSO so it can restore the
resulting imbalances.

Implementation )

* Smaller markets offer lower | * Need to improve ICT for
entry barriers to small | communication  between
scaled DERs. central and local markets

References [36], [32], [88]
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Need Buyer # Markets DERs for TSO Priority on DERs Market model

Shared balancing
responsibility Market

Local and central o TSO and DSO

Figure 2.13: Mapping of the Shared balancing responsibility Market model

be shared between grid operators and that the DSO is also responsible for balancing
its own DN according to predefined power exchanges [30], [36].

As shown in Figure 2.14, in this market model, there are a central market managed
by the TSO for TN resources and a separate local market operated by the DSO for
DN resources. Thus, TN and DN grid constraints are included in the clearing process
of the respective central and local markets [36]. However, since each grid operator is
responsible for the balancing of its own network and AS resources cannot be shared,
pre-defined power exchanges need to be established for each TSO-DSO point of inter-
connection or for the whole DSO-area [30], [36]. These power exchange profiles can
be based on Day-ahead market outcomes, forecasts, or historical data [4], [30].

Similarly to the Local Market model, in this case, there is a risk of illiquidity
and higher operating costs for small local markets. However, since each market is
managed by a specific grid operator and, thus, managed independently, it follows that
rules, products, and market design may be tailored to the system operator’s need [32].

This market model was presented by CoordiNet as Fragmented Market model, due

Aggregator

DN flexibility
TN flexibility
Scheduled
r"_____';power [ttt )
1 TSO IexchangeI :
! [
A ~vo NI :
! central market 1 1 local market 1
| Flexibility Activation command Data exchange

Figure 2.14: Shared balancing responsibility Market scheme
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to the full separation between the central and local markets. Variants like the System
Balancing Cost Allocation model [32] or based on the possibility to apply additional
penalties, whenever programmed power exchanges at the POIs cannot be satisfied by

the DSOs [90], [91], were also proposed in the literature.

Coordination scheme assessment

In this scheme, flexibility resources cannot be shared among grid operators who must
also meet the scheduled power exchanges at the POIs. As a result, AS cost for the
DSO may be higher than other schemes [36].

As the balancing responsibility of the distribution network is transferred to the
DSO, in this scheme, the TSO has to provide less quantity of flexibility. On the con-
trary, a greater amount of resources has to be procured from the DN to solve both DN
balancing and congestion issues. In the case of low penetration levels of controllable
DERs, the lack of flexibility resources can jeopardize the stability of the entire power
system. As a consequence, the DSO may be forced to implement unwanted measures,
like load shedding or load curtailment. As an alternative, appropriate penalty mech-
anisms might be adopted to guarantee the power system stability also for those cases
in which scheduled power exchanges cannot be satisfied [36]. Table 2.8 resumes the

main benefits and drawbacks of this coordination scheme.
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Table 2.8: Benefits and drawbacks of the Shared balancing responsibility Market model

Benefits Drawbacks
TSO ) . ot
* The TSO is responsible for | ¢ DN flexibility resources
managing its own network | cannot be offered to the
and the central market. central market.
Lower quantity of AS have
to be procured by the TSO.
DSO ) .
The DSO is responsible for | ¢ Unwanted measures must
managing its own network | be undertaken in case of
and the local market. scarcity of AS resources
As an additional role, the necessary to solve local
DSO is also responsible for | needs and fulfill power ex-
the balancing of the distri- | changes set at the POIs.
bution network. * Increased need for AS for
the DSO.
Market
organization Possibility to customize | Risk of illiquidity for small
markets and products. markets since flexibility
cannot be pooled.
 Higher operational costs for
local markets with low pen-
etration level of DERs.
Shared
data No need to share reserved |* Reduced observability of
data about grid models. the entire power system.
Implementation ) )
No high standards are re- | The separation between
quired for the TSO-DSO | global and local markets
communication since only | determines sub-optimal
power exchanges at the | solutions.
POIs need to be communi- | Risks for power system sta-
cated. bility.
References [30], [36], [32]
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2.3.4 Common Market model - Decentralized version

Market organization and roles of system operators

Similarly to the Centralized version, in the Common Decentralized Market model,
flexibility resources at the TN and DN levels are shared between TSO and the DSO
with the aim to address both central and local needs and minimize the total AS acti-
vation costs [30], [36]. As indicated in Figure 2.15, in this case, there are multiple

markets. One central market, managed by the TSO, and local markets managed by the

Need Buyer # Markets DERs for TSO Priority on DERs Market model

| | 1 Common Market
Local and central TSO and DSO
| —

Figure 2.15: Mapping of the Common Market model - Decentralized version

DSOs [36]. All MOs are jointly responsible for the final outcome of the performed
separate market runs [36] and, in contrast with the centralized version, data concern-
ing grid models and resources are not shared between System Operators. Moreover,
as in the Multi-level Market model, DN resources are offered to the TSO in aggre-
gated form, although without any priority of the DSO. Therefore, in this case, the local
market is run first, considering DN constraints and local needs, but without any com-
mitment to the market participants [36]. Next, preliminary results are communicated
(e.g. through aggregated DERs [84]) to the TSO and integrated into the central market
optimization. Once the central market has been cleared, the volume of flexibility re-
quired by the central market at the POI is communicated back to the DSO, which will
dispatch DN flexibility resources taking TN and DN needs into account [30], [36].

As observed in [36], the decentralized version of the Common Market model can
be intended an extension of the Local Market Model, but without priority of the DSO
on DERs procurement. The assignment of flexibility is performed considering the
combined needs of both operators [36]. A few variants to the Common Market model

are resumed in [32].

Coordination scheme assessment

Like in the Centralized version of the Common Market model, in this scheme, flexibil-
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Figure 2.16: Common Market scheme - Decentralized version

ity resources are shared between TSO and DSO with the aim to satisfy needs of both
system operators and minimize the total AS activation costs. Nevertheless, differently
from the Centralized version, each market is cleared independently and this allows the
entire computational burden to be distributed among the market operators. Instead,
further efforts are needed to align the flexibility products of different market platforms
[32].

As specified for the Centralized version, although, in this market model, the overall
AS activation costs are minimized, the individual costs for TSO and DSOs might be
higher compared with those of other coordination schemes [88]. In this sense, there is
also a need to establish a criterion for allocating the activation costs of DERs between
TSO and DSO [36]. These and other benefits/drawbacks of this market model are

resumed in Table 2.9.

2.3.5 Distributed Market model

Market organization and roles of system operators

In the Distributed Market model, peers are the only ones authorized to buy and provide
AS flexibility resources [32]. As shown in Figure 2.17, in this scheme, local or com-
binations of central and local needs can be satisfied [32]. An example of Distributed
Market model is represented by a peer-to-peer (P2P) market in which each peer estab-

lished a direct connection with the neighboring peers [32]. In this sense, as specified
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Table 2.9: Benefits and drawbacks of the Common Market model - Decentralized version

Benefits Drawbacks
TSO . . .

* The TSO is responsible for | The TSO has not direct ac-
managing its own network | cess to the DN flexibility re-
and the central market. sources.

DSO . . D .

* The DSO is responsible for | Not priority in procuring
managing its own network | DERs.
and the local market.

Market

organization * Needs of system operators | * Additional operational costs
are satisfied minimizing the | due to the presence of mul-
total AS activation costs. tiple markets.

* Markets are managed indi- | * Risk of illiquidity, with re-
vidually with AS products | duced amounts of DERs,
tailored on market charac- | may exist in case of small
teristics. local markets.

* Individual costs for TSOs
and DSOs might be higher
than those of other schemes.

* Allocation of AS costs be-
tween system operators may
be difficult.

Shared
data * No need to share reserved |* Need for strategies to offer
data about grid models with | DERs to the central market
external operators. without communicating re-
served data about the DN.
Implementation e Computational efforts to |* Need for extensive com-
optimize AS are distributed | munication and ICT re-
among market operators. sources for the communica-
tion among the central and
the local markets.
References [30], [36], [32], [88]
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Figure 2.17: Mapping of the Distributed Market model

Local and central

in [32], P2P is defined as a decentralized market architecture in which all peers can
cooperate, with the available resources, to produce, exchange or distribute goods or
services [92]. Therefore, to implement a Distributed Market model an ad-hoc market
setup is needed [32]. Different P2P-based market structures, like the blockchain tech-
nology [32], have been proposed in the literature, but, currently, there is no agreement
about how such markets should be structured. For instance, these maket models may
differ according to the level of decentralization and topology. This consideration also
applies to P2P-based power trading, in which it is necessary to have structures tailored
to the specific context.

Blockchain could be efficiently applied in a Distributed Market model since it
would allow flexibility resources to be offered in a digital platform in which system
operators send their flexibility requests without the need for centralized control. Trans-
actions would be confirmed by smart contracts which the involved users can access
without being able to change them [17]. Based on these aspects, a Blockchain-based
market platform can ensure security in energy transactions and equal rights for market

participants, as they can submit and accepts flexibility freely [17].

Coordination scheme assessment

As specified in [32], drastic changes in the current market structure and regulatory
framework are needed to implement this market model. Depending on the performed
implementation, market participants can assume less or more autonomy. Consequently,
this autonomy can reduce the system overview and lead to grid-constrained situations
or power imbalances [32]. Moreover, one peer’s goal may be at odds with that of other
peers, penalizing the optimal social welfare [32]. In fact, as highlighted by [32], there

is also a lot of uncertainty in defining how TSO and DSO needs will be taken into
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Figure 2.18: Distributed Market scheme

account in this market structure. Based on these aspects, a careful design is necessary
to implement this market model. Table 2.10 resumes the main benefits and drawbacks

of this coordination scheme.

2.4 TSO-DSO coordination in the Italian framework

As specified in Section 1.3, new rules have been introduced by the Italian Regula-
tory Authority ARERA with the transposing of Regulation EU 2019/943 [11] and Di-
rective EU 2019/944 [12] into national codes. In the last years, through the DCO
322/2019/R/eel [74], ARERA promoted a consultation procedure aimed at identifying
the main lines of action to establish the next dispatch framework at the national level.
More in detail, this reform process, concerning the Ancillary Services provisioning
through DERs and Renewable Energy Sources, has been promoted by the Authority
since 2013, with the DCO 354/2013/R/eel [93]. As highlighted by [74], three TSO-
DSO coordination schemes, similar to those later proposed by SmartNet in [36], were
developed and described in Annex A [94] of the same DCO.

Among various proposals of the DCO 322/2019, it has been considered the possi-
bility to enable the DSO to play the role of neutral facilitator for DN resources offered
to TSO and of AS buyer for local issues. Furthermore, in accordance with the reso-
lution 628/2018/R/eel [75], the same DCO remarks the need to enhance the data ex-
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Table 2.10: Benefits and drawbacks of the Distributed Market model

Benefits Drawbacks

Peers o . .

* Possibility to buy or procure | * Need for suitable trading
flexibility. mechanism to avoid power
imbalances.

Market

organization » Each peer operates in or- |* Uncertainty in taking TSO
der to reach its objective, and DSO needs into ac-
which may be in contrast | count.
with those of other peers. Multiple market platforms

may exist.

Shared

data * Data about transactions | * High computational burden
may be communicated | for transactions between
through encrypted data | peers.

(Blockchain)

Implementation * Blockchain technology | Not in line with the cur-
would enable transactions | rent regulatory framework
and smart contracts to be | and market setup.
executed automatically.

References [32]
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change between the TSO, DSO and significant grid users to improve the provisioning
of AS from DERSs located at the DN level. In this perspective, a call for investigating
the most effective ways of providing Ancillary Services by means of DERs, in a TSO-
DSO coordination framework, was also issued. With this aim, the document refers to
the five TSO-DSO coordination schemes proposed by the SmartNet project [36] and
above described, such as:

1- Centralized AS Market model;

2- Local AS Market model (identified as Multi-level in Chapter 2);

3- Shared balancing responsibility Market model;

4- Common AS Market model;

5- Integrated flexibility Market model;

Based on an cost-benefit analysis (CBA) provided in the literature for these schemes
[95], the DCO observed that:

The Centralized Market scheme 1- demonstrated to be less efficient than scheme 4-

in the case of congestions at the DN level;

* Coordination models 2- and 3- based on local markets are usually more expen-
sive than models 1- and 4-. This may be due to the complexity of the algorithms
employed in these schemes as well as the limited number of resources available
in small local markets. This last trouble is also more evident in case of different

smaller DSOs, as for Italy.

* The coordination scheme 2- appears difficult to be implemented due to the pres-
ence of central and local markets that need to interact with each other. Co-
ordination between the central and local market is necessary to ensure that the
activation of flexibility at the DN level, to solve local congestions, does not nega-
tively affect the global balancing performed by the TSO as well as that resources

offered to both central and local markets are not activated twice.

* The market model 3- is more expensive than the other schemes due to the bal-

ancing responsibility assigned to the DSOs, which must use its DN resources
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first to balance its distribution grid. This market model also appears to be not in

line with the European trends regarding regulation.

* Model 5- is complicated to be implemented and, therefore, has not been imple-

mented.

On the basis of these features, ARERA concluded that the most effective models are
the Centralized scheme 1-, in absence of relevant congestions at the DN level, and the
Common AS Market model 4- for the other cases. In order to test the provision of
Ancillary Services for the DSO, the DCO also highlighted the need for additional res-
olutions to set the requirements of pilot projects (defined in 352/2021/R/EEL [76]). In
this sense, the DCO also specified that such pilot projects should be aimed at solving
local issues that, as discussed in Report 428/2018/I/efr [10], may affect the distribu-
tion networks in future scenarios. In particular, to improve voltage profiles (e.g. in the
proximity of generating units) and solve congestion issues caused by excessive Re-
newable Energy Sources production, or, conversely, by EV charging points and HVAC
systems. Tests results of performed pilot projects will be employed to carry out the
final document on the reform of the Italian AS market (TIDE [74]) in 2023 [77].

2.5 Final assessments

Based on the characteristics of the investigated market schemes, the advantages and
disadvantages of the centralized and decentralized architectures are evaluated. Ta-
bles 2.12 and 2.13 resume the main roles performed, respectively, by system and mar-
ket operators in each investigated centralized/decentralized coordination scheme. As
it can be seen in Table 2.11, centralized architectures are able to provide more effec-
tive solutions in terms of optimal dispatch because including all data about TN/DN
grid models and resources. However, this approach requires a huge computational ef-
fort to optimize the entire power system. In this sense, the huge amount of data to
be shared and processed in centralized architectures may also lead to communication

bottlenecks, slowing down the whole communication process.
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Table 2.11: Centralized vs. decentralized architectures
CENTRALIZED ARCHITECTURE

v TSOs and DSOs share costs for market organization
Advantages v The overall optimal dispatch is reached

X Share of reserved data
Disadvantages  x High computational burden

X Scalability issues

X Risk of communication bottlenecks

DECENTRALIZED ARCHITECTURE
v The calculation burden is distributed among operators
v’ Reduced data exchange between system operators
v  Security and privacy for data of TN/DN models and status
v More engagement of the DSO (is also market operator)
v Possibility of using customized OPF tools for subproblems
X High needs of ITC and communication infrastructures
Disadvantages X Reduced economy of scale
X Additional operative costs than centralized version
X Approximations for decentralization: less optimal solutions
X Need to align local products to the central market features

Advantages

As an alternative, decentralized market schemes may be employed, since they rep-
resent a suitable trade-off between data to be shared among system operators and op-
timality in dispatching TN and DN flexibility resources. As a benefit, the presence of
multiple market platforms allows the computational burden to be shared among var-
ious players and the AS products to be tailored to the characteristics of the specific
markets. However, small local markets can be affected by the scarcity of dispatchable
resources and, therefore, illiquidity problems. This can also result in additional oper-
ational costs for decentralized architectures than single (larger) markets of centralized
architectures.

Although a CBA has been carried out by SmartNet for specific coordination schemes
[95], it is clear that the adoption of a specific coordination model should be performed
taking into account further several aspects, such as socio-techno-economic challenges
[18]. In general, any coordination scheme, to be implemented, requires improved

observability of networks and controllability of physical devices, resulting in higher
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capital and operating expenditures [18]. In addition, TSO-DSO coordination schemes
rely on access to accurate information about transmission and distribution networks,
making the whole power system more vulnerable and exposed to cyberattacks [18].
Therefore, cyber-security is also a relevant issue to be addressed. Further complex-
ity is also given by the greater number of DERSs to be dispatched, in particular at the
DN level [18]. All these aspects suggest how any comparison between coordination
schemes is relative to specific regulatory, organizational, and market contexts [18].

Although the Centralized Market model is the TSO-DSO coordination scheme that
is most in line with the current regulatory framework [88] and EU power systems
[14], decentralized schemes, such as the Common Decenralized Market model, may
offer to the DSO the possibility of using AS to remove local congestions, minimizing
the total AS activation costs for both operators. The same is for the Multi-level and
the Shared balancing responsibility Market models, which are probably easier to be
implemented from an operational perspective [14]. However, with a shift from the
Centralized Market model to other coordination schemes, there is a gradual increase
in roles and responsibilities of the DSO [88]. The choice of the more appropriate
coordination model should be performed considering aspects like type of AS, state of
grid, normal operation vs. emergency condition, amount of flexibility resources, and
penetration of Renewable Sources. In addition, national regulatory framework, ICT
requirements, national organization, amount and interaction between TSOs and DSOs
have to be considered for evaluating the feasibility of a coordination scheme [30], [88].
In this perspective, a coordination model could also be adapted to a specific application
context [88] or assumed for a particular Ancillary Services product [14].

In conclusion, several aspects need to be taken into account when assessing the
feasibility of a coordination scheme, including the fact that its adoption will introduce
inevitable and drastic changes in business models, information exchanges, and struc-
ture ICT [14].
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Chapter 3

Methods for coordinated provision of

flexibility in CM and Balancing

In this Chapter, an overview of the main tools proposed in the literature to implement
an effective dispatch of flexibility resources in a TSO-DSO coordination framework
for congestion management and balancing Ancillary Services was provided. More
in detail, the main algorithms employed to clear markets, estimating the flexibility

available at the POI or aggregating DERs at the DN level are described.

3.1 Market clearing algorithms

A Market Clearing algorithm is typically employed by market operators to establish
which resources participating in market sessions have been accepted and prices to be
paid for their activation [84]. It consists of an optimal constrained problem including
an objective cost function to be optimized as well as capability curves of resources and
grid constraints to be satisfied [84]. Algorithms like OPF routines may be employed
with this aim since they are able to perform an optimal dispatch of resources by acting
on a set of controllable variables, taking into account grid model and unit constraints.
An application of an OPF algorithm to dispatch flexibility DN resources in a Shared
balancing responsibility Market model has been developed by the author in [90].

In general, to implement a market platform based on a market clearing process,

70
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several aspects need to be defined [84]:

* AC or DC OPF: traditionally, DC optimal power flows are employed to op-
timize the transmission network operation. In distribution networks, DC OPF
cannot be employed since resistance to reactance (R/X) ratios of distribution

lines are higher than those of transmission ones [96].

* Objective function: may be aimed at minimizing the activation costs (or, equiv-
alently, reducing operating costs) of dispatchable resources or maximizing the

overall social welfare for sellers and buyers.

* Type of bids: linear, quadratic or piece-wise linear, divisible (curtailable) or

non-divisible (non-curtailable), etc.

* Ancillary Services products: congestion management, balancing, frequency

regulation, voltage regulastion, etc. [36].

* Pricing of accepted resources: pay-as-bid or pay-as-clear approaches. In the
first case, each resource is remunerated at the price at which it was offered to
the market. Differently, in the pay-as-clear strategy, named also marginal price
approach, the activated resources receive the price corresponding to the most

expensive flexibility selected in the market session.

Based on these aspects, it follows that the implemented optimal power flow formu-
lation should comply with the characteristics of the addressed problem, regulation
framework and, in particular, with the adopted TSO-DSO coordination architecture. In
the literature, several methodologies and market-clearing methods, such as Lagrangian
methods, data-driven approach, game-theoretic and heuristic methods have been pro-
posed with the aim to perform an optimal dispatch [97], [98], [99]. However, as shown
in Figure 3.1, three different categories of market clearing algorithms are typically
employed in local markets, such as centralized optimization, bilevel optimization, and
decomposition algorithms [100].

A description of these algorithms was provided below, with a focus on centralized
optimization, as it was used as a benchmark method for simulation tests carried out in
Section 4.3.3.
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Figure 3.1: Markets clearing algorithms.

3.1.1 Centralized Optimization

As specified in Chapter 2, in centralized TSO-DSO coordination schemes, there is a
single Market Operator which is responsible for the optimal dispatch of resources at
TN and DN level. Then, in order to implement a centralized dispatch of resources,
TN and DN grid constraints as well as the operational limits concerning the physical
devices are shared by TSOs and DSOs with the MO, in order to to be included in the
overall dispatch problem performed by the MO itself [30], [36].

In line with the Italian Ancillary Services market [71], in the present thesis, a
pay-as-bid approach was adopted in the market clearing processes. Then, a centralized
AC-optimal power flow algorithm, aimed at minimizing the activation cost of flexibil-
ity resources at TN and DN level, to provide AS for balancing and CM issues, can be

formulated as follow:

npso
. TN (TN DN (DN
uTrfsl,lug’N C'Vu"M)+ l; P (u™) (3.1)
subjects to
gV (x™ u"™) =0 52
hTN(XTN7uTN) >0 ’
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and
DN (DN DN
g (xput) =0 (33)
DN (DN DN '
by (x7w ) >0
with
TN DN
Xpor 1y tXporiy =0
V= 1,2,...,1’1P0[7l (34)
| = 1727---7”1DSO
in which C™" and CIDN represent, respectively, the activation costs of AS resources

for the transmission network and each /-th of the npgp distribution grids. These costs
depend on the control variables u’” and u?N , which denote the arrays of the active
and reactive power of dispatchable resources located, respectively, in the transmission
and in the /—th distribution network. While, the arrays x’" and Xf)N represent the state
variables for the transmission and the /—th distribution grids, respectively. Sets g’V
and h7V denote, respectively, the equality and inequality constraints concerning the
capability curves of dispatchable resources and power balance equations at nodes, as
well as voltage and thermal limits of physical devices (power lines, transformers, etc.)
located at the transmission level. Similarly, g”V and hP" for the the /—th distribution
network. Assuming each /-th DSO interfaced with the transmission grid in npgy; in-
terconnection points, XITJgL ; and xgg 71 Are two generic sub-arrays of dimension (2 x 1)
representing the active and reactive power flows at each v-th POI from the transmission
and the distribution point of view, respectively.

Due to its characteristics, a centralized OPF appears suitable for cases in which
the entire power system is managed by a single system operator. In contrast, this
approach may not be feasible in electrical systems where transmission and distribution
networks are managed by independent operators. In addition, other aspects such as
those described below should also be taken into account in performing a centralized

dispatch:

* Grids topology: common OPF tools, usually employed for meshed transmis-
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sion networks, may not properly work with radial distribution grid models, lead-
ing to optimizing ill-conditioned problems. Moreover, differently from the TN,
unbalanced load conditions may affect the distribution network. Therefore, un-
balanced three-phase optimal power flow algorithms like the TOPF developed
and proposed in Section 4.1 [5] should be employed at the DN level.

* AC/DC OPF: as above specified, transmission networks are characterized by
low resistance to reactance R/X ratios. This condition does not apply to distri-
bution networks, in which resistance is dominant. Classical DC OPF algorithms
used for transmission networks are not suitable for distribution grids and, there-
fore, comprehensive OPF tools able to optimize simultaneously TN and DN are
necessary [101], [102], [103].

* Data exchange: traditionally, in dispatching generating units, only the trans-
mission network models were considered, while the distribution grids were rep-
resented as a node [86]. In this case, DERs at the DN level are dispatched
without considering their effective grid location and, thus, any possible follow-
ing congestion affecting the DN lines has to be solved through a re-dispatch.
Theoretically, this trouble can be solved with the sharing of DN grid models
with the TSO, in order to implement a nodal approach also at DN level [86]. In
the reality, TSO and DSO may be reluctant in sharing details about their grid
models and status with external operators or commercial parties, with the risk
of compromising the possibility of implementing an effective TSO-DSO coor-
dination [21]. In addition, collecting all data about resources located at TN and
DN level may be challenging for the dispatch centers, with the risk of generating

communication bottlenecks [87].

* Computational burden: with the provisioning of AS from widespread DERs
located at DN level, a greater amount of bids needs to be controlled and opti-
mized. Therefore, performing optimal dispatch of large-size systems, including
several interconnected transmission and distribution networks, could be trouble-

some and potentially not solvable in adequate timeframes [36].
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3.1.2 Decomposition algorithms

As previously specified, grid operators are reluctant in sharing reserved data about their
networks with external operators. Decomposition methodologies operate by breaking
down a complex optimization problem into several sub-problems, which can be solved
independently and, thus, easier to be solved than a single large problem [104]. As a
result, this kind of approach may be very suitable to address optimal dispatch problems
in a TSO-DSO coordination framework since TN and DN can be optimized separately,
without the need of sharing confidential data between system operators. In addition,
decomposition techniques are also advantageous when applied to large problems, as
they allow the computational burden to be distributed among sub-problems [86], [104].

Several decomposition techniques have been proposed in the literature and also
applied to linear and non-linear programming [105], for power system scheduling and
resources dispatch [106], [107], [108]. Some of them are based on Lagrangian re-
laxation [109], augmented Lagrangian decomposition, optimality condition decompo-
sition [110], cutting plane consensus [87] generalized Benders decomposition [111],
[107] and Dantzig—Wolfe [112]. The application of a Benders decomposition algo-
rithm implemented in this thesis for CM and Balancing Ancillary Services in a TSO-

DSO coordination framework is described in Section 4.3.

3.1.3 Bilevel optimization

A bilevel algorithm is a kind of optimization in which a subset of variables is con-
strained to be optimal for another optimization problem, parameterized by the remain-
ing variables [104]. Commonly, the outer problem is identified as the upper-level
problem, while the inner one as the lower-level problem. As a result, the optimiza-
tion performed at the upper level is also influenced by the response of the lower level
problem [113].

Several applications of bilevel optimization techniques can be found in the litera-
ture about the optimal dispatch of DERs [114], [115]. However, in the market clearing
context, this methodology is applied to optimization problems having a hierarchical

structure, with "leader" players (at the upper level) and "follower" players (at the lower
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level). As described in [100], a market optimization based on a bilevel approach can
be performed with single-level reduction or nested methods. The former can be only
used when the lower-level problems are linear, since they may be replaced by the
corresponding KKT conditions only when the constraints are linear and convex. Dif-
ferently, in the case of non-linearity of lower-level problems, nested methods may be
employed to solve this kind of optimization [100]. Whenever, instead, the upper-level
problem is non-linear, its non-linear terms can be linearized through the strong duality
theorem [104]. In the case both the upper-level and lower-level problems are linear and
KKT conditions are enough to reduce the whole problem into a single-level problem
solvable with a commercial solver.

From a comparison between the BDA and the bilevel approach, the study described
in [100] remarked as the decomposition methods are suitable to solve large-scale op-
timizations in which the complex problem may be decomposed into smaller ones.
While, the bilevel optimization algorithms are suitable for hierarchical market struc-
ture, having leader and follower participants. Nevertheless, cases of bilevel algorithms

integrating a decomposition technique are also described in the literature [116].

3.2 Mapping Flexibility Area

As specified by ENTSO-E in ”Network Code on Operational Planning and Schedul-
ing” [117], in order to increase the efficiency in power system operation, each TSO
should be able to monitor the ratio of active and reactive power at the TSO-DSO inter-
connection point [117]. This need is also more evident in decentralized coordination
architectures, in which the TSO has not the possibility to estimate the total amount of
flexibility resources available at the DN level and that can be offered to it. In order
to solve this issue, the concept of flexibility area (or region) has been introduced and
widely described in the literature. It allows the DSO to estimate and communicate to
the TSO the effective amount of active/reactive power available at the POI. An exam-
ple of flexibility area was provided in Fig. 4.2. It consists of a graphical representation
that, like a capability chart, describes the flexibility available at the TN/DN interfacing

point in terms of active and reactive power.
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Figure 3.2: Example of flexibility area

Several solutions have been proposed in the literature with the aim to estimate the
amounts of active and reactive power that can be exchanged at the TSO-DSO interface
point [21], [118], [119]. Nevertheless, the proposed methods can be mainly regrouped
into two types: Random Sampling (RS)- and OPF-based approaches [120], [121]. In
the first case, resources are dispatched randomly and the feasibility of detected solu-
tions is just verified after running power flow routines [119]. Differently, OPF-based
methodologies are more effective since they aim to find both maximum and minimum
power values at the POIs taking technical network constraints into account. More in
detail, in RS-based methodologies, the overall flexibility is calculated by performing
an established number of power flows in which each flexibility resource is randomly
selected from its respective band. The disadvantage of this method is that the feasibility
of calculated solutions is just verified after running the power flows [119]. The second
approach is based on performing OPF routines considering technical constraints and
non-linearities of distribution grids [18].

Typically, these flexibility area estimation strategies are referred to those cases in
which there is a single interconnection point between the TSO and DSO, a condition
common in power system operation. However, with the spread of DNs operated in
meshed mode, which have multiple interconnections with the transmission network,
the flexibility region estimation for multiple POIs has also been investigated in the
literature [122], [123], [124].

This flexibility estimation process well complies with the possibility to be exploited
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for an effective TSO-DSO coordination and included in a market-based application to
provide grid services to the TSO [121]. For instance, this process could be used to
estimate the effective amount of flexibility that can be offered from DN resources to the
TSO in the congestion or balancing AS markets. In this context, a method to monetize
the flexibility associated with the calculated flexibility area was also provided in [125].

With the aim of estimating the flexibility area at the POI, considering DERs located
at both medium and low voltage level, an OPF-based algorithm was developed in this

thesis and presented in Section 4.1.

3.3 Aggregation of DERs

As described in Chapter 2, in decentralized market schemes, local market operators
(DSOs) have the task to transfer flexibility from the local to the central markets, man-
aged by the TSO. In order to reach this aim without communicating confidential data
about grid models and status, the DSOs can offer the flexibility available at the DN
level to the TSO in an aggregated form. This strategy, for instance, is adopted in the
Common (Decentralized version) and Local AS Market models proposed by Smart-
Net [36]. In more detail, as described in [84], the DSO collects the DN flexibility
resources (aggregated or not) and submits them as one equivalent bid to the TSO in
the central market. However, if this aggregation is performed by means of commer-
cial aggregators, it is not ensured that distribution grid constraints are satisfied. In this
case, follow-up controls should be performed by the DSO to verify that the activation
of DERSs does not create congestions or excessive voltage drops at the DN level.

As an alternative, a smart aggregation approach (SAA) to aggregate and offer flex-
ibility resources located at the DN level to the TSO was proposed by SmartNet [84].
Differently from commercial aggregators, the SAA ensures that flexibility resources
offered to the central market respect DN voltage and power line constraints. Con-
versely, in the case of a traditional aggregator, in which no smart aggregation is per-
formed, all DN flexibility resources would be transferred to the TSO.

Denoting by Ppo; the active power flowing from the TN to the DN in a specific
POI, the SAA of DERs can be performed through the following steps:
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* Step 1) the minimum (maximum) value of the flexibility range [P;,”g};P;,”g}“] is
defined by assuming the lowest value between the sum of all upward (downward)
flexibility bids and the remaining margin between the rating power at the POI

(e.g. of the installed transformer) and a reference value Plrfofl;

* Step 2) assuming a number of steps N for which optimize the local market in
the SAA, the incremental step of active power APpoy is calculated as:
Posx - poin

APpor = N
N

(3.5)

* Step 3) by means of optimal power flow routines, aimed at minimizing the total
AS activation costs, the local market is cleared for each calculated value of active

i
power Pp;:

i min .
Ppoy = Ppoy+i-APpor

Vi=0,...,N,

(3.6)

« Step 4) the total AS activation cost CPN of the distribution grid is calculated
for each value of flexibility P};OI in which the DN technical constraints are not

violated;

« Step 5) all pairs of values (CPV, P},,) obtained for i = 0, ..., N; are interpolated
through a polynomial interpolation in such a way to obtain a quadratic cost curve
for the aggregated DERs [126];

* Step 6) the parameters o, 3 and 7y of the obtained cost curve are sent to the TSO;

* Step 7) the TSO clears the central market and communicates to the DSO the
amount of flexibility desired at the POI,

» Step 8) the DSO performs a new dispatch of DERs located in the distribution
grid taking into account its own needs and the flexibility required by the TSO.
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Applications of the smart aggregation approach in a TSO-DSO coordination frame-
work can be found in [84], in which the SAA was employed to the Common (Decen-
tralized version) and Local AS Market models proposed by SmartNet. In the former
market scheme, the SAA is directly applied to aggregate all flexibility resources avail-
able in the distribution network. While, in the Local market model of SmartNet (see
Multi-level Market model in Section 2.3.2), the smart aggregation is performed only
for resources not contracted by the DSO, which has priority on DERs procurement.

However, the aggregation of DERs performed according to this process may be af-
fected by unwanted approximations. First, because the cost curve obtained through the
interpolation process at Step 6) might not pass through all points calculated with the
OPF routines, introducing estimation errors (See Figure 4.13). In addition, it should be
considered that amount and cost of the active power available at the POI may depend
on the reactive power at the TN/DN interconnection point. Therefore, the amount of
flexibility available in a specific POI is influenced by the effective status of the inter-
faced transmission-distribution grids. Since DN flexibility is estimated by the DSO
before the central market is cleared and a new generation asset at the TN level is im-
plemented, a criterion to establish the reactive power to be assumed at the POI in
aggregating DERs need to be defined. In thise sense, the SAA described in [84] does
not provide details about the value of reactive power to be considered at the POI in per-
forming the smart aggregation of DERs. However, in order to aggregate DERs with
more realistic operating conditions, the value of reactive power at POI can be assumed
taking Day-ahead market operating conditions into account.

Simulation tests of the above described SAA applied to the Common and Local
Market models, with the aim to solve CM issues at TN and DN level, were performed
in [127] and described in this work of thesis in Section 4.3.3.



Chapter 4

New methodologies for CM and

Balancing

In this chapter, the methodologies developed with the aim to implement optimal dis-
patch of DERSs in decentralized TSO-DSO coordination schemes were described. First,
a new algorithm for mapping the flexibility area at TN-DN interfacing point, based
on a three-phase optimal power flow routine, was provided. Then, the algorithms of
two alternative methodologies to aggregate flexibility resources located in distribution
networks interfaced with the TN through multiple POIs were described. Finally, a
Benders decomposition algorithm able to optimize TN and DN flexibility resources
in a few decentralized TSO-DSO coordination schemes was also presented. Proposed

methodologies were validated by means of simulation tests below described.

4.1 Mapping flexibility area through Three-phase Dis-

tribution Optimal Power Flow

As specified in Section 3.2, establishing the flexibility area at TN-DN interfacing point
allows the DSO to calculate and communicate to the TSO the amount of flexibility
available at the same POI without having to share with it reserved data about DN model

or status. Several methodologies have been proposed in the literature with the aim of

81
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mapping this area. However, OPF-based approaches proposed in the literature mainly
focused on medium voltage scenarios [21], [119], [120], [125]. Very few examples
investigated cases of MV and LV distribution networks, as in [128], where a single-
phase constrained OPF algorithm was applied. This aspect could be crucial, since,
as highlighted from [18], tools suitable to handle the unbalanced nature of distribution
networks, and therefore to implement an effective TSO-DSO coordination, are lacking.
In this sense, the authors of [18] highlighted the necessity of comprehensive three-
phase approaches able to investigate multiple voltages levels (e.g., MV and LV), as
well as capture the effects of DERs and controllable assets.

In order to face this challenge, a new methodology derived from the TOPF ap-
proach described in [129], [130], suitable for MV/LV unbalanced distribution grids,
was developed and described as follow. In order to validate the proposed approach,
simulation tests were performed on a portion of an Italian distribution grid, compris-
ing about six hundred MV/LV buses. Here, the availability of both active and reactive

flexibility resources as controllable loads and PV resources was assumed.

4.1.1 TOPF Mathematical formualtion

In general, an optimal power flow problem can be formulated as follow:

muinC(X,u) 4.1)
subject to:

f(xu) =0 (4.2)

g(x,u) <0 4.3)

where C is the overall function to minimize, x € R” is the n—dimension state vari-
able vector, u € R is the m—dimension control variable vector. The function f is the
set of load flow equations, taking into account the multi-phase representation instead
of the typical single-line equivalent model. Function g is associated to the set of in-
equality constraints that keep into account maximum active/reactive power of devices

and transformers, nominal current of feeders, and further technical constraints. Cur-
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rent and voltage constraints are aimed to avoid security violations at each phase of the
controlled circuit elements.
By means of a penalty method, inequality constraints of g can be treated as soft

inequality constraints. Therefore, the overall formulation becomes:
min [Cp(x,u) + Cp(x,u)] 4.4)
u

subject to
f(x,u) =0 (4.5)
and to the following domain of the control variables:

Upin < U < Upax

The function Cp is the objective function to be optimized together with Cp, which
represents the overall penalty cost function. In particular, the objective function Cp
has been derived from [131]:

C — w Pzr,i w er,i 4
O(Xvu) - Z o- gmax + Z B gmax (4.6)
i=1 tr,i i=1 tr,i
with:
o= —cos(0) and B = —sin(0) 4.7)

where n7g is the number of HV/MV transformers at the TSO/DSO point of intercon-
nection, o and [3 are the weight factors, P,,.; and Q;,; are respectively the actual active
and reactive power of the i—th HV/MV transformer at the TSO/DSO point of inter-
connection, and St";ff-x is its rated apparent power. As shown in Fig. 4.1, the angle

0 represents the direction of maximization of the power exchanged at the POI in the

plane (P, Q).
The overall penalty cost function Cp was defined as:

Cp(x,u) = Cpj(x,u) +Cpa(x,u) + Cp3(x,u) (4.8)

where Cp 1, Cp2 and Cpj3 are three different penalty functions taking into account grid
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A
Qpol

9=270°

Prol
Figure 4.1: Directions of maximization in (P, Q) plane

constraints. Cp; is the penalty cost that takes into account current limits of each p—th

wire of the j—th medium/low voltage feeder.

N feed Nyyires I] p— I}nzx 2
Cp1(x,u) = Z Z R (4.9)

with:
=0 if I; , < I;.”gx

where o is a weight factor, n,,.; the number of conductors of each one of the nfe.q
feeders at medium and low voltage level. [; , and I;f’gx are the actual and maximum
current values of feeders.

The second penalty function, Cp», is associated to the maximum apparent power
of the nyg HV/MV and n; MV/LV transformers.

2
NTR+Myr Str,i_ t":gx
Cra(xu)= Y o | —wmm— (4.10)
i=1 tr,i

with:

=0 if Sy < S
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where o, is a weight factor, S;,; the actual apparent power flowing in the i—th HV/MV
or MV/LV transformer, and S} its rated power.

The third term of eq. (4.8), Cp3, is related to the lower or upper voltage constraints,
calculated for each phase of the n;, buses at both MV and LV level.

i 2
Npus f’lphaxes Vk. _ Vkllm

k=1 p=1 Vkll’T
with:
az=0 if VI < Vi, < VI
Vip = Vi it Vip <V
Vi = ViR Ve >

where a3 is a weight factor, Vi , and Vk”;" are respectively the actual and the min/max
voltage of the p—th phase of the k—th MV/LV bus. Minimum and maximum voltages

Vkmli” and Vk’”;’x can be specified for each bus and each phase.

4.1.2 Proposed methodology

The constrained problem described in (4.4)-(4.11) can be difficulty tackled, especially
if the TOPF formulation requires the solution of multi-phase circuits and radial or
weakly meshed networks. For this reason, in [130] it was proposed to simplify its
formulation by applying the Implicit Function Theorem and reformulate the TOPF as
an unconstrained problem:

minC(y(u),u) (4.12)

u

whose minimum can be obtained by solving
=0 (4.13)

To solve equation (4.13), several non-linear programming techniques can be used.

In this study, a quasi-Newton method was employed to avoid the calculation of the
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second-order derivative of C(u). Quasi-newton methods are characterized by an iter-
ative approximation of the Hessian matrix, based on the calculation of the first-order
derivatives. As in [130], first-order derivatives are calculated numerically exploiting
the fast convergence properties of the OpenDSS software [132], whereas the Hessian
can be approximated using full-matrix or even more simplified formulation. In this
study, given the limited number of assumed variables, a diagonal matrix formulation,

as in Barzilai and Borwein methods [133], [134], was adopted.

4.1.3 TOPF application for flexibility region estimation

The procedure employed to estimate the flexibility region is described in the following.
As a first step of the proposed approach, the blue coloured boundary represented in
Fig. 4.2, is determined.

QPOI y

Qe |mmm

Qmin -

»
»

p

min max PPOI

Figure 4.2: Example of flexibility region and ideal boundaries

It allows to draw approximated ideal boundaries in which the flexibility region
will be situated. This theoretical area is drawn considering the results of four OPF
routines aimed respectively at maximizing and minimizing, active and reactive power,
neglecting all technical and security constraints. The solutions of these OPFs allow to
dispatch all flexibility resources at their maximum or minimum value.

Afterwards, the actual flexibility region, which keeps into account technical grid

constraints, and represented with a red line in Fig. 4.2, is calculated by means of the
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proposed TOPF approach. The procedure consists of the following steps:

1. Maximum and minimum injections of active power Ppp; at the TSO-DSO inter-
face point are searched for directions 8 = 0° and 6 = 180°, respectively. There-
fore TOPF routine is performed assuming in (4.6): o« = — 1, B = 0 and, then,
oa=1,3=0.

2. Maximum and minimum injections of reactive power Qpo; at the TSO-DSO
interface point are searched for directions 6 = 90° and 6 = 270°, respectively.
Therefore TOPF routine is performed assuming in (4.6): a = 0, 3= — 1 and,
then,a =0, = 1.

3. The whole region perimeter can be mapped with more accuracy solving TOPF
for a predefined number of directions ny;,, such that 0 = k- 360° /ng;,, for k =
1,...,ng; (as in Fig. 4.1 ). Each obtained solution is used to build the flexibility

region, as vertex of a polygonal figure.

In order to speed up the whole process and increase the convergence behavior of the
algorithm, each TOPF solution can use, as an initial guess, the solution already found
using the closest direction (i.e. the solving algorithm for direction 6y is initialized
with the solution found for 0;_;). Each iterative TOPF routine is stopped when the

mismatch on variable updates is less than an assumed tolerance.

4.1.4 TOPF Simulation Tests

The proposed approach was tested on the model of a real MV/LV distribution network,
representing a portion of the distribution grid in the City of Bari (Italy). This network
is radial and interfaced with the transmission by means of two 150/20 kV transformers
located in the same primary substation (POI). This grid model comprises three whole
MYV feeders supplying 22 secondary substations and LV circuits represented by means
of a 4-wire model. More specifically, it consists of 590 buses, 2289 nodes, 576 lines
and 24 transformers. The concurrent presence of both single-phase or three-phase cir-
cuits and flexibility resources was assumed. In particular, 48 controllable loads and

21 photovoltaic units, connected at the low voltage level, were considered as flexible
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resources. It was assumed that the controllable loads can be dispatched considering
their own minimum and maximum active power limit values and a fixed power factor
cos(@) = 0.9. Therefore, active and reactive power of the controllable loads are in-
terdependent, whereas it was assumed that PV generators can vary only their reactive
power output. In particular, it was assumed that PV reactive power cannot exceed half
of the active production. This condition corresponds to a minimum power factor of
about 0.9 for both capacitive or inductive reactive generation.

Simulation tests were performed with an ordinary laptop PC having the following
characteristics: Windows 10 Home, Intel® Core™ 17-7700HQ CPU @ 3.40 GHz (64
bits), and 16.0 GB RAM.

4.1.4.1 Flexibility region mapping and comparison with Random Sampling

Firstly, the proposed methodology was applied to map the flexibility region of the dis-
tribution system described above in order to test the TOPF effectiveness. As presented

in Tab. 4.1, the TOPF-based approach was run for three different tests.

Table 4.1: Estimation of the flexibility region

Applied method Number of points Flexibility area Simulation time

[Amax] [s]

TOPF 4 37.1% 404
TOPF 12 38.9% 1391
TOPF 24 38.9% 2880
RS 1000 10.6% 128
RS 5000 17.8% 1280
RS 50000 23.6% 6390

Each test was characterized by a different number of points employed to construct the
flexibility region boundary, namely 4, 12 and 24. This means that the optimal solutions
were found for each direction at every 90°, 30°, and 15°, respectively. As shown in
Fig. 4.3, the detail in the representation of the flexibility region improved when the
number of calculated points increased. In this same figure, the region enclosed by the

solid blue line represents the ideal boundary obtained by maximizing and minimizing
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all active and reactive resources without considering security constraints. This area is
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Figure 4.3: Flexibility regions comparison over different number of points

used as base value to compare the extension of the mapped areas. As shown in Tab. 4.1,
the mapped region increased from 37.1 % to 38.9 % by employing 12 boundary points
instead of 4, whereas simulation almost tripled. The third test showed that, by increas-
ing the number of points from 12 to 24, no further significant improvements can be
obtained. The mapped area was about the same of the previous test (38.9 %), whereas
the required simulation time has almost doubled. The assumed interdependence of ac-
tive and reactive power of flexible resources can be observed in Fig.4.3. The flexibility
region is shaped as a parallelogram, laying in the (P,Q) plane with lower and upper
size sloping with respect to the P,,;s. This slope is due to the assumption of the con-
stant power factor of controllable loads. This is due to the fact that active power can
be maximized (or minimized) only through an increase (decrease) of the overall con-
sumption of reactive power. The proposed approach, based on a numerical evaluation
of sensitivities, permits to deal very well with this kind of dependency.

Tab. 4.2 shows the convergence behaviour of the TOPF algorithm, applied to cal-
culate the optimal solution for a specific slope 0 (-30°). It can be noticed how the
maximum value of flexibility was determined by balancing the objective function with
respect to the penalty costs. It can be observed how, at iteration 9, TOPF converged

towards an optimal point characterized by values of active and reactive power slightly
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lower than previous iterations (e.g. iter. 3), but with reduced penalty costs.

Table 4.2: Iterative behaviour of the TOPF solution for slope 6 = —30°

# Pror Qror Co Cpi Cp2 Cps  Tot. Cost
Iter. [kW] [kVATr] [p.u.] [p.u.] [p.u.] [p.u.] [p.u.]

0 3978.61 1988.74 -0.08461 0.00000 0.00000 0.00000 -0.08461
I 3977.03 1988.91 -0.08455 0.00000 0.00000 0.00000 -0.08455
2399250 2003.03 -0.08477 0.00001 0.00001 0.00000 -0.08476
3 4002.14 2000.73 -0.08517 0.00004 0.00020 0.00006 -0.08487
4 4000.45 2001.05 -0.08510 0.00001 0.00016 0.00006 -0.08488
5 3998.50 2001.09 -0.08503 0.00000 0.00010 0.00005 -0.08488
6 3995.29 2000.76 -0.08493 0.00000 0.00001 0.00003 -0.08489
7 3999.10 2001.47 -0.08503 0.00003 0.00002 0.00000 -0.08498
8 3998.32 2001.18 -0.08501 0.00000 0.00002 0.00000 -0.08499
9 3998.32 2001.18 -0.08501 0.00000 0.00002 0.00000 -0.08499

Further tests were carried out in order to compare the previous results with the ones
obtainable through a Random Sampling (RS) approach. This second approach is based
on performing a power flow for each sample, obtained by dispatching randomly flex-
ibility resources, according to a uniform probability density function. Each solution
was characterized by an overall penalty cost C,(x,u) calculated according to formu-
lations (4.8) - (4.12). Among all obtained solutions, only the ones characterized by a
penalty cost lower than a specific tolerance were considered feasible and, therefore,
accepted. As described in Tab. 4.1, RS simulations were performed using 1000, 5000
and 50000 samples, respectively. Results are graphically shown in Figures 4.4, 4.5,
4.6 where all acceptable random samples are printed as blue dots.

Table 4.1 permits to compare numerically the RS approach with the proposed one. It
can be noticed how increasing the number of samples from 1000 to 5000, and then to
50000, the estimated flexibility region can be considerably enlarged. However, in spite
of a much higher computational burden, and even using 50000 samples, the mapped
area is considerably smaller than the one obtained using just four points with the pro-
posed TOPF approach. This result confirms the scarce efficacy of RS approaches in

finding the most extreme power injection points [119].
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Figure 4.4: Flexibility region through Random Sampling approach using 1000 samples
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Figure 4.5: Flexibility region through Random Sampling approach using 5000 samples
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Figure 4.6: Flexibility region through Random Sampling approach using 50000 samples

4.1.4.2 Influence of Voltage Constraints

Further tests were run in order to investigate the influence of security constraints on
shape and boundary of the estimated flexibility region. In this context, the European
Regulation EN 50160, with regard to the voltage characteristics of public electricity
networks, establishes that, in ordinary conditions, grid voltages must be ranged be-
tween 0.90 p.u. and 1.10 p.u. [135]. Therefore, in our previous tests, the lower voltage
limits were set accordingly.

A new test was run considering more severe voltage constraints with a lower and
upper bound of 0.95-1.05 p.u., respectively. Fig. 4.7 shows the flexibility region
obtained by using twelve points and two different lower voltage limits. As expected,
stricter voltage constraints shrank the flexibility region from 38.9 % to 30.7 % (see
Tab. 4.3). Nevertheless, as shown in Fig. 4.7, voltage limits had mainly influence on
the right side of the estimated boundary. This is due to the fact that, with less strictly
voltage requirements, a greater amount of power can be transferred at the POIL. In
this specific test case, upper voltage limits had no influence on the flexibility region.
However, it can be easily imagined that upper voltage limits could be relevant in the

case of reversed power flows and overgeneration conditions.
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Figure 4.7: Flexibility region over different voltage limits

Table 4.3: Flexibility regions and voltage limits

Applied Number Voltage limits Flexibility area
method of points [p.u.] [Anax]

TOPF 12 090<V,<1.10 38.9%
TOPF 12 095<V, <105 30.7%
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4.1.5 TOPF Assessment

Test results of the three-phase unbalanced power flow algorithm proposed to estimate
the flexibility region at the POI demonstrated the effectiveness of this approach. The
performed simulations considered the availability of both active and reactive flexible
resources, demonstrating the validity of the proposed methodology, which resulted
more accurate and efficient with respect to the RS approaches. This advantage could
also be more evident for larger network models, characterized by a wider number of
flexible resources to be dispatched. Security constraints and operative technical limits
can heavily influence shape and area of flexibility regions, and should be carefully
chosen according to technical regulations and DSOs’ operational practices.

This algorithm may find application in the AS market, allowing the DSO to esti-
mate the amount of flexibility that can be provided from the DN to the TN without
negatively affecting the DN constraints. In this sense, the proposed TOPF approach
can be intended as a tool to implement any TSO-DSO coordination scheme in which
flexibility resources are offered from the DSO to the TSO without communicating re-
served data about the DN model or state. However, it should be considered that the
estimation of the available flexibility should be done in advance or near real-time with
respect to the time slots to which the AS market sessions relate. Consequently, accord-
ing to the adopted strategy, such flexibility levels are estimated on the basis of forecasts
or historical data and, thus, taking not into account the effective operating status of dis-
tribution networks (load conditions). The compliance of the activated flexibility should
be verified in real-time, ensuring that DN constraints are respected during the AS pro-
visioning. Distribution network constraints assumed in the proposed TOPF algorithm
are enough conservative. Therefore, eventual significant power fluctuations should not
jeopardize the distribution network operation. Additional TOPF routines might also be
performed and repeated every 15/30 minutes, in what could be intended as an extended

real-time framework of SCADA/DMS control function.
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4.2 Aggregation of DERs for Multiple TSO-DSO inter-

connection points

As described in Chapter 2, in decentralized coordination schemes, like the Common
(Decentralized version) and the Multi-level Market models, the DSO needs to aggre-
gate DN DERs to be offered to the TSO in the central market. With this target, an
aggregation methodology based on the SAA proposed by SmartNet was described in
Section 3.3. This methodology refers to cases in which TSO and DSO are interfaced
in a single point of interconnection (POI) and, therefore, with DN operated in a radial
manner. However, although operating DN in this way is common among DSOs, in re-
cent power systems, DN are also managed in a meshed manner. As a result, estimating
the amount of flexibility that can be offered from the distribution to the transmission
network in such conditions may be arduous. As described in [122], the main difficulty
in these cases is in estimating with enough accuracy the impact of any active/reactive
power variation for a specific POI on the other TN-DN interconnection points. Ad-
dressing this challenge, a few authors proposed suitable procedures for evaluating the
flexibility area (See Section 3.2) at the TSO-DSO borders in case of multiple TN-DN
interconnection points [122, 123, 124]. Nevertheless, as far as the author knows, a
procedure for aggregating DERs and obtaining a cost curve of flexibility in case of
multiple POIs has not been provided in the literature. In order to tackle this issue, two
different procedures to aggregate flexibility resources in case of multiple POIs were
derived from the SAA proposed by SmartNet in [84].

4.2.1 Smart Aggregation for Multiple POIs - Variant A (SAA-A)

This first proposed procedure, indicated as SAA-A, consists of the following steps:

* Step 1) in accordance with the first step described in Section 3.3, a flexibility
range [P%’};Pg’gﬂ is individually calculated for all npp; POIs of the same DSO-

area;

e Step 2) the minimum, Pb”ﬁ, (maximum, Ppy",) value of flexibility that can be
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provided from each DN to the TN is calculated as the sum of all PI’?(")’} (Ppgp) of

POIs concerning the same DSO;

* Step 3) assuming a number of steps N, for which optimize the local market in
the SAA, an incremental step of active power APpy is defined for the whole DN

as: .
max min
PDN — PDN

APpy =
DN N,

(4.14)

* Step 4) by means of optimal power flow routines, aimed at minimizing the total
AS activation costs, the local market is cleared for each calculated value of active

i
power Ppy:

Phy = PR 1. APpy

Vi=0,...,N,

(4.15)

Considering that, for each value P,"')N, the active power exchanges at the POIs are
treated as dependent variables, the following equation needs to be added to the

OPF associated with the local market clearing process:

Pp0[71 —+ ... +PP01,np01 = PBN (4.16)

» Step 5) the total AS activation cost CiDN is calculated for each value PIi)N of
flexibility globally provided by the DN, in which the DN technical constraints

are not violated;

* Step 6) all pairs of values (CZ.DN , PBN) obtained for i = 0, ..., Ny are interpolated
through a polynomial interpolation in such a way to obtain a quadratic cost curve

for the aggregated DERs;
* Step 7) the parameters o, B and 7y of the obtained cost curve are sent to the TSO;

» Step 8) the TSO clears the central market considering the overall cost of the
flexibility that can be provided from the DN through the npo; POlIs;
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* Step 9) the TSO communicates to the DSO the amount of flexibility desired at
each POI,

* Step 10) the DSO performs a new optimal dispatch of DERs considering its own
needs and the values of flexibility demanded at each POI by the TSO.

4.2.2 Smart Aggregation for Multiple POIs - Variant B (SAA-B)

This second aggregation method, named SAA-B, was also derived from the smart

aggregation approach proposed by SmartNet. It can be described as follow:

* Step 1) in accordance with the first step described in Section 3.3, a flexibility
range [PIT(")’}; Ppéy] is individually calculated for both two npoy interfacing points

belonging to the same DSO-area;

e Step 2) assuming a number of steps Ny, the incremental active power change
for each v-th POI is defined as:

PR~ PR,
’ N; “4.17)

* Step 3) (N; - N;) OPF routines are performed at DN level considering all possible
combinations of active power values at the POIs, assuming at the v-th generic

interfacing point:

Phory = Ppoi,+i-APeor,
VVZl,...,npoj (4.18)
i=0,...N,

« Step 5) the AS activation cost CPV is calculated for those combinations of active

power at the POIs in in which the DN technical constraints are not violated;
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* Step 6) in order to obtain the quadratic cost curves associated with each POI,
an interpolation procedure like that described in Step 5) of Sect. 3.3 may be
applied. However, since in this case, the operational costs are calculated for npo;
interconnection points, a multi-dimensional interpolation procedure has to be
employed. Then, assuming npo; = 2 for sake of clarity, the interpolated surface

may be represented through the following expression:

poo + pio- Ppori + p2o- PI%OI,I + p11 - Ppor,1Ppor 2 + pot - Pror2 + po2 'P1%01,2
(4.19)

* Step 7) the parameters (poo, P10, P20, P11, P01, P02) obtained through the per-
formed interpolation are communicated to the TSO in order to take AS activation

costs of flexibility provided through both POIs of DNs into account.

 Step 8) the procedures follows as in Variant A.

An application of these methodologies was carried out and described in Section 4.3.3.6.
In performed simulation tests, two different interpolations were performed for Variant
B, indicated as SAA-B1 and SAA-B2, depending on whether the parameter p;; was
assumed to be null or not.

As an attention point, it should be considered that the proposed SAA methodolo-
gies are based on a discrete number of OPF routines and, thus, eventual discontinu-
ities related to unfeasible solutions might be not taken into account in the interpolated
curves. Consequently, in cases where the power exchange values resulting from the
central market correspond to unfeasible solutions, the procedure must be repeated as-

suming constrained values.

4.3 Benders Decomposition algorithm

Decomposition algorithms represent a suitable approach to implement a coordinated
dispatch of DERs in decentralized architectures, as an alternative to the flexibility
area estimation and the aggregation of DERs above presented. As described in Sec-

tion 3.1.2, decomposition methodologies operate by dividing a complex optimization
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problem into several sub-problems, which can be solved independently and, thus, eas-
ier to be solved than a single complex problem [104]. Therefore, this approach is
very suitable for decentralized TSO-DSO coordination frameworks in which each grid
operator is responsible for its own system.

Among various decomposition approaches proposed in the literature [110], there
is the Benders decomposition algorithm (BDA). This methodology was initially devel-
oped for linear problems [116], [136], [137] and later extended also to non-linear for-
mulations (Generalized Benders algorithm) [110], [111], as well as to integer, stochas-
tic, multi-stage, bilevel and other optimization problems [112]. This methodology
operates by breaking down the structure of a complex problem into one Master prob-
lem (MP) and one (or more) Slave problem (SP), each one including part of the overall
variables [106], [110]. In such a way, each system operator can also implement the
OPF tool that best fits the features of the optimized system (radial or meshed grid, DC
or AC, ...).

Thanks to its characteristics, the Benders decomposition algorithm is able to ensure
decentralization and hierarchical priority in procuring resources from DSOs as well as
to avoid approximations generated by the resource aggregation performed by other
techniques. In addition, a BDA can also address the TSO-DSO coordination prob-
lems in which the transmission and distribution grids are interfaced with each other in
multiple POIs. A focus on this issue was provided in Section 4.2.

In the literature, several applications of the BDA are proposed [112]. A Benders
algorithm application for scheduling power plant preventive maintenance can be found
in [137], while a BDA for corrective risk-based security-constrained OPF is described
in [138]. In addition, BDA applications have been also proposed for transmission-
constrained unit commitment [108], TN design [139], and planning of TN and DN
with the integration of smart grid technologies [140].

Cases of the BDA application in a TSO-DSO coordination framework can be found
in [106] and [141]. Both of them focused on a DERs optimal dispatch problem in the
presence of a Common AS market scheme. In particular, [141] proposed a hierarchical
coordination mechanism based on the communication of a set of parameters (Gener-

alized Bid Function) of an affine approximator associated with the Benders cuts (see
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Section 4.3.1 for further details).

The present work investigated the possibility to implement a full-iterative Ben-
ders decomposition algorithm to be applied on three different TSO-DSO coordination
schemes [127], [142]. In particular, it was applied on the Common (decentralized
version), Local, and Shared balancing responsibility AS market schemes proposed
by the SmartNet project [36]. These coordination schemes play an important role in
Italy since they have been examined by the Italian regulator ARERA in the consul-
tation document 322/2019/R/EEL [74] for the exploitation of DERs in Congestion
Management issues. In order to test the proposed methodology based on a Benders
decomposition algorithm, four different test cases of CM issues have been solved for
a power system including one transmission network interfaced with two distribution
grids. In order to assess the proposed approach, test results were also compared with
those obtained from the application of the aggregation strategy proposed by SmartNet
(see Section 3.3). Furthermore, since the proposed algorithm is able to also address
cases of multiple interconnections between the TSO and a DSO, an additional test was
performed assuming two POIs for each TN-DN interconnection. Obtained test results
were also compared with those obtained from the aggregation approach proposed for
multiple POIs, described in Section 4.2. Please, note that, although the applications of
the proposed Benders decomposition strategy have been reported in [127] and [142],
only test results of [127] are described in this thesis for sake of brevity. In fact, this first
reference concerns the application of the BDA on all of the three investigated market
models. Whereas, [142] focused only on the Local AS market model and assumed a

single TN-DN interconnection point.

4.3.1 Algorithm description

In accordance with the structure of the Benders decomposition algorithm, the optimal
dispatch problem described in Section 3.1.1, concerning the centralized dispatch of the
AS resources, is decomposed. In particular, the formulation (3.1)-(3.4) can be split in
such a way to obtain a Master problem, associated with the cost function CTV (u™")

of (3.1) and the respective TN constraints in (3.2), and npso Slave problems (one for
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DSO0), associated with the CIDN (uf)N ) of (3.1), the DN constraints of (3.3) and the
boundary constraints of (3.4). Based on this assumption, the proposed BDA can be

described as follows.

Master problem
At the generic iteration, the following MP is solved:
min C™V (™) + o

uN o,

< Benders cuts >

gTN(XTN7uTN) —0 (4.20)
hTN(XTN,uTN> >0
>0
in which CTV represent the activation costs of AS resources at TN level. These costs

depend on control variable u’", which denotes the arrays of the active and reactive
power of dispatchable resources located in the transmission network. The array xV
represents the state variable for the transmission grid. While, g’V and h”V denote,
respectively, the TN equality and inequality constraints. The control variable o is ad-
ditional with respect to the formulation (3.1) and represents the cost contribution of
each distribution network on the MP objective function. For each iteration, the opti-
mal value of o is evaluated considering the Benders cuts obtained from previous itera-
tions. Therefore, at the initial iteration, < Benders cuts > is empty [143]. The Master
problem represented in (4.20) is assumed to be feasible, otherwise, the decomposed

problem is proven to be unfeasible and the BDA is stopped.

Slave problem

After that the Master problem has been solved, the solutions ﬁgg 71, obtained for all
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npor,; TN-DN interfacing points of the /-th DSO are passed to the corresponding /-th

Slave problem:

. ~DN (. .DN
n%glcz Gy

DN/ DN ,.DN

g (x7,u) =
X,

TN DN
Xpor.1y T Xpory =

TN __ &TN dual
Xporiv = Xpor,ly

0
hf)N( DN DN) Z 0
0 4.21)

I
variable "

= 1,2,...,I’ZD50

Vv= 1,2,...711130[’1

in which CIDN represents the activation costs of AS resources at DN level. These costs
depend on the control variable ulDN , which denotes the arrays of the active and reactive
power of dispatchable resources located in the /[—th distribution network. The array
xPVN represents the state variable for the /—th distribution grid. While, g”" and h’
denote, respectively, the equality and inequality constraints for the /—th distribution
grid. The vector A, , of dimension (2 x 1) is obtained by solving the dual of (4.21) and

. . . . TN
is associated with the boundary variable xp,, 1l

Unfeasible Slave problem

According to the values of %77, , set by the Master problem at each iteration, if a

[-th SP is proven to be unfeasible, formulation (4.21) needs to be modified for the
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corresponding /-th SP by adding two sets of slack variables and a penalty cost:

min PV (uPN) +myty, +wi,)

U?Nvtl,vvwl,v
DN DNy _
gl ( u, ) =0
PV (x lDN’ulDN) >0
TN B
XP011v+XP011v+(tlv—W1,v) =0

TN <TN dual o (4.22)

Xpor1,y = Xpor,ly ) 1y
variable

0<tlv§tmax
O<W1vgwmax
1=1,2,....npso

Vv = 1,2,...,711)0]71

The arrays t;, and w;, are two non-negative slack variables of dimension (2 x 1),
which are limited to tm‘”‘ and W;"fx, respectively. While, my; is a large enough positive
constant associated with the /-th Slave problem and set arbitrarily [110]. The reason
for using this high penalty is aimed at avoiding that non-feasible values of x5, PO 11y Are

recalculated by the MP and proposed newly to the /-th SP at following iterations [110].

Benders cuts

In order to reflect the solutions obtained from all Slave problems on the Master prob-
lem at the following BDA iteration, an Optimal cut is generated. Indicating by (s) the
index of the generic iteration, each Benders cut generated in s = 1,2,...,npp is added

to the original MP at each (s + 1)-th iteration.

npso npso |"por,l
DN(s) D TN s+1) A TN(s) 1
Z [Cl Z Z 7\‘1 v POI Ly XPOIJ,V) < O(‘(S+ )
=1 4.23)

in which npp indicates the performed iterations.
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In case the Slave problem has been solved through (4.22), the Benders cut gener-
ated by (4.23) is named Feasibility cut [144]. 1t avoids new unfeasible solutions being
assigned again to the SP, but without affecting the final optimal solution [110].

The set of parameters (Kl(fv),ClDN(s),ﬁggI(fl)’v

the power injected at the POIs of distribution networks towards the transmission grid

) in (4.23) reflect the overall costs of

at the s-th iteration. Therefore, these parameters allow each DSO to communicate to
the TSO the marginal costs of the resources activated at the s-th iteration taking into
account grid constraints and losses of its own distribution grid. Figure 4.8 shows the
data exchange between the TSO and all the DSOs at each iteration.

)?pTéY/ : active power value between the TN and the /-th DN at the v-th POI

BC;: Benders cuts of /-th DSO

Transmission grid level

Distribution grid level

Figure 4.8: Data exchange between TSO and DSOs

Convergence checking

(s)

As the last step, an upper bound, z,p, and a lower bound, z

(s)

I defined as follow, are

calculated to verify if an optimal solution has been reached [21]:

npso
21(42 — CTNG) (uTN(s)) i Z ClDN(s) (ulDN(s))
I=1 (4.24)
z§f,1v — CTN(s) (uTN(s)) Lo

Formulation (4.20)-(4.24) concerning the Benders decomposition algorithm is reiter-
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ated until an established relative cost tolerance € has been reached:
(zgfg — zl(f))w) / zﬁ,i? >¢€

The implemented BDA is illustrated in Figure 4.9.
( start )

| Solve the Master problem MP
v

I Solve the Slave problems SPs I
v

yes are SPs no
solvable?

Unfeasible SPs are
modified and a Feasibility
cut is generated and
sent back to MP

Convergence
checking

yes

An Optimality cut
is generated and
sent back to MP

Figure 4.9: The Benders decomposition algorithm

4.3.2 Application of Benders Decomposition Algorithm

(4.25)

With the aim to apply the proposed Benders decomposition Algorithm to the Common

(Decentralized version), Local and Shared balancing responsibility AS market models

proposed by SmartNet [36], described in Chapter 2, details about the application of the

BDA on these market schemes are provided below.

Common AS Market model (Decentralized version)

The application of the proposed BDA to the Common Decentralized AS Market model

is straightforward. In this case, the Master problem can be associated with the mathe-

matical problem of the TSO and the Slave problems with those of the respective DSOs.
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Local AS Market model
As specified in Chapter 2, in this market model, the DSO has priority on procuring
flexibility resources located at the DN level. Therefore, as a preliminary step (PS), the
local market is run first with the aim to solve the DSO needs. Next, once the local mar-
ket has been cleared, the remaining DERs are offered to the TSO to solve the central
needs also.

In this coordination scheme, the proposed BDA is employed subsequently to the
PS to clear the central market considering both TN and DN remaining AS resources.
Therefore, a new feasible domain is introduced by means of X;‘DN and u;‘DN to indi-
cate the residual DN DERs that can be offered from the local to the central market.
Formulation (4.26) replaces the DN constraints in the Slave problem (4.21), (4.22).

g (x;”", ™) =0 e
BV (7, uiP) 2 0

Shared balancing responsibility Market model
The formulated BDA may also be applied to the Shared balancing responsibility Mar-
ket model without the need to introduce relevant changes to the BDA mathematical
formulation. In this case, each DSO is responsible for balancing its own area and
ensuring that the power exchange scheduled at each POI Xpoy; , 1s satisfied.

With this aim, in accordance with the strategy proposed in [91], an additional
penalty cost is introduced into the objective function of the MP (4.20) to find alter-
native optimal solutions for those cases in which the DSOs are not able to fulfill the

scheduled power exchanges for their own areas:

min C™N (™) + M, (xpor1.» — Xpor1.v) + O (4.27)
u’V o

in which M, ,, is the penalty factor applied when the power exchange set at the v-th POI
of the /-th DSO is not satisfied.
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4.3.3 Test Cases

In order to test the proposed BDA, a congestion management issue at both DN and
DN levels was simulated and solved in the Common, Local, and Shared TSO-DSO
AS market models [127]. Solutions obtained by using the formulas of the centralized
approach (3.1)-(3.4) were assumed as an ideal benchmark since obtained by assuming
that the MO had complete knowledge of both DN and DNs and, thus, without introduc-
ing any approximation. This algorithm was identified as Ideal Centralized Approach
(ICA). The same simulations were also been carried out through the above-described
smart aggregation approach (SAA). This second method was employed to aggregate
and offer DN resources to the TSO at the TN-DN point of interconnection, without

communicating data about distribution grid constraints.

4.3.3.1 Solver and grid models

Test results reported in this thesis are based on simulations described in [127]. These
simulation tests were carried out on a simulated electrical system consisting of one
transmission network, indicated as TN, connected to two separate distribution net-
works, DN#1 and DN#2. The TN is based on the IEEE 118-bus test case (Fig-
ure 4.10) [145], which includes nodes at 138 kV, 161 kV, and 345 kV. Thermal ratings
of the transmission network were reasonably assumed to be 1000 MVA for the 345 kV
branches, and 100 MVA for lower voltage lines. About what concerns distribution net-
works, DN #1 and DN #2 were built replicating (respectively 7 and 10 times) a modi-
fied version of the IEEE 33-node test feeder [146] shown in Figure 4.11, in which each
feeder operates at 12.6 kV with a thermal rating of 7 MVA. The first and the second dis-
tribution networks include 226 and 322 medium voltage nodes, respectively. Table 4.4
lists the feeders of DN #1 (DN1_01-DN1_07) and DN #2 (DN2_01-DN2_10 ) and the
respective nodes. It can be observed that the IDs assigned to the DN #1 and DN #2
nodes follows the IDs (#1-118) assigned to the TN nodes. In more detail, DN #1
is interfaced with the bus #19 of the TN by means of two 138kV/12.6kV, 25 MVA,
parallel transformers, assumed located in the same primary substation. DN #2 is con-

nected to the TN bus #49 by means of two 138 kV/12.6 kV parallel transformers having
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Figure 4.10: Diagram of IEEE 118-bus test case
(Source: [147])

Figure 4.11: Diagram of the 33-bus test feeder
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Distribution grid Feeder ID  From bus-To bus

DNI1_01 187-223
DNI1_02 224-260
DN1_03 261-297
DN #1 DN1_04 298-334
DN1_05 335-371
DN1_06 372-408
DNI1_07 409-446
DN2_01 447-483
DN2_02 484-520
DN2_03 521-557
DN2_04 558-594
DN2_05 595-631
DN#2 DN2_06 632-668
DN2_07 669-705
DN2_08 706-742
DN2_09 743-779
DN2_10 780-817

Table 4.4: Feeders description
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sizes of 50 MVA and 25 MVA, respectively. Flexibility was assumed to be provided by
dispatchable resources located at the TN and DN levels, having linear or quadratic ac-
tivation costs. Tables 4.5-4.9 resume the BUS ID to which the dispatchable resources
are connected, the active power ranges of load units (0-Py,.4), the capability curves of
generators (Pgef",i, PE, ’g’gk Qo) and the parameters defining the total cost function
(a, B,y). Please, note that only generating units were assumed as flexibility resources
at the TN level.

To test the proposed BDA methodology, simulations of the three investigated AS
Market schemes were performed with the aim to remove congestion at TN and DN
level. These simulations were carried through OPF routines based on Matpower In-
terior Point Solver (MIPS) [148], [149]. With the aim to perform a fair comparison
with the proposed BDA, a convergence relative cost tolerance € of 10~ p.u. was set
for all tested methodologies (ICA, BDA, SAA). Simulations were run on an ordinary
laptop PC with these characteristics: Windows 10 Home, Intel Core 17-7700HQ, CPU
3.40Ghz (64bits) and 16.0 GB RAM.
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Dispatchable generators in the transmission grid

Bus P Phe oEn  Ome o By
1 0.00 100.00 -5.00 15.00 0.01 400 O
4 0.00 100.00 -300.00 300.00 0.01 400 O
6 0.00 100.00 -13.00 50.00 0.01 400 O
8 0.00 100.00 -300.00 300.00 0.01 400 O
10 0.00 550.00 -147.00 200.00 0.02 200 O
12 0.00 185.00 -35.00 120.00 0.12 200 O
15 0.00 100.00 -10.00 30.00 0.01 400 O
18 0.00 100.00 -16.00 50.00 0.01 400 O
19 0.00 100.00 -8.00 24.00 0.01 400 O
24 0.00 100.00 -300.00 300.00 0.01 400 O
25 0.00 320.00 -47.00 140.00 0.05 200 O
26  0.00 414.00 -1000.00 1000.00 0.03 200 O
27 0.00 100.00 -300.00 300.00 0.01 400 O
31 0.00 107.00 -300.00 300.00 1.43 200 O
32 0.00 100.00 -14.00 42.00 0.01 400 O
34 0.00 100.00 -8.00 24.00 0.01 400 O
36 0.00 100.00 -8.00 24.00 0.01 400 O
40 0.00 100.00 -300.00 300.00 0.01 400 O
42 0.00 100.00 -300.00 300.00 0.01 400 O
46 0.00 119.00 -100.00 100.00 0.53 200 O
49 0.00 304.00 -85.00 210.00 0.05 200 O
54 0.00 148.00 -300.00 300.00 0.21 200 O
55 0.00 100.00 -8.00 23.00 0.01 400 O
56 0.00 100.00 -8.00 15.00 0.01 400 O
59 0.00 255.00 -60.00 180.00 0.06 200 O
61 0.00 260.00 -100.00 300.00 0.06 200 O

Continued on next page
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Table 4.5 — continued from previous page

Bus Pgn PAY  Opn Op o By
62 0.00 100.00 -20.00 20.00 0.01 400 O
65 0.00 491.00 -67.00 200.00 0.03 200 O
66 0.00 492.00 -67.00 200.00 0.03 200 O
69 0.00 80520 -300.00 300.00 0.02 200 O
70  0.00 100.00 -10.00 3200 0.01 400 O
72 0.00 100.00 -100.00 100.00 0.01 400 O
73  0.00 100.00 -100.00 100.00 0.01 400 O
74 0.00 100.00 -6.00 9.00 0.01 400 O
76 0.00 100.00 -8.00 23.00 0.01 400 O
77 0.00 100.00 -20.00 70.00 0.01 400 O
80 0.00 577.00 -165.00 280.00 0.02 200 O
85 0.00 100.00 -8.00 23.00 0.01 400 O
87 0.00 104.00 -100.00 1000.00 250 20 O
89 0.00 707.00 -210.00 300.00 0.02 200 O
90 0.00 100.00 -300.00 300.00 0.01 400 O
91 0.00 100.00 -100.00 100.00 0.01 400 O
92 0.00 100.00 -3.00 9.00 0.01 400 O
99 0.00 100.00 -100.00 100.00 0.01 400 O
100 0.00 352.00 -50.00 155.00 004 20 O
103 0.00 140.00 -15.00 40.00 0.25 200 O
104 0.00 100.00 -8.00 23.00 0.01 400 O
105 0.00 100.00 -8.00 23.00 0.01 400 O
107 0.00 100.00 -200.00 200.00 0.01 400 O
110 0.00 100.00 -8.00 23.00 0.01 400 O
111 0.00 136.00 -100.00 1000.00 0.28 20 O
112 0.00 100.00 -100.00 1000.00 0.01 400 O
113 0.00 100.00 -100.00 200.00 0.01 400 O
116 0.00 100.00 -1000.00 1000.00 0.01 400 O
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min

Bus Pl PO Gen Gen U p Y

ID [MW] [MW] [MVAr] [MVAr] [€MW?2 [€MW] [€]
120 0 500 500  5.00 0.05 350  0.00
165 000 120  -1.20 1.20 0.05 150  0.00
180 000 080 -0.80  0.80 0.8 240  0.00
220 0.00 2.00 -1.00 1.00 0.62 180  0.00
225 000 1.00 -050  0.50 0.41 240  0.00
235 000 1.00 -080  0.80 0.04 150  0.00
242 000 020 -020 020 1.00 180 0.00
285 0.00 1.60 -1.50 1.50 8.40 250  0.00
290 0.00 040 -040 040 0.12 150  0.00
305 000 080 -060  0.60 0.6 200  0.00

Table 4.6: Dispatchable generators in distribution network #1

Bus  Proaa o B Y

ID [MW] [€/MW?] [€/MW] [€]
140 0.50 0.00 1100 0.00
145 0.80 0.00 1000 0.00
205 120 0.00 1200  0.00
270 0.70 0.00 2000  0.00
330 1.00 0.00 1500  0.00

Table 4.7: Dispatchable loads in distribution network #1
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Bus Pun PEY Opn Qi o« B v
ID [MW] [MW] [MVAr] [MVAr] [€/MW2] [€/MW] [€]
345  0.00 8.00 -8.00 8.00 0.05 350 0.00
357 0.00 1.50 -1.20 1.20 0.50 250 0.00
385 0.00 0.70 -0.70 0.70 0.04 400 0.00
423 0.00 0.80 -0.50 0.50 0.20 180 0.00
432 0.00 1.20 -1.00 1.00 0.06 400 0.00
456  0.00 1.00 -1.00 1.00 0.15 260 0.00
493  0.00 1.40 -1.20 1.20 0.33 322 0.00
529  0.00 0.40 -0.40 0.40 0.42 420 0.00
565 0.00 1.20 -1.00 1.00 0.18 220 0.00
546  0.00 0.60 -0.50 0.50 0.22 312 0.00
585 0.00 2.00 -2.00 2.00 0.26 415 0.00
591 0.00 1.40 -1.40 1.40 0.15 240 0.00
603 0.00 1.50 -1.30 1.30 0.80 310 0.00
615 0.00 0.30 -0.20 0.20 0.70 200 0.00

Table 4.8: Dispatchable generators in distribution network #2

Bus  Proa o B Y

ID [MW] [€/MW2] [€/MW] [€]
360 0.40 0.00 1500 0.00
450 0.70 0.00 1600 0.00
480 1.20 0.00 1000 0.00
498 1.00 0.00 1200  0.00
520 040 0.00 1800  0.00
540 0.80 0.00 1100 0.00
580 0.60 0.00 1200 0.00
605 0.40 0.00 1300 0.00
612 0.50 0.00 1400  0.00

Table 4.9: Dispatchable loads in distribution network #2
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4.3.3.2 Case #1: congestion of TN lines

In the first test case, the congestion of some TN power lines was generated by an
increase of load of 160 MW in proximity to the TN-DN #1 primary substation with
respect to the Day-ahead market (DAM) operating conditions. Thus, separate sessions
of the Common, Local and Shared AS Markets were performed in order to solve the
existing congestion. Table 4.10 describes the simulation time, the active power flows
at the POIs and the dispatch costs of resources located at TN, DN #1 and DN #2 level.
In particular, Ppp;,1 and Ppoy» indicate the active power flowing from TN to DN #1
and DN #2, respectively.

Table 4.10: Case #1 AS market outcomes
Time TN DN #1 DN #2 Total

Cost  Cost Pp01,1 Cost Pp0172 Cost
[s] €] [€] [MW] [€] [MW] [€]

Common
ICA 1 56960 3819 14.80 347 41.89 61126
BDA 24 57192 3821 14.75 463 4120 61476

SAA 25 58922 2195 1940 630 4045 61747
Local

PS 1 - 0 30.88 0 4421 0
ICA 1 56964 3817 14.86 362 4192 61143
BDA 31 57231 3818 1475 428 4137 61477
SAA 25 58922 2195 1940 630 4045 61747

Shared
ICA 1 63809 0 30.68 0 44.09
Pen. 40 13 63862
BDA 4 63809 0 30.68 0 44.09
Pen. 41 13 63863

As expected, the ICA method was more effective than other methodologies in terms

of total dispatch costs. In particular, in the Common AS Market model simulation, the
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solution closest to that provided by the ICA was obtained by the BDA in terms of total
costs and final power exchanges at the POIs. However, a longer computational time
was required by the BDA and SAA (about 25 s) with respect the ICA (1 s). Figure 4.12
shows the active power exchanges Ppo; 1 and Ppoy > in the 11 iterations performed by

the Benders decomposition algorithm.
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Figure 4.12: Case #1 - Common Market: active power flows at the POIs

Figures 4.13 and 4.14 represent the quadratic polynomial cost curves (in blue color)
and the interpolated points (in red) of the flexibility values obtained by applying the
SAA. In this case, Ny = 40 points were assumed to calculate the amount of flexibility at
the POI, assuming the same voltage level present on its HV bus before the congestion
was applied. The amounts of flexibility offered by the DSOs to the TSO were calcu-
lated with respect to the active power values Ppp;,1 = 30.88 MW and Ppo;p = 44.21
MW, which correspond to a flexibility demand of 0 MW at POI#1 and POI #2, respec-
tively, and therefore characterized by cost null.

In the Local Market model simulation, the first performed optimization (PS), con-
cerning the local markets of DN #1 and DN #2, was common to all three of the inves-
tigated methodologies. Next, the ICA, BDA and SAA were also performed. Please,
note that the dispatch costs of DN #1 and DN #2 for the ICA, BDA and SAA include
the dispatch costs of the PS. However, in this specific case, dispatch costs in PS were

zero due to the absence of congestion at the DN level to be solved.



Chapter 4. New methodologies for CM and Balancing 117

9000 T T T
¢ OPF points
interpolation | 4

~

o

S

S
T

n

o

o

S
T

Figure 4.13: Case #1 - Common Market: costs of aggregated DERs of DN #1
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Figure 4.14: Case #1 - Common Market: costs of aggregated DERs of DN #2
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It can be observed that the final solutions achieved in the Common and Local Mar-
ket simulations were quite similar. This aspect is also more evident for the BDA re-
sults. This is because, in this case, there was no need for Ancillary Services in the dis-
tribution networks. Figures 4.15 and 4.16 show the final dispatch of DN #1 resources,
in terms of active and reactive power, respectively, for the Local Market model imple-

mented with the three different strategies. Like before, the BDA achieved the closest

[ CA NN BDA SAA

active power [MW]

2 4 6 8 10 12 14 16 18
AS resource #

Figure 4.15: Case #1 - Local Market: active power of DERs in DN #1
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&
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Figure 4.16: Case #1 - Local Market: reactive power of DERs in DN #1

solution to that provided by the ICA in terms of total costs and power exchanges at the
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POIs. Nevertheless, the SAA converged in less time than the BDA due to the 24 iter-
ations required by this last algorithm to achieve the final solution. Figure 4.17 shows
the active power exchanges Ppo;,1 and Ppoy in the Benders decomposition algorithm

iterations.
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Figure 4.17: Case #1 - Local Market: active power flows at the POIs

In the Shared balancing responsibility Market model, the power exchanges at the TSO-
DSO interconnection points were set to the DAM outcomes at the POl #1 and POI #2,
respectively equal to 30.88 MW and 44.21 MW. A penalty of 1000 €/MW? was ap-
plied to the active power mismatches whenever the scheduled power exchanges cannot
be fulfilled. Simulation results demonstrated that similar solutions were obtained by
the ICA and BDA in terms of total costs and power exchanges at the POIs. Since
power exchanges at the POIs were set to the DAM values, the BDA converged in only
2 iterations. The penalties (denoted as "Pen." in Table 4.10) of about 40 € and 13 €
were due to the misalignment of the active power flows at the POI#1 and POI#2 with
the respective DAM values.

From a comparison between the investigated methodologies, the ICA proved to be
more effective than the two other methods in terms of total AS costs and running time.
This is because the ICA was able to perform a better dispatch of flexibility resources
at both TN and DN levels. In turn, the BDA provided better solutions than the SAA in

terms of active power exchanges at the POIs and total dispatch costs.
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About the simulated market models, in this case, the Common and the Local
schemes were characterized by similar dispatch solutions, due to the absence of con-
gestion to be solved for the DSOs, which have priority on DERs procurement. While,
as expected, the Shared Market model proved to be less efficient than the other two
Market models since, in this scheme, flexibility resources could not be shared between

the different grid operators, leading to sub-optimal solutions [150].

4.3.3.3 Case #2: congestion of DN #1 lines

In the second simulation test, a uniform load increase of about 40 % was applied to the
DN #1. Test results, shown in Table 4.11, demonstrated that total AS activation costs
were lower than in the previous case, due to the reduced amount of congestion to be
solved. As before, results of the ICA were assumed as a benchmark for the BDA
and SAA methodologies applied to all three investigated markets. Due to the presence
of congestion only in DN #1, AS activation costs for TN and DN #2 were reduced.
In this case, BDA achieved close results to the ICA than SAA for both Common and
Local Market schemes. In addition, it was executed in fewer time than the SAA, since
9 iterations (less than in Case #1) were required by the BDA for both Common and

Local market simulations (see Figure 4.18). As it can be observed, the active power
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Figure 4.18: Case #2 - Local Market: active power flows at the POIs

exchanges at the POIs after the local markets have been cleared (PS) are, respectively,
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Table 4.11: Case #2 AS market outcomes

Time TN DN #1 DN #2 Total
Cost Cost  Ppor1  Cost  Ppprp  Cost
[s1 [€] [€] [MW] [€] [MW] [€]
Common
ICA 1 12 997 31.59 5 43.83 1014
BDA 15 0 1056 31.20 2 43.64 1058
SAA 25 0 1116 30.89 1 4421 1117
Local
PS 1 - 408 37.56 0 4421 408
ICA 1 12 1152 31.54 5 43.88 1169
BDA 15 0 1192 31.20 2 43.64 1194
SAA 22 0 1251 30.89 1 4421 1252
Shared
ICA 1 182 1104 30.95 0 44.22
Pen. 6 0 1292
BDA 4 184 1104 30.95 0 44.22
Pen. 9 0 1297
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of 30.56 MW and 44.21 MW. In this test case, the dispatch costs for the Local Market
model were slightly higher than those of the Common Market scheme. In fact, al-
though similar final power exchanges were achieved at the POIs for the Common and
the Local Markets, the DN #1 dispatch costs were higher in the Local scheme. This
was because resources already procured by the DSOs in the SP to solve local needs
could not be re-despatched to achieve new overall optimal solutions.

As expected, like in Case #1, the Shared balancing responsibility Market was af-
fected by higher costs than the other two market models. The solutions provided for
this Market model by the ICA and the BDA, which converged in 2 iterations, were

similar in terms of total dispatch costs and active power exchanges at the POIs.

4.3.3.4 Case #3: congestion of DN #1 and DN #2 lines

In this third test case, the capability of the proposed BDA to address congestions on
multiple distribution networks was assessed. With this aim, in addition to the overload
applied to DN #1 of Case #2, a uniform load increase of 28 % was also assumed in
DN #2. As in the previous cases, the Common, Local and Shared schemes were tested
in the congestion management AS market. Test results are shown in Table 4.12. The
BDA provided the closest solutions to those of the ICA in terms of total dispatch costs
and power exchanges at both POIs. Furthermore, the BDA converged in less time than
the SAA for both Common and Local Market models. Figure 4.19 and 4.20 show the
active power exchanges Ppoy 1 and Ppoy > in the 11 and 12 iterations of the BDA for
the respective Common and Local Market schemes.

In this case, it is possible to observe a higher cost of the Shared balancing responsibility
Market than the Common and Local schemes. This can be explained by the fact that
flexibility resources cannot be pooled among system operators and both the DSOs are
responsible for the CM and balancing of their respective distribution grids. Differently
from the previous tests, in this case, the BDA applied to the Shared Market scheme

converged in three iterations.
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Figure 4.19: Case #3 - Common Market: active power flows at the POIs

Table 4.12: Case #3 AS market outcomes
Time TN DN #1 DN #2 Total
Cost Cost  Ppgr1  Cost  Ppporp  Cost
[s1 [€] [€] [MW] [€] [MW] [€]
Common
ICA 1 478 1839 2793 807 51.11 3124
BDA 14 552 1908 27.57 825 50.96 3285
SAA 22 524 1695 28.40 1079 49.84 3298
Local
PS 1 - 408 37.56 185 55.68 593
ICA 1 488 1959 28.02 886 5095 3333
BDA 15 504 1976 27.80 941 5047 3421
SAA 22 486 1813 2844 1135 49.62 3434
Shared
ICA 1 0 1100 30.97 2561 44.36
Pen. 9 23 3693
BDA 4 0 1100 30.97 2562 44.36
Pen. 9 23 3694
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Figure 4.20: Case #3 - Local Market: active power flows at the POIs

4.3.3.5 Case #4: congestion of TN, DN #1 and DN #2 lines

As a fourth test case, it was investigated the capability of the proposed BDA to handle
congestions at both TN and DN levels. With this aim, the congestions assumed in
Case #1 (at TN level) and Case #3 (DN #1 and DN #2) were applied simultaneously
to the simulated power system. Test results of the three investigated methodologies
applied to the different market models are described in Table 4.13. As for the previous
cases, the ICA methodology provided the best solution in terms of total AS activation
costs. Therefore, considering newly the ICA results as a benchmark, the BDA was
more effective than the SAA strategy in terms of total dispatch costs, active power
exchanges at the POIs and convergence time. Figure 4.21 and 4.22 show the active
power exchanges Ppoy1 and Ppojp in the 14 and 11 iterations of the BDA for the
respective Common and Local Market schemes.

From a comparison of the total dispatch costs in the Common and Local Markets,
based on the same methodology, slight differences of a few hundred € can be ob-
served. This proved that, in this case, the amount of flexibility located in DN #1 and
DN #2 was enough to satisfy the needs of both the DSOs themselves and (partially)
of the TSO. Greater differences of total dispatch costs may be observed with respect

to the Shared balancing responsibility Market model, which resulted (about 1000 €)
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Table 4.13: Case #4 AS market outcomes
Time TN DN #1 DN #2 Total

Cost  Cost PP0171 Cost PP0172 Cost
[s] €] [€] [MW] [€] [MW] [€]

Common
ICA 1 60923 4082 21.03 1477 48.18 66482
BDA 20 61255 4064 21.01 1576 47.71 66895

SAA 25 63372 2590 2524 1184 49.38 67146
Local

PS 1 - 408 37.56 184 55.68 592
ICA 1 60884 4224 20.93 1483 48.19 66591
BDA 12 61186 4227 20.88 1596 47.65 67009
SAA 22 63045 2928 24.60 1253 49.10 67226

Shared
ICA 1 63882 1139 30.77 2597 44.24
Pen. 11 1 67630
BDA 3 63883 1139 30.77 2596 44.24
Pen. 11 2 67631
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Figure 4.21: Case #4 - Common Market: active power flows at the POIs
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Figure 4.22: Case #4 - Local Market: active power flows at the POIs

more expansive than the other coordination schemes). It was due to the impossibility
of sharing flexibility among system operators. This aspect can be also deduced by
observing that dispatch costs of resources in TN and DN #2 increased in the Shared
Market model with respect to the dispatch costs of the same grids in the Common and
Local schemes. This was because, due to the impossibility in sharing flexibility, less

flexibility was provided to TN and DN #2 by DN #1, whose activation costs decreased.

4.3.3.6 Case #5: Multiple TSO-DSO interconnection

As an additional test, it was investigated the capability of the proposed BDA to be ap-
plied to cases in which the distribution networks are interfaced with the transmission
grid in multiple TN-DN interfacing points. As described in [122], this aspect concerns
a common issue of recent power systems, in which DN may be operated in a meshed
manner. Therefore, with the aim to test the proposed BDA, two points of interconnec-
tion were added to the simulation model desribed in Sect. 4.3.3.1. In particular, two
138kV/12.6kV, 25 MVA, parallel transformers, located in the new primary substation,
were connected with the bus #35 of the TN and the bus #120 of the DN #1. Similarly,
two 138kV/12.6kV parallel transformers having sizes of SO MVA and 25 MVA, re-
spectively, and located in the second added primary substation were employed to in-

terconnect the bus #60 of the TN with the bus #401 of the DN #2. The values of active
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power flowing from the TN to DN #1 and DN #2 through the two added POIs was de-
noted as Ppoy 3 and Ppoy 4, respectively. Considering the same congestion of Case #4, a
Common Market model was tested and implemented through the ICA, BDA, and SAA
methodologies. However, since the SAA applied in the previous tests (and described
in Section 3.3) is not suitable for multiple POIs, in this case, the smart aggregation of
DERSs was performed through the three methodologies SAA-A SAA-B1 and SAA-B2
developed for multiple TN-DN interfacing points (see Section 4.3.3.6). Test results
of the investigated methods are described in Table 4.14. Figure 4.23 show the active
power exchanges Ppoy.1, Ppor2, Pror3 and Ppoj 4 in the 38 performed iterations of the
BDA.

Table 4.14: Case #4 AS market outcomes with multiple POIs

Time TN DN #1 DN #2 Total

Cost Cost Ppo[,l PP0[73 Cost PPOI,Z PP0174 Cost
[s] (€] [€] MW] [MW] [€] [MW] [MW] [€]

ICA 12 56865 4080 13.59 745 1463 4320 491 62408
BDA 56 56876 4064 12.56 847 1551 4286 4.88 62491
SAA-A 39 58510 2317 17.65 835 2049 4284 3.08 62876
SAA-B1 830 58451 2322 17.64 835 2122 4284 283 62895
SAA-B2 830 58580 3030 2149 248 1115 46.44 3.08 62725

As it can be observed from the obtained results, the solution closest to those provide
by the ICA in terms of total dispatch costs was given by the BDA, which converged in
38 iterations, followed by the SAA-B1. Table 4.14 describes the computational time
required by each methodology. Figures 4.24 and 4.25 represent the overall costs of
the flexibility aggregated for each DSO-area through the SAA-A method, thus consid-
ering the total active power Ppoj 1+ Ppor3 for DN#1 and Ppoj2+ Ppors for DN#2.
Differently, Figures 4.26 and 4.27 represent the calculated costs (blue points) and their
interpolation (3-D grid surface) of DN #1 and DN #2, based on SAA-B1 and SAA-B2
methodologies, respectively. Simulation tests demonstrated that SAA-B1 and SAA-
B2 were much slower (830 s) than the other methodologies. This was due to the huge

number of OPF routines required to evaluate the flexibility costs for each candidate
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Figure 4.23: Case #5 - Common Market: active power flows at the POIs

pair of active power values (Ppoy.1, Ppor3) and (Ppor 2, Ppor.4) assumed for DN #1 and
DN #2, respectively.
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Figure 4.24: Aggregation of DERs through the SAA-A method for the whole DN #1-area

4.3.4 Data Exchange Analysis

As a final investigation, in order to assess the feasibility of the proposed BDA in practi-
cal implementation, a comparison of data exchanged between system operators in both

Benders decomposition and smart aggregation methodologies was performed. Then,
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Figure 4.25: Aggregation of DERs through the SAA-A method for the whole DN #2-area

to extend this study to those cases in which there are multiple POIs, a generic number
npor,; of TN/DN interconnection points was assumed for each /-th distribution net-
work. Furthermore, without loss of generality, it was assumed that one aggregated
cost curve is defined in the Common and Local Market schemes for each individual
interconnection point. This condition well fits with the previously investigated SAA,
SAA-B1 and SAA-B2.
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Figure 4.26: 3-D aggregation of DERs in DN #1 and DN #2 through SAA-B1

Table 4.15 describes, for each tested market scheme, direction and amount of data

exchanged between the TSO (Master problem) and the DSO (Slave problem) in the
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Figure 4.27: 3-D aggregation of DERs in DN #1 and DN #2 through SAA-B2

Common, Local and Shared balancing responsibility Market models. Looking at the
detail, in the smart aggregation approach applied to the Common and Local Markets,
it was assumed that each /-th DSO communicates to the TSO the three parameters
(o, B, v) associated with the quadratic cost curve of the DERs aggregated at the /-
th POI as well as the minimum and maximum active power values of the available
flexibility. In the opposite direction, once the central market has been closed, the TSO
communicates to the DSO the active and reactive power values of flexibility required

npso
at the POI. As a whole, an overall exchange of 7 - ), npoj, data is required for each

Common or Local Market session performed througﬁ the SAA.

In the Shared Balancing responsibility Market model, the aggregation of DERs
is not required since power exchanges at the POIs are scheduled. Therefore, there
is no need to exchange data between the two system operators in such conditions.
Differently, this need may exist for those POIs in which the scheduled power exchange
cannot be satisfied. In this case, the DSO communicates to the TSO two new values
(active and reactive power) to be set at the corresponding points of interconnection.
Thus, indicating by n},,, the number of TN/DN interfacing points for which scheduled
powers are not respected, a total number of 2 - np ), parameters are communicated from
the local to the central market.

A similar analysis can also be performed about the data exchange between the Mas-
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ter problem (TSO) and the npgo Slave problems (DSOs). As specified in Section 4.3.1,
at each iteration, the Master problem communicates to each /-th Slave problem the
values of candidate active and reactive power at each POI. While, each DSO sends
to the TSO the parameters A; ,, and CIDN concerning the performed local optimization.
Therefore, assuming that the BDA converges in npp iterations, 4 -npp parameters need
to be exchanged between TSO and the /-th DSO for each single TN-DN interfacing

npso
point. As a whole, an overall exchange of 4 - ngp - )}, npoy,; data is required for each

Common or Local Market session performed througﬂ the BDA. In the Shared balanc-
ing responsibility Market scheme, this amount is reduced to 4 - npp - njp, since the
BDA need to be applied only to those n),; TN/DN interconnection points in which

the scheduled power exchanges cannot be satisfied.

4.3.5 Final assessments

Simulation tests demonstrated the effectiveness of the proposed BDA methodology in
finding optimal solutions in the Common, Local, and Shared Market models, without
having to introduce any approximation in the mathematical formulation. Furthermore,
the computational time of the BDA on performed tests was comparable with that of
the other methods . On the other side, although the BDA demonstrated also to be faster
than the SAA in some cases, the higher accuracy of this approach was penalized by
higher data exchange between TSO and DSO. In fact, since the BDA requires at least
2 iterations to converge, the SAA appears to be more advantageous than the BDA in
terms of exchanged data.

Test results also confirmed the effectiveness of the Common AS Market model
in dispatching flexibility resources than the other two investigated market schemes.
Although slight differences can be observed between the total dispatch costs of the
Common and Local AS Markets, the former provided more efficient solutions. This
advantage would increase by assuming more expensive resources at the distribution
level. In fact, under such conditions, the DSOin the Local Market, is forced to solve
its own congestion with higher dispatch costs.

Future tests will be aimed at testing in-depth the proposed BDA assuming further
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realistic scenarios with DNs interfaced with the TN in multiple interconnection points.
Moreover, acceleration strategies [144] to enhance the BDA convergence will be also
investigated with the aim to reduce the exchange of information between Transmission

and Distribution System Operators.



Chapter 5

Innovative Ancillary Services through
DERSs

In this chapter, the possibility of providing innovative Ancillary Services through
DERs located at the DN level was investigated by means of Power Hardware-in-the-
Loop simulation tests. In particular, the development of a low-cost controller for end-
user applications able to generate a SI law for dispatchable DERs was described. In
addition, the capability of LED lamps of public lighting systems to be controlled with
the aim to provide SI and FFR was also analyzed. Tests result were described and

discussed below.

5.1 Synthetic Inertia and Fast frequency regulation

The power stability and reliability depend on the system capability of keeping fre-
quency excursions within a narrow interval around the nominal value, even following
large perturbations which alter the balance between generation and power demand.
Conventional generators adopt traditional control schemes, such as Frequency Con-
tainment Reserve, to control power system response. The ability of a power system
to keep stable frequency after a grid disturbance, even before FCR exhibits its ef-
fect, is known as system inertia. As recalled in [151], this parameter is essential for

power system stability, because its value influences the Rate of Change of Frequency

134
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(RoCoF) following sudden variation of load and generation balance. In conventional
power plants, the inertia is intrinsically linked to the kinetic energy that synchronous
generator masses can inject or absorb from the network whent rotating.

Non-synchronous generators that produce energy from intermittent sources are
usually interfaced with the electrical network by means of power converters that de-
couple them from the electrical grid and do not contribute to system inertia. As non-
synchronous generators keep conventional units out of the economic dispatch, as they
are characterized by low marginal costs, power systems are beginning to be character-
ized by low rotational inertia. [151].

The primary effect of low rotational inertia is to accelerate and amplify frequency
transients leading to possible improper operation of protections, tripping of tie-lines,
and load shedding [152]. These phenomena are very dangerous for small power sys-
tems and non-synchronous islands, but they also affect larger interconnected systems
because global rotational inertia tends to assume local heterogeneous distributions
[152] and this can cause instability in case of system separation and islanding [1].

As a consequence, the need for providing additional inertia has been recognized
by a large number of system operators. As acknowledged in [153], some examples
of ancillary services and incentive schemes aimed at improving the frequency re-
sponse have been proposed by operators in UK and Ireland. In Italy, under Regulation
300/2017/R/EEL [154], the Energy Regulator, set the requirements for pilot projects
to demonstrate the possibility of providing demand response fast load reduction and
FCR services for generating units integrated by storage systems. Theoretically, as re-
marked in [155], additional synchronous condensers could theoretically be installed
to improve system inertia and contain frequency excursions, with the drawback of in-
creasing system costs and complexity. As an alternative, further solutions aimed at
providing additional inertia through the electronic control of existing inverter-based
resources have been also proposed in the literature [155]. These solutions are usually
known as Virtual Synchronous Machines, which are grid-connected power converters
that emulate the synchronous generator behavior [156]. Several recent studies focused
also on the possibility to obtain additional inertia from controllable DERs, including

generators, storage, and loads devices [157], [158].
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However, to provide additional inertia to the electrical grid and limit the frequency
and RoCoF excursions, control actions like the Synthetic Inertia (SI) and Fast Fre-
quency Response (FFR) need to be implemented on DERs and controllable devices.
Although many studies do not focus on the distinction between Synthetic Inertia and
Fast Frequency Response [159], a separate description can be given for each of them.
According to the SI description given by ENTSO-E in [160]:

“Synthetic Inertia is defined as the controlled contribution of electrical
torque from a unit that is proportional to the rate of change of frequency

measured at the terminals of the unit”.

Therefore, although in the literature there is no unified definition of SI [159], it can be
intended as a control law proportional to the measured frequency derivative (RoCoF)
[161], [162]. While, considering the description given in [159], the FFR is defined as:

“Fast Frequency Response is the controlled contribution of electrical

torque from a unit which responds quickly to changes in frequency [...]”.

According to this definition, the Fast Frequency Response aims at providing inertial
support by means of units able to quickly respond to frequency excursions. Several
examples of FFR controls have been proposed in the literature with this aim [163],
[164]. Most of studies showed that Synthetic Inertia and Fast Frequency Response
are both able to improve the frequency excursions and the frequency nadir after a
disturbance has been applied [159].

Following, the capability of controllable DERs, like BESS or loads, to be effec-
tively employed as flexibility resources to provide SI and FFR support was investi-
gated. Simulation tests carried out to validate the proposed solutions were described
and discussed. Additional studies, not reported here for the sake of brevity, were also
performed by the author to investigate the capability of hybrid systems, such as super-

capacitor/battery storage systems, to be exploited with this aim [165].
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5.2 Need for Accurate measurements of frequency and

frequency derivative through low-cost devices

Improving the inertial response along with the diffusion of Renewable Energy Sources
and distributed generation will be a relevant challenge in the incoming years. In this
regard, recent developments have shown that also prosumers and active end-users at
the distribution level are theoretically able to provide SI or FFR contribution [161].
However, to implement effective SI or FFR actions, the availability of real-time and
accurate grid frequency measurements is necessary for end-users located at the DN
level.

As remarked in [153], in practical implementation, assuming the availability of
RoCoF signals at the distribution level is an unrealistic hypothesis, due to measure-
ment noise. In the context of SI, RoCoF is a metric of paramount importance, since
excessive RoCoF error (RFE) can compromise the efficacy of frequency control [166].
The central issue is that frequency measurement speed and accuracy tend to be mutu-
ally exclusive. In [166], it is recognized that a control scheme based on the adoption
of M-Class Phasor Measurement Units (PMUs), characterized by slow reporting (11
cycles) but higher accuracy, can provide much better results than using P-Class PMUs
with a faster reporting rate (3 cycles) and lower accuracy.

An effective SI control scheme based on RoCoF measurement should find a good
compromise among these two parameters. Reference [166] suggests that ideal fre-
quency measurements should have a reporting rate of maximum 100 ms with an ac-
curacy of about 0.01 Hz in the presence of total harmonic distortion (THD) up to
3%. Similar, but less strict requirements, are set by the European Network Code on
Demand Connection [167]. The Article 29 of this Code, establishes that demand fa-
cilities and closed distribution systems which participate to Demand Response system
frequency control must be equipped with controllers able to measure the frequency at
least every 200 ms and to detect 0.01 Hz changes. For SI applications at distribution or
end-users levels, obtaining accurate and fast RoCoF estimation is even more problem-
atic. The adoption of expensive instruments such as PMUs is clearly not sustainable

for small-sized end-users. Moreover, frequency measurements at low voltage level
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can be affected by high harmonic distortion, fast varying voltages, unbalanced load
conditions and the presence of three-phase and single-phase circuits.

In the literature, applications for low-cost fast frequency measurement can be found.
Simplest methodologies are usually based on zero crossing (ZC) detection, as pro-
posed in [168], where a near-zero-cross-detector circuit generates pulses at each cross-
ing which are totaled in a fixed time window. According to the author, by adopting
a high-frequency oscillator (§MHz), an accuracy of about 1.25 mHz can be theoret-
ically reached. However, typical problems of simple ZC techniques, such as scarce
immunity to noise, distortion and DC components, are not addressed. In [169], the
authors have compared different algorithms for frequency and RoCoF measurement,
based on phasor estimation and ZC. Tests showed that ZC can obtain better RFE per-
formances (30 mHz/s) than phasor algorithms, which can reach RFE up to 500 mHz/s.
The algorithms have been tested off-line in a Matlab simulation environment, without
addressing the problem of how high computational burdens, typically associated to ZC
algorithms, can affect real-time implementations. The authors in [170] proposed the
implementation of a PMU on a low-cost embedded platform, investigating also the
estimation of frequency and RoCoF. A Discrete Fourier Transform (DFT) estimator
and a Taylor-Fourier Transform have been implemented in C++ and transferred on a
BeagleBone Black board. Tests, based on simulations, obtained a processing time of
about 20 ms and accuracies potentially compatible with M-Class and P-Class PMUs.
However, these timings do not take into account synchronization and acquisition which
are only emulated. In [171], an accurate real-time voltage, frequency and phase an-
gle monitoring hardware platform has been designed and tested. The system adopts a
microprocessor-based analog-to-digital (AD) sampling module and a primary synchro-
nization signal harvested from a 4G LTE smartphone. Reporting rate is 100 ms with an
expected frequency accuracy of 1.7 mHz. The main drawback is that synchronization
depends on the availability of the cellular signal.

Based on this preliminary survey, the present thesis investigated the possibility to
develop an efficient frequency measurement algorithms that can be implemented on a
low-cost equipment to be employed for providing frequency regulation services such

as SI and FFR at distribution and end-users level.
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5.3 A new algorithm for accurate frequency measure-

ments and SI

In order to develop a low-cost controller suitable for end-user applications, three differ-
ent algorithms for frequency measurements and SI evaluation were carried out. Such
algorithms are based on the frequency definition given in [172], where the author have
demonstrated, through simulations, the possibility to use of signal autocorrelation to
provide frequency measurement, suitably immune to noise, harmonic distortion and
continuous components, for applications in synchrophasors and time-tagged protec-
tions. Therefore, once the algorithms were defined, they were tested with specific
signals to assess their immunity to noise and disturbance, conditions that typically

affect distribution grids.

5.3.1 A framework for Frequency Assessment through Signal Au-

tocorrelation

The frequency of a periodic signal expresses how many times a signal repeats itself
over a time unit. However, this definition is valid only for steady-state conditions,
since in a dynamic-state it is not possible to define frequency in the same way. In an
electric power grid, continuous disturbances and switching events can make voltage
signals non-sinusoidal and non-periodic. For such reason, it has been introduced the
concept of instantaneous frequency (IF), with several possible definitions [173] and
different methods for its evaluation [174]. In practice, with a lack of a common def-
inition of IF, most methods assume that signals are near-stationary, and the industry
relies on tests based on canonic signals such as ramps and oscillations [172]. Several
methods usually adopted for IF assessment such as ZC, Clarke transformation, DFT,
Gauss-Newton algorithm have been compared in [175], showing how each method has
some drawbacks. Trying to overcome ZC and DFT-based phasor estimation method,
typically adopted in PMUs [176], the author in [172] presented a novel approach to
fast frequency measurement, proving it to be suitably immune to noise and distortion,

in a simulated environment. The implementation of algorithms based on this formu-
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lation has been considered suitable for applications at end-users level because of the
wide range of signals which can be processed, without assumptions on periodicity and
waveform. Calculations are mostly discretized autocorrelation integrals that can be
easily obtained with sums and multiplications. The formulation is also intrinsically
immune to the presence of DC components, which contributes also to eliminate the
errors due to the off-set of the transduced signals. Given a generic waveform x and
a starting time #(, a suitable definition of the period 7 is the value that maximizes the

autocorrelation integral

to+7T
A7) :/ x(6) - x(t +7) di 5.1)

0

normalized by the wave magnitude C(¢,T) so defined:

; A(t,7) ST x() x(e 4T di
A = = 52
(Z';T) C(I,T) 0.5“[[20+2‘Cx2(t) dt ( )

In [172], the computational effort needed to solve this maximization problem is avoided
adopting a similar and less time consuming method based on the correlation of the x

waveform with its derivative

B(t,7) = /tt(mx(t) XK (t+1)dt (5.3)

0

This method is based on the search of the period T such that function (5.3) is null as
B(1,%) =0 (5.4)

In the performed study, an analytical approach to maximize index A was proposed
to understand its full potentialities. The mathematical developments that follow will
permit to define three different algorithms for frequency estimation that are tested and
compared. The analytical approach to maximize (5.2) is based on the consideration

that a maximum can be evaluated finding the value of 7 such that its partial derivative
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1s zero: R
0A(t,%) 9 [A(t,%)
= — =0 55
o (cra,%) (5-5)
By applying the Leibniz integral rule, it can be easily verified that
0A to+7T ,
3= [x(to+7T) - x(fo +27)] + x(t)-x'(t+7) dt (5.6)
fo
and 3
C
= = X% (19 +27) (5.7)

Thus, the derivative in (5.5) can be written as

dA  0A/9t-C—A-9C/ot
D(1,7) = == / = / (5.8)

Consequently the analytical approach to evaluate the period T can be obtained solving
the following equation:
D(t,7) =0 (5.9)

It is possible to demonstrate that the approach proposed in [172] can be obtained from
(5.9) under certain approximations. If x is a periodic signal with period %, for T close

to T it 1s reasonable to assume that:

x(t) ~x(t+1) VWt (5.10)
From (5.10), it follows that:
[x(t0+7) - x(t0 +27)] ~ x* (19 + 27) (5.11)
By posing:
G = x*(tp+21) (5.12)

under assumption (5.11), and taking into account eqn. (5.3), function (5.6) can be

approximated as

0A
aNG—I—B (5.13)
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Hence, from (5.8)
(G+B)-C—A-G

D~ o (5.14)
Equation (5.14) can also be written as
A\ G B
D=|l—=| - =+—= 5.15
( C) cte (5.15)
Please note that, if assumption (5.10) holds, from (5.2) it can be derived that
A=A/Cx1 (5.16)
and, thus, substituting (5.16) in (5.15),
dA B
D=—~— 5.17
or C .17)

Since the wave magnitude function C is always positive, when B equals zero, based on
(5.17), also JA /9t is null. This demonstrates that, as long as condition (5.10) stands,
finding the zero of the correlation of the waveform with its derivative (5.3) is equivalent
to finding the maximum of the autocorrelation index (5.2). Clearly, since the period of
the waveform is in general not known, the error introduced in approximating derivative
(5.8) with (5.17) for a general T can lead to incorrect evaluations. Furthermore, the
implementation of equation (5.4) on a calculator will require the use of discretized
values of 7T that, in most cases, will deviate considerably from the exact waveform
period T. Hence, the approximation (5.10) might be fallacious and cause deviations in
the assessed frequency values. These deviations are probably considered not influent
in [172], since the implementation on a synchrophasor framework allows to average
errors with a large number of measurements. Differently, in the proposed architecture,
which is based on the use of low-cost equipment for end-users applications, the number
of measurements is limited and, therefore, the accuracy plays a more significant role.
Hereinafter, the use of the analytic approach (5.9) for the estimation of the maxi-
mum index A will be proposed and assumed as a benchmark. Moreover, based on the

formulation above described, three different algorithms are developed and compared
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with each other.

5.3.2 Algorithms for Frequency Estimation

The algorithms here proposed are based on the previous mathematical formulation and
on the assumption that a sampled set of measurements was obtained using a voltage
transducer, an ADC converter and an acquisition board. Furthermore, in the algo-
rithms’ formulation, it was assumed that samples were equally spaced. However, in
practical implementation on a single-board computer, this requirement is hardly satis-
fiable without introducing idle times and reducing the sample rate. For this reason a
resampling procedure was employed to interpolate samples yielding regularly-spaced
input data. Since in the tested algorithms sampled data are used, all previous expres-
sions are discretized. Therefore, in the following, the square brackets were used to
represent discrete functions and values. Each candidate period [7] is a discrete value
that corresponds to a multiple of the sampling period. In order to evaluate a continuous
value of period (and frequency) each algorithm adopts an interpolation rule between
consecutive values of [t]. This is due to the fact that discretization leads to resolution
errors not suitable with the accuracy requirements for frequency measurement. For
example, adopting a sampling rate of 20 kHz, discrete frequency values are spaced

about 0.125 Hz from each other around the nominal value of 50 Hz.

5.3.2.1 Algorithm '"B"

The first method replicates with sufficient fidelity the one proposed in [172]. It is based
on the observation that the function [B] assumes values with different sign if evaluated
using a [Tp| and a [1,] that are respectively smaller and greater of the actual period %. In
other words, the method will search the value of T that corresponds to a null value of B
as in (5.4). The method is also based on the observation that the function B assumes,
around the solution, a trajectory that can be approximated with a linear expression.

This first algorithm is organized as follows:

1. Aninitial guess T of the signal period is made (a suitable guess is the frequency

measured at the previous acquisition);
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2. The neighborhood of t; is analyzed; then, two discrete values of [t] are selected:
[To] =~ (T —AT)  [12] = (11 +AT);

3. Using the discretized formulation of (5.3) the values [By] and [B;] are evaluated

at [To] and [t,], respectively;
4. 71 i1s updated considering a linear interpolation

[t2] — [%o] .

T = [to] — [Bo] - Bl — Bo]

5. The neighborhood of 1 is studied considering a AT equal to the sampling period.
Steps 2), 3) and 4) are thus repeated;

6. T~1 and f= %

Please note that at the point 4) of the algorithm an evaluation of t; is possible even

if both By and B, have the same sign. This happens when the guessed t; is far from

the actual value. Nevertheless, this is not a problem since steps 2), 3) and 4) can be

repeated until the zero crossing is found. However, based on the acquired experience

two iterations are enough to find the zero in most cases.

5.3.2.2 Algorithm '"D"

This second algorithm, differently from Algorithm "B", which gives an approximate
solution to the maximization problem of A, utilizes the full expression of D = dA /ot
in eqn.(5.8) to solve (5.9).

The algorithm is organized as follows:

1. Aninitial guess T of the signal period is made (a suitable guess is the frequency

measured at the previous acquisition);

2. The neighborhood of t; is analyzed; two discrete values of [t] are selected:

[‘C()] = (’E] —A‘C) [‘52] = (T] +AT);
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6. T~1 and f:%;

. Using the discretized formulation of (5.8) the values [Dy] and [D;| are evaluated

at [To] and [1,], respectively;
71 1s updated considering a linear interpolation

[t2] — [7o] .

1 = [To] — [Do] - Do) — Do)’

The neighborhood of T is studied considering a At equal to the sampling period.
Steps 2), 3) and 4) are thus repeated;

1

This second algorithm uses a more complex formulation and therefore is expected

to require more computational resources and time. However, the solution is expected

to be more precise since no approximation of the derivative 0A /97t is made, as proved

in Section 5.3.3. As for the previous case, repeating steps 2), 3) and 4) can improve

the results if the initial guess is very far from the actual solution.

5.3.2.3 Algorithm "A"

This third algorithm is based on the idea of using directly the full expression of [A]

in eqn. 5.2, avoiding the calculation of its derivative. The trajectory of this function

is studied around a discrete guess of the signal period using a polynomial approxima-

tion. In order to simplify calculations and accelerate the convergence of the method, a

second order expression of A is calculated using three points.

The algorithm is organized with the following structure:

1.

An initial guess T of the signal period is made (a suitable guess is the frequency

measured at the previous acquisition);

Having posed [t1]| ~ 1}, the neighbourhood of [t}] is analysed; then, two discrete

values are selected:

[To] = [t1] — At  [©] =[u] +AT
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3. Using the discretized formulation of eqn. 5.2 the values [Ao], [A1] and [45] are

evaluated at [to], [t1] and [12], respectively;

4. 71 1is recalculated as the abscissa of the vertex of the parabola passing by the
three points ([to], [o]), ([v1], [A1]) and ([z2], [42));

5. The neighborhood of [t;] & 1) is studied considering a At equal to the sampling
period. Steps 2), 3) and 4) are repeated;

6. T~1| and f: ;

T

The use of index [A] to find the frequency was discarded in [172] because the eval-
uation of [B] is simpler from a computational point of view. This is true because it
requires the calculation of both integral functions [A] and [C]. However, as it will
be demonstrated through experimental results, an optimized coding of integral cal-
culations and the skipping of the evaluation of the derivative [x'] ensure comparable

computational timings.

5.3.3 Experimental Results

The three algorithms “B”, “D” and “A”, proposed in the previous section, were pro-
grammed in Python language and implemented on a single-board computer Raspberry
Pi 3 Model B (cost of about 40$). It represents a versatile and powerful tool to be
utilized with different devices and applications. Since the device can only work with
digital signals only, an analog-to-digital converter is required. In the present tests, an
ADC chip with a cost of about $ 10 was employed. The ADC is mounted on the proto-
type shield connected to the Raspberry PI through the GPIO interface. The proposed
architecture is affordable, reliable and compact, since the same processing board is
also used for data sampling. A transducer is needed to convert the voltage signal into
a voltage range acceptable for the ADC shield (i.e. 0-3.3V). A detailed description
of this equipment will be provided in Section 5.4.1 In order to test the proposed algo-

rithms, four different tests were made.
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5.3.3.1 Accuracy Test #1

In the first test, different signals generated by Agilent 33250A waveform generator
were analyzed. This instrument is characterized by 2 ppm (parts per million) fre-
quency accuracy and £1mV 1% voltage output accuracy. The error introduced by the
signal generator is negligible when compared to the errors introduced by the low cost
equipment. Therefore this test allows to assess the errors associated to calculations,
sampling and ADC conversion. The proposed algorithms were tested at 50 Hz with
three different waveforms (sinusoidal, triangular and square) in order to verify the de-
vice capability to measure frequency of signals with high harmonic content. Table 5.1
illustrates the results on 1000 frequency measurements, reporting the corresponding
mean value, standard deviation, Maximum Absolute Error (Max AE) and Mean Abso-
lute Percentage Error (MAPE). Please note that the three algorithms were run on the
same sampled data in order to allow a fair comparison. From Table 5.1 results it is
possible to observe that algorithms “D” and “A” algorithms are in general more accu-
rate than “B”. Absolute errors are in general well below 10 mHz except for the most
severe tests with a square wave. It will be shown in the next subsection that the algo-
rithms perform well in the case of sine waves affected by credible levels of harmonic

distortion.

Table 5.1: Test#1-Results with Agilent 33250A as Waveform Generator
Waveform Algorithm  Mean  Standard Max AE  MAPE

1D value deviation
[Hz] [Hz] [%]
B 50.0010 0.00220 0.01251 0.00369
Sine D 50.0011 0.00159 0.00784 0.00309
A 50.0011 0.00153 0.00606 0.00305
B 50.0002 0.00232 0.01185 0.00346
Triangular D 50.0002 0.00169 0.00838 0.00267
A 50.0002 0.00164 0.00878 0.00259
B 50.0026 0.03733 0.10389 0.06081
Square D 50.0022 0.03768 0.11210 0.06132
A 50.0022 0.03787 0.12936 0.06098
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Figure 5.1 depicts the box plots for the sine wave case. For each box, the red
central mark represents the mean value whereas the edges denote the 25th and 75th
percentiles. The extreme samples that are not considered as outliers are delimited by
the black whiskers. The outliers are instead plotted individually with a symbol “+”.
Algorithms “A” and “D” are clearly characterized by a lower dispersion of measure-

ments and fair lesser number of outliers. A chi-square test was carried out to verify if
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Figure 5.1: Test 1-Box plot of the 50 Hz sine wave test values

data follow a Gaussian distribution. Table 5.2 reports the results of this test applied to
the values obtained by the three algorithms in the sinusoidal wave case. By using the
hypothesis test method the assumption of Gaussian distribution is rejected for Algo-
rithm “B”. This is probably due to the approximations introduced with its formulation

as described in Section 5.3.1.

Table 5.2: Test #1-Chi-square test results

Algorithm Number of bins Chi-square  Probability Rejected

(true/false)
B 6 18.0391  4.3176 -10~* 1
D 8 3.4183 0.6358 0

A 8 3.5080 0.6222 0
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5.3.3.2 Accuracy Test #2

The aim of this second test was to verify the capability to measure accurately the fre-
quency of sine waveforms in the presence of harmonic distortion, as it may occur in
a distribution network. The signal has been generated with a Digilent Analog Discov-
ery 2, a multi-function instrument that allows to generate customized signals with an
output accuracy of £25mV +0.5%, lower than the one assumed in Test #1. In this test,
the following waveforms were considered: a sinusoidal 50 Hz wave without harmon-
ics, two waveforms with THD equal to 5% and 20% respectively, a triangular one. For
each waveform, 1000 measurements were performed for each algorithms. As in pre-
vious tests, algorithms were run on the same sampled data to allow comparison. Test
results, summarized in Table 5.3, confirmed what observed in the first test. Both “D”
and “A” algorithms perform better than “B”, which is characterized more often by the

presence of measurement absolute errors above 10 mHz.

Table 5.3: Test #2-Results with Analog Discovery 2 as waveform generator

Waveform Algorithm  Mean  Standard Max AE  MAPE

1D value deviation
[Hz] [Hz] [%]

B 50.0003 0.00226 0.01956 0.00329
Sine D 50.0003 0.00152 0.00881 0.00242
A 50.0003 0.00143 0.00689 0.00233
Sine B 499995 0.00213 0.02870 0.00309
THD=5% D 49.9995 0.00150 0.00801 0.00246
=7 A 49.9995 0.00143 0.00781 0.00239
Sine B 49.9994 0.00236 0.01637 0.00348
THD=209% D 49.9996 0.00188 0.01744 0.00274
e A 499996 0.00182 0.01747 0.00265
B 499991 0.00220 0.01933 0.00361
Triangular D 49.9992 0.00159 0.00554 0.00286
A 49.9992 0.00155 0.00567 0.00281

It was observed in several numerical tests carried out by applying the proposed

algorithm on Matlab simulated waveforms, and here not presented for the sake of
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brevity, that the presence of harmonic distortion does not really affect the accuracy.
Noticeably in some cases it was possible to obtain results even more accurate than
the case with an absence of distortion. These numerical results are confirmed by the
experimental ones. The case with a 5% THD is characterized by accuracies very close
to the pure sine wave test case. Also the case with a 20% THD is characterized by
comparable average results, with the exception of a single case in which all algorithms
have made a high absolute error. Although chi-square results are not reported here for
the sake of brevity, results show again a non-Gaussian distribution for values measured
with the Algorithm “B”.

5.3.3.3 Accuracy Test #3

In this third case, the device was tested by measuring the voltage signal output gener-
ated by the universal relay testing system SMC Mentor-12. This testing system allows
to generate sinusoidal waveforms with a voltage magnitude up to 150 V and high accu-
racies in both voltage (0.1% of the value +£0.03% of the range) and frequency (1 ppm).
The use of this device allows to test the proposed algorithm, in a controlled environ-
ment, with voltages which can be typically obtained from real voltage transformers.
Although Mentor-12 generates a voltage signal with negligible noise, the measurement
chain on this test, is also affected by the errors introduced by the voltage transducer
used to adapt the voltage power output to the input channels of the ADC board. The
voltage transducer used for tests is characterized by an accuracy of +2%. Algorithms
were tested using sinusoidal voltages at 47.50, 50.00 and 51.50 Hz. Table 5.4 collects
the test results obtained with 1000 measurements. Results confirmed the measurement
device capability to acquire and process signals in a large interval around the nominal
frequency of 50 Hz, with a suitable accuracy. The performances of the three algo-
rithms are comparable in terms of standard deviation. However, Algorithm “B” had

worst performances in terms of Max AE and MAPE.
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Table 5.4: Test #3-Results with Mentor-12 as voltage generator
Waveform Algorithm  Mean  Standard Max AE  MAPE

frequency ID value  deviation
[Hz] [Hz] [%]
B 47.5002 0.00358 0.01766 0.00569
47.50 D 47.5001 0.00350 0.01373 0.00540
A 47.5001 0.00347 0.01332 0.00534
B 50.0001 0.00413 0.02422 0.00618
50.00 D 50.0002 0.00394 0.02174 0.00565
A 50.0002 0.00389 0.02138 0.00554
B 51.5000 0.00397 0.01929 0.00581
51.50 D 51.4999 0.00373 0.01455 0.00532
A 51.5000 0.00371 0.01495 0.00528

5.3.3.4 Test#4: CPU Timing

Figure 5.2 illustrates total and partial average CPU timings, required for sampling and
acquisition, signal conditioning and frequency computation, by each algorithm. To
run any of the three algorithms, two entire periods must be sampled. Having con-
servatively assumed that, in power system operation, frequencies are surely above 45
Hz, the sampling time is set to 46 ms. As shown in Fig. 2, the sampling time is the
major bottleneck of the adopted procedure. Algorithm “B” is the fastest one, with an
overall time of 80 ms, whereas Algorithm “D” is the slowest, because of the higher
computational complexity. Algorithm “A”, with an average computational time very
close to Algorithm “B”, provides the best compromise between speed and accuracy.
It can be noted that the computation is a minor burden when compared with sampling
and pre-processing (sampling, acquisition, conditioning) phases. Computation time in
algorithms “A” and “B” is about 10 ms, and this is figure that has to be considered
when comparing to other approaches which do not consider sampling and signal con-
ditioning times. This is the timing that characterizes the algorithm solution, whereas

different architectures or solvers can be used for signal conditioning and sampling.
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Figure 5.2: Test#1-Average runtime for all algorithms

5.3.3.5 Test#5: RoCoF Assessment

The proposed fast frequency measurement approach was tested using frequency ramps
applied to a real system. The frequency was measured at the LabZERO microgrid
facility, using the controllable power source Triphase PM15A30F60 in grid-forming
mode [177]. The power source was programmed to supply voltage with time-varying
frequency profiles, chosen accordingly to the ones suggested by ENTSO-E to assess
RoCoF withstand capability of protections [178]. This test was carried out using
the over-frequency and under-frequency profiles plotted respectively in Fig. 5.3 and
Fig. 5.4. Measurements were obtained considering the Algorithm “A”, which guar-
antees the best compromise between speed and accuracy. The two plots in Fig. 5.3
and Fig. 5.4 show the deviation between the reference frequency profile and the values
measured on the microgrid. In both cases, the two plots almost overlap, with a small
delay due to the algorithm execution time. Figures 5.5 and 5.6, compare the theoretical
RoCoF with the obtained by two subsequent frequency measurements.

Results are very promising, considering that no filters were applied to the RoCoF
output and that, according to the IEEE Std. C37.118.1-2011, the expected RFE re-
quirements under frequency ramp tests for synchrophasors is 0.1 Hz/s [179]. Since
higher errors can be experienced at RoCoF “transition times”, the standard suggests

to ignore two subsequent samples after each transition. By neglecting only one sam-
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Figure 5.5: Test#5-RoCoF estimation in the over-frequency test

Figure 5.6: Test#4-RoCoF estimation in the under-frequency test

ple after RoCoF transitions the average RFE was assessed in 0.059 Hz/s and 0.049
Hz/s for the over-frequency and the under-frequency test, respectively. In both cases,
the maximum RFE was about 0.19 Hz/s. Although the maximum measured RFE ap-
peared higher than the value proposed by the IEEE Std C37.118.1-2011, it should be
reminded that the experimental measurements were obtained in a real system affected
by noise, whereas standard requirements assume ideal conditions (sinusoidal balanced
three-phase voltage waves). The use of a filter allows to reduce the RFE, although it
would slow calculations and increase the delay time. The problem of finding the best
compromise in terms of noise reduction and delay time will be addressed in future
experiments that will test the synthetic inertial response of physical components to the

measured RoCoF.

5.3.4 Assessment of the proposed algorithms

Test results demonstrated that frequency can be estimated with an accuracy compatible
with the European network code on demand connection, and with the more severe
ENTSO-E recommendations. A reporting rate smaller than 100 ms was reached for the

proposed architecture, with suitable accuracies even in the presence of highly distorted
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waveforms. Computation associated with the best algorithm which performs best in
terms of accuracy and speed is about 10 ms. A measurement of RoCoF on a real
microgrid during a frequency ramp test showed an average error of about 0.05 Hz/s
and a maximum RFE of 0.19 Hz/s. This error can be significantly reduced by applying

a filter or improving the RoCoF calculation method.

5.4 A new controller for SI and FFR

The provision of Synthetic Inertia, or Fast Frequency Response, requires that a power
device must be able to detect and respond to frequency variations very rapidly, in a
few hundred milliseconds from the beginning of the transient event. As demonstrated
in [25], a battery energy storage systems represents one of the best candidates to pro-
vide frequency ancillary services thanks to its technical characteristics, such as long
discharge time, high ramping rate, and high voltage/frequency control capability of its
inverter. As previously specified, the efficacy of a SI control is also severely affected
by the quality of frequency and RoCoF measurements. However, authors in [153] even
suggested that the assumption of having reliable RoCoF signals at the distribution level
may be unrealistic. More advanced frequency measurement systems, such as intelli-
gent electronic devices (IED) or PMUSs, might be employed, but they are clearly not
suitable for end-user applications due to their high costs [153], [170].

In the literature, several studies demonstrated the possibility of providing fast fre-
quency support at the end-user level by controlling domestic loads, such as refrigera-
tors and boilers [21], [23], or single-phase electric vehicles [180]. In this sense, storage
systems are also considered the best source to provide fast frequency control services
[165], [181], [25], [182]. Nevertheless, although the idea of using DERSs for SI support
is generally accepted, few practical implementations can be found in the literature, and
the actual controllability of legacy distributed resources was never addressed [161].

Test results previously described proved the capability of the investigated fre-
quency measurement algorithms to be implemented in a low-cost device and comply
with end-user applications. Therefore, the possibility to develop a low-cost controller

able to autonomously measure frequency and RoCoF, and implement a SI control law
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on the management system of remotely controllable DERs was investigated [161],
[183]. As a point of strength, the proposed controller has the advantage to be en-
abled to provide SI response for any distributed component that possesses the ability
to receive a remote control signal on a fast communication channel without the need
of reprogramming inverter control schemes or management system. Based on this, a
real BESS was employed as a controllable DERs to test in a PHIL environment the SI

action law provided by the investigated controller.

5.4.1 Controller Description

The controller studied in this work is based on a very low-cost architecture (below USD
100), being based on the use of an off-the-shelf single-board computer. In particular,
in order to detect and respond more rapidly to frequency variations, a Raspberry Pi 4
Model B (the newest version in its class) was adopted. Clearly, any other similar pro-
cessing unit could be employed. Differently from its previous version, the Raspberry
Pi 4 Model B has the following, more advanced, technical features: 64-bit quad-core
processor, 4 GB of RAM, dual-band 2.4/5.0 GHz wireless LAN, Bluetooth 5.0, Gi-
gabit Ethernet, USB 3.0, power over Ethernet capability, and a standard 40-pin GP1IO
header.

The main purpose of this controller is to estimate RoCoF variations and generate SI
control of a BESS, accordingly. SI control is obtained by changing the battery’s power
output set-points with an additional control signal proportional to RoCoF variations.
The SI control can happen even without having to reprogram the BMS, with particular
advantages in the case of legacy devices, whose internal control schemes and logic,
based on proprietary languages and codes, cannot be modified.

The proposed controller, whose scheme is shown in Figure 5.7, is able to ac-
quire and process grid voltage signals, calculate both frequency and RoCoF, and com-
municate with other external devices through Ethernet (LAN), Bluetooth, and USB.
The GPIO interface of the single-board computer was used to acquire the voltages.
The GPIO works with digital signals only, and therefore a voltage transducer and an

Analog-to-digital converter are required. The transducer used in this test is a high-
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voltage differential probe, with a signal attenuation of 200, coupled with a DC source
used to add a 1.65 V offset in order to adapt the voltage waveform to the ADC-shield
input voltage (i.e., 0-3.3 V). A 10-bit ADC, with a cost of about $10, equipped with
serial peripheral interface was also mounted on a prototype shield and connected to
the GPIO’s pins.
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Figure 5.7: Scheme of the investigated SI controller
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As a next step, the frequency values are employed to calculate the RoCoF and gen-
erate the corresponding SI control law. Nevertheless, as described in Section 5.4.3,
due to the presence of noise and distortions on the acquired voltage signal, a filter-
ing process was added between frequency and RoCoF calculation. This filtering stage
is also recommended by ENTSO-E in a document discussing frequency and RoCoF
measurement requirements [166]. As specified in this report, a wide range of differ-
ent filter algorithms are available, such as Bessel, Butterworth, Chebysheyv, elliptic,
etc. However, these filters must be tuned in such a way to minimize the presence of
noise without introducing excessive delays. An application case of frequency filter-
ing is presented in [184], in which an appropriate feedback and feedforward filter was
applied in order to remove noise as much as possible without affecting the RoCoF be-
havior. The algorithm is based on a combined version of "comb" filter, which acts by
adding a delayed version of the signal to itself and causing constructive and destruc-
tive inference that can attenuate the specified frequency signal and its harmonics [185].
In this controller, a less sophisticated filter based on an exponential moving average
was employed in order to limit the necessary computational burden. This algorithm is
able to reduce lags introduced from the average process by applying more weight to

the recent samples than the older ones, and, therefore, results as particularly sensitive
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to recent signal changes [186]. According to the measured RoCoF values, the con-
troller generates an SI control law and communicates it to the of the BESS. In these
tests, the control law was transferred to the BMS through the LAN and using Modbus
TCP/IP protocol.

5.4.2 Experimental Tests of SI Control through BESS

In order to assess the performances of the proposed SI controller, PHIL tests were
performed by means of a microgrid facility located at LabZERO laboratory of Po-
litecnico di Bari [187]. This facility permits to implement, in a real-time simulating
environment, the interaction between the power system and real power devices of the
microgrid. Simulation tests performed by the author, not reported here for brevity,
demonstrated how this facility is promising, in particular, for testing the provision of
AS (e.g. voltage regulation) in real-time co-simulations [143], [188].

The very first step of the performed analysis was to test the behavior of the 5 kVA
LiFePO4 BESS currently installed in the LabZERO microgrid when it is controlled
to provide Synthetic Inertia during a simulated frequency event. The controlled phys-
ical battery interacts with a power system model that reproduces, in real-time, the
electromechanical transient following a sudden power imbalance. This first PHIL sim-
ulation was used as a benchmark to compare, in the following tests, the SI response
of the BESS when it is regulated by the proposed controller. In these additional PHIL
tests, the SI control law sent to the BMS is directly generated by the Raspberry con-
troller, which autonomously measures frequency and RoCoF, and controls the battery.
These tests were also aimed at demonstrating how, by moving the evaluation of the
SI control at field level, it is possible to reduce the delays due to communication and
control processes.

The Power Hardware-in-the-Loop test bench is shown in Figure 5.8. The real-time
simulator (RTS) OPAL RT5600 (OPAL-RT Technologies, Montreal, QC, Canada) is
used to simulate the electromechanical response of a generic power system, whereas
the programmable power source Triphase PM15A30F60 (Triphase, Holsbeek, Bel-

gium) is programmed to control the entire microgrid in grid-forming mode. Through
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synchronous communication, based on a fiber optics channel, the real-time frequency
of the simulated system is sent by the RTS to the programmable source. This fre-
quency value is imposed in real time on the actual microgrid and, therefore, on all its
components. In such a way, the frequency excursions following load/generation imbal-
ances, which are controlled through the primary frequency regulation of the simulated
system, are applied to the microgrid and to the BESS under study.

the Micregrid
on the back

synthetic
inertia low-cost
controller

real-time digital
simulator

three-phase

controllable
power source

controllable
power source
controller

Figure 5.8: Power hardware-in-the-loop test equipment

5.4.2.1 System Model and Frequency Response without SI

In Figure 5.9, the block diagram used to build an equivalent model of the power system
is shown. The term APy is the active power load variation applied to generate a power
imbalance, whereas APg; represents the active power exchanged by BESS to provide
SI, and APg is the primary frequency regulation following the disturbance. Table 5.5
summarizes the values assigned to the droop R and to the delays T, 11, T12, T13 Of
the governor and reheat turbine models. The limits set for the governor model con-
sider the valve opening constraints, whereas limitations imposed on the turbine model

take into account the active power limits. A substandard level of system inertia H (3
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seconds) was assumed to simulate the arising of reduced total system inertia (TSI) con-
ditions due to the high penetration of inverter-based Renewable Energy Sources. This
assumption was made in accordance with [189], where the authors estimated system
inertia of the Italian transmission system, highlighting how a TSI even lower than 3

seconds has been experienced during specific real-time conditions.
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Figure 5.9: Power system model with synthetic inertia contribution

Table 5.5: Power system model coefficients
R T Tr1 Trp, Tr3 H D SF
[pu] sl [s] [s] sl [s] [p.u/kW]
0.050 020 2.1 21 73 3.0 0.020 0.0116

Figure 5.10 shows the transient response of the simulated system to a sudden load
step change, when only primary frequency regulation is considered (i.e., the term APg;
related to the power contribution of Synthetic Inertia is set to zero). Since the scope of
the following tests was to test inertial control, which happens within the first 500—1000
ms of the transient, secondary frequency regulation was not modeled. At the beginning
of the simulation (r < 0 s), the system was assumed to be in steady-state conditions,
with the synchronous generation perfectly balancing the load. At time t =0 s, an
instantaneous upward load step change (AP;,q,q = +0.1 p.u.) was applied. The primary
frequency regulation of the synchronous generation regulated the power output of the
quantity AP, so that a new equilibrium point was reached. The primary frequency

regulation was modeled according to the transfer functions typical of a thermoelectric
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plant, whose parameter values are shown in Figure 5.9.
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Figure 5.10: Frequency and active power trajectories without SI control

As shown in Figure 5.10, the load step variation gave rise to the frequency transient
represented by a dotted black curve. After 1.62 s, the frequency trajectory reached its
minimum, or nadir, at 49.21 Hz. Then, thanks to primary regulation, system fre-
quency is brought back close to its nominal value, settling to about 49.75 Hz. Without
Synthetic Inertia support, frequency control was only provided by the synchronous
generators that, by means of the primary frequency regulation, adjusted active power
generation according to the simulated response of the turbines’ governor. After about
6 seconds from the contingency, the power response APy, depicted in Figure 5.10
with a continuous blue curve, reached the same value of the applied load variation

APjyaq. A power overshoot of about 0.030 p.u. was reached during regulation.

5.4.2.2 PHIL Tests of Synthetic Inertia by Means of BESS

In this subsection, the capability of a BESS to modulate its power output and provide
frequency support was investigated. The presence of an additional non-null active
power contribution APg; in the scheme of Figure 5.9 was therefore considered. This
additional term takes into account the SI contribution provided by BESS in terms of

active power balance. The BESS power output was remotely managed, applying a
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current reference set-point /.y to the BMS. This set-point was calculated by a simu-
lated SI controller on the basis of the RoCoF signal, and then sent via Modbus TCP/IP
communication. In these tests, the proposed SI controller was only emulated through
the RTS. Frequency and RoCoF measurements are ideal signals obtained by the RTS
during the transient simulation.

The active power response of the BESS was measured by the controllable power
source and fed back to the RTS in order to close the loop of the PHIL simulation.
Since the SI active power control should reproduce the response of a larger number of
storage units, APs; was scaled by a factor SF' (shown in Figure 5.9). By means of this
scaling factor, the real BESS, whose maximum inertial contribution was set to about
3.5 kW, represents in the real-time simulation a BESS with nominal power equal to
4% of the reference power. The Synthetic Inertia control adopted in this test case and

simulated through the RTS is represented in Figure 5.11.

RoCoF
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Figure 5.11: Block diagram of the SI controller simulated with the RTDS

With the aim to avoid an excessive control activity of BESS around the frequency
equilibrium point and endanger the lifespan of the battery, a 10 mHz/s RoCoF dead-
band was assumed. Moreover, the saturation block limited the direct current reference
Loy to [=5,+5] A, thus about 3.5 kW in charge/discharge mode.

As previously mentioned, in these tests, an ideal SI controller was just emulated
in the RTS. The SI control law was obtained according to the scheme Figure 5.11.
The RoCoF signal was calculated during the simulation by deriving the continuous
frequency signal. RoCoF was therefore a continuous quantity, known instantaneously
at each simulation time step (i.e., 0.125 ms). Due to the absence of delays and mea-
surement errors in the RoCoF signal, as shown in Figure 5.11, no filters were adopted

in the control chain.
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In tests, increasing values of gain K in the interval 10-25 A/(Hz/s) were used in
order to study the dependence of the system frequency response with respect to the
amount of active power provided by the inertial control. Figure 5.12 shows the fre-
quency response of the simulated system after the introduction of the SI support with

various values of gain K.
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Figure 5.12: Ideal SI controller: frequency response with different gain K

The black dashed line represents the system frequency response without any SI sup-
port, which was previously calculated and assumed as base case. Differently, all other
curves are the frequency trajectories obtained in the presence of BESS Synthetic In-
ertia control. The observed response is coherent with the typical effects of fast SI
control actions [181]. In comparison with the base case (no SI control action), higher
frequency nadir points were reached, even though the settling time was increased.

In general, it can be observed that an increase of gain K allowed to reduce the
frequency derivative in the very first instant and reach a higher nadir. However, higher
magnitude of inertial control corresponds also to larger second overshoot and longer
settling time. From Figure 5.13, it is possible to observe how control gain affects
system response. A lower gain reduces the BESS participation in frequency control,
letting the synchronous machine more rapidly take care of the power imbalance. The
synchronous generator overshoot decreases with SI contribution. In the PHIL tests, this

overshoot was reduced from 0.0295 p.u. of the base case to 0.0232 and 0.0230 p.u.
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Figure 5.13: Ideal controller: BESS active power response with different gain K

for the case with K = 10 and K = 25, respectively. Having reached the nadir, the SI
control action changes its sign: for this reason, higher gains cause an increase of the
second frequency overshoot and an increase of the time necessary to reach steady state.

Table 5.6 permits to better compare the results obtained using different gains af-
ter the same load-step variation. The settling time was calculated considering a 2%
tolerance around the steady state value. The fall time is the time necessary for the
frequency to drop from 10% to 90% of the settling value. This fall time was used to
average the RoCoF value in the initial characteristic of the frequency transient (see
Table 5.6). To assess the impact of SI on RoCoF, the average RoCoF value is more
suitable than the maximum value, since the latter is always experienced in the very first
instant after 1 = 0 s, when no actual regulating response of the BESS is possible (in
other words, the maximum instantaneous RoCoF is the same in all simulations). The
obtained results demonstrated that fall time and average initial RoCoF improve with
SI gain increase. However, it can be noticed how these improvements soon saturate
with SI gain increase, whereas settling time continues to increase. This is due to the
fact that, in the initial moments when RoCoF reaches its maximum, high gains will
cause SI control to hit the maximum active power limits of the battery, and therefore
no further frequency response improvement can be obtained.

This is a known problem of SI control, and, in general, two possible solutions can
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be adopted. The first solution is to adopt a nonlinear SI control with a gain that is a
function of RoCoF. This kind of control allows to exploit all fast frequency regulation
resources in the first fall, whereas the SI control action will more rapidly damp out
while frequency approaches the nadir or the settling value. The disadvantage of this
control is that SI response will always be very moderate in frequency events that are not
characterized by high-frequency derivatives. Another possible solution is to adapt gain
to the specific operating conditions. Gain can be set so that active power control will
reach maximum capacity during a credible worst-case event (the one characterized by
the highest frequency derivative). In an isolated network, this event might correspond
to the sudden loss of the highest load feeder or generating station. Clearly, this kind
of approach requires the presence of a control center (a microgrid controller in the
case of a small isolated distribution network), plus a communication channel must be
established between this control center and the SI controllers installed on the field.
Gain K can be easily updated knowing the current battery capability and the expected
maximum RoCoF excursion. In both cases, the use of an additional fast frequency
control proportional to the frequency deviation (and not to the RoCoF) can help to
control transients characterized by small derivatives, but large frequency deviations.
Investigations on these control schemes are, however, out of the scope of this test,
since the main aim is to test the fast control capability of the proposed controller. Any
kind of SI control rule can be easily programmed in the controller.

Figure 5.13 allows to assess the speed of the BESS active power response. The first
variation in power exchange was measured by the programmable power source after
about 80—100 ms from the load step change. Despite this initial delay, the BESS was
able to reach its active power peak within 200 ms. The SI controller was just simu-
lated and therefore there were no delays due to frequency and RoCoF measurements.
However, some delays were introduced by the Modbus TCP/IP communication and
the use of a master node to control the BMS. In the considered network, these delays
are usually in the 50-80 ms range.

Some final PHIL tests were carried out using the simulated ideal controller. These
tests, whose results are also synthetically reported in Table 5.6, were aimed to as-

sess the impact of the frequency reporting rate. This is a relevant issue, since the
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simulations with a real controller, which will be shown in the next subsection, are
characterized by actual measurement delays. So far, frequency and RoCoF measure-
ments were assumed to be continuous variables, known instantaneously at each time
step of the simulation. Figure 5.14 shows what happens when the reporting rate of
frequency (and RoCoF) assumes values closer to the actual time resolution achievable

with hardware instrumentation. These tests were performed using gain K = 10.
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Figure 5.14: Ideal controller: frequency response with different RoCoF reporting time, K = 10

If the response of the controlled equipment is slowed by measurement reports, the fre-
quency falls faster. However, up to about 100 ms, the reporting time barely affected
the frequency transient. In Figure 5.15, it is possible to notice how with a 150 ms
reporting time, the battery was operated close to its maximum capacity for a longer
period, even leading to the highest nadir. However, this response is more similar to
the one obtained by fast frequency regulation schemes that operate with control laws
proportional to the frequency deviation; the response is improved in terms of nadir,
but the initial RoCoF is barely influenced by the BESS control. In this test case, char-
acterized by low inertia and a very fast frequency transient, reporting times equal to or
higher than 150 ms cannot produce any improvement in terms of RoCoF reduction. A
numerical comparison was peformed between the results of the simulations (Table 5.6)
in terms of RoCoF, nadir, and settling times. These simulations will also be used as a

benchmark for the PHIL tests with the actual controller.
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Figure 5.15: Ideal controller: BESS active power response with different RoCoF reporting
time, K = 10

5.4.3 PHIL Tests with the Single-Board SI Controller

Based on previous results, final additional tests were performed with the aim to assess
the capability of the proposed SI controller to provide frequency support by means of
BESS. Since this controller is able to measure the grid frequency directly from the
voltage signal of the BESS busbar, calculate RoCoF, and implement an SI control law
on the BMS, in these tests, the RTS was only employed to simulate the power system
electromechanical response and provide the frequency reference to the programmable

source.

5.4.3.1 Influence of Measurement Errors

Differently from what discussed in the previous subsections, in these tests, the BESS
response is affected by both RoCoF sampling period and measurement errors. Due to
the methodology used for fast frequency measurement, the reporting time of frequency
(and RoCoF) of the controller (Raspberry Pi 4-based) is about 50—60 ms. This time is
needed to sample the two entire cycles necessary to evaluate the weighted autocorre-
lation integral and process the samples to obtain the frequency measurement.

Figure 5.16 shows the frequency response obtained using the proposed SI con-

troller without applying any filter to the RoCoF signal. Even though a very wide
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Figure 5.16: Real controller: frequency response without filters on frequency measurements,
K=10

RoCoF dead-band (£0.100 Hz/s) and a small gain (i.e., K = 10) were adopted, the
presence of noise on RoCoF introduced excessive errors on BESS control. No im-
provement was brought to the frequency response in terms of nadir. Moreover, mea-
surement errors introduced by the controller resulted in a continuous activation and
deactivation of the BESS response, causing unbearable frequency fluctuations around

its theoretical steady-state value.

5.4.3.2 Tests with Filtered RoCoF Measurements

Since low-cost applications, such as the one proposed with this single-board controller,
cannot make use of high-accuracy transducers and signal processing instrumentation,
measurement errors must be filtered. In the following tests, a low-pass filter based
on exponential smoothing was applied to frequency measurements. The SI control
scheme programmed on the single-board SI controller is shown in Figure 5.17. The
filtering action can be modulated by varying the smoothing factor a in the range [0, 1].
The maximum filtering action is obtained with o0 = 0, whereas the filter is completely

deactivated with oo = 1. Samples f;; (k) and f(k) are, respectively, the k —th sam-



Chapter 5. Innovative Ancillary Services through DERs 170

ples of the filtered and not filtered frequency at the time instant . The RoCoF signal
RoCoFyj; (k) is calculated from the filtered frequency measurements using a discrete
derivative function. Smoothing is needed not only to filter measurements but also to
reduce the stress on the controlled component and avoid too many sudden power vari-

ations that can impact the cells’ lifetime.

Exponential Smoothing Filter Derivative function dR‘;C;F d Inas
lead-ban
f(k) Frinn (k)| Frin () — Frin(k — 1) | RoCoFyin (k) Lres (k)
(k) =a- f(k)+(1—a): frin(k—1 —> -K
T fra(h) = - 108+ (1= ) Fpu(l=1) B —16—T K
Imin

Figure 5.17: Block diagram of the actual SI controller

In Figure 5.18, the frequency response of the simulated power system during a
generic frequency event is compared with the filtered and unfiltered frequency values
measured by the controller at the microgrid switchboard where the BESS is installed.
Figure 5.19 shows the corresponding values of RoCoF. The filtered signals were ob-
tained with a smoothing factor o equal to 0.1. It can be observed that the filtered
signals were slightly delayed, but the beneficial effects of the filter during a frequency
measurement disturbance, arising around ¢t = 7.5 s, are clearly visible. The RoCoF
error was drastically reduced, also allowing to keep a small dead-band on RoCoF (i.e.,
+0.025 Hz/s in all simulations with the real controller).

Figure 5.20 shows the system response obtained using the real SI controller, and
adopting different values of gain K. The characteristics of the frequency response are
also reported in Table 5.7.

The smoothing factor was set to 0.1 in all tests. With respect to Figure 5.12, the
results obtained with the real controller are slightly worse in terms of initial RoCoF
and settling time, but slightly better with regard to nadir and second overshoot. It can
be observed that higher gains (K = 20 and K = 25) resulted in bumpier frequency tra-
jectory, due to the amplification of RoCoF errors. Moreover, around the nadir point,
higher gains created some small oscillations when the RoCoF trajectory entered and
exited the dead-band. These small oscillations also introduced some errors in the de-

tection of the nadir time and frequency, as in Table 5.7 for the case K = 25.
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Figure 5.20: Real controller: frequency response with different gain K

Figure 5.21 compares the BESS response in the two extreme cases (K = 10 and

K = 25), showing how a lower gain permitted obtaining a smoother response, with

limited stress on the controlled component. According to these tests, higher gain lev-

els produced only marginal improvements, which did not compensate the other draw-

backs.
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Figure 5.21: Real controller: BESS active power response with different gain K

10
time [s]

—AP_ (K=10)
gen
—— AP, (K=10)
_____ AP (K=25)
gen
_____ AP, (K=25)
AP



Chapter 5. Innovative Ancillary Services through DERs 173

5.4.3.3 Frequency Measurement Reporting Time

Further tests were carried out to investigate the influence of the measurement report-
ing time with the smoothing factor a.. As shown in Figure 5.22 and Table 5.8, a higher
smoothing factor (o0 = 0.25) allowed reduction of the initial RoCoF, but the frequency
response was still characterized by a lower nadir and permanent fluctuations due to
the effects of RoCoF error. However, since RoCoF estimation is derived from two
subsequent frequency measurements, the RoCoF error can be reduced with a slower
frequency reporting rate. As observed in [166], since frequency measurement is based
on the evaluation of power system voltage, frequency computation can typically be
updated every few cycles, 90-120 ms. Since a trade-off between fast enough and ac-
curate frequency measurements is needed, according to ENTSO-E, accurate RoCoF
calculations should be based on sliding windows which average results over few con-
secutive measurements. Robust results can be obtained, for example, in about 0.5 s
if a 100 ms time resolution is used. For this reason, some further tests were carried
out introducing a small delay in the frequency reporting of the controller, so that more
accurate RoCoF estimations can be used by the controller. The effect of increasing the
reporting time up to 100 ms is shown in both Figure 5.22 and Table 5.8.

Increasing the reporting time to 100 ms allowed obtaining of more stable frequency
responses, but it did not prove useful when a stronger filter was applied (o0 = 0.10). A
value of 100 ms reporting time worked well with a higher o (o0 = 0.25), as in the
green dotted line in Figure 5.22, obtaining comparable results to the ones obtained
with faster reporting rate and o = 0.10 (blue line). These results are comparable with
the ones obtained with ideal delayed control (see Figure 5.14 and Table 5.6).

This result is significant for several reasons. If a slower reporting rate is employed,
the controller has a consistent amount of idle time (in this case more than 40 ms)
that can be used either in the implementation of more efficient data processing and
filters or in the control of more devices. This means that there is enough time to
send more control signals and to deal with different protocols and communication
media, extending the range of action of the controller from just one BESS to more

coordinated DERs. In a microgrid, where different DERs might provide asymmetric
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Figure 5.22: Real controller: frequency response with different reporting time and smoothing
factor, K = 10

frequency control resources (for example, loads vs. renewable sources generation),
this is a key improvement since it would allow increasing the extent of the frequency

control capacity using just a single controller.

5.4.4 Discussion and Future Developments

The results obtained by previous PHIL tests validated the capability of the proposed
controller to manage BESS, or other distributed flexible resources, in order to provide
frequency support to power systems. The data shown in Tables 5.7 and 5.8 demon-
strated that the inertial response can be sensibly improved in terms of frequency nadir.
A limitation of the proposed approach is that initial RoCoF can only be minimally
reduced by SI control. This is due to the unavoidable delays introduced by the mea-
surement, filtering, and communication processes. An effective SI contribution can be
reached only after few hundreds of milliseconds (see Figures 5.20 and 5.22). Clearly,
the obtained performances cannot be compared with other approaches to virtual inertia,
such as, for example, the ones based on virtual synchronous machines, which are able
to generate much faster responses. However, one should be reminded that the scope
of this test is to prove the feasibility of enabling, through low-cost technologies, Syn-

thetic Inertia control of legacy and distributed devices which cannot be programmed
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to emulate the behavior of a synchronous generator. These devices could be storage
systems, such as in the performed tests, but also other flexible resources which could
also have asymmetric active power control capacity (for example, demand response
systems, photovoltaics, etc.). Nevertheless, achieved performances are comparable
with typical activation times required for wind power or BESS in providing frequency
support proportional to the frequency derivative (<0.5 s) [160].

The PHIL tests permitted testing of the response of the proposed control scheme
in a realistic scenario, making use of real voltage trajectories affected by noise and
including the actual computation and communication delays that can affect the control.
Due to the presence of disturbances and uncertainties, such as time delays, and the
presence of several blocks that introduce discontinuities (dead-band, saturations, etc.),
it was preferred to check the stability of the controller through an extensive set of time-
domain simulations and power hardware-in-the-loop tests. These tests were conducted
adopting wide ranges of variation of main parameters such as delays, gains, dead-
bands, etc. For the sake of brevity, only the results of few tests have been reported
in the test. However, the system proved to be stable even in the presence of highly
distorted measurements, like also demonstrated in Figures 5.18 and 5.19. The main
aim of this work was to check that the performances obtained with an autonomous
controller, able to both measure frequency from voltages and produce a control signal,
comply with the time requirements needed for inertial support. Future developments
will be aimed to investigate further on the design of the measurement filter, with a

more analytic stability analysis.

5.5 SI and FFR through Public Lighting Systems in

small Non-synchronous Power Systems

In addition to the study proposed in Section 5.4, this thesis also investigated the pos-
sibility to develop a centralized control aimed at providing fast frequency grid support
by means of dispersed resources. In this sense, recent studies demonstrated how dis-

persed controllable devices (e.g. of public infrastructures) may be harnessed to provide
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effective grid services. More in the detail, in this study, the feasibility to provide fre-
quency regulation services like SI and FFR through a centralized control of a public
street lighting system was assessed by testing the response of a real LED lamp and of
its driver in a PHIL simulation environment [190], [191].

In the literature, a few studies of grid services provision through lighting systems
located at the distribution network are provided. In this sense, as specified in [192],
[193], dimmable lighting systems represent competitive resources to be employed to
provide AS in a Demand Response framework. In particular, Light-Emitting Diode
(LED) lamp technologies are very promising from this point of view since they can be
rapidly regulated by using remote or local control signals.

Several studies and projects demonstrated how controlling networked LED street-
lights is possible in the monitoring and control framework of smart grids [194], to
provide demand side management services or optimize energy use through the inte-
gration with other urban energy infrastructures such as EV charging stations [195],
[196]. Furthermore, dimmable lighting systems can be used for DR as long as illu-
minance variations are adequately controlled and, then, still acceptable by final users
[197]. In [198], the authors demonstrated how SI can be provided by LED lamps with-
out having to add significant BESS or supercapacitors, but simply connecting a DC
link capacitor to the lamps. The use of LED lighting system to support BESS [199]
and conventional generators [200] during primary frequency regulation has also been
investigated. Similarly, a decentralized control strategy for a LED lighting system,
aimed to provide primary and secondary frequency regulation is described in [201]. In
such control, each lamp independently provides a frequency response contribution by
adapting the power consumption to the grid frequency excursions. While, an advanced
local control, able to consider entity and duration of frequency deviations, is presented
in [202]. Nevertheless, it occurs to consider that these last solutions are based on a
decentralized control strategy, with the drawback to require a relevant number of con-
trollers to be installed, one for each lamp, to gather a significant amount of flexibility.
This problem might be overtaken by considering clusters of loads to be controlled with
a centralized approach. This represents the case of smart city infrastructures, where

resources like public lighting lamps could be aggregated with each other by means of
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a centralized control to provide grid services. Several projects, such as TeleWatt [195]
and EMERA [196], investigated the possibility to exploit existing public lighting in-
frastructures to provide different services. Both of them were aimed at integrating
EV charging stations with public street lighting systems, optimizing their usage in a

centralized control architecture.

5.5.1 LED Street Lamps as Flexible Control Resources

With LED technologies getting less and less expensive by the day, LED lamps are pro-
gressively substituting all others in both new installations and refurbishment projects.
Their competitive performances in terms of efficiency, life expectancy, reliability, con-
trollability and Electromagnetic Compatibility (EMC) impacts make them one of the
lead technologies in public street lighting systems. According to the standard UNI
11248:2016 [203], if a "Full Adaptive Installation" is employed, the lighting class of
street lamps can be reduced during low traffic conditions. Lighting classes, as defined
by the Part 2 of the European standard EN 13201:2015 [204], determine the road light-
ing conditions to be ensured to guarantee the safety of road users. Illuminance control
actions are allowed, as long as they comply with minimum standard requirements.

Various techniques can be used to easily control and dim LED lamps. For exam-
ple, the 0-10 Vpc protocol is widely adopted for analog dimming. According to this
protocol, the lamp scales its light output so that at a control voltage of 10 V its light
intensity corresponds to 100% of its rated value, while below 1 V its light intensity is
at its minimum value. However, this control technique is not prone to be extended to
control several lamps distributed in a large geographical area.

Several protocols, already commercially available, permit to control a larger num-
ber of LED drivers. For example, DALI controllers allow to manage up to 64 LED
lamps, at a maximum distance of about 300 meters. However, time specification of this
kind of controllers might not be adequate for applications requiring a very fast device
response. The DMX-512 technology allows instead to control up to 512 networked de-
vices, at a maximum distance of about 300-500 meters, theoretically extendable using

repeaters. Since the transmission time for a maximum sized packet with 512 channels
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is about 20 ms, this protocol is fast enough to be employed for fast modulation of the
light output of LED lamps. Clearly, the use of DMX-512 implies the installation of a
wired communication system among all lamps.

The applicability of wireless controllers has been also proved in [194], where each
LED lamp in a networked lighting system has been provided due to a receiver that can
collect data packages sent via radio transmission at a frequency of about 900 MHz.
GPS applications for the control of lighting systems are also patented. Large geograph-
ical areas are therefore theoretically reachable by the same control system, although
the easiest solution could be implementing local frequency measure and control at each
lighting control box that usually manages few dozens of street lamps. In this sense, an
example of low-cost synthetic inertia local controller has been provided in Section 5.4.

However, the implementation of these solutions could be prohibitive in practi-
cal applications if the infrastructure is implemented only for frequency support, due
to the high investment costs associated with the communication infrastructure, espe-
cially if implemented over large geographical areas. However, it could be applied to
pre-existing infrastructures (without significant additional costs) and to smart grids in
which the remote control of DERs if already implemented (e.g. for energy optimal
control) and could be extended to SI and FFR.

The real-time control of LED street lamps here described was proposed to har-
vest flexible resources for fast frequency regulation. Since the most severe part of
a frequency transient is usually extinguished within few seconds from its onset, the
time activation of LED lamps control is a crucial aspect in the feasibility of the pro-
posed control. The need of a very fast response introduces for sure some drawbacks in
the proposed control scheme, although it also brings some advantages. Given the very
short duration of frequency transients, the visual impacts due to this kind of control can
be considered comparable to the fluctuations that can be observed during commonly
experienced disturbances of power quality such as deep voltage sags or transient volt-
age interruptions. Due to the very strict requirements in time response, the proposed
LED lamp control was tested in a real-time environment through a PHIL test bed. The
experimental results were obtained by regulating the power output of an actual LED

street lamp according to different frequency-dependant control laws.
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5.5.2 Characterization of the LED lamp power regulation Response

The first performed tests were aimed at drawing a control characteristic curve of the
LED lamp. The lamp was controlled by a LED driver that receives a DC regulating sig-
nal in the range 0 — 10 V. The higher the voltage, the higher luminous flux is produced
by the lamp, and the higher is the electric power absorbed. The control characteristic
was obtained through the experimental results collected from the test setup shown in

Fig. 5.23. The LED lamp was fed by an AC power source supply, whereas a DC power

{ DC power

Street lighting
LED lamp

Current probe
with x100 coil

Figure 5.23: Power-Voltage characteristic curve

supply was used to regulate the DC voltage input to the LED driver. The absorbed
current was measured using a current probe coupled with a x100 coil to amplify the
current signal.

The results obtained by controlling the LED driver with a voltage ranging in the
interval 0 — 10 V have been collected in Table 5.9. In these tests, the lamp was always
fed with the nominal voltage 230 V. These same results are also shown in Fig. 5.24
where the LED lamp power consumption is represented as a function of the DC voltage
control input. It can be observed that voltage inputs below 1V and above 8 V do not
produce any significant variation in terms of both absorbed power and luminous flux.
Therefore, 1 — 8V is the regulating interval that was used to control the lamp during
future tests. In this interval, the characteristic curve appeared to have almost a linear
behavior.

According to the results shown in Table 5.9, the lamp under test can be regulated

to absorb an electric power ranging from a maximum of 103.6 W to a minimum of
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Table 5.9: Test results

Voltage [V] | Current [A] | Power [W]
0.0 0.06 13.1
0.5 0.06 13.1
1.0 0.06 13.1
1.5 0.07 16.2
2.0 0.10 22.7
2.5 0.13 29.3
3.0 0.16 36.0
3.5 0.19 42.4
4.0 0.22 49.4
4.5 0.25 56.0
5.0 0.28 62.8
5.5 0.31 69.7
6.0 0.34 76.7
6.5 0.37 83.6
7.0 0.40 90.6
7.5 0.43 97.4
8.0 0.46 103.6
8.5 0.46 103.6
9.0 0.46 103.6
9.5 0.46 103.6
10.0 0.46 103.6
120 ; ;
1000 | ' ——
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Figure 5.24: Power-Voltage characteristic curve
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13.1 W. This means that the lamp can be dimmed in order to reduce its consumption
by about 90 %, when operated at full power. Lamps that are operating at half capacity,
for example in certain periods of the night when the reduced traffic conditions permit to
downgrade the lighting class, could instead theoretically provide instantaneous power
control for both upward and downward regulation.

Further tests were also performed to determine the LED lamp time response to a
DC control voltage step change and verify if this control is fast enough to be applied
for a fast frequency regulation. Fig. 5.25 shows the results obtained by controlling the
lamp from one of the extremes of the characteristics curve (Fig. 5.24) to the other, in
both upward and downward regulation.

Many other tests, not shown here for the sake of brevity, were conducted by se-
lecting different step change sizes and initial operating points. These results were not
conclusive since the observed time delay changed from case to case, with no apparent
relation to the inputs, leading to conclude that the delay is due to the inner unknown
dynamics of the LED driver. However, in general, it was observed that the delay is in
the 400 — 500 ms range for upward power regulation, and 500 — 1400 ms for downward
regulation. Although this delay can be critical for fast frequency regulation applica-
tions, since it inevitably reduces the efficacy of the proposed control, in the case of
downward power regulation, it will permit to limit the sudden change in illuminance,

minimizing visual disturbances to humans and possible hazards to road safety.
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180
160
140
120

power consumption [W] power consumption [W]

DC control voltage [V]
= NWREOO~N®

05 1 1.5 2
time [s]

Figure 5.25: Upward and downward device regulations
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Following these preliminary results, the effective capability of the actual LED lamp
to perform SI and FFR actions was tested in the Power Hardware-in-the-Loop test bed.
In particular, PHIL preliminary tests, described in [190], were carried out considering
a simplified single-bus electromechanical model of the interconnected power system,
neglecting the representation of main grid components, such as power lines or trans-
formers. However, as shown in [205], the presence of grid impedances among regulat-
ing resources can affect the overall transient response. Therefore, with the aim to sim-
ulate more realistic conditions, further tests were performed [191] considering a more
accurate scenario reproducing the behavior of main electrical devices and components
in an actual power grid [183]. For the sake of brevity, only simulations performed in
this most real scenario have been described in this thesis. However, more details about

the first set of tests, performed on the simplified model, are provided in [190].

5.5.3 Power Grid Model of a Small Non-interconnected Island

The model employed in the tests hereafter described [191] was detailed enough to
describe the influence of high-impedance LV circuits, MV/LV transformers and the
actual voltage and power controllers used in a power plant. The adopted representa-
tion allowed also to include the presence of multiple LED systems at different buses
in the system. This assumption permitted to simulate a more accurate scenario and
keep into account the electrical distance with the distributed sources. The assumed
grid model represents the MV/LV distribution system of an actual small Italian island,
not connected to the main grid. There are multiple rationales under this choice. In
the next few years, Italian small islands will continue to be challenged in embracing a
significant transformation of their energy generation and network assets [27]. With the
mandatory installation of a minimum amount of intermittent renewable sources, small
non-synchronous islands, which are inherently characterized by low rotational iner-
tia, will suffer further reductions of inertia and experience harsher frequency events.
Therefore, it is essential to develop new ways of ensuring frequency quality, even re-
sorting to demand response approaches. In addition, the adoption of a small-sized test

system also allows to ensure suitable details, while respecting the strict computation
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Figure 5.26: modeled small islanded distribution grid

time requirements of real-time simulations and PHIL tests.

The modeled distribution grid is structured as in Fig. 5.26. It mainly consists of
five 10 kV MV buses, each one connected through a transformer to a LV bus. Five dis-
tribution lines connect the MV nodes, creating a loop that is normally open during op-
eration. Each LV bus supplies electricity to (mostly) residential customers, which have
been represented through the equivalent loads RL1-RLS. The installed load capacity
P, at each node is reported in Table 5.10. One of the LV node (bus #1 in Fig. 5.26)
supplies the largest number of customers (RL1) and is connected to a generation plant
with a 2000 kVA rated power and 50 Hz frequency. The plant is based on a set of
diesel generating units and supplies electricity to the local load and to the rest of the
island via an elevator transformer (TR1). It should be noted that the detailed model of
the generating unit has been represented considering all voltage and mechanical power
regulators, a detailed model of the synchronous machine and prime mover dynamics.

Since the proposed control is based on the real-time management of the public LED
street lighting system, each LV node was also connected to an additional equivalent
circuit, which represents a portion of the street lighting system used to light the entire
island. More details are given in the Subsection 5.5.3.1.

The real-time model of the distribution grid is based on a detailed three-phase
representation. All system components were modeled using the libraries available
in the real-time simulator programming environment. Each component was modeled
according to the parameters listed in Table 5.10. These values have been obtained
from the data sheets of the components actually installed on the island. Residential

loads (RL1-RL5) do not normally participate to frequency control and, therefore, were
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modeled using a constant PQ model. This choice permits to simplify the model and
reduce the computational efforts required during real-time simulations. A dynamic
load model was used instead to represent the power consumption at the street lighting
system nodes. Loading levels were set to reproduce conditions of low consumption,
usually experienced during the night and far from the tourist season, when the island
is more populated. Due to the scarce loading level, the number of active generators
is low and the rotational inertia is much reduced. Low inertia conditions can also be
due to high Renewable Energy Sources production and the consequent decrease of the

number of active synchronous machines.

Table 5.10: Main characteristics of the grid components

TR1 TR2 TR3 TR4 TRS
Sn [kKVA] 2000 400 630 250 630
Vin [kV] 10.0 10.0 10.0 10.0 10.0
Von [kV] 0.4 0.4 0.4 0.4 0.4

P..% 0.91 1.15 1.04 1.15 1.04

Vee%o 6.0 4.0 4.0 4.0 4.0
Pre% 0.14 0.21 0.18 0.25 0.18
Iy % 0.9 1.3 1.1 1.3 1.1

RL1 RL2 RL3 RL4 RLS
P, [kW] 1810 590 700 300 650
Vo [kV] 0.4 0.4 0.4 0.4 0.4

MVL1 | MVL2 | MVL3 | MVL4 | MVLS5

Length[km] | 0.510 | 0.510 | 0.510 | 0.850 | 0.510
r; [Q/km] 0.387 | 0.387 | 0.387 | 0.253 | 0.387
x; [Q/km] 0.086 | 0.086 | 0.086 | 0.120 | 0.086

5.5.3.1 Model of the LED Street Lighting System

The street lighting system has been modeled according to some assumptions. The
installed power of the simulated street lighting system was estimated using aggregated
data at national level. According to the statistics in [206], in 2017, the electricity
consumption of public lighting in Italy was about 6000 GWh. Assuming that the public
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lighting lamps are usually switched on less than half a day (about 4000 hours per year)
and that they work almost all times at their rated power, it appeared reasonable to
consider that the installed power of the lighting systems in Italy in that year was about
1.5 GW. This value is about 3% of the national load peak (55 GW in 2017, as reported
in [207] by the Italian TSO). Applying the same percentage to the simulated system,
whose peak power demand is about 1.8 MW, it is possible to assume that the installed
power of the public street lighting system in the island is about 54 kW.

Having estimated the overall load for street lighting and the total number of lamps,
it was assumed to distribute such load on five subsystems, connected at the LV system
nodes. The number of lamps for each subsystem is proportional to the installed load
capacity at LV level. As represented in Fig. 5.26, each lighting subsystem was modeled
using an equivalent three-phase load (LS1-LS5), supplied by an equivalent low-voltage
distribution line (LVL1-LVLS5). Table 5.11 shows equivalent power and number of
installed lamps for each street lighting subsystem (LS1-LS5).

Table 5.11: Power and number of lamps at each LV node

LS1 | LS2 | LS3 | LS4 | LSS
Prs[kW] | 24.20 | 7.76 | 9.32 | 4.04 | 8.69
N.oflamps | 234 75 90 39 84

The equivalent lines LVL1-LVL5 were modeled assuming typical lengths in urban
applications and according to the actual data of the urban lighting system in [196].
Cross-section of cables were sized to avoid excessive voltage drops at the terminal
of each lighting circuit. The adopted values are summarized in Table 5.12. Please,
consider that due to the large number of lamps assigned to LS1, this street lighting
system was divided into three parallel sub-circuits, each one supplying one third of the
total LS1.

5.5.4 Synthetic Inertia and Fast Frequency Response Models

In order to investigate the support that LED street lamps can provide to enhance

the grid frequency behavior, two frequency-dependant control laws were proposed,
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Table 5.12: Characteristics of the equivalent distribution line of the lighting subsystems

LVL1 | LVL2 | LVL3 | LVL4 | LVLS
Length [km] 0.81 0.78 0.93 0.42 0.87
N.of circuits 3 1 1 1 1
Cross-sections [mm?] | 4x25 | 4x25 | 4x35 4x6 4x25
r; [Q/km] 0.99 0.99 0.71 4.21 0.99
x; [€/km] 0.093 | 0.093 | 0.089 | 0.114 | 0.093

namely Synthetic Inertia or Fast Frequency Response. These two approaches have
never been applied or tested on LED urban lighting systems. An approach somewhat
close to what we have proposed was found in [198]. The authors in [198] evaluated
the possibility to provide virtual inertia through the energy stored in the capacity of the
DC-link that supplies the LED lamp. Due to the limited capability of the DC-link of
the lamp driver, this technique can provide a very limited power respect to the SI con-
trol proposed in our work that can control up to 90% of the LED lamps rated power
(see Subsection 5.5.2). On the other hand, for FFR control, a possible comparison
can be done in relation to other primary frequency controls with LED lamps proposed
in the literature. The FFR control law here proposed is comparable to the controls
in [199] and [202]. In these works, however, the actual response and characteristics
of LED lamps and their drivers were not considered. In the described tests, instead,
thanks to the PHIL implementation, the behaviour of an actual (commercially avail-
able) LED street lamp, with its driver and control system, was thoroughly taken into
account. A different control law is proposed in [201] to provide primary frequency
support by LED lighting systems. However, this control introduces a fixed delay to
reduce the frequency control activation in addition to a dead-band on the frequency
deviation. The introduction of this delay does not permit to obtain a prompt response
of the devices for very severe contingencies.

A scheme of the SI/FFR controller used for tests is given in Fig. 5.27 where,
through a control switch, it is possible to choose the control law to be adopted. The
output of the controller is the amount of load to be curtailed. The curtailed load set-

point is converted into a DC control voltage set-point using the look-up table obtained
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during the characterization tests in Subsection 5.5.2 (see Fig. 5.24). The DC control
voltage obtained in this way is applied to the LED driver to regulate the luminous flux,
and therefore the power supplied to the lamps. A detail of the SI and FFR functions
blocks in Fig. 5.27 is given in the next subsections. Please note that, for the sake of
simplicity, in this work, it was assumed to allow SI/FFR control of the street lamps
only during underfrequency events, when lamps are working at their maximum power
and their power output can only be regulated downward. However, it is possible to
imagine that a symmetrical control of loading power could be implemented on the

lamps that are working at half capacity during reduced road traffic conditions.
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Figure 5.27: Synthetic inertia and fast frequency response control scheme

5.5.4.1 Synthetic Inertia control law

As reported in [159], synthetic inertia is obtained by applying a control law propor-
tional to the frequency derivative (RoCoF). Some applications of this control are re-
ported in [161], [162]. However, a control law that follows continuously the RoCoF
trajectory can lead to a rise in the frequency response settling time, because of the in-
ertial support given after having reached the nadir point. Such drawback can be over-
come by adopting the solution proposed in [208] where the SI control is applied only
when RoCoF and frequency deviations have the same sign. The SI control adopted in
this work and described in [191] is similar to the one proposed in [208], although, in
this case, having modeled also secondary frequency regulation, the steady-state value

is given by the nominal frequency (50 Hz). As shown in Fig. 5.27, a RoCoF dead
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band of 100 mHz/s was also introduced in order to avoid unnecessary regulations,
due for example to measurement noise. Indeed, RoCoF calculation can be affected by
large errors due to noise on frequency measurement. To further reduce the effect of
noise, a low-pass filter can be applied to the frequency measurement. According to
the step-change responses shown in Fig. 5.25, the dynamic behavior of the controlled
LED lamp is characterized by a large delay and is therefore inherently less susceptible
to noise, making the use of a filter unnecessary. Assuming F as the frequency sample
at the time ¢ and Kg; as the applied gain factor, the SI control law implemented in the

SI Function Block consists of the following if statement:

if F<50 & dF/dt<0.1

y:KS[-dF/dt
else
y=0

According to this rule, a non-zero output y of the SI controller is obtained only
when the frequency is below its nominal value (50 Hz). The gain factor Kg; was sized

so that the maximum power variation is obtained when a 0.5 Hz/s RoCoF is reached.

5.5.4.2 Fast Frequency Response control law

As defined in [159], the fast frequency response aims to provide grid support for re-
duced inertia systems by means of units able to quickly respond to frequency excur-
sions, with an active power response proportional to the frequency deviation. Assum-
ing AF as the measured frequency deviation from the steady-state value, and introduc-
ing a 0.1 Hz dead-band to avoid excessive stress to the lamp, the control output y of

the FFR Function Block in Fig. 5.27 was formulated as follows:

if AF <-0.1
y=Kprr- (AF +0.1)
else
y=0

The gain factor Krrg was set in order to obtain the maximum power contribution
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with frequency deviations greater than 0.5 Hz.

5.5.5 Test Results

This section describes the setup for the Power Hardware-in-the-Loop experimental

tests and discusses the results obtained considering the SI and FFR control strategies.

5.5.5.1 Power Hardware-in-the-Loop test bed architecture

The PHIL setup used to investigate the effectiveness of the proposed SI and FFR con-
trols is shown in Fig. 5.28. It consists of a real-time digital simulator (OPAL RT5600),
a power amplifier module, managed by an amplifier controller, and a real LED street
lamp, whose physical response was applied in PHIL to the simulated power system. As
previously described, the real-time simulator, which was interfaced with the amplifier
controller by means of an optical fiber channel, simulated both the distribution network
described in Section 5.5.3 and the LED lamp controller. The DC-control voltage signal
(0—10 V) sent to the LED driver to control the lamp luminous flux was generated by

the real-time simulator as an analog output by using the hardware synchronized mode.
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Figure 5.28: Setup of the Power Hardware-in-the-Loop simulation tests

The LED lamp was connected to the LabZERO microgrid [187] at the Politecnico
di Bari, which was supplied by the programmable power source operating in volt-
age source control mode. According to this setup, frequency and voltage signals of

the simulated non-synchronous system were communicated to the amplifier controller
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and, then, physically applied to the microgrid busbar. The response of the micro-
grid (and the LED lamp) to the frequency and voltage variations is measured by the
programmable power source and transformed into a PQ signal to be fed back to the
real-time simulation.

These active and reactive power signals were suitably scaled to reproduce the re-
sponse of the five street lighting subsystems connected at different LV nodes. Thanks
to the characterizations tests, it was proved how LED lamps behavior was not influ-
enced by voltage magnitude in a very large interval. Therefore, the expected response
of all simulated lamps can be considered similar to the physical LED lamp as long as
the frequency is the same on the entire grid. This condition can be considered true

since the system is very small in size and is supplied only by a single power plant.

5.5.5.2 Case 1. SI Control of LED lamps

The proposed SI control was tested applying a sudden load step variation of 180 kW to
the simulated grid, in a day characterized by an average power consumption of about
1.25 MW. Given the very low rotational inertia of the diesel power plant (assumed to be
0.3 s with respect to the maximum installed power 2000 kVA), the frequency transient
following this disturbance, applied at the generic time ¢t = O s as in Fig. 5.29, shows
a very steep descent with an initial RoCoF higher than 8 Hz/s, and a nadir of about
48.3 Hz, much lower than the 49 Hz minimum suggested by the standard EN-50160
for the quality of frequency in systems with no synchronous connection.

Fig. 5.30 shows how the proposed SI controller can generate a DC control sig-
nal adjusting the active power consumption of the LED lamps during the frequency
transient.

The effect of this action control is visible in Fig. 5.29 with a non negligible contri-
bution to the nadir, which is now raised to about 48.4 Hz, a reduction of the frequency
overshoot and an overall quicker settling time.

As shown in Fig. 5.30, due to the high RoCoF, a maximum power reduction was
instantly asked to the LED lamps. Within a few hundred milliseconds, the LED lamps
began to reduce their consumption. The SI controlling signal was stopped after having

reached the nadir, and the lamps went back to their regular operating point within a
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second from the start of the disturbance. Due to the severity of the transient, a second
activation of SI was also requested during a second oscillation.

Fig. 5.31 shows how the power response provided by the diesel generation plant
derives from a detailed model of the generating units. Its response is clearly much more
significant than the LED lamps, whose consumption is in this case only just about
4% of the overall load. Furthermore, due to the high speed of the system response,
the contribution of the lamps to the dynamics can be exploited for a short time only.
However, it should be observed that these tests were carried out on particularly stressed
conditions. In fact, the model of the non-synchronous system was characterized by
an extremely low amount of inertia. The frequency support could have been more
significant in systems with more inertia and, then, a delayed nadir time. Nevertheless,
from another point of view, the limitation in the active power control of the LED lamps

guarantees that the visual impact during the transient is very limited.

5.5.5.3 Case 2. FFR control of LED lamps

This second case is equivalent to the previous one, but this time the presence of a
FFR control of the LED lamps was assumed. Fig. 5.32 shows the system frequency
response with and without the FFR support. The response was quite similar to the
previous case, although a better control of the frequency overshoot and settling time
was obtained. Fig. 5.33 shows the LED lamp power response and the control signal
applied to its driver.

By comparing the two trends in Fig. 5.30 and Fig. 5.33, it is possible to observe that
the FFR control strategy is slightly delayed, but allows a longer activation of the LED
lamp active power control. This is due to the fact that, in general, when an imbalance
occurs, the RoCoF (dF /dt) reaches instantaneously its maximum value, saturating the
SI control, and goes rapidly to zero when the nadir is reached. Frequency deviation
(AF), instead, starts from zero and needs more time to reach the saturation threshold
of FFR control (set in this case at —0.5 Hz). FFR control is requested until AF is
brought back within the dead-band limits (i.e. at 49.9 Hz), with an overall activation
of about 1 s. In this case, the LED lamps have enough time to curtail almost all of

their consumption, ensuring higher damping and a smaller frequency overshoot. Nadir
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point is comparable to the one reached with SI inertia control, although just slightly
lower. Fig. 5.34 shows the active power response of both diesel generation plant and

LED street lighting systems.

5.5.5.4 Cases 3-5. Further comparison of SI and FFR control

The previous tests assumed a very severe contingency, with values of RoCoF and fre-
quency deviations which rapidly saturated either SI or FFR control. Further tests have
been carried out in order to investigate the response of SI and FFR control laws in
absence of saturation.

Fig. 5.35 allows to compare the system frequency response obtained with SI and
FFR control, applying gradually smaller load step variations. The three cases, namely
3, 4 and 5, are characterized by a 3%, 2% and 1% load variation, respectively. In
these cases, the SI controller allowed to improve more visibly the response in terms of
nadir with respect to the FFR. With the decreasing of the disturbance severity, RoCoF
decreases and the FFR control is activated with larger delays, because of the time
necessary for the frequency deviation to reach the dead-band lower limit. In all cases,

however, FFR control allows to limit or even avoid the frequency overshoot.
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Figure 5.35: Cases 3-5. Frequency response to a 3% (left), 2% (center) and 1% (right) load
variation

In addition, having imposed a load variation in the system equal to the installed
power of the public street lighting system in the island (3% of the total load), the pro-
posed controls allow to reduce the maximum frequency deviation by 20%. This reduc-
tion, using the SI control, increases if the load step change has a magnitude lower than
the controlled LED-lamp power volume. Indeed, SI control, being based on RoCOoF, is

able to provide a contribution even for very modest contingencies. For this reason, SI
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Figure 5.36: Cases 3-5. LED lamp response to a 3% (left), 2% (center) and 1% (right) load
variation

controller can be considered preferable as it can provide a better counter-balance for
the smaller load variations that most often occur during normal grid operation.

Fig. 5.36 shows the DC control voltage set-points generated by SI and FFR in
the three cases, together with the LED lamps active power response. It is possible to
observe that, due to the extremely low system inertia conditions and the high values
of initial RoCoF, even during small disturbances, SI control is still characterized by a
sort of ON/OFF behavior. The FFR control signal, instead, changes more smoothly.
However, due to the actual delays in the response of the LED lamp, observed during
the characterization tests presented in Section 5.5.2, the active power response follows
initially about the same trajectory, with just a little delay in the case of FFR. The main
difference of the two controls is again found in the longer activation time of the FFR
control. As also previously remarked the delayed response of the lamp allows in any

case to minimize the visual impacts which can be considered negligible.

5.5.5.5 Test results discussion

The present investigation addressed the idea of using LED public street lighting sys-
tems to obtain an extra grid support in scenarios characterized by very low rotational
inertia. The capability of providing a very fast active power regulation, without discon-
necting the lamps, was investigated through Power Hardware-in-the-Loop tests. PHIL
tests allowed to integrate the simulation of a MV/LV isolated distribution grid with the
behaviour of a real LED street lamp controlled to provide SI or FFR control actions.
The simulated grid represents the non-synchronous power system of an actual

small Italian island, comprising all main MV/LV components, a detailed diesel gen-
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eration power plant and a distributed public street lighting system. This kind of non-
synchronous systems is inherently characterized by low total inertia, and will face in
the next years the challenge of integrating larger and larger amount of Renewable En-
ergy Sources, with further expected reduction of inertia.

The proposed LED lamp control was tested in a scenario characterized by an ex-
treme reduction of inertia, allowing to prove how a non-negligible contribution to fre-
quency support can be obtained exploiting these controllable resources. Clearly, hav-
ing limited power with respect to the overall load and being characterized by delays
assessed between 400 and 1400 ms, LED lamps cannot substitute other active com-
ponents, such as batteries or fly-wheels. However, the tests showed how, if suitably
controlled, LED lamps can be considered as additional widespread resources to be
exploited for supporting the grid and reduce the capacity of other controlling devices.

The PHIL tests showed that FFR control, in case of severe contingencies, allows a
more pronounced contribution to enhance the frequency behavior but causes a longer
drop in the illumination flux, which has a higher visual impact. On the other hand, SI
control has the advantage of reducing impacts on illumination levels, due to a shorter
activation time of the dimming control. For this reason, the SI control is preferable with
regard to the use of LED street lighting systems to provide AS. In both cases, however,
the visual impacts due to the control can be considered negligible and comparable to
the same disturbances that can be observed during commonly power quality events,
such as deep voltage sags or transient voltage interruptions, which happen hundreds of
times in a year (more often than frequency events).

Entity and number of control actions can be reduced by downsizing the gains of
the two controllers and increasing the dead bands, respectively. In the implemented
controls, the gains were chosen in order to produce an effective control action for most
of the test cases presented. No particular problems in terms of stability or interaction
with the other controllers were observed, mostly because of the limited power that
can be controlled by the lighting systems, even in the case of saturated control laws.
However, in practical implementations, the gains can be set according to the typical
inertia and droop values adopted in power systems or specified by the national grid

codes for the connection of active end-users.



Conclusions

This thesis investigated a decentralized approach to enable the provision of advanced
Ancillary Services by means of DERs. As specified in the first part of this work, the
energy transition process is leading power systems toward the dismissal of conven-
tional power plants. In this direction, several initiatives and regulations have been
adopted at the European level with the goal to achieve by 2030 a share of Renewable
Energy Sources of 40 % and reducing greenhouse gas emissions of at least 55 % with
respect to 1990 levels. Although the progressive replacement of fossil-fueled gener-
ation with intermittent Renewable Sources is introducing additional uncertainties in
power system management, the presence of DERs at DN level represents also an op-
portunity for power system operators since they can be exploited to provide Ancillary
Services. In particular, small dispatchable generators, controllable loads and BESS
may be exploited as flexibility resources for improving power system operation and
facing power fluctuations introduced by intermittent generation, load changes, line
outages, and forecasting errors.

In this perspective, it should be considered that in future scenarios, a significant
amount of energy will be produced by Renewable Energy Sources located at the dis-
tribution grid level. These aspects demonstrate the relevance for distribution system
operators to be enabled in procuring Ancillary Services resources, e.g. to improve the
voltage profiles of the nodes of generating units or to eliminate line congestions.

This idea is also shared by Directive 2019/944 on the internal market for electric-
ity, according to each Member State of the European Union must develop a regulatory
framework that incentives DSOs to procure the flexible resources necessary to operate

their network efficiently and to solve specific operative problems like local conges-
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tions. However, in order to use DERs as AS resources, appropriate coordination is
required between TSOs and DSOs. Several TSO-DSO coordination schemes have
been proposed in the literature with the aim to establish the roles of system operators
and their possibility to procure AS to manage their networks.

This thesis proposed a few approaches for enabling the provision of advanced
Ancillary Services through Distributed Energy Sources in decentralized architecture,
in which each operator is responsible for its own grid. Among the main developed
methodologies, an algorithm for mapping the flexibility area at TSO-DSO intercon-
nection point was proposed. Furthermore, two methodologies to aggregate flexibility
resources in case of multiple POIs were also derived.

In addition, an algorithm based on Benders Decomposition was also investigated.
This method allows a large optimization problem to be decomposed into several sub-
problems, solvable separately. Therefore, it may be advantageously applied in decen-
tralized TSO-DSO coordination schemes, as it can reduce data to be shared between
system operators and distribute the whole computational burden among them [104].
Furthermore, thanks to its mathematical formulation, it is able to perform optimal dis-
patch in scenarios in which TSOs and DSOs are interfaced in multiple POls.

The proposed BDA was tested on the Common, Local, and Shared balancing re-
sponsibility AS Market models with the aim to dispatch DERs to solve network con-
gestions in a power system including one TN and two DNs. Test results demonstrated
the capability of the proposed approach to achieve optimal dispatch solutions while
ensuring that TSO and DSO can manage autonomously resources located in their own
networks. A study concerning data to be exchanged between TSO and DSO was also
carried out for the implemented BDA. This analysis proved that the amount of data
to be communicated depends on the number of iterations necessary to achieve the fi-
nal solution. Whenever a high number of iterations is required (e.g. in larger power
systems), data to be exchanged between system operators can be considered as not ex-
cessive. This is because a limited number of information is transferred between system
operators at each BDA iteration.

Furthermore, the provision of innovative Ancillary Services by means of DERs was

also investigated through Power Hardware-in-the-Loop simulations. In particular, SI



Chapter 5. Innovative Ancillary Services through DERs 200

and FFRcontributions were provided by means of controllable DERs and LED lamps
of public lighting systems. Test results demonstrated the capability of these resources
to contribute effectively to the power system stability, also in case of reduced inertia
conditions.

In conclusion, the study performed in this thesis demonstrated how an engagement
of the DSO at the same level of the TSO, in decentralized approaches, may ensure
effective use of DN flexibility resources to provide grid services for the entire power
system operation. This was also confirmed by simulation tests carried out according
to a PHIL approach, in which DN resources were able to provide innovative Ancillary
Services like Fast Frequency Response and Synthetic Inertia, services that will be par-
ticularly required in a future scenario characterized by high penetration of Renewable

Energy Sources.
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