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Abstract— In this paper, we present a control-oriented bench-
mark of a network of dynamical systems representing an
abstraction of the European Economic Area (EEA) electricity
network. In the network each node represents a country of the
EEA as an equivalent electrical area with specific generation
and load features. The benchmark has been developed to
provide the research community with a tool to assess non-
centralized control strategies over a standardized case study.
The Load Frequency Control (LFC) problem in the presence
of renewable energy sources is considered, where the objective
is to maintain a nominal operating frequency of the electricity
network despite the presence of variations in the load request,
and renewable energy production. A hybrid implementation of
Energy Storage Systems (ESSs) with different operating modes
is considered in the network to support energy generation. We
test the features of the system through control simulations with
centralized Model Predictive Control (MPC), and a Distributed
MPC (DMPC) based on the Alternating Direction Method of
Multipliers (ADMM). The benchmark is provided together with
a long-term access repository containing both the data, and the
scripts to access and process the data.

I. INTRODUCTION

The development of non-centralized control strategies is
an active field of research. This attention is motivated by
the challenges that modern systems are posing, both in
terms of complexity and scale [1, 2]. Often, such systems
are composed by multiple agents [3], where an agent is
defined as an individual entity of a network that can exert
some form of control or decision-making capability. Several
approaches have been sought in the literature to address
the problem of controlling multi-agent systems, such as
decentralized control [4], non-centralized Model Predictive
Control (MPC) [5], coalitional control [6], and multi-agent
reinforcement learning [7]. In real world networks, the chal-
lenges are exacerbated by the fact that systems often exhibit
hybrid dynamics, which may include the presence of logic-
driven behaviors, integration of discrete-time and continuous-
time systems, and configuration-dependent dynamics. Such
characteristics can be represented by hybrid systems [8],
which represent a direct extension of linear systems into the
nonlinear domain [9], and allow for the inclusion of logical
statements [10, 11]. Control architectures applied to hybrid
systems have been developed, e.g. for electricity networks
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[12, 13, 14], transportation networks [15], water networks
[16], and other fields [17].

However, despite the great interest for the field and the
volume of research, when referring to multi-agent systems,
there is a lack of standardized benchmarks to test these
methods. Consequently, it is often difficult to compare
the different approaches directly, because they are validated
through different case studies or even case studies in different
fields. To address this necessity of coherence in the compar-
ison of different non-centralized control approaches, in this
paper we develop a benchmark based on energy networks,
which are among the most relevant application domains for
control engineering. The benchmark is open-access and made
available on the long-term access repository [18] containing
the Python scripts to perform the operations reported, the
prepared dataset, and further technical documentation.

In this benchmark, we combine topological information,
electricity data, and the mathematical modeling of an elec-
trical area to obtain a network of hybrid dynamical systems
suited for the direct implementation of a control strategy.
The electrical areas are selected to coincide with the coun-
tries of the European Economic Area (EEA), and exploit
official topological and electrical data. We will refer to
the benchmark as the European Economic Area Hybrid
Electricity Network Benchmark (EEA-HENB), which is an
extension of the benchmark we developed in [19, 20] for
linear systems, and used to test partitioning strategies for
DMPC in [21, 22]. Specifically, we extend this previous
work by incorporating official topological data for accurate
computation of the network topology, implementing different
charging modes for the ESS, and providing a ready-to-
use distributed implementation of MPC. Throughout this
paper, we illustrate how to use a combination of data and
conventional modeling techniques to obtain a hybrid model.

The motivation for developing this benchmark for multia-
gent energy networks can be sought in the current challenges
and opportunities that such systems provide, such as the
expansion in the adoption of distributed energy resources,
as well as the ever-increasing energy demand, and the ease
of accessibility to high-speed communication infrastructures
[23]. In particular, one of the most studied problems for
energy networks that is also directly impacted by these
recent developments is the Load Frequency Control (LFC)
problem [24, 25]. The LFC problem consists of maintaining
the deviation of the frequency of an energy network w.r.t. the
nominal operating frequency within safe intervals, despite the
presence of variations in the load demand, and in the power
produced by renewable energy sources. Moreover, the use of
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hybrid dynamical formulations in the LFC problem allows
to extend the types of phenomena that can be represented,
which include hybrid Energy Storage System (ESS) [26, 27]
with varying energy exchange rates. Currently, no benchmark
is used consistently as a standard to test control strategies for
hybrid formulations of the LFC problem.

The paper is structured as follows: the topological and
electricity data used in the benchmark are reported in Section
III; the mathematical models used in the benchmark are
presented in detail in Section IV; and the comparison of
centralized and distributed predictive control strategies is
performed in Section V. We conclude highlighting the future
directions for its further development in Section VI.

II. NOTATION

In this benchmark, we model each country of the EEA as
an equivalent electrical area aggregating all the dispatchable
power sources, loads, and renewable sources. The area ¢
will be denoted by A;. Each A; will be represented by the
combination of a set of data presented in Section III and an
equivalent electrical area model described by the system of
hybrid difference equations presented in Section IV.

The topological information about the electricity network
is represented using a graph G = (V, &) associated with
the network of agents. Here, the set of nodes is V =
{A1,..., Ax}, where N is the number of electrical areas
in the network, and a set of edges is £ = {(¢,7) |4,5 € V},
where an edge (i,j) exists if and only if a connection
between A; and A; exists in the network topology. For a
given node ¢ € V), the set of all nodes connected to ¢ is
called the neighborhood of 4, and denoted by N; = {j €
V| (i,j5) €&}

III. TOPOLOGICAL AND ELECTRICAL DATA

A. Network Topology

We determine the topology of the network from the
geographical information provided by the Geographic Infor-
mation System of the COmmission (GISCO) of the statistical
office of the European Union (Eurostat). The dataset is
available at [28], and it is provided by GISCO as a nomen-
clature of territorial units for statistics, also called NUTS.
These data are thus processed to establish the locations
of the electrical areas A;, which we assume to coincide
with the geographical centroid of the respective country,
as further explained in [18]. The resulting coordinates are
listed in Table I. To determine the connections between the
equivalent electrical areas we use the ENTSO-E transmission
system map available at [29], thus establishing the electrical
topology of the network. Then, we compute the distances
between the equivalent electrical areas using the Euclidean
distance, thus determining the lengths of the tie-lines. The
resulting weighted adjacency matrix W,q; is reported in Table
II, where each entry w;; corresponds to the distance between
the electrical areas ¢ and j expressed in 103 [km]. We denote
the binary version of W,y with A,qj, and its entries are
equal to one for each nonzero corresponding entry of Wg;,
and zero otherwise. Combining geographical and electrical

TABLE I: Coordinates of the centroids in the system
ETRS89 LAEA [x10°], and installed capacity in [GW].

ID Area I1SO X Y Capacity [GW]
01  Austria AT 4.63 273 7471
02  Belgium BE 394  3.07 13.879
03  Bulgaria BG 556 231 9.706
04  Croatia HR 483 246 2.609
05  Czech Republic CZ 471 297 15.273
06  Denmark DK 433 3.65 7.660
07  Estonia EE 522  4.05 1.685
08  Finland FI 5.10 4.66 10.935
09  France FR 291 236 90.510
10 Germany DE 435 3.10 87.408
11 Greece GR 545 1.87 9.723
12 Hungary HU 503 272 7.608
13 TIreland 1IE 312 349 7.400
14 Italy IT 450 2.18 59.551
15 Latvia LV 523 3.85 1.326
16  Lithuania LT 520 3.67 1.659
17 Netherlands NL 4.02 325 23.595
18  Norway NO 445 4381 27.353
19  Poland PL 496 3.26 33.752
20  Portugal PT 274 2.03 8.056
21  Romania RO 548  2.64 9.664
22 Slovakia SK 502 2.89 4.737
23 Slovenia SI 4.69 257 2.329
24 Spain ES 3.16 201 62.362
25  Sweden SE 4.65 4.38 31.600
26  Switzerland CH 419 263 8.558

information, we obtain the graphical representation of the
electrical topology of the EEE-HENB represented in Fig. 1.

B. Electricity Data, Capacities, and Bounds

Electricity data are acquired from the European Network
of Transmission Systems Operators (ENTSO)-E transparency
platform [30]. The platform provides data about the power
generation and the load request. Specifically, for each country
in the EEA the following data is available: i) day-ahead
load request forecast; ii) measured load request; iii) day-
ahead renewable generation forecast; iv) measured renewable
generation. We acquire data for one day of operation of the
network, which is January 1, 2022, and the resulting power
profiles for each area can be found in [19]. We pre-process
this data as described in [18] so that we can perform a
simulation of the system with a sampling time 7 = 0.25
[s]. The resulting incremental power variations are in [19].

We obtain different electricity profiles for each area, which
correspond to different production capacities. To account for
this aspect, we establish bounds for the maximum dispatch-
able capacity of each country, considering data about the
installed capacities per production type available at [30]. The
resulting total capacities are given in the last column of Table
I. The minimal capacity is assumed to be 0 [GW], i.e. direct
energy dissipation is not allowed.
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with the respective ISO code. Coordinates are expressed in the system ETRS89 LAEA. The edges of the graph represent

Fig. 1: Electrical topology of the EEA equivalent electricity network. Each node corresponds to a country, and it is labeled
the tie-lines connecting the equivalent electrical areas, and their transparency is the strenght of the interaction.

TABLE II: Lengths of the tie-lines expressed in 10 [km].
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TABLE III: Parameters used in the EEA-ENB.

T T, TR,i Kp i T;;

B2y 1 [ow
GW dij | deg

025([s] 25([s] 25[s] 0.05 [

IV. THE EEA-HENB MODEL
A. System Description

The model of each electrical area A; € V of the EEA
electricity network is composed by the connection of an
equivalent electrical machine and an ESS, as reported in
the schematic in Fig. 2. An equivalent machine is generally
made of a turbine and a rotary mass [24, 31]. The turbine
converts energy (e.g. mechanical) into electricity, and the
actual process depends by the power generation technology.
The rotary mass is the mass of the rotor of the turbine, which
in traditional turbines contains the magnets responsible for
the electricity production through current induction on the
stator [32]. In our model, we make the following assumptions
about the equivalent electrical machines:

« Each machine aggregates the power generation capabil-
ities and inertia of all dispatchable energy resources in
an area!.

o We work at a time scale (i.e. 7 = 2.5 [s]) such that every
energy request at the control time instants of the turbine
is satisfied instantaneously [24]. This approach focuses
on the secondary level control loop of an electrical
machine [25]. Accordingly, we neglect dynamics at a
time scale below the sampling time 7 = 2.5 [s], such
as turbine dynamics, while retaining the behavior of the
rotating mass.

e The model for the rotating mass of the i-th equivalent
electrical machine is a first-order low pass filter with
time constant g ; = 25 [s], V¢

Regarding the ESS, we assume a Piecewise-Affine Linear
(PWA) dynamics, which depends on its input-state configu-
ration, thus being a hybrid system. This approach is similar
to the one that can be found in [26, 27]. However, we extend
it by adding different charging and discharging rates, as
explained in next section.

B. The mathematical model

From the modeling assumptions above and the available
data, we obtain a model of the equivalent electrical areas
that, for each area 14, is constituted by:

e Two control inputs, which are the variation in the
dispatchable energy allocation of the turbine of the
i-th electrical machine APY™; and the energy PESS
exchanged with the ESS.

o Two external and known inputs, which are the load
request variation APil"*‘d, and the variation in renewable

A relaxation of this type of assumption was performed in [26], where
multiple generators are activated according to binary decision variables.
Such approach can be useful if a deregulated energy market model has to
be implemented, as described in [25].

TABLE 1V: Values of the energy rate ng for the ESS 1,
depending on the input-state configuration )/, for j =
1,...,8.

Energy level (%]  PESS(k) >0 PESS(k) <o

0 <ei(k) <25 n; =09
25 < e;(k) < 50 nZ =08
50 < e;j(k) <75 n3 = 0.7
75 < ei(k) < 100 nt =06

= =
I

3
S0 Sy oy Sn
-S-E-El
[ e = Tyg S
~ ol ©

=
o
=)

energy generation production AP/". These signals are
generated according to [19].

o A dynamical coupling signal representing the power ex-
change between the ¢-th area and its electrical neighbors
jEN;, ie. APZ-“E. This signal, which is an incremental
quantity, is obtained considering the deviation between
the electrical angles of each couple of equivalent electri-
cal areas. This angle is one of the states of the respective
systems, and is introduced in the next points.

« Five states, which are: i) the variation of the frequency
of the equivalent machine A f; w.r.t. the nominal oper-
ating frequency fo = 50 [Hz]; ii) the variation of the
machine angle AJ; [deg] w.r.t. the nominal angle Jo;
iii) the energy e; [GWh] stored inside the ESS; iv) the
dispatchable power allocation PP of the i-th area that
is obtained as the series sum of the initial allocation at
time step O and of the variations in dispatchable power
allocation A PY™; v) the total energy exchange over the
tie-lines Pfe of the i-th area, obtained as the series sum
of the increments AP of the power transmitted over
the tie-lines.

The resulting dynamics associated with the i-th area A4;
is provided by the system of PWA equations:

Ad;(k+1) = Ad;i(k) + 2 A f; (k)

Afilhk+1) = (1= 222 ) AL(K) + Kpizzg4(k)

ei(k+1) = e;(k) + 70! PPSS (k) for [ ¢i(k) ] eq (D

P (k)
dlSp(k+ ) Pdlsp(k)+ APdlSp(k)

Pfe(k +1) = Pfe(k) + TAP{(k)
with:
gi(k) = AP (k) — AP(k) + AP™ (k)+ )
—AP‘“( ) — P-Ess(k)
AP(k) = > Tij(As;(k) — Ad;(k)) (3)
JEN;

and T, ;, K, ;, are respectively the gain and the time constant
of the dynamics of the rotating mass; and T;; is the gain as-
sociated with the tie-line connecting nodes 7 and j. The gain
T;; associated with the tie-line is related to the geographical
dlstance d;; reported in Table II by the relation Tj; = Z”,
where k;; = 1 is a tuning parameter, assumed unitary in this
description, but more refined characterization might consider
the impedance per kilometer of the tie-line. All parameters
are reported in Table III.
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Fig. 2: Schematic of the i-th electrical area.

C. The Mixed Logical Dynamical Formulation

Regarding the PWA formulation of the ESS dynamics, the
parameter 7] incorporates the charging or discharging rates
of the ESS on the basis of the input-state configuration j. In
general, this is done by selecting a value of the parameter
! as:

n! for e} <ei(k) <e A [PPS(k)>0v PPS(k) < 0],

4 , “4)
where ¢! and €/ are respectively the lower and upper bounds
of the energy level in which the rate 7/ is valid, and PSS (k)
defines the configuration of the input. The rates that we
propose are reported in Table IV, where our choice is purely
illustrative. However, these parameters can be selected to
accurately represent specific ESSs technologies.

The dynamics reported in (1)-(3) can be reformulated into
a Mixed Logical Dynamical (MLD) form, as described in
[10]. To this end, we introduce the binary variables cpEss, and
auxiliary variables zF55, to convert the ESSs dynamics from
PWA into MLD representation. Specifically, for each area 1,
we introduce as many 55 and 2ESS as are the operating
modes of the ESSs reported in Table IV. We define (FSS
such that @ESS (k) = 1 if and only if the system is in the
operating mode j at time step k. Then, we rewrite the ESS
dynamics as:

eilk+1)=e;(k)+71 Z nl GBS (k) PESS(K),  (5)

and the nonlinearity is removed using the auxiliary variables
20590 =l GBS (1) PESS (k) thus obtaining:

ei(k+1)=ei(k +7‘ZZESS] (6)

Equation (6) is subject to the set of linear inequality con-
straints defined according to [10, 26]:

EPS oSS (k) + EFS a5 (k) < EfSui(k) + B (T)

where ¢FS and 2ESS are the vectors containing respectively

@557 and 2555 for j=1,...,8.

Finally, we can rewrite the aggregated dynamics of the
EEA-HENB. To this, we denote the state, the input, the
auxiliary variables, and the external signal vectors of the i-th
area respectively by:

ZT [AS; Af; e ;11910 Ptie] T — [APde PESS}
ESS,1 ESS 8 ESS,1 ESS,8
ZJ 2™ - Tl = [ ST ®)
[APload APren]
Then, for the overall system with N = 26 areas, we
aggregate these vectors into global vectors as zT =
[2] - el uT = [u] - )T, 2T =[] - gl
o7 = lpl - ekl and wT = [w] - wlg]T. In con-

clusion, the system dynamics with the respective constraints
are:

z(k+1) = Az(k) + B u(k) + +B*2(k) + Dw(k) (9)
Esp(k) + Esz(k) < Equ(k) + Eyx(k) + Es (10)
V. BENCHMARK EMPIRICAL VALIDATION

To asses the potential of the benchmark as a tool to test
multi-agent distributed control strategies, we propose two
settings, representing test cases that can be implemented
directly, or adapted according to the research requirement.
For the sake of simplicity, we use only two sub-parts of the
network, but test cases for the entire benchmark network can
be easily implemented, at the expense of longer computation
time and increased complexity. For example, in [19] we
tested the entire network using linear dynamics for CMPC
over a day of operation, and for that case the computation
required several days of execution. First, we perform the
control simulation of part of the network using a centralized
MPC approach. Then, we implement a distributed MPC
control scheme using the Alternating Direction Method of
Multipliers (ADMM) [33]. We performed the simulations
with a CPU Intel core i7-1185G7.
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A. Centralized MPC

For this setting, we consider the  subnet-
work constituted by the electrical areas V =
{2,5,8,9,10,13,14,17,18,19,24,25,26},  which  are
selected arbitrarily. We implement a centralized MPC
strategy using the same settings as in [19], the set of
parameters used can be accessed through the software
repository [18], and their choice is made by expert
selection for grid stability. In particular, we want to
limit the deviation of the operating frequency and of the
machine angles deviations as much as possible, ensuring
the satisfaction of operational bounds: |Ad;| < 3.5,
|Af;] <0.05, for all 4. Additionally, we want to accumulate
energy in the ESSs, bringing them from an initial value
of 3-eM/7 to 4-eM*/7, with e being the maximum
storage capacity of area ¢. These values are arbitrary and
used with the only purpose that the energy storage system
switches between at least two operational modes. The
resulting simulation is reported in Figure 3. Performing this
simulation consisting of 300 steps required 3137 [s]. Also,
in the MPC implementation, we used measurements of the
external signals for the current time step, and forecasts for
the others, which allows to empirically asses the robustness
of the formulation w.r.t. signal variation. This discrepancy
in the knowledge of external signals introduces some
oscillations in the controlled dynamics. Moreover, from
the simulation we can appreciate that it is possible to set
reference values for the level of charge of the ESS, at the
expenses of some further increase of oscillatory behaviors
in the frequency and machine angle. A similar approach
can be used to minimize the total level of dispatchable
energy used for control, which can result in consistent
economical gains in network operations. We conclude that
the centralized MPC strategy ensures the operation of the
network under constraints and using forecasts of data. The
results of the centralized control approach can be used
to validate and compare non-centralized control strategy
from the perspective of optimality, computation time and
resources.

B. ADMM-based Distributed MPC

We implement an alternating direction method of multipli-
ers (ADMM)-based distributed MPC strategy [34] to show a
possible application of the benchmark in the study of multi
agents systems. For this simulation we consider the set of
areas V = {9,10,13,14,17,26}. In this setting, we require
to minimize deviation of the sate values from references, as
above. However, we do not set any reference for the ESSs
behavior. In this setting, each electrical area is considered
as an independent control agent. The resulting behavior for
the machine angle and frequency deviations are reported in
Figure 4.

VI. CONCLUSIONS AND FUTURE WORK

In this article, we presented the hybrid formulation of a
benchmark for the control of an electrical network represent-
ing an abstraction of the European economic area electricity

network. The benchmark is suited for implementing and
comparing control strategies for a network of dynamical
systems with a certain level of scale and complexity. The
benchmark is characterized by official topological and elec-
trical data. All processed data and source codes are provided
in a long-term repository access for future studies. We
demonstrated the capabilities of the benchmark by first test-
ing a centralized MPC strategy, with desired energy storage
behavior, and then ADMM-based distributed MPC strategies.
We found that this system exhibits peculiar features that
can be relevant in testing and comparing centralized and
distributed control approaches in the framework of hybrid
network systems.

Future work can be directed towards enhancing the com-
plexity and the features of the benchmark, such as con-
sidering the implementation of deregulated energy market
setting, primary frequency control loops, economic opti-
mization including energy prices, uncertainties on energy
forecasts in a stochastic framework, and advanced logic-
driven features such as plug-and-play operations and vehicle-
to-grid systems. Moreover, further studies regarding different
MPC formulations can be devised, including comparisons
of performance and scalability with different centralized
and distributed strategies, design and validation of robust
formulations, and assessment of performance and stability
w.r.t. MPC parameters variation. Finally, the evaluation of
the control performance of the architecture can benefit from
the introduction of more advanced metrics as computational
efficiency, energy cost minimization, or grid reliability.
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