IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN INDUSTRIAL ELECTRONICS, VOL. 6, NO. 2, APRIL 2025 499

Controller Hardware-in-The-Loop Testing of
a Multitimescale Control Architecture
for Multienergy Systems

Diran Liu
and Andrea Benigni

Abstract—To support the transition to a more sustainable energy
supply, interest in multienergy systems (MESs) is increasing due to
their ability to enhance overall system flexibility and reliability.
Within this framework, control approaches play a key role, as they
must address the challenges associated with the different dynamics
of various energy domains and the balance between loads and the
availability of energy resources. Controller hardware-in-the-loop
(CHIL) allows for the safe testing of control applications for MESs
but it is inevitably challenged by the complexity of those systems.
This article presents the CHIL setup designed for MESs. The
peculiarities of the setup are described, and its capabilities are
evaluated considering a multitimescale control architecture.

Index Terms—Co-simulation, hardware-in-the-loop simulation,
multienergy system, voltage control.

1. INTRODUCTION

ULTIENERGY system describes an energy system
M where different energy carriers, such as electricity, heat,
cooling, and fuels interact with each other, coupled through
various technologies [1]. In this regard, the progress of these
sector-coupling technologies, including heat pump (HP)s, elec-
trolyzers, and fuel cells, has contributed to the recent develop-
ment of multienergy system (MES). As a result, MES offers
numerous advantages over the conventional approach, where
each energy sector stays decoupled. For example, it improves the
flexibility and reliability of energy systems [1] while enhancing
the efficiency [2].

Therefore, electrical grids could benefit from coupling with
other energy domains, obtaining flexibility from the other energy
sector for demand-response [3], day-ahead scheduling [4], [5],
and optimal planning [6]. However, the high penetration of
coupling devices into distribution grids, e.g., HPs from the heat
grids, introduces new options as well as new challenges for the
operation of distribution grids [7], i.e., maintaining the voltage
within the operational limits.
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In this regard, cooperation between different voltage levels
becomes crucial, as the flexibility at the lower voltage level could
be used for the higher voltage level for solving congestion and
voltage issues [8], [9]. Still, few examples consider the impact
of MES in voltage regulation or congestion management of
distribution grid [7], [10].

In order to take advantage of the benefits of MES while
considering the different dynamics of the energy domains, mul-
titimescale control approaches are often used to control MES.
In [11], a multitimescale distributed model predictive control
(MPC) for a combined heat and power (CHP)-MES system
supplying a university building is proposed, where dedicated
MPCs are developed for heat and power systems, each running
with a different timescale. Similarly, in [12], the overall MES
system is decoupled, according to the different dynamics, into
subsystems controlled by dedicated MPCs running at different
timescales. In [13], a hierarchical multitimescale MPC control
architecture is proposed for an aircraft MES, where the high-
level MPC operates on a larger timescale and coordinates with
a low-level control with smaller timescale.

The control architectures can be tested under realistic sce-
narios using a controller hardware-in-the-loop (CHIL) setup,
where the controller hardware is interfaced with real-time sim-
ulators [14]. In [15], an open-source testbed is introduced,
which provides a combination of simulation tools and com-
munication services to support testing and validation using a
CHIL setup. The article presents a validation, by means of
CHIL, of a coordinated control concept for a heat pump and
a coupled power grid. However, the study does not address the
coordination between different voltage levels and, consequently,
between different controllers. In [16], a novel voltage control for
coordinating traditional devices and distributed energy resources
in the distribution grid is validated using CHIL. In [17], a CHIL
setup is developed for testing the performance of centralized and
distributed control architecture, considering communication and
different control hardware. Nevertheless, there are few works
that test hierarchical control strategies for MES with a CHIL
setup. A CHIL test bench is implemented to validate the multi-
timescale MPC for an aircraft electrical-thermal system in [13],
which, however, represents a scenario far from the one consid-
ered for this work. In [18], a hierarchical control architecture is
proposed to improve the resilience of a community-level MES
under emergency conditions, and is validated with a CHIL setup;
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yet, the control focuses mainly on the electrical grid, ignoring
the control in the thermal domain. Furthermore, these works
have not considered multitimescale control architecture.

With regard to the testing of distributed control for distribution
grids, only a limited number of studies have considered the use of
CHIL in combination with the implementation of the controllers
in physical hardware. In [17] and [19], CHIL implementations
of distributed control algorithms for distribution grids have
been presented, using single-board computer (SBC)s to run the
controllers. In [20], the work presented in [ 19] has been extended
to address the multilevel control of distribution grids, whereas
in [21] and [22] the extension concerns the development of a
flexible container-based architecture. However, it is worth noting
that all of these works have exclusively focused on the electrical
domain, and that no coordination with controllers dedicated to
another energy domain has been tested.

Hence, this article presents a CHIL setup for testing the
multitimescale control architecture for MES, in which different
hardware is used to implement the components of the control
architecture, which are linked to different parts of the MES.
Network communication is then employed to interface the con-
trollers with each other and with the MES real-time cosimulation
infrastructure. The developed CHIL setup offers the capability
of real-time testing, which is essential for the evaluation of
distributed control solutions. Although a software-in-the-loop
(SIL) setup could have been considered, this would have intro-
duced significant challenges in accurately capturing computa-
tional performance and identifying potential bottlenecks. Fur-
thermore, the SIL approach would have posed some limitations
in studying the impact of nonideal communication networks and
distributed control asynchronous behavior.

With respect to aforementioned works, the present article
develops the CHIL setup for testing the multitimescale control
for the control of an MES in a scenario where voltage regu-
lation at medium voltage (MV) level is achieved through the
flexibility provided by the MES at the low voltage (LV) level
while optimizing the operation of the heat grid. Moreover, the
deployment of the controllers, in both centralized and distributed
configurations, and their coordination within the CHIL setup
represents a crucial element of this work.

The contributions of this work are summarized as follows.

1) A CHIL setup is developed to test a proposed multi-
timescale control architecture, where the different control
strategies are implemented on different hardware and the
MES is simulated using a cosimulation of heat and elec-
trical domains;

2) A multitimescale control architecture for the MES is
proposed, where the coordination between the controllers
with different control intervals as well as the coordination
between MV and LV levels is addressed;

3) The CHIL setup is employed to evaluate the control archi-
tecture in terms of control performance, communication
and scalability.

The rest of this article is organized as follows. Section II

describes the multivoltage level MES and the hardware-in-the-
loop (HIL) lab. Section III describes the proposed multitimescale
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Fig. 1. Overview of the components of the HIL lab.

control architecture. Section IV presents the CHIL setup. Sec-
tion V reports the results. Finally, Section VI concludes this
article.

II. CHIL APPROACH

The CHIL setup utilized in this work is based on the HIL lab-
oratory developed at Institute of Climate and Energy Research:
Energy Systems Engineering (ICE-1) of Forschungszentrum
Jilich (FZJ). This HIL lab was designed with two primary
objectives: To facilitate the testing of control solutions for energy
systems with a comprehensive approach to the involved energy
carriers, and to support the testing of control solutions that
involve a large number of networked controllers. Fig. 1 shows a
simplified diagram of the lab.

The many components of the lab can be grouped according
to their function as follows.

1) Simulation, both commercial and custom-developed solu-
tions are employed for the simulation of MESs, including
power, gas, and heat grids, as well as their interfacing
components;

2) Control, various control solutions are interfaced with
real-time simulators to enable the deployment of newly
developed approaches. To accurately represent the di-
verse requirements of MES control, the lab includes
high-performance industrial controllers, single-board
computers, and servers for deploying cloud-based archi-
tectures;

3) Networking, commercial and custom solutions are used
to manage communication between simulators (cosimu-
lation), between controllers under test and simulators, and
among controllers themselves. To realistically evaluate the
impact of nonideal communication in real-world scenar-
ios, network emulators are employed.

The lab infrastructure should then be configured to meet
the specific requirements of each considered scenario. A brief
overview of the scenario under consideration as a prerequisite
to the description of the defined setup is provided as follows.

The multivoltage level MES analyzed in this work, illustrated
in Fig. 2, features two voltage LV and MV—and spans two
energy domains: electrical (depicted in black) and heat (de-
picted in red). At the LV level, in addition to a base load, each
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Fig. 3. Coordination of the proposed multitimescale control architecture.

building can be equipped with a HP, thermal energy storage
(TES), battery energy storage system (BESS), and photovoltaics
(PV). Although HP, TES, BESS, and PV are all controlled
in this study, only the flexibility of BESS and PV is utilized
for voltage regulation. Each building is connected to the MV
level through a MV/LV transformer. The real-time cosimulation
is conducted using the setup described in [23] for heat and
electrical grid systems, which includes a commercial real-time
simulator and a dedicated PC cluster unit for functional mock-up
unit (FMU)-based simulation [24]. Each simulation model op-
erates on different simulators at specific time steps, ensuring ef-
ficient computation and simulation accuracy. High-performance
commercial real-time simulators are primarily used for electrical
domain models, which require small time steps to simulate fast
dynamics. The HIL lab is equipped with five real-time simulators
from OPAL-RT [25], one of which is used in this work for
simulating the electrical grid model, while the FMU-based heat
grid simulation is deployed on one of the PC cluster units in the
HIL lab. Further details are provided in Section I'V-A.

The proposed multitimescale control architecture, thoroughly
described in Section III, includes both centralized and distributed
algorithms, implemented across various hardware components
of the HIL lab. Centralized control architectures are typically de-
ployed on dedicated servers or cloud systems [26], so a dedicated
server in the HIL lab is used to run the centralized algorithms of
the proposed architecture, specifically the maximal-flexibility
power aggregation (MPA) and disaggregated power control
(DPC). Conversely, the distributed voltage control (DVC), the
architecture’s distributed algorithm, is implemented using a set

of the 100 Raspberry Pi (RPi) units. Implementing distributed
control with RPi devices necessitates deploying software com-
ponents on multiple units. Specifically, the same software runs
on all units with different input configurations [27], allowing
the use of software containerization to facilitate the execution
of replicated packaged software in the RPi cluster [28]. Finally,
a central communication gateway has been developed using the
open-source software Node-RED [29], serving as the central
communication hub for the CHIL setup. In this work, this
gateway, running on a dedicated server, manages communica-
tions between different simulators and between simulators and
controllers. After a detailed description of the proposed MES
multitimescale control in Section III, a more comprehensive
description of the lab setup will be provided in Section IV.

III. PROPOSED MES MULTITIMESCALE CONTROL

This section presents the multitimescale control architecture
that exploits the flexibility of a multivoltage level MES for
solving voltage issues in the distribution grid. The architecture
is composed of a MPA algorithm to calculate the flexibility at
the building level, a DVC to control the voltage of the MV dis-
tribution grid, and a DPC algorithm to disaggregate the received
cumulative set-points for the flexible resources.

As depicted in Fig. 3, the MPA algorithm calculates for
each building connected to the LV grid the available flexibility.
The results sent from the MPA to the DVC are the maximal
and minimal active and reactive power flexibility that can be
requested to be increased or reduced at the MV/LV transformer.
The DVC uses the available flexibility as constraints to calculate
the set-points for the amount of active/reactive powers that must
be increased or reduced at the transformer. Finally, the DPC
disaggregates the DVC set-points of active and reactive powers
into set-points for each controllable distributed energy resource
(DER) device, in this work PV and BESS.

The rest of the section describes in detail each control strat-
egy of the proposed architecture. In Section IV, the proposed
architecture is then tested in a CHIL setup.

A. Maximal-Flexibility Power Aggregation

In this work, the MPA algorithm, initially proposed in [30], is
used to calculate the maximal flexibility range of both active and
reactive power in buildings where DERSs are installed. Moreover,
the MPA is modified to integrate a MPC, derived from [31], to
control the heat grid connecting the HPs while optimizing their
power consumption. The MPC controls the heat grid’s operation,
comprising HPs and TESs, to fulfil the buildings’ heat demand,
while ensuring compliance with the operational limits of the
components over a prediction horizon.

The calculation of the maximal flexibility range is performed
by maximizing, over a time horizon, the power flexibility ex-
pressed as follows:

fi(#) = wi| PP (8) = P ()] + wa Q7 () — QF (1) (1)

where ¢ € {1,2,..., N} represents the MV/LV transformer of
the ith node of the MV grid where the individual building is
connected and the parameter t € 7 = {1, ..., T’} represents the
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MPA iteration, with 7" the considered time horizon. The variables
P/M(t) and Q}(t) € R represent the maximum, while P’ (t)
and Q) (t) € R represent the minimal active/reactive flexibility
power at transformer ¢, and w; € Ry and wy € Ry are the
weights for the active and reactive power maximization. In
addition, the integrated MPC minimizes, over the time horizon
T, the operational costs of the heat grid while fulfilling a set
of constraints for the heat grid’s operation [31]. These include,
among others, the limits on the supplying and return tempera-
ture between the pipe network and HPs, limits on the state of
charge (SOC) of the TESs and the limits on the supplying
temperature from TESs to the buildings.

Since the DVC uses only the result of the first optimization
time step ¢ and it does not perform any prediction step instead,
an additional objective, from [32], is added to objective (1)
to obtain the higher charge/discharge rate of the BESS at the
first prediction step and then reduce it over the time horizon.
This allows the DVC to exploit the maximal BESS flexibility
while relying on the fact that the maximum flexibility calculated
by MPA meets the constraints over the whole 7'. Hence, the
objective function is defined as follows:

9i(t) := (P/pess(t) + Plgess(t)) - (1 B t_TT) @

where the variables P/gpqg(t) and P,'gges(t) € R represent the
maximal and minimal BESS flexible power. Thus, the closer the
prediction is to 7', the higher the value of g; (¢). Then, minimizing
the function corresponds to reducing the BESS power flexibility
(and, therefore, the charge/discharge rate). To ensure consis-
tency with the minimization of (2), the maximization of (1) has
been reformulated as a minimization problem. Consequently,
the overall objective function is formulated as follows:

mmZ;

The variables P/ (t), Q7 (t) and P’ (t), Q) (t) are obtained
as the sum of the two trajectories, namely, the set of values
over a time horizon, calculated for all the flexible components.
One represents the maximal active/reactive power (described
with A in the superscript), while another represents the minimal
active/reactive power (described with V in the superscript),
resulting, in the active power control as follows:

t)+ gi(t)) 3)

PNV (1) = Pijoaa(t) + Plhss(t) + Piv(8) (@)

K2

where, P; 10ad(f) € R represents the sum of the active power

consumption of the base load and HP, and P%\X( t) € R the
maximal and minimal flexible power for the PV. In this work,
only the BESS and PV maximal and minimal trajectories are
considered, given that the base load of the buildings and the HPs
are treated as nonflexible components. Equivalently, substituting
P with @, the equation for QA/ Y(t) is obtained.

The minimization problem (3) additionally requires a set of
constraints, described hereafter.

1) The maximal trajectory must not be smaller than the
minimal, meaning that

PY(t) < PM(1), Q1) < Q7 (), ©)
2) The operation of PV must fulfill the following constraints:
PR (1) < Plpy (1) < PIR(1) (©)

~PIR (1) cos < Qi) < PIR(cosd (D)

whereas the constraints for the BESS operation are defined as
follows:

i es < Plhrss(t) < Pl ®)
(P orss(8)? + (Q) hiss (1))? < (STisdss)? ©)
neess - Py pess(t) - At

SOC; pess(t + 1) = SOC; pgss(t) + I3
4 BESS

(10)

where P (t) is the maximal available active power of PV at
iteration ¢, whereas P;'grqq and Sraggss are the BESS maximal
active and apparent power. The parameter cos ¢ is the constant
operational power factor of the PV, SOC; ggss is the SOC of
BESS, F; ggss is the BESS capacity, and g g5 is the efficiency
of BESS. In this work, the BESS capacity is considered identical
for both charging and discharging modes.

3) Using the subscript DER to describe both PV and BESS,

the following constraints are defined:

P'oer(t) < Plopr(t), Qi per(t) < Qi per(t) (11)

As proved in [30], if the constraints in (11) are satisfied, each
aggregated power within the flexibility range can be always
disaggregated into powers for individual controllable DERSs that
fulfill the constraints in 2).

Together with the result of the optimization, the MPA provides
to the DVC the ramping limits for the aggregated power, which
are calculated as follows:

AP = kramp - (Plgss + PI3V) (12)
AQ/ria[ed = kramp ’ ( E?}ggss + Qid{’e\(}) (13)

where AP and AQ™ are the maximal allowable variable
active/reactive power per second, Pt and P4 the rated
active power of BESS and PV, Qf5iss and Qi the rated
reactive power, and kramp € R the ramp rate.

In addition, the MPA provides a variable x(¢) to DVC, which
identifies the priority of using active or reactive power for voltage
control.

B. Distributed Voltage Control

The extension of the DVC algorithm to the control of both
active and reactive power, presented in [33] and [34] and here
briefly described, is divided into two parts: i) dual ascent step
of dual variables; ii) minimization of the primal variables.
Defining # € A a node in the communication graph, with N =
{1,2,..., N} the set of nodes, and k € N the iteration of the
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algorithm, the dual ascent steps for the active power control
results in the following:

Ak 4 1) = A7 (k) + oy (Vi(k) = V™), (14
Mk 1) = [APR (k) + s (VM = Vi(k))] L, (15)

pi (k+1) = [ (k) + vp(Pi(k Pﬁ t)]., (16)
pit (k1) = [ (k >+vp(Pv k)., aD

where V; is the measured voltage and P; (k) the primal variable
for the active power control calculated at iteration k. Variables
A% and AMM are the Lagrangian multipliers associated to
the voltage (V™# /™Mt ¢ R) constraints, whereas p'®, i
are the Lagrangian multipliers associated to the power limits
(P/\(t), P (t) € R) obtained from the MPA, which are constant
for all the iterations k € {t — 1,t}. Moreover, a;,yp € R are
the step sizes for the Lagrangian multipliers update, whereas the
[-]>0 operator represents the projection into the positive orthant.

For the reactive power control, the dual ascent step follows
the same equations presented above, with M and £Mn the
Lagrangian multipliers associated with the voltage constraints
and 7" and n™" the Lagrangian multipliers associated to the
power limits (Q7'(¢), Q) (¢t) € R) obtained from the MPA, with
step sizes 3;, 7o € R. Based on the parameter x(¢) the DVC
applies the active or reactive power prioritization by acting on
the values of the step sizes «; and (3; following the method
described in [33].

The minimization of the primal variable, for the active power
case, follows:

Pi(k+1)= — (AP (k+1) — AP (k + 1))
= By (U™ (k + 1) — g™ (k + 1))
= B (™ (k+ 1) — i (k+ 1) (18)

FEN;

where B is the real part of the admittance matrix and M is the
set of neighboring nodes of . Substituting A with &, p with 7,
and B with G, which is the imaginary part of the admittance
matrix, the update of the primal variable Q;(k + 1) is obtained.

As described in Section III-A, the MPA also provides the
ramp rate limits AP;(¢) and AQ);(t) for the variation of power
atthe MV/LV transformer. Hence, such limits are integrated into
the DVC with an additional optimization step, which, for the
active power control, solves the following:

[Pi(k +1) = Pi(k +1)||2
PY(t) < Py(k+1) < P)\(t)
|Pi(k+1) — Pi(k)| < AP;(1)

min
S.t.

19)

with P;(k + 1) the resulting DVC active power control output
for node 7. The maximal ramping powers per time step, namely,
AP;(t), is obtained by multiplying AP with the iteration
time of the DVC. Based on (19), substituting P, with Qi,
{PY, P/} with{QY, Q}} and AP, with AQ);, the reactive power
control output @); of the DVC is obtained.
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C. Disaggregated Power Control

The DPC is designed to disaggregate the set-points provided
by the DVC, which are calculated for each MV/LV transformer,
into specific set-points for PVs and BESSs. In the DPC, the
active power P; (k) and reactive power Q; (k) received from the
DVC are disaggregated into a pair of active and reactive power
set-points for BESS and PV that fulfill (20) and (21) as follows:

pv(s) + P; gess($)
pv(s) + Qi ess ()

(20)
2n

where s describes the DPC iteration step, whereas P; ggss($),
P;pv(s), Qisess(s), and @Q; py(s) represent the resulting dis-
aggregated set-points for BESS and PV, respectively, which are
obtained based on the ratio between the maximal and minimal
flexibility trajectories for BESS and PV.

Finally, the resulting set-points are applied to the simulated
BESSs and PVs as described in Section IV.

IV. DEVELOPMENT OF THE CHIL SETUP FOR MES

This section describes the implementation of the CHIL setup,
which takes into consideration the control architecture presented
in Section III and the HIL lab presented in Section II. This
work extends the setup developed in [23] and [35], where a
CHIL setup including real-time cosimulation and a gateway for
managing communications have been presented. The proposed
CHIL implementation is described in Fig. 4, which shows the in-
teractions between the two real-time simulators and between the
simulators and the controllers. In the figure, the message queues
telemetry transport (MQTT) communication is represented with
black arrows, the hypertext transfer protocol (HTTP) with blue
arrows, the user datagram protocol (UDP) data received from
the simulators, and the UDP data sent to the simulators with
green and red arrows, respectively.
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A. Cosimulation in the CHIL Setup

As shown in Fig. 4, a real-time heat grid simulator and an
electrical grid simulator are coupled over a gateway, which
ensures the exchange of data between simulators and thus the
realization of the cosimulation. The simulation model for the
heat grid is developed in Modelica [36] and exported as a FMU
model [24], running on a PC cluster with a time step of 90 s. The
electrical grid model is developed in Simulink and runs on an
OPAL-RT target with a time step of 200 ps. The time steps are
chosen based on the dynamics of heat and electrical systems,
given that the dynamics occurring in a heat system are much
slower than in the electrical system. The element that couples
the two simulation models is the power consumption of HPs:
The PC cluster sends results of the power consumption of the
HPs to the OPAL-RT target, which integrates this data as load
consumption for the electrical grid model.

The workflow of the cosimulation is as follows: at each
cosimulation iteration, the OPAL-RT target first sends a request
to a communication gateway, which then forwards the request
message to the PC cluster. Upon receiving the request message,
the PC cluster sends the power consumption results of HPs
back to the gateway, which then forwards these results to the
OPAL-RT target. Data are exchanged every 90 s and all the
communications use UDP protocol.

The customized communication gateway mentioned in Sec-
tion II is used in the cosimulation. As underlined in Fig. 4
by the red and green arrows, during the cosimulation process,
the gateway serves as an intermediary between simulators, for
monitoring or visualization purposes.

B. Implementation of Controllers in the CHIL Setup

Both MPA and DPC are implemented in one of the HIL lab
servers. The MPA is initialized with the updated measurements
from the simulators, such as the SOC of TES, as well as fore-
casting values such as heat demand predictions. Specifically,
the heat grid and electrical grid simulators send the results of
the most recent simulation iteration to the MPA before each MPA
activation. These variables include all the thermal and electrical
simulation data required to solve the MPA, as described in
Section III-A. Once the MPA receives the updated data, the
optimization model is formulated using COMANDO, which is
an open-source Python package for component-oriented mod-
eling and optimization [37]. The resulting optimization model
is then solved by means of Gurobi [38], with a maximum
optimization time set to 60 s. The optimality gap is calculated
as the relative difference between the optimal objective value of
the optimization and that of its linear programming relaxation,
which represents solution quality [39].

The implementation of the DVC control in the RPi cluster,
described in Fig. 5, extends the setup described in [21]. In the
proposed setup, the DVC is implemented using Docker contain-
ers running on RPi units that serve as the hosting hardware that
communicates over a shared network. This is achieved through
the use of Swarm mode [40], which facilitates the deployment
and orchestration of containers within the RPi cluster. Therefore,
a manager node of the swarm is run in one RPi, referred to

| Overlay Network |
t (Manager) t (Worker) t (Worker)

RPIO _JRPi1 RPN _

: Container 1 Container 2 S Container N :

: (Supervisor) (Node) warm (Node) :
Supervisor | 1 Node R Node Il
Algorithm | Algorithm | Algorithm |

| Dockerfile |—-: | Dockerfile |—-: Dockerfile -:

[ Compose | JI [ Compose | -: -:

=) |
I I , I
|
|
|

Fig. 5.
user.

RPi cluster implementation and interaction with online repository and

as RPi-0, while the remaining RPi devices join the swarm as
workers. Once the swarm has been created, an overlay network
that lays on the physical network is created to connect standalone
containers running on different hosts [41]. Finally, the files to
deploy the containers are obtained by cloning or pulling updates
from a version-controlled online repository, providing consis-
tent code distribution and easy maintenance. These files are as
follows: 1) the Dockerfile and Compose, which are the primary
files used by Docker to instantiate the container; 2) the algorithm
files, which are employed to run the DVC. In the proposed setup,
each container, referred to as Node, solving the DVC equations
foranodei € A, runs in a RPi and exchanges messages with the
other Node containers inside an overlay network, as shown in
Fig. 5. In addition, RPi-0 is used to run the Supervisor container,
which provides, via HTTP, the initial information to the Node
containers, including the portion of matrix B and G associated
with node 7 and the set of hostnames of the neighboring RPi units
(nodes j € N; in the DVC). To increase the reliability of the
proposed approach, the RPi devices are connected to a managed
network switch Ubiquiti Switch Pro 48 [42]. This is connected
to a Ubiquiti Dream Machine Pro [43], which provides DHCP
server functionality, allowing the automatic assignment of IP
addresses for the RPi via a web user interface. Thus, if one of
the hosts fails, a new RPi can be used to replace the failed one by
reassigning the IP address and by cloning the online repository.
This high flexibility of the container-based implementation,
however, requires provisioning to the container running in each
RPi some specific configurations, which can be provided by the
user in the form of environmental variables (as . env file) via
secure shell protocol (SSH), as described by the dashed blue
lines in Fig. 5.

C. Communication and Timescale Coordination in the CHIL
Setup

In the present work, the updating of the control strategies
and the data exchange are considered to be coordinated on the
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basis of different timescales. This coordination is necessary,
since it allows the execution of the control strategy for different
energy domains and, consequently, timescales. As described in
Section III-A, the MPA is performed at each iteration ¢, during
which the MPA receives the updated data from the real-time
simulators, solves the optimization problem, and sends the
flexibility range to the DVC (yellow thick arrow in Fig. 6). In
addition, the MPA sends the thermal set-points to control the
operation of the heat simulation model (yellow thick arrow to
simulators in Fig. 6). In each optimization, the MPA calculates
results for the next 7" = 10 time steps, with each time step having
an interval of 15 min. The time interval is chosen based on the
slow dynamic of the thermal system and based on the reporting
rate of the heat demand measurement, also 15 min, which is
used by the MPA to calculate the optimal operation of the heat
grid. The resulting flexibility range is then sent to both DPC
and DVC via the MQTT broker for the LV level (MQTT LV).
The selection of the MPA time interval relies on the coordination
with both the thermal system and the DVC, given that an erro-
neous selection of the timescale could have a negative impact
on the flexibility calculation for the DVC or on the practical
limitations of the control of the thermal system.

At the gateway, the flexibility data are combined with the up-
dated voltage measurements from OPAL-RT and then forwarded
to the MQTT broker for the MV level MQTT MV) every 5 s.
The Data Aggregator container, running in the RPi-0, subscribes
to the MQTT MYV to obtain the message (yellow thick arrow in
Fig. 6). Consequently, each RPi-i (with i = {1,...,6}) selects
the message forwarded by RPi-0 according to its hostname
(yellow thin arrow in Fig. 6). As described in Section IV-B, each
Node container running in a RPi from 1 to NV starts anew iteration
k of the DVC every time a new measurement is received, in this
work every 5 s, and communicates via HTTP with the other
Node containers to calculate the control output (red thin arrow
in Fig. 6). Once a Node has calculated the control output, the
data is sent to the RPi-0 (red thin arrow in Fig. 6).

As depicted in Fig. 4, the Data Aggregator container running
in the RPi-0 collects, via MQTT, the data from each Node
based on the set of hostnames of the containers provided by the
Supervisor, and send the data to the MQTT MV. Since each Node
container sends the most recent message each time its internal
calculation is concluded, the transmission of data to RPi-0 is not
synchronized. Therefore, every time a new message is received
from RPi 1 to NV the RPi-0 updates its data structure and forwards
it to the MQTT MYV (red thick arrow in Fig. 6).

The gateway forwards, via the MQTT LV, the DVC set-points
to the DPC, which performs, at each iteration s every 5 s, the
calculation of the disaggregated power references based on the
received data and on the flexibility range provided by the MPA.
If set-points are missing after a defined maximum waiting time,
the missing data are replaced with the most recent ones. Finally,
the output of the DPC is sent to the simulators (purple thick
arrow in Fig. 6). It is worth mentioning that the gateway used in
this work serves the following functionalities: First, it processes
the communication messages to the desired format required by
the receivers; Second, it forwards messages between the two
MQTT brokers and with the simulators.

It is important to highlight that the MQTT does not represent
the prevalent standard protocol utilized in distribution grids.
However, recent studies have presented novel service-based ar-
chitectures for managing distribution networks [26], [44]. In this
context, the MQTT broker plays a fundamental role in routing
the messages to the subscribers based on message topics. Hence,
the MQTT broker facilitates the coordination of the messages
between the different applications based on the topic names,
thereby ensuring full supervision over the routes utilized by each
message.

As suggested in [26], an interoperability layer can be used to
convert the MQTT messages into the communication protocol
required by each device installed in the fields, such as remote
terminal unit (RTU)s, sensors and DERs. Software such as
VILLASNode [45] or iec104-python [46] can be used to convert
MQTT or other protocols into IEC 61850 or IEC 60870-5-
104, respectively. For example in [47], VILLASNode has been
employed to convert MQTT messages in IEC 61850 GOOSE
to communicate with intelligent electronic device (IED)s from
different vendors.

Finally, the MQTT broker used in combination with the
interoperability layer enhances the capability to collect data from
devices that may not be part of the conventional distribution grid
infrastructure, i.e., the heat grid. This is discussed in [48] and
[49], where protocol converters have been developed to facilitate
the data transfer from sensors and actuators installed in smart
buildings to the MQTT broker.

V. RESULTS AND DISCUSSION
A. System Under Study

The proposed multitimescale control architecture is tested
on the IEEE-34-bus feeder, adapted to a three-phase balanced
system, where buildings are connected to six selected nodes,
as depicted in Fig. 7. In the proposed test scenario, Node 11
and 17 are only equipped with HPs, hence, no flexible power is
available on these nodes, while the other four nodes are equipped
with HPs, PVs, and BESSs. The heat grid presented in [31],
with HPs as coupling technology, is used in this work. The
profiles of the heat demand of a typical winter day are used
as inputs for heat grid simulation. These profiles have been
obtained from measurements of the heat demand of buildings of
the FZJ campus and here accordingly adapted. The buildings’
electrical load consumption, P; joaq and () joad, iS considered
fixed throughout the simulation, whereas the PV power profiles,
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Fig. 7. Schematic overview of the considered network.
TABLE I
NOMINAL PARAMETERS OF BUILDINGS
Node  P3¢d P f;ﬁ%“s Piloaa  Qiload Qi HPheat
number [kWp] [kW] [kW] [kvar] [kW1
7 55 80 15 6 60
11 0 0 600 210 700
13 55 80 30 24 200
14 55 80 6 3 60
17 0 0 210 60 700
22 55 80 30 24 200

P}5y, are obtained based on the irradiation data measured at
FZJ and on the rated power of PVs. The rated power of PVs,
BESSs, electrical load consumption as well as the rated heat
output of HPs, namely, Q; i p,heqt, have been adapted from the
rated values of the FZJ campus. These rated values for the load
consumption and for the components connected at each node
are summarized in Table I.

The parameters used for the controllers introduced in
Section IIT are summarized as follows: w; and ws in the objective
function (1) are set to 2 and 1, respectively. This gives a higher
priority for the active power flexibility calculation. The value of
Kramp in (13) is set to 0.01, based on [50]. The value of S-f*ﬁ%dss

7

is set to be the same as the values of P»‘f‘é"ﬁss, whereas F; ggss

of Node 7 and 13 is set to 100 kWh, while E; ggss of the other
nodes is set to 150 kWh. The efficiency of BESS nggrsys is set
to 0.9. The constant power factor of PV in (7) is set to 0.9 for all
nodes and ng‘;?{} in (13) is calculated using P{f‘ﬁi}i and the power
factor. The variable x(¢) is set to give priority to active power,
while the values of all the step sizes of DVC are calculated based

on [33] and[51].

B. Voltage Control Performance and Coordination Results

The simulation results of Node 17, which is the node with
the most noticeable undervoltage, are shown in Fig. 8. The top
subplot shows the voltage simulation results, where the dashed
line in the subplot is the simulation results of the scenario
where the control architecture is not applied, whereas the solid
black line represents the voltage resulting from the application
of the control. The yellow line shows the voltage limit value
J/min equal to 13.66 kV, of the DVC. In the bottom subplot,
the solid and dashed lines show the active and reactive power,
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Fig. 8. Cosimulation results, undervoltage recovery for Node 17.
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Fig. 9. Active power of the DVC for Node 13 (top) and Node 22 (bottom).

respectively, for the total load at the MV/LV transformer (in
black) and for the HP (in pink). The undervoltage, visible near
time 0.3 hours, results from the increase of the HPs power at
the different nodes (in Fig. 8 shown only for Node 17). This
increase is the consequence of the increase of the heat demand
in the different buildings, obtained from the heat grid simulation.
Hence, the voltage is restored to the minimum limit only when
the proposed control is applied.

Fig. 9 shows the result of the DVC control actions at Node
13 and Node 22 to support the undervoltage recovery at Node
11 and 17. In the top subplot, the red line shows the aggregated
set-point for the active power of PV and BESS calculated by
DVC for Node 13, the yellow dashed lines are the maximal and
minimal active power provided, for the same node, by MPA and
the gray line indicates the zero point on the y-axis. In this work,
the negative values of power indicate the injection of power into
the grid. Near the time 0.3 hours, the power injecting into the
grid at Node 13 increases significantly and reaches the minimal
active power given by MPA, to compensate for the undervoltage
observed at around 0.3 hours in Fig. 8. Moreover, the zoomed-in
plot shows the iteration steps of the DVC, highlighting the higher
rate of the DVC compared with the MPA iteration step.

It is worth noticing that in the second control interval of
MPA, the upward flexibility and the downward flexibility are
not symmetric. This asymmetry occurs because the discharge
of the BESS, to compensate for the undervoltage, results in an
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Fig. 10. Energy consumption results of the DVC and the DPC over the

simulation period.

TABLE I
COMMUNICATION RESULTS, AVERAGE TRANSMISSION TIME OF PACKETS

Gateway to MQTT MV to RPi-6 to RPi-0 to
MQTT MYV [s] RPi-0 [s] RPi-0 [s] MQTT MV [s]
4.993 + 0.001 4.992 +0.015  4.935 + 0.258 4.498 + 1.323
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Fig. 11.  Results of the communication test in CHIL setup.

insufficient residual SOC to allow for a higher discharging rate.
The second subplot shows the active power of DVC results at
Node 22. Similar to the results of Node 13, the power injected
into the grid significantly increases at around 0.3 hours. Given
the prioritization of the active powers in the DVC, the results
of the reactive powers, which are zero for the entire simulation
time, are not shown for brevity.

Fig. 10 shows the results of DPC, which disaggregates the
DVC’s result into set-points for PV and BESS. In this plot, the
total energy consumption over the simulation period (0.5 hours)
is shown for each node where the buildings are connected. The
red, dark and light purple pillars represent the energy of DVC
set-points, of the BESS and PV resulting set-points, respectively.
For each node equipped with BESS and PV, the DVC energy is
divided into the energy of BESS and PV. The BESS provides
most of the flexible power, given the low PV generation of the
simulated scenario.

C. CHIL Setup Communication Results

The coordination of the control architecture in the proposed
CHIL setup is tested by monitoring the data exchanged among
the components described in Fig. 6. The result of the test is
presented in Fig. 11, which shows the packets captured between
time 104 s and 110 s of the simulation. In red, the data sent
from the gateway to MQTT MV shows a time difference of
5 s between two new packets, thus satisfying the requirements
in Section IV-C. The message is immediately forwarded from
MQTT MV to the RPi-0 (yellow line). The green line describes
the data received by the RPi-0 every time one of the RPi-¢

(with ¢ = {1,...,6}) sends its calculation results. As described
in Section IV-C, the RPi-0 adds the last received data from
RPi-7 to its data structure and sends it to MQTT MV (blue
line). Therefore, the length of the packet sent from RPi-0 to
MQTT MV is greater than that sent from any RPi-¢ to RPi-0,
since it combines the information received by all RPi-i. The
results of the test are summarized in Table II, which shows the
calculation of the average time between the transmission of two
packets.

The table underlines the high synchronicity of the gateway, as
the time difference varies in the order of 0.3%, and, conversely,
the asynchronous behavior of the RPi-7 (in the table shown for
1 = 6), as their time difference varies up to 26% in transmission
of data from RPi-0 to MQTT MV. However, despite the asyn-
chronicity, the proposed architecture is capable of providing con-
trol set-points, under the HIL lab network conditions, within 5 s.

D. CHIL Scalability Results

The scalability of the control architecture with respect to the
increase of the problem size is evaluated in terms of the time
required for the most time-critical components of the setup to
execute their algorithms. To perform the tests, the same grid
described in Section V-A has been utilized, with 12, 18, and
24 buildings randomly positioned within the grid and with the
parameters randomly selected from Table 1.

The tests performed are the following: 1) The optimality gap
when the maximum optimization time is reached by the MPA
to perform the optimization problem; 2) Time required by RPi-
N, with N the largest node number, to send the message to
RPi-0.

1) MPA Scalability: The scalability tests of MPA utilize the
identical constraints and optimization objective as defined in
Section III-A, with the number of buildings included in the
MPA increasing while other settings remain constant. For each
set of nodes, the optimality gap achieved by each optimiza-
tion conducted by the MPA during a total simulation scenario
of four hours is recorded. Subsequently, the mean optimality
gap with the associated standard deviation is calculated for
the entire simulation duration, as described in Table III. To
perform such tests, the FMU model of the heat grid and the
distribution grid models performed in OPAL-RT are adjusted
accordingly.

As the size of the problem increases, it becomes more chal-
lenging for the MPA to identify feasible solutions within the
maximum optimization time of 60 s. However, this represents
a crucial aspect to ensure real-time operation of the entire
setup [52]. Despite these challenges, the results in Table III show
that feasible solutions with acceptable optimality gaps remain
achievable even when the number of buildings increases by a
factor of four. In particular, the optimality gap rises from 4.637%
to 8.785% , thus remaining below 10% . This demonstrates that
the optimality gap remains acceptable with the increasing size
of the problem.

2) DVC Scalability: The tests employ the same method-
ology utilized in Section V-C, but focus specifically on the
time interval between data reception from the RPi-N de-
vice on RPi-0. The tests have been performed by collecting
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TABLE III
RESULTS OF THE SCALABILITY

Number of MPA optimality gap RPi-N
nodes [%] RPi-0 [s]

6 4.637 + 3.261 4.935 4+ 0.258

12 7.077 +0.853 4.875 + 0.269

18 7.747 +0.791 5.080 + 0.338

24 8.785 4+ 0.287 5.021 + 0.266
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Fig. 12.  Results of the DVC scalability test.

the MQTT messages sent by RPi-/V to RPi-0 over 10 min. The
results of the DVC scalability tests are presented in Fig. 12
and in Table III. The figure presents a 1-min interval of the
packets captured during the test, with the number of nodes
increasing incrementally, where, to facilitate the comparison,
the initial samples within the selected time window have been
aligned. The comparison of the packets from the different cases
reveals that the packets are approximately aligned around 5-s
intervals.

Moreover, the table shows in the column named RPi-N to
RPi-0 that the average time intervals remain relatively constant
as the total number of nodes increases. The results demonstrate
that increasing the number of nodes of the DVC does not affect
its scalability, given that each control node ¢ in the RPi performs
its calculation autonomously, communicating only with a small
set of neighbors. These findings confirm those presented in [21],
which were conducted exclusively within Docker containers.
As a result, each control node 7 is capable of calculating the
control output in a relatively short time period, thereby allow-
ing the Data Aggregator to collect data from all the nodes
within the specified time window, thus ensuring the real-time
performance of the setup.

It is worth noting that the simultaneous activation of a sig-
nificant number of nodes in DVC, that is, the involvement of
several control nodes in the voltage regulation on the basis of
local measurements or data exchange with neighboring nodes,
is not a realistic scenario, given the inherent local nature of the
voltage control problem.

Therefore, since the voltage issue is a localized event within
the grid, although all the /N nodes of the DVC send the data to
the Data Aggregator, only a subset of them are actually involved
in solving the voltage problem, while the remaining nodes send
null values.

VI. CONCLUSION

This work presents a CHIL setup for testing a multitimescale
control architecture for a multivoltage level MES, in which an
electrical grid is coupled with a heat grid. Through the testing

of the control architecture, two aspects of the complexity of an
MES at the distribution level are addressed: dynamics of each
energy domain and cooperation between voltage levels in the
electric grid. The CHIL setup comprises real-time simulators
for the cosimulation of electrical and heat grids, cloud and RPi-
based controllers, and communication infrastructure to interface
controllers and simulators.

The proposed multitimescale control features MPA for the
definition of flexibility at the LV level, DVC for the calculation
of active and reactive power set-points at the point of connection
with the MV level, DPC that disaggregates the DVC set-points
into reference values for the flexible resources.

The results of the CHIL testing show that the multitimescale
control can effectively handle different dynamics of multienergy
domains while ensuring direct cooperation across different volt-
age levels in the electrical grid. The results also show the DVC
at MV is capable of restoring the undervoltage, caused by the
increase of the HP power consumption, using the flexibility
range provided by MPA.

In addition, the tests demonstrate the benefits of CHIL test-
ing of the control architecture, encompassing different control
platforms and communication protocols, in a safe but realistic
environment. The tests highlight how the implementation of
such multitimescale control architecture on physical hardware
introduces realistic behavior, e.g., asynchronous mode of the
DVC, which, thanks to the CHIL setup, can be examined.
Furthermore, the tests have demonstrated the high flexibility of
the proposed setup, which allows for a gradual increase in the
size of the control problem while ensuring high scalability.

Indications of future developments from this work are several:
1) The control architecture could be extended for applications
that include coordination with flexible resources at MV level
and considerations of additional flexible devices on LV, such as
electrical vehicle (EV)s; 2) the CHIL setup could be extended
with real-time simulation of additional energy domain, e.g., gas,
and with new control strategies and platforms; 3) the CHIL setup
could be extended with the network emulation to mimic different
network conditions.
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