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Abstract—The main approach on multi-energy microgrid
(MEMG) study have been focused on optimization problems,
without considering the dynamic control and real-time energy
dispatch. This paper presents a new fuzzy-logic control method
for a MEMG consisting of electricity, hydrogen, heating/cooling
vectors. A PV power plant is the main renewable energy source
selected. The thermal sources comprise an electric boiler and an
absorption chiller, supplied by renewable energy. Furthermore,
a gas boiler is considered to control the hot water thermal
circuit. A hybrid energy storage system (ESS) is incorporated,
encompassing a battery and a hydrogen system. The fuzzy-logic
based energy management system (FL-EMS) is presented to
dynamically perform a coordinated operation between the
different energy vectors. Fuzzy logic algorithm is based on the
PV energy and state-of-energy (SOE) of the ESS to dynamically
assess the temperature control of the thermal sources. To assess
the control efficacy and FL-EMS, a simulation lasting 4.5 hours
was conducted under diverse operational conditions involving
solar irradiance, heating, cooling, and electrical demand. The
funding shows the efficacy of the FL-EMS in reducing
dependency on the local grid, thus demonstrating the
appropriateness of this approach for MEMGs.

Keywords—multi-energy microgrid, dynamic control, fuzzy
logic, power, hydrogen, heating, cooling.

I. INTRODUCTION

In the contemporary society, urban centers and industrial
sectors have consistently escalated their requirements for
electricity, gas heating, and cooling. Within the conventional
energy paradigm, various energy systems are meticulously
planned, designed, and operated autonomously, despite their
intricate physical interconnections [1]. To enhance the energy
utilization efficiency and accommodate the hosting capacity
of renewable energy, there is a growing imperative for the
interconnectedness and integration of diverse energy systems.
The coordinated operation of several energy vectors is
achieved through the implementation of multi-energy
microgrids (MEMG) [2].

Research on MEMGs has traditionally focused on the
static point of view, examining extended hourly or daily
operational timeframes. This conventional modeling method
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concentrates its effort on the optimal energy dispatching,
optimizing a cost function subjected to pre-established
constraints [3]. Nevertheless, this approach in the study of
MEMG does not include different dynamic processes with
varying time scales for an interconnected electricity and
thermal system. Thermal systems have a high inertia and are
considerably slower than power systems.

Authors in [4] proposed an optimization algorithm to
minimize the total operational cost of a MEMG comprising
wind renewable production, energy storage systems (ESSs),
combined heat and electricity units, and demand response
programs. In [5], the optimization problem includes carbon
emissions, underground water extraction, independency of the
upstream grid and overall cost operation.

Intelligent algorithms are frequently employed to address
optimization problems. For example, in [6], a multi-agent
deep reinforcement learning was presented to enhance the
power dispatching problem between several energy routers
and the main grid in a decentralized approach, but it did not
encompass the exploration of operating scenarios under
extreme conditions. In [7], a stochastic-weighted optimization
was analyzed for a building MEMG, considering practical
thermal loads and battery degradation. However, the solutions
provided may not be sufficient if the operating point deviates
significantly from the point of linearization. Similar
optimization inquiries were presented in [8], [9].

The aforementioned investigations underscore a void in
dynamic modeling and control within the MEMG domain.
The dynamic outlook introduces a novel exploration realm for
the synchronized regulation of multiple interconnected energy
vectors, seeking real-time and efficient energy dispatch. A
notable consideration must be given to the operational
parameters, encompassing ESS state of charge (SOC),
meteorological scenarios, and the disparate temporal reactions
of electrical and thermal dynamics. This consideration is
imperative to enable an appropriate control response and
expand the operational range beyond linearized models
constrained to fixed parameters.

This paper strives to provide innovative methodologies for
the dynamic examination and regulation of MEMGs,
intending to assess real-time control. This study focuses on an
intelligent dynamic fuzzy-logic EMS (FL-EMS) for a grid-
connected MEMG composed of several energy vectors. The



hot thermal sources encompass an electrical and gas boiler. An
absorption chiller is included in the cooling network to meet
the cooling requirements. A PV power plant is employed as
the main renewable source to supply the MEMG.
Furthermore, a hybrid ESS composed for a lithium-ion battery
and a hydrogen system comprising an electrolyzer, a fuel cell
and a hydrogen tank supports the renewable energy
production.

The remaining sections of this manuscript are structured
as follows: Section II describes the configuration of the
MEMG, and Section III explains the fuzzy-logic-based EMS
and control scheme. Section IV presents and discusses the
results and finally, Section V outlines the conclusions drawn
from this research.

II. MULTI-ENERGY MICROGRID CONFIGURATION
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Fig.1 Schematic configuration of the proposed MEMG.

A schematic configuration of the MEMG is shown in Fig.
1. The thermal carrier is split into two independent hot water
and cooling water circuits. A 23-kW electric boiler supplied
by renewable energy fulfils the hot water demand, whereas a
gas boiler regulates the temperature of the hot thermal bus and
supports the electric boiler. The thermal load is represented
through an underfloor heating domestic demand, connected to
the hot water circuit. Moreover, a 15-kW absorption chiller is
connected to the cooling water circuit to satisfy the cooling
demand.

The electricity carrier of the MEMG incorporates a PV
power plant with a peak capacity of 18 kWp, comprising six
strings of ten modules of 300 W, an electrical load and a three-
phase local grid of 400V. The hybrid ESS is based on a 26.6
kWh lithium-ion battery and a green hydrogen system. It
consists of a 9.5 kW fuel cell, a 20 kW electrolyzer and a 1 kg
hydrogen tank. Table I collects the electrical and thermal
parameters.

A. Thermal Vector Modeling

The thermal components are designed employing the
CARNOT toolbox within MATLAB/Simulink, a tool created
by the Institute of Solar Research in Juelich, Germany [10].
The gas boiler output temperature can be dynamically
modelled based on the energy balance and the first
thermodynamic law [11,12]:

(m‘C'l)‘M=(U'A'%)‘(Tamb_Tbus)'F

N a (1)
(mbus ' Cf) : (Tin - Tbus) + QGB
daT .
Ceg '_de =U-A (Tamp — Tgs) + (Myater - Cp) : )

(Tous — Tgp) + Pgp

In a similar perspective, the electric boiler is modelled as
an electric heater powered by renewable energy, according the
energy balance and the thermal losses to the ambient [11,12].

The absorption chiller relies on the characteristic curves
and the coefficient of performance of a real chiller unit. These
curves are derived from the reversible air-to-water heat pump
with waste heat recovery LI 16TER+ model provided by
Dimplex [13].

B. Electricity Vector Modeling

The selection of the PV system arrangement outlined in
[14] is based on its proven accuracy and straightforward
design, as supported by prior investigations [15].

The battery model, derived from the SimPowerSystems
Toolbox embedded in Simulink [16], has been selected. It has
been designed across the Voltage-Current (V-I) and Voltage-
SOC (V-SOC) datasheet curves, as well as the dynamic
response of the battery. The SOC is formulated by Equation

Q).

rated
EBESS

SOC(%) = SOCq (%) — 100 (M> 3)

C. Hydrogen Vector Modeling

The electrolysis model utilized in this investigation is
founded on the proton exchange membrane (PEM) model
documented in the Simscape library [17]. The PEM
electrolyzer employs renewable energy to perform the
electrolytic separation of water into hydrogen and oxygen.
Additionally, it accounts for the thermal energy released
during the electrolysis procedure.

The fuel cell model is selected from the PEM fuel cell
model documented in [18] within the Simscape library. The
PEM fuel cell generates electric power by consuming the
green hydrogen produced during the electrolysis. Sustaining
the ideal temperature and humidity levels in the fuel cell stack
is imperative for effective functioning across diverse loads.
Consequently, the thermal energy produced during

TABLE I. ELECTRICAL AND THERMODYNAMIC PARAMETERS.

Symbol Parameter Unit
Cep Thermal capacity of the boiler J/K
c Heat capacity boiler J/(kgK)
Cr Cp Heat capacity of fluid J/(kgK)
Epated BESS rated capacity Wh
m Mass of the boiler kg

Bus water and local network mass

mbuSl mwater flow rate Kg/S
N Number of nodes
Pgp Electric boiler power w
Ipgss BESS current A
pmax Maximum BESS power in w
BESS,char—dis charging/discharging mode
QeB Heat power of the boiler w
Tamb Ambient temperature °C
Hot water bus, electric boiler and o
Tous » Tes,Ten chiller temperature C
Tin Temperature of fluid at the input °C

UA Heat loss coefficient to ambient W/K




electrolysis is reclaimed and recirculated within the hot water
circuit.

III. Fuzzy-LoGic EMS AND CONTROL LOOPS

As mentioned above, this paper proposes a FL-EMS to
perform the dynamic supervisory control of the MEMG
presented in Section II. The aim of this FL-EMS is to
establish an efficient coordination of the electricity, heating,
cooling and hydrogen vectors while ensuring the electrical
and thermal demands. It is noteworthy that the controlled
components in the MEMG are thermal sources and the ESSs,
as energy support for the renewable energy production. Thus,
the PV power plant operates at the maximum power point
(MPPT) according to a Perturbe&Observe (P&O) algorithm
and is not considered in the fuzzy logic inference.

A. Fuzzy Logic Energy Management System

10 15

50
Tgy (C)

0.2 / /
0 / \ J/ \ L M H

0 Qg (pu) 0 1

Fig. 2. Membership functions: a) Renewable energy available (Pygr), b)
ESS SOE, c) electric boiler power (Pgg), d) electric boiler turn-off
temperature (T,ZE,), e) temperature in the thermal bus (T,,,), f) absorption
chiller turn-off temperature (T;E5.), and g) absorption chiller cooling
production (Qcp)-

The novelty of the presented FL-EMS lies in dynamically
establishing the operating point of the thermal sources, taking
into account the renewable power available (Pygr) and the
state-of-energy (SOE) of the ESSs. Pygr is the difference
between the PV production (Ppy) and the electrical load
(Proap)- On the other hand, the SOE of the ESS allows us to
illustrate the BESS SOC and the hydrogen level (H;) in a
unique parameter, which is defined as follows [19]:

SOE = (Effy + Efifss)/ (B3 + ERgS? )
where, EZ5is the energy disponible in the hydrogen tank,
E3¢ is the energy disponible in the battery, EL%'¢%is the
rated energy in the hydrogen tank, and EL%4%% represents the
battery rated capacity. These parameters are defined in detail

in [19].

Five outputs are considered in the FL-EMS: the reference

temperature for the hot thermal bus (T}/), the maximum

temperature of the electric boiler (TFE**), the electric boiler
consumption (Pgg) , the maximum temperature of the

absorption chiller (T/}**), and the cooling energy supplied by

TABLE II. RULE BASE FOR THE FUZZY LOGIC SYSTEM.

INPUTS OUTPUTS
Pypr | SOE | Pgp | Tgg™ Tbrzf;c TEH™ | Qcn
NL L L L H H L
NL M L M H M L
NL H M M H M M
N L L L M H L
N M L M M M L
N H M H M L M
Z L L M M M L
Z M M M M M M
Z H H M M L H
P L M M H M M
P M H M H L H
P H H H L L H
PH L H M L M H
PH N H H L L H
PH H H H L L H

the chiller (Qcy). Concerning the membership functions
(MFs), five are utilized to characterize Pygr (NL, N, Z, P,

PH), and three for SOE, Pgp, o/, T |, T2 and Qcy
(LLM,H), as depicted in Figure 2. The system behavior is
delineated by 25 rules (Table II), utilizing a Mamdani-type

inference approach.

The goal of the FL-EMS is to minimize the reliance on
the local grid to supply the thermal and electrical loads.
Therefore, if Pygy takes a high value, that means that the
renewable energy acts as the main energy carrier. The electric
boiler is able to operate in high temperatures, while the
absorption chiller works in low temperatures, and the gas
consumption is reduced to maintain the temperature in the hot
thermal circuit. On the other hand, if Py, takes a low value,
that means that there is insufficient renewable energy to
supply the thermal sources. TFF** is reduced, whereas

TH*is incremented to reduce the power consumption. The

gas boiler rises T}/ to compensate the reduction in T and

to maintain the comfort in the hot water demand.

This operating mode enables a more intelligent energy use
and lower consumption. This is because FL avoids an all-or-
nothing consumption, regulating in each moment the
consumption of the electric boiler and the absorption chiller,
and it is not fixed to their rated power. Considering the SOE
of the ESSs, FL assesses fluctuations in the PV energy
production and avoids the consumption of the local grid,
providing a wide operating range, as multiple conditions are



considered simultaneously to provide a proper control
response.

FL computes, for each operating condition, the functional
point of thermal sources and ESSs, applying the rules
established in Table II. This enables the optimization of
energy distribution, unlike simple techniques based on EMS
that assign similar operating points within predefined
operating ranges. Another noteworthy innovation is the
proposed structure for the FL, where only two parameters
(Pygr and SOE) are required to calculate the operating point
of the MEMG.

B. Control Loops
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Fig.3 Overall MEMG control scheme.

The overall control loop scheme implemented to regulate
the thermal sources and the ESSs according to the FL-EMS
references is shown in Fig. 3. The control loops are divided
into four independent control loops. The electric boiler loop
control is based on a hysteresis cycle. The turn-off
temperature of the electric boiler (TZE**) and the electric
power consumption (Pgp) are provided by the FL-EMS,
while the turn-on temperature (TFE™) is calculated as 4°C
lower than T§p* . Thereby, the electric boiler constantly
adapts its operating mode, and a fast control response is
achieved under changes in weather conditions and electrical
demand.

Similarly, the absorption chiller loop control is designed
using a hysteresis cycle. The aim of adopting a hysteresis
control cycle is to avoid supplying constant energy to the
chiller as well to the electric boiler. Thus, it is possible to save
energy when the hysteresis cycle increases (for the absorption
chiller cooling system) and when it decreases (for the electric
boiler heating system). The turn-on temperature of the chiller
(T¢4*) and the cooling heat (Qcy) are provided by the FL-
EMS, while the turn-off temperature (TZ¥™) is calculated as
3°C lower than TZ*.

The gas boiler control loop is responsible for regulating
the hot water thermal bus. Owing to the heating and hot water
demands, the temperature drops in the hot water bus (T},s).
Therefore, a PI controller is employed to regulate Tp,

according to the reference sent by the FL-EMS (T;<).

bus

The ESS control loop is responsible for distributing energy
between the battery and the hydrogen system, and minimizes
the reliance on the main grid. The energy that the ESSs must
manage is calculated as the difference between Py and the
consumption of the thermal sources, according to Equation

(5):

Pygr = Pygr — Pgg — Py (5)

where Pgy is the electrical consumption of the absorption
chiller, which is obtained through the cooling demand (Qcp)
and the coefficient-of-performance (COP) included in [13].

A proportional sharing factor, denoted as SOC/H;, where
H; denotes the hydrogen tank level, is established to distribute
the energy between the ESSs. This parameter denotes that
when SOC>H_, the BESS energy is higher than the fuel cell
energy in the discharging mode. Conversely, when the ESSs
operates in the charging mode, the electrolyzer obtains a
greater amount of power than the BESS. If SOC<H;, then the
power distribution between the ESSs is reciprocally related to
the previously detailed scenario.

This study presents a dynamic constraint based on the
SOC to prolong the operational lifespan of the BESS. The
upper limit for discharging, denoted as Pgss 4;5, Or charging,
denoted as Pgyss cpar, is restricted in accordance with the

subsequent equations:
) soc—socmin)
( 100 ) (6)

nom
max o rated EBESS = ($OCmax—S0C
Pggss,cn = min <PBESS "Tar (—100 @)

nom
max . rated EBESs
PgEss,ais = min <PBESS " Tat

The dynamic limitations established in Egs. (6) and (7),
delineate Pgi¥%, delivering the maximum power capability of
the BESS at each moment. P53 corresponds to the rated
power of the BESS and complies with the SOC restrictions,
preserving the SOC within predetermined upper and lower
thresholds (SOCp,ax, SOCpin) - These thresholds are set at
90% and 30%, respectively, avoiding a deep discharge.
Additionally, the hydrogen tank level is constrained within
10% and 100% of its rated capacity.

IV. RESULTS AND DISCUSSION

This section analyses the designed FL-EMS and the
control scheme for the MEMG presented in Section II. The
model is developed in MATLAB/Simulink. In the majority of
studies that address MEMGs research, the optimization
problem is evaluated under long hourly or daily time horizons.
Because of the faster electricity dynamic compared with the
thermal one, this paper presents a 4.5 h simulation to assess
the control approach of the MEMG and ensure a proper
response of the thermal and electricity vectors.

The MEMG control is verified by varying the inputs
parameters, which are shown in Fig. 4. It is represented the hot
water demand profile in Fig. 4a (my), the cooling water
demand profile in Fig. 4b (m.), the underfloor heating load
in Fig. 4c (myy), and the PV power plant irradiance in Fig.
4d ().

The electricity vector balance is illustrated in Fig. 5. As
mentioned in Section III, the electricity vector energy
distribution is designed to fulfil the electrical load as well as
the electric consumption of the thermal sources without
employing the local grid. Fig. 4a shows with positive values
the energy supplied by the MEMG while the energy consumed
by the MEMG is illustrated with negative values.

In this study case, it is shown the evolution of Pp, from
high values, in the beginning of the simulation (18kW), to low
values at the end of the simulation (1.6kW). In the initial
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conditions, the electric boiler consumes -17.5 kW and the
ESSs are discharged to fulfill the chiller and the electric load
demand. As seen, the battery provides more energy than the
fuel cell because SOC>HL. When the electric boiler is off, the
ESSs change their operation mode and the electrolyzer
receives more energy than the battery. From 4000s to 9500s,
the PV power plant experiments several energy reductions,
and the electric boiler adapts its consumption to -12.5 kW and
the ESSs are deeply discharged. From 12000s, unseasonable
electrical loads are considered to taste the fast response of the
ESSs and avoid the consumption of the local grid. As seen, no
energy is provided by the grid even in this extreme scenario.

The evolution of the SOC, Hy and SOE levels are shown
in Fig. 5b. These parameters evolve according to the
proportional energy distribution in the charging and
discharging modes, limiting the BESS discharge energy and
hydrogen consumed by the fuel cell when they are near 30%
and 10%, respectively.

The thermal vector balance is depicted in Fig. 6. To satisfy
the thermal balance, the thermal energy generated (Qgpy)
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temperature (T,) and fuel cell output temperature (Tj,).

must be equal than the heat consumed (Qcqn)- Fig. 6a
represents the proper control response achieved.

During the electrolysis process, the heat generated can be
recovered and injected into the hot water thermal circuit. This
allows for the reduction of gas consumption. Fig. 6b shows
the heat generated by the fuel cell (Qpc) and the heat
generated by the electrolyzer (Qy;). The total heat energy
generated, (Eggy) is calculated as the integral time of Qg .
It takes a value of 21,17 kWh. The heat energy recovered in
the fuel cell (Epc) is 0.87 kWh (4.1% of the total) and in the
case of the heat energy recovered in the electrolyzer(Eyy) is
0.94 kWh (4.4% of the total). Therefore, a total amount of
8.5% of the energy is saved by employing the heat produced
in the electrolysis process.

Finally, the temperature control of the thermal sources is
illustrated in Fig. 7a. As described in Section III, the electric
boiler and the absorption chiller are controlled through a



hysteresis cycle, while the hot water bus temperature is
controlled employing a PI controller. This efficient
temperature control enables to rise TFE** while decreasing
Tpys if there is a surplus of renewable energy. On the other
hand, TFE** is reduced if the PV power production is low and

elevates T}, to mitigate this scenario.

The use of FL permits to discretize the temperature
control, and avoids a control based on low, medium or high
temperatures, where multiple operating conditions can be
considered and dynamically adjusted. For instance, at the
beginning of the simulation, TF*is set at 57.5°C, as Ppy, is
high (18 kW), and SOE has an intermediate value (40%). The
gas boiler is controlled at 32 °C, and the absorption chiller can
operate at a low temperature (2.5°C). When Pp,, curtails is
energy from 4000s to 9500s, the chiller increments its turn-on
temperature at the same time as the electric boiler decreases
its turn-off temperature to mitigate the energy consumption.
In this scenario, the gas boiler needs to increment T,  to
maintain the heat balance. Finally, when the SOE assesses a
low value in the last instances of the simulation (from 14000s),
and Ppy is set at 1.6kW, it is seen in Fig. 7a the decreasing
trend in the hysteresis cycle of the electric boiler in addition to
the increasing trend of the absorption chiller.

The temperature falls in the hot water demand because of
the hot water consumption and rises owing to the heat
recovered from the electrolysis process in the fuel cell and the
electrolyzer. The temperature drops are shown in Fig. 7b. The
node temperature after the electric boiler heat exchanger is
denoted as T, in the underfloor heating demand output as T,
in the electrolyzer heat exchange output as T, and as T;,, after
the fuel cell heat exchange. For example, it is represented in
Fig. 7b at 3000s, that when the electrolyzer is operating, T,
>T;, and thereby, less fuel is consumed by the gas boiler.
Analogously, at 11000s, when the fuel cell is turned on,
Tin>T, and fuel is saved.

V. CONCLUSIONS

The aim of this paper was to present a control architecture
for a MEMG that avoid the consumption of the local grid to
supply the thermal and electrical loads. The innovation lay in
dynamically regulating the operating mode of the thermal
sources in a sampling time of 0.02s, along with determining
the energy to be overseen by the ESSs. The state of energy of
the ESSs and the available renewable energy were the two
parameters needed to achieve a proper coordinated operation
between the different energy vectors. Furthermore, dynamic
constraints were established for the ESSs to adapt their energy
contribution. The heat produced in the electrolysis process for
the fuel cell and the electrolyzer could be used in the hot water
demand to reduce the gas consumption. An 8.5% saving in the
gas consumption was achieved in the proposed scenario. The
control strategy was evaluated in a 4.5h simulation under
several weather conditions and both thermal and electrical
loads, and a proper control response was achieved. Future
works should include the experimental real-time validation of
the proposed FL-EMS.
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