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AN OPTIMIZED FUZZY LOGIC-BASED ENERGY MANAGEMENT
STRATEGY FOR RENEWABLE ENERGY MICROGRID
WITH HYDROGEN STORAGE SYSTEM

CHIEN LUQC QUAN LY NANG LUONG DUA TREN HE THONG LOGIC MG TOI UU, UING DUNG CHO HE THONG
LUGI DIEN SIEU NHO CO TiCH HOP CAC NGUON NANG LUGNG TAI TAO VA HE THONG LUU TRU'HYDROGEN
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ABSTRACT

Renewable energy sources such as wind and solar have been developed in
many countries all over the globe due to their ability to provide environmentally
friendly energy. However, due to the stochastic behavior of these power sources,
controlling energy systems with high renewable energy penetration remains a
challenge. To solve the mentioned problem, this study presents a fuzzy logic
control-hased energy management system, which helps regulate the energy
flow within a grid-connected microgrid that integrates hydrogen energy storage.
The proposed technique is further optimized using the particle swarm
optimization algorithm to increase the system’s performance and reliability. The
results have proved that the energy management strategy has the following
merits: (1) energy balance is secured, (2) devices’ lifespan has been prolonged,
and (3) a better fuel economy has been achieved.

Keywords: Hydrogen storage system, energy management strategy, fuzzy
logic control.
TOM TAT

Cac nquén ndng luong tai tao nhu gi6 va mét troi da duoc phat trién & nhiéu
qudc gia trén toan cau do kha nang cung cp ngudn nang lugng than thién véi moi
trudng. Tuy nhién, do dac tinh bat 6n cda chiing, viéc ki€m sodt cac hé théng nang
lugng 6 mdc d tham nhap néng lugng tai tao cao van con la mét thach thic. D
gidi quyét van dé da dé cap, nghién ctiu nay trinh bay mot chién lugc quan Iy nang
ugng dua trén diéu khién logic mg, gidp diéu tiét nang luong trong ludi dién siéu
nhé cd tich hgp hé thdng luu trit nang lugng hydrogen. Chién lugc dugc dé xuat con
dugc toi uu hda thdng qua viéc tng dung thudt todn toi uu hda bay dan nham tang
hiéu suat va do tin cdy cla hé thong. Cac két qud md phdng thu dugc da chiing
minh rang chién lugc quan Iy ndng lugng dat dugc nhiing uu diém bao gom: (1)
dam bao can bang néng luong trong hé thdng, (2) tudi tho clia thiét bi da dugic kéo
daiva (3) hydrogen sit dung da dugc tiét kiém hon.

Tir khéa: Hé thing luu trit hydrogen, chién lugc qudn Iy ndng lugng, diéu
khién logic mo.
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1. INTRODUCTION

Along with the development of technology and society,
the electricity demand also rises significantly and swiftly,
reflected by the fact that the total energy demand of the
globe is set to grow by close to 5% in 2021 and 4% in 2022.
However, almost half of the demand is met by fossil fuel,
threatening to push CO, emissions from the power sector
to a record level [1]. Using green energy technology is
considered the most promising solution to reduce
pollution. As a result, the number of research and projects
related to renewable energy increased dramatically, with
most of them choosing solar and wind as the main power
source due to their ability to generate clean energy at a
reasonable cost for investors. However, because of their
stochastic behavior, the microgrid (MG) requires an energy
storage system (ESS) to ensure power balance within the
system. Batteries are often installed as a short-term storage
option, while hydrogen storage acts as a long-term storage
system [2]. Although the overall fee for hydrogen storage is
still high, several studies prove that it will drop significantly
in the upcoming years [3].

An effective energy management strategy (EMS) is an
inseparable part of the hybrid power system that wants to
achieve uninterrupted, safe, and low energy consumption
[4]. Therefore, designing a strategy with a suitable control
technique becomes an important task. Fuzzy logic control
(FLC) has excellent compatibility with renewable energy-
based MG because of its ability to use data and information
that are vague and lack certainty. Many authors have
applied this technique to the hybrid storage system that
includes both hydrogen and battery storage. In [5, 6] the
authors proposed an optimized FLC-based EMS that aims
to enhance the MG's performance, reduce the fuel
consumed, and ensure the power balance. In their EMS, the
hydrogen storage system act as the primary backup power
source, and the battery supports the hydrogen system
when the power demand is too large. However, as
mentioned before, hydrogen is often used as a long-term
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storage option because the energy stored in the hydrogen
tank can be preserved for a long time. Therefore, the
battery should be the primary backup and take charge of
the short-term disturbance while the hydrogen storage
system focuses on the system’s long-term energy balance.

In this study, an optimized fuzzy logic-based EMS is
proposed for a grid-connected AC microgrid, as shown in
Figure 1. In this simulated microgrid, two different types of
energy storage systems are integrated, including a battery
storage system and a hydrogen storage system. Unlike the
aforementioned EMS, the load demand will be satisfied by
PV output power, and when an energy-shortage scenario
occurs, the battery will be utilized as the main backup power
source. A 72-hour-simulation has been carried out in
MATLAB/Simulink environment to validate the performance
of the proposed energy management strategy.

This paper first describes the microgrid structure and
topology in Section 0, while Section 0 presents the
proposed fuzzy logic control-based energy management
strategy. Simulation results are shown in Section 0, and the
conclusions of this article are placed in Section 0.

2. SYSTEM STRUCTURE AND MODELLING

Figure illustrates the modeled grid-connected
microgrid, which consists of a photovoltaic (PV) system as
well as a hydrogen and battery storage system. These
devices are connected to an AC bus through power
converters, which are assemblies of the DC device itself.
The AC bus is linked to the main grid via an AC/AC inverter.
During the daytime, when the PV system output power is
high, the MG is primarily supplied by solar power, and the
excess energy is stored in the battery and/or in the form of
hydrogen by using the electrolyzer. On the other hand,
when the solar irradiance is low, the battery and fuel cell
serve as the main power source to meet the load demand.
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Figure 1. Grid-connected hybrid renewable energy microgrid

The simulation model of this microgrid is simulated in
MATLAB/Simulink environment, as demonstrated in Sections
2.1 to Section 0. A detailed description of the hybrid
renewable energy storage system is shown in Table 1.

Table 1. Parameters of system components

Subsystems Descriptions Values
PV System Numbers of PV panel 1000
Total maximum power (kW) 350
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Battery Nominal capacity (kWh) 5,650
Maximum power (kW) 500
State of charge (SoC)’s range (%) 40-90
Fuel Cell Maximum power (kW) 250
Electrolyzer Maximum power (kW) 500
Hydrogen Tank Nominal capacity (kg) 50
Level of hydrogen (LoH)'s range (%) | 10-90

2.1. Modeling of PV Array
The PV-generated power can be calculated using the

equation below based on solar irradiance and
temperature(7, 8]
G
Pev = Nov X Pov _ratea X G—[1 + Kt(Ta + (00256 X G) - Tref] (1 )

where Py, is the PV system’s output power (W), Ny is the
number of PV panels, Ppy gaieq is the PV panel’s rated power
under standard test conditions (W), G is the solar irradiance
(W/m?), and T, is the ambient temperature (°C). G, T, and
K, are equal to 1000 (W/m?, 25 °C, and -3.7.10® (1/°Q),
respectively

2.2. Modeling of Battery Storage System

In the studied microgrid, a lithium-ion battery system is
used. The dynamic battery’s state of charge (SoC) can be
calculated using the following equation [9]:

Neh X Poatt, n X At Peate, disch X At
CBatt

where n,, and ng,, are the charging and discharging
efficiencies (%), Pgn @nd Py giscn are the battery charging
and discharging power (W) over timeslot t, Cg,, is the
nominal capacity of the battery (kWh) and SoC,. is the
initial state of charge of the battery (%).

SoC = SoCunitial +

2
Tdisch X At ( )

2.3. Modeling of Hydrogen Storage System

The hydrogen storage system includes a proton
exchange membrane fuel cell (PEMFC), a PEM electrolyzer
(PEMEL), and a hydrogen storage tank. The PEMFC's role is to
convert the excess energy into hydrogen which will be
stored in the hydrogen tank and can be used as PEMEL's fuel
to produce energy when an energy shortage happened.

The phenomenon of fuel cells using hydrogen to
generate electricity, as well as the

the electrical energy produced by the fuel cell can be
modeled and calculated using the following equation [7]:

H .
PF—CXAtX 2 _density (3)

FC HV

Hzidensity =

where Py is the fuel cell stack output energy (kW),
H,_consumed iS the amount of hydrogen consumed by the PEM
fuel cell (kg), and nNFC is the efficiency of the PEM fuel cell
(50%). Quy and H, genqry are the equivalent heating value of
hydrogen (3.4kWh/m?) and hydrogen density (0.09kg/m?),
respectively.
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The electrolyzer is an electrochemical device that uses
excess energy to produce hydrogen, with the amount of
generated hydrogen (H, ,qquceq) Can be calculated as [7]:

H ensi

Hziproduced = Neree X Peec XAt x = 4)

HV

where H, ,q.ceq IS the amount of produced hydrogen
(kg), Pgc is the energy input to the PEM electrolyzer (kW),
and ng ¢ is the electrolyzer efficiency, which is also 50%.

The level of stored hydrogen (LoH) in the hydrogen tank
can be calculated by considering the initial amount of
stored hydrogen and the amount of hydrogen produced
and consumed. In this study, the hydrogen level is
presented as:

AHprroduced _ AHZconsumed (5)
At At

where LoH is the hydrogen level in the hydrogen tank
(%), H,.iia is the initial hydrogen stored at the beginning of
the simulation (kg). It is important to note that the PEMFC
and PEMEL do not operate at the same time, which means
that the operating power of the PEMFC and the amount of
consumed hydrogen at a timeslot equals zero if the
electrolyzer is producing hydrogen in that same timeslot
and vice versa.

3. PROPOSED OPTIMIZED
MANAGEMENT STRATEGY

EMS is the core part of the hybrid power MG, which
directly determines the performance of the system. While
guaranteeing the main target of meeting the power
demand of the hybrid MG, using appropriate control
methods to optimize the power distribution of various
energy sources and components can improve the
system's performance dramatically. Moreover, a suitable
EMS is also beneficial to achieve a stable output of power,
making full use of the advantages of each power source,
prolonging the device’s lifetime, and raising the efficiency
of the power system.

LoH = Hzflnitial +

FLC-BASED ENERGY

Fuzzy logic controller is a well-known artificial
intelligence control technique due to its excellence in
controlling complex systems without an exact
mathematical model of the system. However, FLC's
performance depends heavily on its fuzzy membership
(FM) and fuzzy rule. As a result, designing an effective FLC is
a complex task because there are various parameters that
need to be tuned. Hence, developing an optimization
algorithm to tune those parameters without relying on
experts’ knowledge seems reasonable. In this case, a meta-
heuristic algorithm called particle swarm optimization
(PSO) is adopted. PSO is one of the most common methods
that optimizes a problem by the personal best value and
compare it to the global best value after each iteration. It is
different from other optimization algorithms in such a way
that it is not dependent on the gradient or any differential
form of the objective.
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The objective function and optimization process of the
FLC will be demonstrated in Subsections 0 and O,
respectively

3.1. Fitness Function

The first step for PSO to work properly is to select the
suitable fitness function. In this case, to minimize the
consumed fuel, which is hydrogen, the author chooses the
energy consumption minimization strategy (ECMS) as the
fitness function for the optimization process. Furthermore, to
lessen the dependence on the main grid, the energy
exported to the grid will be multiplied by a penalty weight.
The battery’s equivalent energy consumption can be
calculated using an equivalent factor (a) that is dependent
on the battery SoC. Since the fuel-cell hydrogen
consumption and the battery equivalent energy
consumption are dependent on the fuel cell and the

battery's output power, respectively, the energy

consumption-related cost function (C) can be written as [10]:

C = J(Pec (1) + Q(t). Pgaelt) + B. Pgrgmpl(t)) dt (6)

(x(t) :1—2)(“)( SOC(t)—O.SX(SOCmax+SOCmin) (7)
(SOCmax + SOC min)

Where p is a constant that is called the battery’s SoC
coefficient and assigned 0.6 to control the battery SoC, B is
a penalty weight and assigned 1000 to lessen the imported
energy.

To maintain the power balance and prolong
components’ lifetime, some constraint are defined as
follows:

e Power balance constraint:
Pnet= PLoad - PPV= PFC+ PBatt + PGrid (8)
e Devices' constraint:

Pecmin < Prc < Premax )
P chargmax < Pgatt < Pdischargmax (10)
SoC,,;i,< SoC < SoC,,.,, (11)
LoH,,, < LoH <LoH,,,, (12)
Peec,min<PeLec <PeLec max (13)
o ECMS constraint:

0 <a(t)<2 (14)

3.2. Rule-Based Optimized Fuzzy Logic Control Energy
Management Strategy

As mentioned before, FLC-based EMS’'s performance
depends heavily on its fuzzy rule and FM. In this paper, the
fuzzy membership functions are optimized using PSO to
minimize the objective function, while the rule is pre-
defined by the author to lessen the computation time. In
this section, the Rule-based optimized FLC designing
process will be demonstrated.

After deciding the objective function, the next step of
the optimization process is to determine the variable that
needs to be optimized. As seen in Figure 2, three
trapezoidal Membership Functions (MFs) are assigned to
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the battery SoC, three trapezoidal MF are assigned to the
level of hydrogen LoH, six trapezoidal MFs are designated
to the differential power Py = Pio.q - Pev, @and finally, five
variables fuzzify the fuel-cell power are the optimized
parameters. To make the optimization process faster, the
boundaries of those parameters are determined based on
the prior knowledge of the designer and the components’
limitations. To maintain the shape of the trapezoid and
cover all possible scenario, some constraints will be taken
into consideration as follows:

x (i) <x (i+1);i=1:18; (15)
x(i) < 0;i=1:9; (16)
x(i) >0;i=10:18 (17)
y (i) <y (i+1);i=1:9 (18)
z (i) <z (i+1);i=1:9 (19)
o (i) <o(i+1);i=15 (20)

Where x(i); i=1:18, y(i); i=1:13, z(i); i=1:13, o (i); i=1:5
represent the differential power, the battery SoC, the level
of hydrogen LoH and fuel-cell power respectively. Figure
shows the FM optimization process.
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Figure 2. MF parameters: a) Differential power b) SoC ¢) LoH d) Fuel Cell
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Figure 3. Basic structure of fuzzy logic control tuning process using PSO
4. SIMULATIONS RESULTS

To evaluate the rule-based optimized fuzzy logic EMS, a
simulation is carried out in MATLAB/Simulink environment,
where the microgrid model and the proposed EMS are
modeled for 72 hours. The results have proved the EMS's
effectiveness in balancing the battery and electrolyzer ‘s
output power. All of the constraints mentioned before,
such as the battery’s SoC, and fuel cell discharge power, are
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also kept within the reasonable boundary, which prolong
the components’ lifetime. Figure 4 illustrates the simulation
result which included the MG’s power flow, the battery
state of charge, and the level of stored hydrogen.

Furthermore, as can be seen in Figure 5, the value of
fuel consumption decreases dramatically after the
optimization process. Furthermore, as can be seen in
Figure, the value of fuel consumption decreases
dramatically after the optimization process. In the first 30
iterations, the total fuel consumed reduces significantly.
After that, the decreasing rate of ECMS’s value becomes
slower, and even remains fixed in the last 60 iterations.
Finally, after 100 iterations, the grid now saved up
approximately 40% of its fuel compared to the initial value.
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Figure 4. The microgrid power flow, battery state of charge, and level of
stored hydrogen
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Figure 5. Total fuel consumption of the microgrid
5. CONCLUSION

In this paper, the authors have proposed an optimized
fuzzy logic control-based energy

management strategy that aims to minimize fuel
consumption while also being able to maintain the
battery’s state of charge and the system'’s power balance. A
grid-connected hybrid renewable energy microgrid
consisting of a PV system and a hybrid storage system
(battery and hydrogen) is also simulated in
Simulink/MATLAB to evaluate the proposed EMS. The
results have proved the effectiveness of the EMS in
controlling the energy flow of the microgrid, as well as
maintaining the SoC and LoH.

Future works will focus on optimizing the rule base of
the FLC as well as combining with this research on
optimizing FLC ‘s FM. By utilizing an optimization algorithm
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to tune all FLC's parameters, an optimized fuzzy-based EMS
can be designed without prior knowledge.
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THONG TIN TAC GIA
D6 Chi Kién, Phan Van Long, Nguyén Ditc Tuyén
Truong Dién - Dién tl, Dai hoc Bach khoa Ha Noi
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