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ABSTRACT The emissions that aircraft discharge into the atmosphere are growing daily as a result of
advancements in the aviation sector and an increase in air traffic. For this reason, studies on the use of more
electricity in the field of aviation have also increased. Development in battery technologies accelerates the
transition to electric systems. Hybrid systems are preferred to increase the system efficiency and to ensure
longer lifespan of energy sources. With this motivation, a hybrid Unmanned Aerial Vehicle (UAV) system in
which Fuel Cell (FC) is the main power source and Lithium Ion (Li-ion) battery assists FC in sudden power
changes is modelled and analyzed in Matlab/Simulink environment. In hybrid systems, Energy Management
System (EMS) is needed to control energy resources and increase the efficiency of the UAVs. In this study,
three different EMS structures in UAVs, including rule-based Thermostat on/off, classical and Type-II fuzzy
logic are analyzed in detail. These EMS methods are modeled and examined for the hybrid UAV system.
The unique value of this study is to apply three different EMS methods to a UAV powered by a fuel cell
and Li-ion battery. An important contribution has been made to researchers that the preferred EMS method
may be different depending on the system to be used and the number of resources. Although Type-II fuzzy
logic EMS gives better results, it is more complex and the decision-making time is longer. For this reason,
traditional fuzzy logic EMS is more widely used in most applications.

INDEX TERMS Fuel cell, UAV, EMS, rule based, type II fuzzy logic.

NOMENCLATURE
E, :Nernst voltage (V). Pir :Absolute supply pressure of air (atm).
F :Faraday constant (96485 A s/mol). Pgirmom  :Nominal absolute air supply pressure (Pa).
h ‘Planck’s constant (6.626 x 10734 J ). Pfiel :Absolute supply pressure of fuel (atm).
Inom  :Nominal current (A). Py :Partial pressure of hydrogen inside the
k ‘Boltzmann’s constant (1.38 x 10~23 J/K). stack (Pa).
K :Voltage undershoot constant. Py>o  :Partial pressure of water vapor inside the
K. :Voltage constant at nominal condition of stack (atm).
operation. Po :Partial pressure of oxygen inside the
N :Number of cells. stack (Pa).
R :Universal gas constant (8.3145 J/mol K).
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‘Temperature of operation (K).
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Thom :Nominal operating temperature (K).
w :Percentage of water vapor in the
oxidant (%).
X :Percentage of hydrogen in the fuel (%).
y :Percentage of oxygen in the
oxidant (%).
zZ :Number of moving electrons.
Vipm(air) :Air flow rate (1/min).
Vipm(airynom :Nominal air flow rate (1/min).
Vipm(fuel) :Fuel flow rate (1/min).
Viom :Nominal voltage (V).
Greek Symbols
o :Charge transfer coefficient.
AG :Size of the activation barrier (J/mol).
Aho(H20O(gas)) :241.83 x 103 J/mol.
Ay :Activation barrier volume factor (m?).
Nnom :Nominal LHYV efficiency of the
stack (%).

I. INTRODUCTION

Recently, the use of electrical systems in Unmanned Aerial
Vehicles (UAVs) has become widespread due to their higher
efficiency, lower greenhouse gas emissions and less noise
features. The electrical energy required by UAVs is generally
provided by batteries. However, the goals set by the European
Union by 2050 include reducing net greenhouse gas emis-
sions to zero and ensuring economic and social sustainability.
Fuel cells (FCs) have a high energy density, low noise and
emission characteristics that make them the cleanest alterna-
tive energy source for transportation [1], [2].

FCs are electrochemical devices that use the chemical
energy in hydrogen to generate electricity. The FC consists
of two electrodes, a catalyst to quicken the chemical reaction,
and an electrolyte to transfer electrically charged particles
between electrodes [1], [3]. Protons pass by the electrolyte
membrane while electrons create current in the FC when
hydrogen molecules break into electrons and protons [4].
These protons, electrons, and oxygen unite to form water
molecules at the cathode. Water vapor is produced as a result,
which distinguishes FCs from other options in terms of emis-
sion targets [5], [6].

Depending on their working temperatures, efficiency,
applications, and costs, FCs are employed in a variety of
applications. Depending on the kind of fuel and electrolyte
used in FCs, they are grouped together [7]. FC types can
be listed as Proton exchange membrane (PEM) FC, Alkaline
FC, Phosphoric Acid FC, Molten Carbonate FC, Solid Oxide
FC, Direct methanol FC. Among different FC types, PEMFC
is preferred in this study because it has high efficiency and
power density, requires lower operating temperatures and
responds quickly to loading [8].

A battery is a type of portable energy storage that con-
sists of several electrochemical cells that may store electrical
energy as chemical energy. The most suitable battery type
used in UAVs is adjusted by bench marking the power density,
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energy density, weight, volume, cycle life, cost, safety and
maintenance features of the batteries [9].

When choosing a battery, the characteristics of the cells,
serial or parallel connections, the number of cells used and the
external hardware structure are taken into consideration [10].
Connecting battery packs in series allows for higher volt-
age. This allows high power to be obtained even with lower
current. Higher power contributes to better performance of
the vehicle, especially in electric vehicles. High voltage
can enable more effective energy transfer and lower energy
losses [11]. Lithium-Ion (Li-ion) batteries have advantages
such a lower self-discharge rate when not in use and an
energy-to-weight ratio when compared to other battery tech-
nologies. In addition, they are more widely preferred in UAVs
because they cause less harm to the environment compared to
other battery types [12].

Li-ion batteries have a lightweight structure. Each cell has
an output voltage of approximately 4 V and an energy level of
100-150 Wh/kg. These batteries have a cycle life of 2000 and
can operate at temperatures between —20°C and +60°C [13],
[14], [15].

Batteries used to store energy need time to recharge as
their charge decreases as they are used [1]. Fast charging
models are used to reduce this required time and the cycles
of batteries [1], [16]. Hybrid systems are preferred to solve
this problem and increase efficiency in UAVs. FC hybrid sys-
tems are used in different application areas such as aviation,
automotive or railway [17], [18], [19], [20].

In hybrid systems, Energy Management System (EMS)
is needed to determine the operating range of the power
supplies and ensure accurate operation of the system.
EMS coordinates the system operation and uses a con-
trol algorithm to optimize the system by taking into
account time-based conditions [21]. EMSs are basically
classified as Rule based, optimization based and learning
based [22], [23]. In the hybrid system proposed in this
study, rule-based EMS and conventional fuzzy logic EMS
methods are used and the results are compared with each
other.

Brushless Direct Current (BLDC) motor is preferred as
the motor type for the UAV proposed in this study. Various
types of UAVs, including quadcopter, octocopter, tricopter,
duocopter, and helicopter, use brushless motors with differ-
ent features. Because of its straightforward design, extended
lifespan, low maintenance requirements, and great power,
this engine type is utilized in UAVs [24]. Advancements in
technology have made it possible to create BLDC at high
speeds. UAVs can now be used in more regions because
to these advancements. They are employed in a variety of
industries, including commercial aerial photography, freight
transportation, military reconnaissance, and meteorological
observation [24], [25], [26].

There are studies in the literature where hybrid systems
are used in electric vehicles. For this reason, EMS was also
needed. A detailed review of similar studies that will guide
this study is given below.
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Lu et al. [27] discussed an approach to optimally solve
EMS in hybrid electric vehicles with FCs. This study high-
lights the significant influence that the degree of battery
degradation plays for EMS as an internal component.

Sefkat and Ozel [28] used a fuzzy logic controller to
increase the energy efficiency of a FC hybrid electric vehicle.
It contains a thorough mathematical model intended to keep
the battery and hydrogen fuel cell operating at their ideal
temperatures.

Zhang et al. [29] is examined in terms of the hybrid power
system of a city train in order to reduct the total cost by
optimizing component sizes. Three alternative optimization
techniques were used to optimize the system in order to
compare how well the suggested strategy performed.

Xiu et al. [30] examined the hybrid use of a hydrogen FC
and battery in submarine vehicles. They proposed the use
of FCs to increase the durability of unmanned submarine
vehicles.

In a study by Tao et al. [31], hybrid electric vehicles sup-
ported by FCs, batteries and supercapacitors were discussed.
The complex structures of these vehicles, variable terrain
conditions and the difficulties they create in terms of energy
management, lifespan of power supplies and fuel economy
have been examined. An EMS containing path information
obtained by a deep learning algorithm is proposed.

In a study by Shen et al. [32], a hybrid system consisting
of FC, battery and supercapacitor was examined for electri-
cal vehicles. To create the hybrid power system, a variable
structure battery plan is suggested. To guarantee that the FC
runs at maximum efficiency and generates an incremental
power output within the permitted power gradient, a fuzzy
logic EMS was developed.

Ghavidel and Mousavi [33] examined at stable control
techniques and dynamic modeling analysis for hybrid energy
systems that included a supercapacitor, battery, and FC. The
suggested plan seeks to prevent abrupt shifts in the power
supplies’ dynamic response. An EMS fuzzy algorithm for
hybrid energy storage systems is presented. Performance and
efficiency analyze of this hybrid system were examined for a
tramway.

The study by Liu et al. [34] discusses EMS, which was
developed to solve complex energy management problems
and optimize economy and performance of hybrid vehicles
containing FCs, batteries, and supercapacitors.

The study by Rodriguez et al. [35] focused on the EMS of
hybrid electric vehicles with FCs. A modular EMS has been
proposed for a dual-mode locomotive hybrid electric vehicle.

The hybrid systems in the literature examined in detail
above are designed for applications of electric vehicle. How-
ever, in this study, the hybrid system is proposed for UAV
application. The methods used to increase the energy effi-
ciency of hybrid electric vehicles in the literature will be
applied to the UAV. Information about studies on EMS meth-
ods used in UAVs is given below.

VOLUME 12, 2024

Cheng et al. [36] discussed the issue that the low durability
of battery-powered UAVs can be improved by applying a
hybrid system with a FC, and that energy management can
greatly affect the performance of this hybrid system. They
provided energy control by proposing four different EMS.
Proposed EMSs are fuzzy logic, dynamic programming,
Pontryagin’s minimum principle and improved Pontryagin’s
minimum principle.

A genetic algorithm based optimized rule based EMS
for the best possible power distribution between the FC
and battery system is suggested in the study conducted by
Yuan et al. [37]. Battery charging sustainability is the aim
of control variables in real time rule based EMS, taking FC
efficiency and durability into account.

The study by Xiao et al. [38] concentrated on hybrid power
systems consisting of PEMFC and lithium batteries, which
are generally recommended to increase the flight times of
high-performance UAVs. In order to regulate the PEMFC,
the suggested design places an automatic on/off switch in
parallel with a DC-DC converter. To control the lithium bat-
tery, a second automatic on/off switch takes the place of the
conventional DC-DC converter.

Townsend et al.’s study [39] looked at a hybrid system that
included a supercapacitor, battery, and FC. Reducing hydro-
gen consumption and extending the life of the resources were
the goals of the EMS. It has been suggested to create a new
EMS based on a modified proportional-integral controller
that takes FC efficiency into account.

Oksuztepe et al. [40] examined the behavior of a fixed-
wing PEMFC/Supercapacitor hybrid UAV. The study inves-
tigates the performance of this aircraft at different flight
levels. They stated that flight levels negatively affected
PEMFC. They validated the proposed UAV model in
MATLAB/Simulink.

Unlike the EMS systems suggested in the literature, three
different EMS methods are examined in detail in this paper.
This study’s goal is to increase the efficiency of hybrid UAVs
by extending the battery life and to ensure more active use
of resources. For this purpose, the outputs of the battery
and FC operating under specified conditions are examined to
increase the range and efficiency of hybrid electric UAVs. The
operating ranges of the battery and FC are determined under
the desired conditions according to temperature, altitude and
the SoC of the battery. First of all, the thermostat (on/off)
strategy deterministic is examined within the rule-based
EMS, which determines the operating status of the source
as on/off according to the created conditions. Then, conven-
tional fuzzy logic and type-II fuzzy logic, which are among
the rule-based EMSs that can express more situations under
the same conditions, are examined. Finally, the rule-based
EMS types used in the study are compared with each other.
Using rule-based EMS in a hybrid UAV application and
analyzing it in detail will help scientists working on this
subject.
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Il. HYBRID UAV SYSTEM POWERED BY FUEL CELL AND
BATTERY

When FCs are used as a power source in UAVs, they may
not respond quickly to instantaneous current changes. For
this reason, using it as a hybrid with a secondary source
having high power density will increase the efficiency of the
system. Li-ion batteries, on the other hand, may not provide
sufficient flight time in UAVs by the reason of their low
energy density and long charging times. A hybrid system
design that eliminates the disadvantages of both sources is
the best solution for UAVs [23].

A. PEM FUEL CELL

With its outstanding qualities including high efficiency, non-
pollution, and quick charging, FC technology—a developing
energy production device—can meet the energy demands of
a variety of industries, including transportation, aviation, and
maritime [41].

PEMEFCs are the most widely used FC type [42]. The
catalyst causes the hydrogen in the anode to break down
into protons and electrons [43]. While electrons must pass
via an external circuit to reach the cathode, protons can pass
through the membrane directly. Moreover, water is produced
as waste when protons and oxygen in the cathode react.
Electrochemical processes proceed and a continuous current
is produced as long as hydrogen is available [3]. PEMFCs
typically function in the 65-85 °C range, and because of the
water produced on the cathode side, the PEMFC must operate
below 100 °C [44].

Chemical reactions occurring in PEMFC are given
in Eq.1-3 [45]:

Anode reaction: 2H, — 4H™ + 4e @))
Cathode reaction: O, +4H" +4e — 2H,0  (2)
Overall reaction: 2H; + O, — 2H,0 3)

PEMFCs need to be modeled in order to perform detailed
simulations. The polarization curve of a particular PEMFC
working under optimum temperature and pressure specifica-
tions consists of three regions: activation, ohmic and mass
transport. The activation voltage drop brought on by the
sluggishness of the chemical reactions taking place on the
electrode surfaces is represented by the activation area.
The type of electrode and catalyst utilized, the operating
pressure and temperature, all affect this region.

The resistance losses brought on by the PEMFC stack’s
internal resistance are represented by the ohmic region.
Lastly, when the fuel is utilized, the mass transport area
depicts the mass transport losses brought on by the shift in
reactance concentration [46].

Open circuit voltage (Eoc), current (ip), and Tafel slope
(A) will all fluctuate in response to changes in variables like
pressure, temperature, fuel and air composition, and flow
rates. These changes are given in Eq. 4-6.

Eoc = KckEy, 4
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The equivalent circuit of detailed model is the same as
the simplified model in Matlab/Simulink, but the parameters
Eoc, ig, and A need to be updated. The usage rates of hydro-
gen (Uyy,) and oxygen (Uyp, ) are given in Eq 7 and 8.

Ui, — n;h _ 60000RTNif, )
2 = I/liHn2 N ZFPfyel lem(fuel)X%
1y 60000RTNis
Uy = -2 = £ ®)

l’lglz Z2FPgy lem(fuel)y%

Partial pressures and Nernst voltage are calculated
as Eq 9-12.

Py, = (1 - Usz) X%0Pfuel ©)
PHzO = (1 — Zy%Uf()z) x%Pair (10)
Pio = (1= Upy, ) %P (11

—44.43 RT L
1.229 + (T = 298) —— + — In Py, Py)).
T < 100°C
E, = !
1229 4+ (T — 298) 443 | KT, PiePo,
. — — In s
ZF ZF Py,0
T > 100°C
(12)

Nominal conversion rates of gases are -calculated
by Eq. 13 and 14.

AK® (H0 N
UfHZ _ Nnom ( 2 (gas)) (13)
ZFViom
60000RT .6, NI,
Uf02 — nom!{¥nom (14)

22FPiryom lem(air)nm *0.21

The nominal partial pressures and Nernst voltage of the
gases can be determined from these conversion rates. o, AG,
and K¢ can be found if Egc, ip, and A are known and the
stack functions at constant utilization rates under nominal
conditions. The highest possible fuel and air flow rates set a
limit on the maximum current a PEMFC can deliver. As more
current is drawn above this maximum amount, the voltage
output of the stack abruptly decreases. Oxygen depletion
(caused by air compressor delay) is modeled in terms of peak
consumption (Uy,, peak) and the corresponding drop below
voltage goal. As a result, the Nernst voltage is altered as per
Eq. 15:

E — El’l — K(Uf02 - UfOZ(m)m))’ Uf02 > Uf()z()wm)
n =
E, Uto, = U

—_ 07 (nom)

15)
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K is determined as Eq.16 [46]:
KC((]fOz(peak) - UfOz(nom))

(16)
The Matlab/Simulink model whose equations are given
above is used in this study. The selected PEMFC parameters

are placed in Table 1.

TABLE 1. Parameters of the PEMFC.

Parameter Value

Voltage at 0A and 1A 42V -35V
Nominal operating point 52A-2423V
Maximum operating point 100A-20V

Number of cells 42
Nominal stack efficiency (%) 46

Operating temperature 55 Celsius
Nominal Air flow rate 2400 Ipm
Nominal supply pressure 1 -1.5bar

Nominal composition (%) 99.95 (H,), 21 (Oy), 1 (H,0 air)

B. Li-ion BATTERY

The fact that batteries have different electrode and electrolyte
structures diversify their usage areas. Each battery type may
be better suited to certain applications and should be selected
considering factors such as design preferences, cost, envi-
ronmental impacts, and energy requirements [47]. Among
battery types, Li-ion batteries are the most commonly used
battery type due to their superiority over other battery tech-
nologies.

Information about the changes in ten features of some bat-
tery types is given in Table 2. The cycle life and power density
of the Li-ion battery type are high as viewed from the table.
Also, the energy efficiency is stated as 80%, which indicates
the rate at which energy is kept available by the battery. The
very low self-discharge rate reduces the possibility of losing
energy when the battery is put on standby. Very low thermal
stability means that the battery can operate safely over a wide
temperature range. Low maintenance rate and no memory
effect means that the battery is easier and smoother to use
and maintain. The Li-ion batteries are preferred in this study
because of their features such as.

Determining the remaining energy in battery usage not
only improves the user experience but also ensures a
long-lasting use by maintaining the health of the battery. The
SoC, which expresses the ratio of this remaining energy to the
rated capacity, can be found as a percentage in Eq. 17 [48].

SoC — Remaining capc.lcity (17
Rated Capacity

SoC estimation for battery management systems and
charge control is a challenging task due to parametric uncer-
tainties and complexity. Coulomb counting and ampere-hour
(Ah) methods are based on standardized measurement, but
their reliability can be limited as they do not fully consider
intrinsic and extrinsic factors. Open circuit protection and
impedance measurement methods provide more reliable esti-
mates by better reflecting the characteristics of the battery.
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Machine-based methods, as well as artificial neural networks
and predictive logic, offer a flexible approach to parametric
uncertainties and can make more effective SoC estimates by
considering variable conditions such as non-consumptive use.
The use of these methods requires the selection of an optimal
solution depending on the characteristics of the battery and
the application scenario. In this way, important objectives
such as battery protection, prevention of over-discharge and
battery life extension can be supplied [49].

Irreversible chemical reactions occurring in the interac-
tions between battery active materials and the electrode cause
a decrease in battery performance. This causes the battery to
deteriorate over time and its internal resistance to increase.
Increasing internal resistance may cause energy transfer to
become more difficult and increase the battery’s tendency
to heat up. Increasing internal resistance and decreasing
capacity indicate that the health of the battery is decreasing.
State of Health (SoH) is used to evaluate and express this
state. SoH indicates the battery’s remaining lifespan and
extent of wear. SoH refers to the ratio of the usable capac-
ity to the nominal capacity. This shows how effective the
battery is relative to its initial performance. A SoH value
falling below the rated capacity indicates that the battery
has aged and its original performance has been signifi-
cantly reduced. Equation 19 is used to calculate the ratio
of available capacity to rated capacity. This calculation is
intended to determine the actual SoH of the battery and use
it as a type of performance indicator. Such evaluations are
important for estimating battery life, developing maintenance
strategies, and monitoring battery health in energy storage
systems [47], [48], [49].

__Available Capacity

SoH = . (18)
Rated Capacity

Systems known as electrochemical cells use redox pro-
cesses to transform chemical energy into electrical energy.
Li-ions are moved from the anode electrode to the cathode
electrode during this process, which makes charging and
discharging possible. To prevent short circuits between elec-
trodes, a separator plate placed in the middle of the electrolyte
is used. Since electron transfer is not possible through the
electrolyte due to the presence of the separator plate, it occurs
through an external circuit. During charging, Li-ions are
transferred to the cathode electrode through the electrolyte,
as they have the lowest weight and highest potential among
metals. This process represents the movement of Li-ions
and the operating principles of the electrochemical cell. The
chemical reactions occurring in the mentioned process are
important factors that determine the health status and per-
formance of Li-ion batteries. Figure 1 shows the direction
of movement of Li-ions during the charging and discharging
process. The chemical reactions take placing in the mentioned
process are given in Eq. 19-21 [50], [51], [52].

Cathode Reaction; Lij_,CoOy + xLit + xe™ <> LiCoO»
(19)
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TABLE 2. Types and features of the batteries [47].

Battery Types/Features Pb- Acid  Ni-Cd NiMH Zebra Li-Po Li-Air Li-S Li-ion Zn-Br
Nominal Voltage (V) 2 1.2 1.2 2.6 3.7 29 2.5 3.6 1.67
Energy Density 35 50-80 70-95 90-120 130-225  1300- 350-650 118-250 35-54
2000
Cycle Life 1000 2000 <3000 >1200 <1200 100 300 2000 >2000
Memory Effect None Rare None None None None None -
Operating Temperature -15/+50 -20/+50 -20/+60 -240/+350 -20/60 -10/+70 -60/+60 -20/+60 -20/+60
Range (°C)
Energy Efficiency 70 60-90 75 - - - - 80 80
Overload Tolerance High Middle Low - - - - Verylow  Low
Self-Discharge Low Middle High - - - - Very low  Low
Thermal Stability Less Less Less Stable - - - - Verylow  Less
Stable Stable Stable
Power Density 180 150 250/1000 - - - - 1800 -
TABLE 3. Features of the Li-ion battery used.
¢ (Charge) - _e'EDis:h:u'gei
==
= Ll Parameter Value
@ e © Nominal Voltage (V) 48
:‘_‘?; E Rated Capacity (Ah) 54
[T} Ty [
5 A z Initial State of Charge (%) 50
] 1 Li" (Charge) < g
- e - t E Battery Response Time (s) 1
g S — = 3 Maximum Capacity (Ah) 5.4
I.:.l [——rl Lr 3
v L o Cut-Off Voltage (V) 36
‘r Li" (Discharge) s S e vl og Fully Charged Voltage (V) 55.8714
& | o (0900 = Litburial = 8 Nominal Discharge Current (A) 2.3478
Internal Resistance (Ohm) 0.088889
FIGURE 1. Movement direction of lithium ions. Capacity (Ah) at nominal voltage 4.8835

Anode Reaction; CLiy, <> C + xLi™ + xe™ (20)
Overall Reaction; Lij_,CoO; + CLi, <> LiCoO; + C
2D

Li-ion batteries, which are less harmful to the environment
than other batteries, also have disadvantages such as the aging
problem due to the decrease in capacity after a certain period
of time, regardless of whether they are used or not, and their
sensitivity to impact [15].

High power and energy per unit mass of battery can
be obtained from Li-ion batteries. In addition, they are
favored over other rechargeable batteries due to their
reduced weight and smaller size [11]. Table 3 displays
the features of the battery that was employed in this
investigation.
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Ill. ENERGY MANAGEMENT SYSTEM

The fundament of hybrid energy systems’ effective opera-
tion is energy management. Although there are studies in
the literature on the energy management issues with hybrid
electric cars, there aren’t many on the EMS techniques used
with hybrid electric UAVs. Rule-based, optimization-based,
and learning-based solutions are the three primary categories
of energy management strategies [53]. Figure 2 makes the
classification of EMS [22], [23].

Real-time power distribution can be accomplished with
rule-based procedures, although the outcome is typically
subpar. Rule-based solutions are commonly employed, and
these tactics rely on fuzzy logic control and state machine
power monitoring. Because UAVs rely too heavily on engi-
neering skills, they are challenging to apply to long-duration,
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Energy Management
Strategy
Learning Based Optimization Based Rule Based
| I ____
Online (Realtime) Ofline (Global) Wavelet Transform Fuzzy Logic Deterministic
* Reinforcement learning ] l 1
* Aritifical neural . o Power flow
network * Model predictive * Dynamic programing strategy
* Support vector control *Pontryagin's minimum plomentional  Thermostat(on/
machine *Equivalent principle * Adaptive off strate
s Recursive least square | | consumption + Convex programing threditie o State macf\iyne
o Supervised learning minimization strategy » Genetic algorithm b
* Unsupervised learning + Particle swarm « Modified power
optimization il
FIGURE 2. Types of EMS.
high-energy-efficiency flights. Typically, energy manage-
ment problems are modeled as optimization problems by l
optimization-based strategies in order to increase the optimal- ‘
. . . Boost
ity of power allocation. These models are then solved using PEM Fue, Converter
appropriate optimization techniques [54]. Cell
Fuzzy logic control is more resilient to system uncer- 8] = /! H K
inties than d nistic rule-based b . . e\ M
tainties than deterministic rule-based control because 1t can w H
tolerate imprecise measurements and changes [55]. 5305.; gnbmw,e '“""'""" uav
When the differences between fuzzy logic control and Height

Type II fuzzy logic control are examined, significant dif-
ferences are seen in terms of basic definitions, membership
functions, uncertainty management, calculation and com-
plexity, and application areas. In Type I fuzzy logic control,
membership functions are defined with a single degree of
accuracy and are usually expressed in simple shapes such as
triangle, trapezoid or Gauss. Calculations of Type I systems
are simpler and faster, therefore they are suitable for real-time
applications and require less computational power. They are
widely used in areas where uncertainty is low and fast cal-
culations are required, such as industrial control systems,
automotive and electronic devices.

Type I fuzzy logic control is an extension of Type I
systems and has been developed to manage uncertainties
in more detail. In Type II systems, membership functions
contain uncertainty and are defined with a certain range.
This range consists of two boundaries as “‘lower membership
function” and ‘““‘upper membership function”. This situation
represents a wider uncertainty range. Type II membership
functions express the uncertainties of variables in a more
flexible and complex way. However, in addition to these
advantages, Type II systems require more computational
power and complexity. This situation creates difficulties in
real-time applications. Type Il fuzzy logic control is preferred
in situations where more complex and uncertain systems must
be managed, such as robotics, biomedical engineering, and
financial modeling [56], [57].
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Bidirectional
Converter

Li-ion Battery

FIGURE 3. Block diagram of the UAV system.

IV. RESULTS AND DISCUSSION

The performance of a PEMFC can be described by the
current-voltage characteristic. The current generated through
PEMFC is proportional to the hydrogen consumption. The
electrical power generated per unit of hydrogen falls as the
PEMFC'’s voltage drops. Thus, the PEMFC voltage should
be considered as a measure of the efficiency [58].

Figure 3 shows a block diagram of the suggested UAV
system. In industrial applications, a boost type DC-DC con-
verter circuit is used to raise the output voltage because
PEMFCs produce low output voltage values [59]. The types
of converters have a big impact on the system’s efficiency.
For renewable energy sources, DC-DC boost converters come
in a variety of forms, including isolated double active bridge
converters, full bridge converters, and resonance type boost
converters, etc. [60]. They serve the purpose of raising the
voltage that comes from an energy source. A boost converter
is selected because the goal of this study is to raise the
PEMEFC’s output voltage [61], [62].

The bidirectional converter is also preferred because
it allows power transfer in both directions between two
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dc sources. DC uninterruptible power supplies are increas-
ingly used in applications such as battery charging circuits,
telecom power supplies and computer power, as they can
reverse the flow direction of current and therefore power
and maintain the polarity of the voltage at both ends without
changing [63].

In systems where multiple energy sources are used
together, these converters provide the flexibility to switch
between different voltage levels. This increases the reliability
and performance of the systems. The bidirectional DC-DC
converters optimize energy consumption by ensuring the effi-
cient operation of battery systems, increase the flexibility
of the systems and improve their overall performance. With
these features, they play an important role, especially in areas
such as renewable energy and electric transportation [64].

The inverter block contains a three-phase power converter
consisting of up to six power switches connected in a bridge
manner. The power switch type and converter structure are
selected from the dialog box. It enabled us to convert DC to
AC [65].

The flight altitude of the UAV wused as a payload in
this study is a factor affecting efficiency. The decrease
in air density at high altitudes changes engine efficiency
and aerodynamic performance, so altitude ranges ranging
from 1000 to 5000 meters are used in the simulation. The
wingspan and length determine the lift force and flight atti-
tude of the UAV. While wider wings provide more lift, they
also increase weight.

Flight speed directly affects the power output and energy
consumption of the fuel cell. The energy management system
of the UAV is optimized by considering the optimum speed
and maximum speed. The optimum speed can vary between
40-100 km/h, and this speed range ensures efficient operation
of the fuel cell.

Fuel cell parameters also play a critical role in determining
power requirements [66]. The power output provided by the
fuel cell and battery must be sufficient to operate the BLDC
motors and electrical systems used in the UAV, and usually
ranges from a few hundred watts to a few kilowatts. The
output voltage requires that the electrical voltage provided
by the fuel cell be compatible with the UAV’s electrical
systems and can typically be between 30-100 V. Environ-
mental conditions also affect the performance of a fuel cell
UAV. The operational temperature range can directly affect
the efficiency and reliability of the fuel cell, as extreme heat
or cold can reduce performance. Wind speeds and weather
conditions can affect flight status and energy consumption,
so aerodynamic design and a powerful energy management
system ensure efficient operation of the UAV in variable
environmental conditions [67].

In this article, the fixed-wing UAV model used in the
author’s previous study [40] is taken as reference.

In this study, a hybrid UAV system including of PEMFC
and Li-ion battery is analyzed for different EMS methods.
Rule based on/off thermostat EMS are examined as Case 1,
conventional fuzzy logic EMS as Case 2, and Type-II fuzzy
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logic EMS as Case 3. The results of three different cases
examined are given under subheadings.

A. CASE 1 (RULE BASED EMS)

The purpose of the designed rule-based EMS is to meet the
power required by the load and control the source, taking
into account the SoC and the temperature of the battery and
the altitude of the UAV. In this way, the power required for
the movement of the UAV will be met and resource control
will be provided. The conditions considered and the desired
situations are given in Table 4.

TABLE 4. Conditions of case 1.

Conditions Conclusion

If h (altitude) is greater than 1000 m FC enabled, battery disabled

If h (height) is less than 1000 m FC disabled, battery enabled
If the battery temperature is greater than
45°C

If the battery temperature is less than
45°C

If SoC value is below 20%

FC enabled, battery disabled
FC disabled, battery enabled

FC enabled, battery disabled

If the SoC value is above 20% FC disabled, battery enabled

The state variables taken into account when designing the
EMS are given in Figure 4. Under normal conditions, the
temperature value of the battery increases depending on
the operation of the battery. However, since the simulation
could not be run for a long time, the height (h) in Figure 4-a
and the T temperature values in Figure 4-b are entered as
constants before the simulation in order to check whether
the system is working or not. The SoC value in Figure 4-c
shows the current SoC status of the battery. In order to observe
the rules given in the table, the SoC value of the battery is
determined as 50%. As seen in Figure 4-c, the SoC value
remained constant because the PEMFC is active between
seconds 1-2 and 3-5.

The hybrid UAV system diagram of the rule-based EMS
determined as the Case 1 is shown in Figure 5.

Simulation results of current, voltage and power curves of
the battery and fuel cell, electromagnetic torque, rotor speed
and load power are given in Figure 6.

It can be seen from Figure 6-a that when the battery current
is zero, the battery is disabled and in these cases the FC
must be activated. In Figure 6, the current of the DC/DC
converter connected to the fuel cell output is given to clearly
observe the moments when the battery and fuel cell are active.
In Figure 6-d, when the battery is active, the current values of
the FC are zero, and when the battery is not active, the system
meets its needs from the FC.

As seen from Figure 6-b, although the voltage level is
required to be constant at 100 V when the battery is active,
it operates at approximately 50 V for a certain period of time
and then reaches 100 V. When it is not activated, it exceeds
100 V. In Figure 6-e, when the FC is active, the voltage level
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TABLE 5. Determined rules.

Situation SoC Temperature Height Out Situation SoC Temperature Height Out
1 Very low  Very cold Low Vi 21 Middle Cold Low Vi
2 Verylow  Very cold High Vi 22 Middle Cold High Vie
3 Very low  Middle Low Vi 23 Middle Hot Low Vi
4 Very low  Middle High Vi 24 Middle Hot High Vi
5 Verylow  Cold Low Vi 25 High Very cold Low Vie
6 Very low  Cold High Vi 26 High Very cold High Vi
7 Very low  Hot Low Vi 27 High Middle Low Vi
8 Verylow  Hot High Vie 28 High Middle High Vie
9 Low Very cold Low Vi 29 High Cold Low Vi
10 Low Very cold High Vi 30 High Cold High Vi
11 Low Middle Low Vie 31 High Hot Low Vie
12 Low Middle High Vi 32 High Hot High Vi
13 Low Cold Low Vi 33 Very high Very cold Low Vi
14 Low Cold High Vi 34 Very high Very cold High Vi
15 Low Hot Low Vi 35 Very high Middle Low Vi
16 Low Hot High Vie 36 Very high Middle High Vie
17 Middle Very cold Low Vi 37 Very high Cold Low Vi
18 Middle Very cold High Vi 38 Very high Cold High Vi
19 Middle Middle Low Vb 39 Very high Hot Low Vi
20 Middle Middle High Vi 40 Very high Hot High Vi
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FIGURE 4. Case 1 input variable.
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FIGURE 6. Simulation results of case 1.

is required to be constant at 100 V. But it takes time to become
permanent. When it is not activated, it exceeds 100 V.

Then, it can be seen that this Figure 6-i is the sum of the
power change graphs (Figure 6-c, Figure 6-f) of the battery
and FC.

Change of electromagnetic torque is given in Figure 6-g
and UAV rotor speed change graph is given in Figure 6-h.
While the rotor speed is tried to be kept at 500 rpm, it varies
depending on the availability of the sources and tries to
reach 500 rpm.

B. CASE 2 (CONVENTIONAL FUZZY LOGIC EMS)

Fuzzy logic control is used to determine optimum power dis-
tribution and increase efficiency. The fuzzy logic controller
uses a set of if-then statements known as rules to tie controller
output to inputs. Adjectives that describe the areas of the
input variables are referred to in the if section of the rules.
A given input value’s degree of belonging to these regions is
indicated by the membership function’s degree. The output
variable’s value is expressed in the if section of the rules.
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The membership degree of each part of each rule is averaged
and weighted based on their membership degree in order to
determine the controller’s output [68].

The variables given as input to the system taken into
account in the system created as a result of 40 rules are h,
T and SoC, as in Case 1. The graphics of the variables given
as input are as in Figure 7.

Then, in order to determine the weight status of these input
values, input membership functions (IMF) are created as
follows. Then, output membership functions are determined
depending on whether the FC and battery are active. Accord-
ing to these determined functions, 40 rules are created shown
in Table 5. The same rules and conditions are used for Case 3.
Membership Functions of the inputs and output are seen in
Figure 8.

Figure 9 shows the system created for the conventional
Fuzzy and Fuzzy Type-II methods that will be examined in
Case 3.

Simulation results of current, voltage and power curves of
the battery and fuel cell, electromagnetic torque, rotor speed
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and load power are given in Figure 10 for Case 2 as a result
of the rules.

Negative current values in Figure 10-a indicate that the
battery is charged. This shows that the UAV increases its
efficiency by increasing its range. Figure 10-d shows the
current change graph of the FC. The fuel cell current is
actually the converter output current.

As seen in Figure 10-b, in order to reach steady state,
it only exceeds the nominal value at the first moment
and reaches its peak value. However, in Rule-Based EMS,
instantaneous peak values are recorded every time it is acti-
vated. Thus, time losses are reduced. In Figure 10-e, it only
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exceeds the nominal value at the first moment and reaches
its peak value in order to reach steady state. However, in
Rule-Based EMS,

When the change in electromagnetic torque and rotor speed
in Figure 10-g and Figure 10-h is observed, it decreases
compared to the oscillations in Case 1.This shows that the
system is getting better.

C. CASE 3 (TYPE-II FUZZY LOGIC EMS)
Type-II fuzzy logic system emerged as a generaliza-
tion of the conventional fuzzy system. Type-II fuzzy
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FIGURE 11. Input variables of case 3.

systems have started to be used in aviation and space

applications [58].

Type-II fuzzy logic is more flexible in defining mem-
bership functions. While membership functions in classical
fuzzy logic are usually defined with fixed parameters in a
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way.

certain mathematical form (e.g. triangular or trapezoidal),
in Type-II fuzzy logic these functions are defined with
variable parameters. In this way, the system adapts to
environmental variables in a more realistic and dynamic
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FIGURE 12. Simulation results of case 3.

The rule base is important in Type-II fuzzy logic systems.
As in classical logic systems, the rule base consists of rules
that determine certain input states and the outputs corre-
sponding to these states. However, in Type-II fuzzy logic,
the rules are designed to take into account the uncertainties
and variability in the membership functions. In this way, the
system can cope with environmental uncertainties and make
correct decisions [69], [70].

The variables given as input to the system considered
in the created system are h, T and SoC, as in the previous
cases. The graphs of the variables given as input are as in
Figure 11.

Simulation results of current, voltage and power curves of
the battery and fuel cell, electromagnetic torque, rotor speed
and load power are given in Figure 12 for Case 3 as a result
of the rules.

As seen in the current graphs in Figure 12-a and
Figure 12-d, the sharpness of the value transitions has
softened in Case 3 compared to Case 2, and the amount of
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current drawn from the sources has increased further. The
current given in Figure 12-d is actually the converter cur-
rent at the fuel cell output. It can be seen that the sum of
Figure 12-c and Figure 12-f exceeds the total of Figure 12-i.
This explains the charging of the battery. Figure 12-g shows
the electromagnetic torque and Figure 12-h shows the rotor
change. The change in electromagnetic torque and rotor speed
has smoother transitions than other cases.

V. CONCLUSION
In this paper, three different EMS are compared in order to
control the source in the hybrid UAV system and increase
the range of the UAV. Rule based on/off thermostat EMS are
examined as Case 1, conventional fuzzy logic EMS as Case 2,
and Type-II fuzzy logic EMS as Case 3. Some important
points obtained as simulation results are listed below;
e The current drawn from the battery and FC in
Case 1 varies more than Cases 2 and 3. This will cause
the lifespan of the resources to decrease. Case 2 is
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more advantageous than Case 3 in terms of current
drawn from the sources. However, since it has a complex
structure, the decision-making time increases. Since the
decision-making phase is longer, the current drawn from
the sources increases. This will cause the lifespan of the
resources to decrease.

« Due to the DC/DC converter used, the output voltages of
the battery and FC are expected to be 100 V. In Case 1,
it is seen in the voltage graph of the battery and FC
that the voltages rise above or remain below 100 V for
a certain period of time, depending on whether they
are active. This is valid only at the first moment of
Cases 2 and 3. In case 1, every time it drops below or
rises above 100V, there is a loss of time to reach 100 V.
From this perspective, Cases 2 and 3 are more advanta-
geous.

« Ascan be seen in the power change graphs of the FC and
the battery, when both graphs are added in Case 1, it is
seen that the power change graph of the UAV coincides.
However, in Case 1, the disadvantage is that when the
sources are activated, more power is drawn from the
sources than the desired power. This will cause the life
of the resources to be short. Additionally, this situation
causes undesirable sudden increases and decreases in the
UAV power curve. Considering that the battery power
change values in Case 1 are not negative, in Case 2, there
is no increase or decrease in the power curves of the bat-
tery and FC except for the continuous switching process.
Additionally, negative values in the battery power curve
indicate increases in the SoC change graph as the SoC
value of the battery increases. In case 3, it is seen that
the negative power values of the battery increase. This
explains the fact that the battery is being charged more
and the battery SoC status is changing. However, due to
its complex structure, this process takes a long time due
to the difficulty of calculation.

As a result, Rule based on/off thermostat EMS should
be preferred in applications where resources are required
to be used separately. Conventional fuzzy logic EMS and
Type-II fuzzy logic EMS should be preferred in cases where
there is no sudden change in the current and voltage of the
sources, the battery is charged, and the range of the UAV is
desired to be increased. When evaluated in general, despite
the advantages of Type-II fuzzy logic EMS, Conventional
fuzzy logic EMS seems more appropriate in order to elimi-
nate the loss of time that will occur due to complex decision
making.
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