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Abstract
This composition portrays the verification of applied research for increment in the flight time of an unmanned aerial vehicle
(UAV) utilizing a hybrid electric propulsion system (HEPS) comprised of a solar cell, lithium-ion polymer battery, and
supercapacitor bank. The implementation of a hybrid power supply comprised of both lithium polymer batteries having high
specific energy (Wh/kg) and supercapacitors with high specific power (W/kg) with the additional option of solar charging
was funded to be the optimal approach. High thrust requirements can be fulfilled by solar charging and a lithium polymer
battery working in parallel with a proper conversion unit. The rapid charging potential of the supercapacitor helps to fulfill
the power requirements of the UAV during flight time. Real-time experiments with special consideration were conducted to
examine the increase in flight time of the UAVwith the proposed HEPS. Very small and lightweight voltage regulation circuits
were used to reduce the payload of the UAV and avoid unnecessary power consumption to achieve extra thrust. Simulations
(MATLAB/Simulink) and experimental analysis were performed for a Phantom II DJI under different operating conditions.
The effectiveness of the proposed HEPS was also validated.

Keywords Unmanned aerial vehicle (UAV) · Supercapacitor · Li-Po · Hybrid electric propulsion system (HEPS)

1 Introduction

Unmanned aerial vehicles (UAVs) are useful in a range of
applications, including monitoring woodlands, data gath-
ering for military surveillance, and media coverage. The
long-term endurance of a UAV is important for achieving
the desired tasks effectively. Several techniques to increase
the flight time of UAVs have been proposed. One innovation
with potential is the utilization of a hybrid electric propulsion
system (HEPS) [1].

Hybrid innovation incorporates upsides of at least two
sources of power to deliver a progressively proficient vehicle
propulsion system. At the same time, numerous variations of
hybrid frameworks are accessible now; mostly we derived it

B Aqib Khan
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from three fundamental classifications: series, parallel, and
power split. Even though the maximum system put to use
an inward combustion or burning engine as the essential
power source, others may utilize a turbine engine or fuel
cell. Every framework has some uncommon favorable cir-
cumstances and hindrances that can be versatile to the needs
of the vehicle [2].

Series arrangement-based HEPS performs very well
for high-torque and low-speed and application. However,
because many energy conversions are performed, first
mechanical energy from internal combustion engine (ICE)
is changed over to electrical energy in a battery, at that
point passed on to the electric machine, and ultimately
changed over repeatedly into mechanical energy to control
the propeller, expansive conversion of energy results in losses
among the mechanical and electrical systems. Hence, it con-
tributes a reduction in the performance of the system. Parallel
HEPS is energy efficient because of the less number of energy
conversion steps; anyway for researchers, it is always a dif-
ficult task to control the flow of power among the various
sources of energy. At the University of Colorado, a proto-
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Table 1 Rated data of available commercial supercapacitors in market

M RC (F) RV (V) SE (Wh kg−1) SP (W kg−1) W (g) A DC-ESR (�)

Nesscap ESHSR [15] 100 2.7 4.8 7320 21 0.008

Maxwell BCAP [16] 100 2.7 4.4 5300 23 0.015

GreenCap (SAMWHA) [17] 60 2.5 3.77 1812 24 0.03

GreenCap (SAMWHA) [18] 50 2.7 4.4 3803 11.5 0.02

Wima [17] 100 2.5 2.2 >100 41 0.006

M manufacturer, RC rated capacitance, SE specific energy, SP specific power, W weight, A average

type of parallel HEPS was made for the Hyperion aircraft
[3].

In the literature, one of the approaches is to increase the
flight time of a UAV using solar energy for propulsion. Fea-
sibility studies of solar-powered flights have been reviewed
[4]. The history of solar-powered flight has been discussed
[5, 6].

The structure of a sunlight-based power management
framework for a trial UAV was additionally introduced. A
solar UAV receives energy from sunlight during the daytime
and stores the surplus energy in a battery for use at night [8].

The efficiency of the solar PV system can be increased
to certain limits using techniques described in [9]. This is
a desirable eco-friendly solution for extending the life of
UAVs.

The lithiumpolymer (Li-Po) battery is the common source
of energy used for small UAVs. Li-Po batteries are adaptable,
need less support and maintenance, give higher energy den-
sity (mostly in the range of 115–165Wh/kg), and have a low
self-discharge rate (roughly 5%permonth) [9]. Furthermore,
these batteries are 20% lighter than any other cylindrical cells
with equivalent capacity. Contrarily, Li-Po batteries have a
low power density and moderate charging rates (taking a few
hours for charging). When the battery charge is released and
the battery voltage drops down under an utmost safe bound-
ary, the UAV is unable to sustain flight because of its low
power density. To alleviate this limitation, extraordinary cir-
cuits for charging are necessary for voltage adjusting, which
keeps the UAV in flying mode, even if the Li-Po battery volt-
age drops below a certain value. To overcome the limitation
of Li-Po batteries, this paper presents a methodology for uti-
lizing the supercapacitors.

Supercapacitors are electrochemical capacitors with a
twofold layer construction comprising of two cathodes inun-
dated in an electrolyte. They are promising energy storage
devices because of their high power densities. SCs have pre-
dominant quick charging and discharging capability; they
may obtain a higher power density, which can enable greater
thrust. In addition, there is no requirement for chemical action
for their task and a lifetime of several hundred thousand
cycles, which is correspondingly identical to a lifespan of
10–12 years, is possible [10, 11].

Despite this, supercapacitors have a low energy density,
low power-to-weight ratio compared to current battery tech-
nology, and high self-discharge rate, so they are not perfect
as the main electric power source for UAVs [12–14]. Table 1
lists the specific energy (Wh/kg) and specific power (W/kg)
of some well-known commercially available supercapaci-
tors.

A battery-supercapacitor hybrid energy storage system
has pulled consideration for on-ground systemsof transporta-
tion and other applications in the last years [19].

Performance and execution of these hybrid electric sys-
tems essentially rely on three regular elements: system
assembly selection, parameter matching, and energy con-
trolling mechanism. Amidst all these assemblies, active,
semi-active, and passive structures have been extensively
contemplated [20, 21].

In passive structures, the lithium polymer batteries and
supercapacitor banks are specifically associated in parallel,
and the power distribution between them essentially relies
upon their internal resistances. Battery and supercapacitor in
a passive configuration are very cost-effective and easy to fab-
ricate; however, control of power flow is one of the difficult
tasks. In active structures, both the batteries and supercapac-
itors are arranged to direct current (DC) bus by two full-size
bi-directional DC/DC converters controlled autonomously
[22].

In semi-active structures, either the lithium polymer bat-
tery or supercapacitor is connected to the DC bus with a
bi-directional DC/DC converter as the regulated component,
and this composition provides a compensation between con-
trol strategy and complexity [23].

For a semi-active HESS structure, a fuzzy-logic energy
management-based algorithm is designed [24].

A supercapacitor in parallel with a Li-Po battery forms
hybrid energy storage that supports a higher discharge current
because of the higher power density of the supercapacitor,
which reduces the impact of the rate capacity effect. An EPS
algorithm-based DAB converter for charging SC bank is pro-
posed in [25].

Under pulsed load conditions, the supercapacitor goes
about as a channel that assuages the peak stresses on the bat-
tery. The SC-based system for the power supply in an aerial
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system has been proposed in [26, 27]. However, extensive
study is needed before a supercapacitor/battery model can
be implemented in aerial vehicles.

Cao et al. [28] propose an adaptive relay-node selec-
tion (ARNS) method based on the exponential partition to
implement message broadcasting in complex scenarios. The
relay-node selection (RNS) method was modified in the
scenarios like curved roads through redefining, and ARNS
is designed to adaptively apply the appropriate relay-node
selection method based on the exponential partition in real-
istic scenarios.

An improved artificial potential field (APF) method is
adopted to accelerate the convergence process of the bat’s
position update. To improve the adaptive inertia weight of
bat algorithm, the optimal success rate strategywas proposed.
This significantly increases the success rate of finding a suit-
able planning path and decreases the convergence time [29].
Reflection, scattering, and diffraction, and serious attenua-
tion of signals are the drawbacks of the traditional multihop
structure of wireless sensor networks (WSNS). Unmanned
aerial vehicle (UAV) was introduced to activate terrestrial
nodes and operationmechanism of distributed storage.Wire-
less signal intensity was measured, and curve fitting is
done, respectively, in both open environment and obstacle-
environment with both sending and receiving [30].

A multiobjective optimization model for the location lay-
out of EVCSs takes the minimum investment cost and the
minimum user charging cost as the dual objectives consider-
ing various factors such as user demand, investment cost, soil
locations, the emergency charging mileage limit, the actual
road condition, and service network reliability [31].

To handle the variation of inputs provided from different
sources, the power management system is designed. To over-
come this problem, board of maximum power point tracker
is used to yield the power from the phenomenon of wing
vibration and transform it to fulfill the requirement of volt-
ages of battery [32]. Several challenges are discussed in [33]
regarding the formation of UAVswithin the different areas of
applications. This paper also presents the survey of literature
and feasible work that could be done in the future along with
limitations faced during this work.

In [34], control design along with feedback and model-
ing of converter for the fuel cell is discussed. This research
emphasizes the techniques in the multilevel converter to
implement integral diagnostics by the method of impedance
spectroscopy signals produced by the infusion of signals
of control in it. Different challenges in designing are men-
tioned including disturbance in load during the spectroscopy
of impedance along with filter design of converter. The
consumption of energy and strategic time are two signifi-
cant factors to examine the performance of communication
empowered of UAV. To finish the strategic soon, UAV must
fly over the users of the ground and serves at max speed, yet

this prompts more drive vitality being expended. Our goal is
to uncover the vitality time exchange off, described by the
limit of the “energy-time” area [35].

The main contributions of this research work are as:

1. This paper describes a simple approach for implementing
a supercapacitor-based HEPS for the aerial vehicle with
a proper power conversion system.

2. Effect of the proposed approach on the flight time of
UAVs is studied in this paper and proved a significant
increase in flight time of small UAVs (details provided
in Sect. 4.4)

3. There is a reduction in charging time of UAVs with pro-
posed HEPS

The remainder of the paper is arranged in four sections.
Section 2 provides an overview of design parameters, con-
trol algorithm, and working of the proposed HEPS system
along with a step by step analysis of the proposed research.
Section 3 demonstrates the detail of the experimental setup.
Section 4 describes the performance of the proposed HEPS,
and Sect. 5 reports the conclusions of the overall research
along with future work.

2 Design Parameters and Overview
Proposed HEPS

This segment gives a hypothetical foundation to mathemati-
calmodeling, design parameters, and thought of the proposed
HEPS. For a better understanding and practical implementa-
tion, the explanation is based on a small multicopter UAVS,
which can be generalized for any UAV. Conventional multi-
copters use a battery as the only source of electrical power
and can be modeled by summing the torque components of
all of the propeller blades of the vehicle. Compared to the
conventional original electrical propulsion system (OEPS)
of multicopters, the proposed HEPS is comprised of Li-Po
batteries, SC banks, and a solar charging DC power source.
Figure 1 frames the suggested HEPS. As Li-Po batteries have
high energy density and supercapacitors have high power
density, it is ideal to detail a hybrid power source consists
of both Li-Po batteries and supercapacitors with the addi-
tion of solar charging. For such a hybrid power source, the
high thrust requirements can be fulfilled by a supercapacitor
and Li-Po battery working in parallel. The summations of
SC bank, Li-Po, and solar PV string currents (Isc, Ib, and Ic)
give the load current (IL) and bus current (Ibus). The solar PV
strings voltage (Vsp) and supercapacitor bank voltage (Vsc)
are regulated using the simple DC–DC converters and volt-
age regulators suggested in this paper. The design parameters
of the UAV are given in Table 2 and the motor specification
in Table 3.
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Fig. 1 Block diagram and an overview of the proposed hybrid power system for small UAVs

Table 2 UAV design parameters

Airspeed 5.3 m/s

Angle of attack (AOA) 10˚

KV (rpm/V) 920

Max power 370 W

Max thrust 1200 g

Weight 530 g

Initial SOC 100%

ESC (A) FMT 30 A

Propeller size 9.4 in

Operating temperature 10–50 °C

2.1 Modeling Propeller Power and Thrust
Requirement

Small UAVs, such as a quadcopter, use brushless motors for
propulsion, and the torque τ can be calculated by evaluating
the following equation:

τ � Kt(I − I0) (1)

where I , I0, and Kt are the input current, no-load current, and
torque proportionality constant of the motor, respectively.

Table 3 Motor specification

KV 920

Configuration 9N12P

Stator diameter 22 mm

Stator length 13 mm

Shaft diameter 4 mm

Motor dimensions (Dia.*Len) Φ 27.5×26.5 mm

Weight (g) 54 g

ldle current @ 10 V (A) 0.4 A

Max continuous current (A) 180S 15 A

Max continuous power (W) 180S 220 W

Max. efficiency current (2–7 A)>82%

Internal resistance 142 m�

The voltage V across the motor can be derived from the
following equation:

V � Rm I + Kvω (2)

where Rm, I , Kv, and ω are the motor resistance, current, the
proportionality constant, and angular velocity of the motor,
respectively. The electrical power consumption of the motor
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can be calculated by inserting the voltage equation in the
following:

P � V I (3)

P � (τ + Kt I0)(Kt I0Rm + τ Rm + KtKvω)

K 2
t

(4)

As the motor resistance and Kt I0 are much smaller than
τ , the equation can be simplified as

P ≈ Kv

Kt
τω (5)

The thrust generated by the propeller is required to keep
the quadcopter flying in the air, which can be formulated eas-
ily using the conservation of energy. Thismeans entire power
in given time consumed by the motor is equal to the propeller
generated force multiplied by the displaced distance in the
air by the propeller (ideal conditions that are only true for
100% efficiency):

P.dt � F .dx (6)

P � F .
dx

dt
(7)

The equation can be modified in terms of the thrust (T )
and velocity (vh) of air as follows:

P � T vh (8)

The equation for vh can be derived using the momentum
theorem [6]:

vh �
√

T

2ρA
(9)

P � T
3
2√

2ρA
(10)

where ρ is the surrounding air density and A is the area swept
by the propeller. The torque τ � �r X �F is proportional to the
thrust by a constant ratio of Kτ .

T �
(
KvKτ

√
2ρA

Kt
ω

)2

� kω2 (11)

Considering all the equations, the total thrust on the quad-
copter is the sum from all motors:

T �
4∑

i�1

Ti � k
4∑

i�1

ω2
i , TB �

⎡
⎣ 0
0
T

⎤
⎦ � k

⎡
⎣ 0

0∑
ω2
i

⎤
⎦ (12)

Fig. 2 Thrust and propeller power requirement curve for DJI Phantom
II

Figure 2 plots the thrust power relation graph for a DJI
Phantom II, which has a propeller diameter of approximately
24 cm. The curve of the thrust versus propeller power was
obtained for Phantom II using ρ � 1.225 kg/m3. The thrust
was calculated in grams to determine how it affects the
required power by increasing the thrust requirements. The
thrust required and power consumption increase with the
increasing weight of the power supply. The power is directly
proportional to the current drawn, and more current drawn
results in a faster decrease in battery voltage.

2.2 Estimation of Solar Panel Area

Calculating the surface area of solar panels for aerial vehi-
cles requires some special consideration regarding weather
and altitude. To be able to fly under all weather conditions,
all design calculations should consider the coldest day of
the year at that particular location. The declination (δ) is the
angular position of the sun at solar noon with respect to the
plane on the equator. The declination (δ) varies step by step,
which can be determined effectively utilizing the accompa-
nying equation [13]:

δ � 23.45 sin

(
360

284 + n

365

)
(13)

Solar energy is not available all day, so the hour angle of
sunset (ωs) should be resolved to get longtime of daylight
accessible on a particular day. The angle of sunset (ωs) is
interconnected to the latitude (∅) and declination (δ), utilizing
the accompanying condition relation:

ωs � cos−1(tan ∅ tan δ) (14)

The amount of solar energy per unit area at each hour of
the day for a specific location depends on the altitude. At sea
level, there is a large amount of vapor and particles. In con-
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trast, at high height or altitudes, the level of the covered cloud
is much lower, so there are almost negligible interruptions of
the sun. The calculations were positioned on a low height of
up to 2.5 km [36] and higher altitudes [37]. At low altitudes,
the daily average total extra-terrestrial irradiance (H0) avail-
able from the sun can be determined from the sunset hour
angle with the accompanying relation:

(15)

H0 � 24 ∗ 1367

π

(
1 + 0.033 cos

360n

365

)

∗
(
cos ∅ cos δ sinωs +

πωs

180
sin ∅ sin δ

)
The total hours of sunshine in a day can be found using

Eq. (16), as follows:

N � 2

15
cos−1(− tan ∅ tan δ) (16)

The average daily bright sunshine hours (n̄) is found sim-
ply from local weather stations. The outcomes depend on the
Campbell–Stokes instrument measurements. On a horizontal
surface, themonthly average daily radiation is determined by
this relation (17),

H

H0
� a + b

n̄

N̄
(17)

where H is the global radiation (MJ/m2 day), global radia-
tion is the total short-wave radiation from the sky falling onto
a horizontal surface on the ground. Whereas a and b are the
imperial constants for the local climate, Ho is the daily aver-
age of entire extra-terrestrial irradiance [W/m2] and is the
monthly average maximum possible bright sunshine daily
hours.

Duffie and Bechkman [38] published a list of various cli-
mates around the globe. For a desert climate, a� 0.3 and b�
0.43 [38]. At each day hour (h), the instantaneous hour angle
(ω) is evaluated by utilizing the following relation (18), as
follows:

ω � (15h − 180)π

180
(18)

The hourly total radiation (Ib) per square meter at a spe-
cific hour is determined by utilizing Eq. (19), as follows:

Ib
H

� π

24
(c + d cosω)

cosω − cosωs

sinωs − πωs
180 cosωs

(19)

The two constants: c and d, in this equation, are given by
Eqs. (20) and (21), respectively, as follows:

c � 0.409 + 0.5016 sin(ωs − 60) (20)

d � 0.6609 − 0.4767 sin(ωs − 60) (21)

During the day, at each hour the radiation needs to be inte-
grated to determine the entire sun’s energy in a day per meter
squared. The calculations for estimating the solar power at
a height above 2.5 km with respect to the solar elevation or
altitude angle (As) are determined with the help of Eq. (22),
as follows:

As � sin−1[cos δ cosω cosϕ + sin ∅ sin δ] (22)

When we have to define air mass, it is the amount of atmo-
sphere that the radiation of sun can go through. At sea level,
it tends to be assessed utilizing condition (23), as pursues:

m(0, As) �
[
1229 + (614 sin As)

2
]0.5 − 614As sinmAs

(23)

The comparing equivalent for a given elevation or altitude
(z) can be assessed utilizing Eq. (24), as pursues:

m(z, As) � m(0, As))

[
p(z)

p(0)

]
(24)

When we know the air mass at a specific height and also
the day’s hour k, the transmittance for that area is discovered
utilizing Eq. (25), as pursues:

T � 0.5
(
e−0.65m(z,As) + e−0.095m(z,As)

)
(25)

The hourly radiation per square meter (Ib), which is avail-
able, is a multiple of the extra-terrestrial irradiance (I0) and
transmittance (T ) at a specific height and hour angle.

Ib � IoT (26)

When we know the irradiance at every hour, we also know
the all-out accessible sun-based energy per meter squared
for the coldest day of the year which is determined when
we integrate certain values over the entire day. A series and
parallel assembly will be helpful for obtaining the required
current and voltage from the sun for the UAV. The voltage
can be increased by a series arrangement, while the current
can be increased by a parallel arrangement.

2.3 Supercapacitor Modeling

The equivalent circuit utilized for traditional capacitors can
be applied likewise to supercapacitors. The model of super-
capacitor of the first order is depicted in Fig. 3a.

The theoretical model of the supercapacitor is equivalent
to dispersed capacitors along with the transmission line as
depicted in Fig. 3b.

The suggested equivalent circuit of the supercapacitor uti-
lized in this research is depicted in Fig. 3c, whereas the
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Fig. 3 aModel of supercapacitor, b definite equivalent circuit of supercapacitor, c reduced equivalent circuit of supercapacitor, d derived equivalent
circuit of supercapacitor

branches of RC are ignored. This model is the simplest of
all other models and can enough depict the performance of
capacitor in an application where slow discharge takes place.
This model is utilized to portray it terminal behavior. The
equivalent capacitance is shown in Eq. (27):

Ccell � CO + kVC (27)

The equivalent resistance in the series arrangement is rep-
resented by Resr . During charging and discharging, it adds
the losses of energy. During the self-discharge of super-
capacitor, the equivalent resistance in parallel arrangement
simulates the loss represented by Rp.Resr is always less than
Rp, so it can be ignored. An inductor is represented by L.
When we ignored the inductor and resistance in a parallel
arrangement, the reduced equivalentmodel is obtainedwhich
is utilized in this research as depicted in Fig. 3d.

The entire capacitance in series arrangement is shown in
Eqs. (28) and (29):

Ccell � 1
1

Ccell1
+ 1

Ccell2
+ 1

Ccell3
· · · 1

Ccelln

(28)

Ctotal � 1

n
Ccell � 1

n
(CO + kVC) (29)

The entire resistance in series arrangement is shown in
Eq. (30):

RESR � nResr (30)

Applying Kirchhoff’s law during charging, we obtain
Eqs. (31) and (32):

(RLINE + RESR)i +
1

Ctotal

∫
idt � VT (31)

(RLINE + RESR)
dq

dt
+

1

Ctotal
q � VT (32)

Here, q � CV and Vr (t) � Ri(t)
After solving Eqs. (31) and (32), Vr (t) is shown in

Eq. (33):

Vr (t) � ke
1

RESRCtotal
t

(33)

Then, the voltage across the terminal of supercapacitor is
shown in Eq. (34):

Vt (t) � Vr (t) + Vc(t) (34)

During the discharging of supercapacitor, we obtain
Eq. (35)

dVc
dt

� −(Vc)

(RLINE + RESR)(CO + 2kVC)
(35)

The voltage across terminal of the supercapacitor is shown
in Eq. (36):

Vt (t) � Vr (t) − Vc(t) (36)

123



1186 Arabian Journal for Science and Engineering (2021) 46:1179–1198

2.4 Charging Time and Energy Storage
Characteristics of the Supercapacitor

The energy (E), voltage (Vsc ), capacitance (C), and charge
(Q) stored in the supercapacitor are related, as shown in
Eqs. (37) and (38).

Vsc � Q

C
(37)

E � 1/
2CV 2

sc (38)

Then again, it is not reasonable to release all the power
of the supercapacitor than that expected to help them. For
this reason, the minimum voltage ratio ought to be constant
and the discharge proportion is determined by utilizing the
accompanying condition:

%d � Vscmin
/
Vscmax × 100 (39)

The depth of discharge (DOD) is shown as:

DOD � (100 − d) � 100
(
1 − Vscmin

/
Vscmax

)
(40)

2.5 Lithium Polymer Battery and SC Parallel
Operation

To show how lithium batteries and supercapacitor help ful-
fill the load power requirements, an experimental setup was
developed by connecting aDCmachine as a load to the hybrid
system of a supercapacitor and Li-Po battery. Five superca-
pacitors (100 F, 2.7 V) are arranged in series to achieve the
samevoltage as that of the three-cell Li-Pobattery.A superca-
pacitor was then integrated with the battery in parallel. A DC
machine was connected in parallel using this setup. Kirch-
hoff‘s voltage and current laws are very useful for defining
the experiment mathematically.

Figure 4 presents the best possible circuit for the experi-
mental setup. The load current (iL ) requirement of the UAV
is the combined contribution of the supercapacitor current, ic
and the Li-Po battery current, ib working in parallel (Eq. 41).
The load voltage, v, is related to the supercapacitor bank volt-
age (vc) and a three-cell Li-Po battery voltage (vb) according
to Eq. (42),

ic + ib � iL (41)

v � vc − ic Rc � vb − ib Rb (42)

ic � −C
dvc
dt

(43)

where Rc and Rb are the internal resistance of the supercapac-
itor bank and the Li-Po battery series resistance, respectively.

The current flow is regulated by the internal resistance. For
better control of the current flow of the parallel supercapac-
itor and Li-Po, a DC–DC converter topology can be used if
needed [39]. On the other hand, it adds considerable weight
for the multicopter to be carried in the air.

2.6 Power Conversion Circuit

A large number of DC–DC converters are available. Owing
to a large number of components, however, they add con-
siderable weight for the multicopter to be carried in the air.
After several experiments and literature reviews, the follow-
ing three simple circuit components were assessed as voltage
regulators for solar or supercapacitor power in small multi-
copters. To avoid the extra circuitry, a zener diode can be
used as a voltage regulator, which can provide a very stable
output voltage with low ripple. An unregulated DC voltage
from solar cells (V s) can be stabilized by passing it from
the zener diode through a current-limiting series resistance
(Rs). The series resistance helps the zener diode draw suffi-
cient current to keep a constant voltage dropVout (V z) across
it. A suitable Rs value can be found using Eq. (44). On the
other hand, the use of a zener diode as a voltage regulator
is generally not recommended because it has a low line and
load regulation ratio [40].

Rs � V s − V z

I z
(44)

LM78XX series voltage regulators have a fixed output
with three terminals for the input and output power sup-
ply. Several fixed output voltages are possible. They are
commonly used in logic systems, instrumentation, charging
circuits, and power supplies because of the on-card regulation
characteristics. Figure 5a presents the internal schematics of
the IC.

An experimental setupwas developed to obtain a regulated
12 V output voltage from an unregulated DC input using an
LM7812 regulator. (Figure 5b presents the regulated output
voltage.) The regulated input was then supplied to the super-
capacitor to fully charge it. The LM78XX series is quite
economical and easy to use because it does not require addi-
tional components. The advantages make these devices ideal
for small UAVs, such as quadcopters. In this study, LM7812
was used for voltage regulation from solar cells. On the other
hand, the only limitation of using the LM7812 series in quad-
copter power modules is that the input voltage from the solar
cells must be higher than the desired output voltage by amin-
imum amount (typically 2.5 V). This means that the input
power to the LM 78XX series will be more than the output
power provided with the additional input power dissipated as
heat. Figure 5c shows the mandatory input voltages required
for the given input by the different LM3874 ICs.
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Fig. 4 a Circuit diagram for the SC and lithium polymer battery hybrid system working in parallel, b figure showing the load current (iL ) is a
contribution of the SC bank current (ic) and Li-Po (ib) current

Fig. 5 a Internal schematics of Texas instruments LM7812; b regulated output voltage using LM7812; c input voltage requirements of different
LM78XX series ICs

Avery lightweight ICLM3478was then analyzed to check
the DC–DC boost voltage regulation of the variable voltage

of the supercapacitor or solar cell. The LM3478 is a step-
up switching voltage regulator with a MOSFET and built-in
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Fig. 6 a Internal schematic of LM3874; b power conversion circuit; c working (fist sate/cycle); d working (second state/cycle)

voltage–current projection system with short-circuit protec-
tion thermal shutdown. LM 3478 also provides an internal
soft start to control the inrush current during the startup of
operation. Figure 6a presents the internal schematics of the
IC.

A circuit was developed with a minimum voltage input
(VinMin) of 7 V and a maximum voltage input (VinMax)
of 12.5 V, as shown in Fig. 6b. The output voltage was reg-
ulated to 11.1 V with an output current of 2 A. Different
output voltages and currents are possible when using this
power conversion circuit. In continuous conduction mode,
the LM3478 boost converter operates in two states. In the
first state (cycle), MOSFET M1 is turned on and energy is
put away in the inductor L1. All along with this state, diode
D is reversed biased and the load current is provided by the
output capacitor. In the second state (cycle), MOSFETM1 is
off and the diode is forward biased. The power put away in
the inductor is passed to the load and output capacitor. The
duty cycle, D of the circuit, can be determined by utilizing
Eq. (45).

D � 1 − Vin
Vout

(45)

2.7 Control Algorithm and Operation

Execution of the proposedHEPS is related to the control tech-
nique introduced in Fig. 7. For the proposedHEPS, switching

ofmodes is actualized by controlling switches S1, S2, S3, and
S4 (appeared in Fig. 8a). Other thanmode switching, another
essential feature of the control technique is to disseminate the
power from PV source among the battery bank and the UC
bank on need premise. The primary objective of regulating
technique is to control the power of the battery bank inside as
far as possible and give power to UAV as right on time and as
conceivable by first charging SC bank that can absorb power
more rapidly thanLi-Pobatteries. The taskof proposedHEPS
is isolated into three unique modes. Mode I (Idle mode) is
intended for the condition when UAV is on the ground, and
idle and battery and SC bank are now completely accused
of for all intents and practically no power utilization. In this
mode, as portrayed in Fig. 8a, all switches (switches S1, S2,
S3, and S4) are kept open to guarantee no power flowing out
of solar PV source to SC bank Li-Po battery and DC bus or
load through these switches.

Mode II (chargingmode) is designed for chargingSCbank
and Li-Po batteries when SOC of SC bank and Li-Po is less
than 100 percent (i.e., SC and Li-Po are not fully charged).
In this mode, initially switch S2 and switch S2 are closed
to charge SC bank at priority because of its inherent charg-
ing characteristics. Switch S3 and S4 are kept open so that
no power flows to a battery or DC bus. All the power flow
from the PV source flows through S1 and S2 to SC bank
power via the DC–DC converter illustrated in Fig. 8b. The
SC bank keeps on charging until its SOC reaches 100%.
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Fig. 7 Flowchart for operation and control strategy of HEPS

When SC bank is fully charged, switches S1, S2 are opened
(power supply to SC is disconnected) and S3, S4 are closed
to provide power to Li-Po batteries to increase its state of
charge to 100 percent and then from PV source (Fig. 8c).

Mode III is aimed for when the UAV is at its flying
mode and the power requirement is high. During this mode,
switches S1, S2, S3, and S4 are closed. Power from all the
sources (PV, SC, andLi-PO) flows to theDCbus to contribute
for power high power requirements during flight time. Vari-
ations in voltage from PV source or SC bank are controlled
by DC–DC converters (Fig. 8d). Power from SC source is
supplied to load via DC–DC converter controlled by switch
S3. Battery-operated UAVs have a built-in DC–DC converter
for Li-Po, so it is not shown in Fig. 8 to explain a simple oper-
ation.

3 Experimental Setup

Two distinctive trial setups were created to accomplish our
objectives: to explore safe and quick charging attributes of
SC bank and to drive a clear comparison between various
charging current. To accomplish this objective, five super-
capacitors (each with a value of 100 F) were associated in
series, and a 12 V charging source was utilized as supply
with a current controlling series resistance. Specifications of
SC used in the experiment are given in Table 4. A VT04A
visual IR thermometer (FLUKE, Everett,WA,USA)was uti-
lized to take the thermal images during the charging process
with different charging currents. 2) For flight time analysis,
initially, a MATLAB Simulink test bench was used for com-
paring the performance of HEPS andDJI Phantom II original
manufacture built-in power supply (specs given in Table 5).
Practical confirmation of this researchwas performed using a
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Fig. 8 Switches arrangement and power flow. a On-ground/full charged ESS (energy storage system); b charging mode (SC charging); c charging
mode (Li-Po charging); (d) fly mode (hybrid supply mode)

Table 4 Specification of supercapacitor (Model ESHSR-0100C0-
002R7) used for experimental analysis

Rated voltage (VR) at 65 °C 2.7VDC

Surge voltage 2.85VDC

Rated capacitance 100 F

Capacitance tolerance Max. 0%/+ 20%
Avg.4 0%/+ 10%

DC-ESR Max. 12 m� Avg.4 8 m�

Leakage current Max. 0.26 mA

Max. continuous current 17 A (
T � 40 °C)

Max. peak current 61 A (at 65 °C)

Max. stored energy 0.10 Wh (at 65 °C)

Usable specific power 3470 W/kg (at 65 °C)

Specific power 7230 W/kg (at 65 °C)

Max. gravimetric specific energy 4.8 Wh/kg

Endurance 1500 h (at 65 °C, 2.7 V)

Cycle life (at 25 °C) 500,000 cycle

DJI Phantom II. To obtain good statistics for comparison and
avoid human error, minor changes were made in the drone
propeller positions. The propeller wings were inverted. The
propeller circling clockwise was kept at 180° like an anti-
clockwise propeller, instead of placing them in their regular
90° position on a drone. By making these changes, the drone
could cut the thrust and remain on the ground in different
flying modes. The Phantom II’s original battery (5200 mAh,
11.1 V, 57.72Wh) was inserted, and flight time was observed
for 50%, 75%, and 100% throttle for OEPS and PHEPS.

Table 5 Specification of battery model used for experimental setup

Nominal voltage (VR) 11.1VDC

Fully charge voltage (VF) 12.92VDC

Rated capacity 5.2 Ah

Internal resistance 0.021 �

Nominal discharge current 2.26 A

4 Experimental Result and Discussion

4.1 Investigating Fast Charging Characteristics of SC
Bank

Most commercial multicopters (small UAVs) use Li-Po/Li-
ion batteries as the power source. Fast charging of these
Li-Po/Li- ion batteries is a hot research topic in modern
research as once the batteries are discharged UAV cannot
continue its flight and must wait for a long time to com-
pletely recharge its batteries. Fast charging of suchbatteries is
beyond the realm of imagination just by increasing charging
current as charging a chemical process of an effect on trans-
fer of charge capacities, for example finite diffusion rate of
lithium ions in the electrolyte, reduction/oxidation of mate-
rials except the active material, and composition of resistive
films on the active particle surface. These constraints permit
just a limited amount of current to be gone through a bat-
tery. How quickly the charge transfer is compelled to occur,
the more strongly these procedures influence the soundness
of the battery. These requirements involve obstruction on
the maximum charge/discharge current, limits of lower and
upper cutoff voltages, and the operating temperature domain
so it is exceedingly prescribed by the manufacturer keep a
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Fig. 9 a Charging characteristics at different charging currents (2.5 A, 5.0 A, 7.5 A, 10.0 A, and 12.5 A) and b thermal images of SC bank at
different charging currents (I) 2.5 A, (II) 5.0 A, (III) 7.5 A, (IV) 10.0 A, (V) 12.5 A

charging current of 0.5 C to 1.0 C charging limit. In our pro-
posed HEPS we used SC banks as fast charging source, to
examine the charging time, five supercapacitors (each hav-
ing the value of 100 F) were arranged in series, and charging
characteristics at five different charging current (2.5 A, 5 A,
7.5 A, 10 A and 12.5 A) are same as 0.5 C, 1.0 C, 1.5 C,
2.0 C, and 2.5 C of a Li-Po battery (5000 mAh, 11.1 V). It
took 2250 s, 1300 s, 800 s, 600 s, and 450 s to fully charge
SC banks at charged charging 2.5 A, 5 A, 7.5 A, 10 A, and
12.5 A, respectively, in Fig. 9a. An increase in charging cur-
rent reduces the charging time and safe charging at 2.5 C
means 2.5 times reduction in charging time compared with
Li-Po battery (as recommended charging for Li-Po is 0.8 C
to 1.0 C) [41].

Thermal images for each charging current were recorded
to analyze the effect of these charging current on SC bank
temperature. Thermal images in Fig. 9b uncover that it is
secure to utilize such high current for charging SC banks as
there was no huge increment in temperature of SC amid with
these charging flows expanding charging current reductions
in the charging time of SC without causing any upturn in
temperature of SC bank.

4.2 Analysis of Power Conversion System

The output voltage from the solar PV module and SC bank
is unregulated. For regulated voltage, we developed a power
conversion circuit discussed in Sect. 2.5. Figure 10a presents
the steady-state analysis having a voltage of 11.1 V and a
load current of 2 A. Figure 10b depicts the startup, having
an input voltage versus output voltage along with load cur-
rent. Figure 10c shows the input transient. The above chart
having a red light in it displays the output voltage and the

other blue line in the above chart displays the input voltage.
Similarly, Fig. 10d shows the load transient response with
the respective output voltage and current. This circuit can be
used to charge a supercapacitor from a solar panel with a
variable voltage input or provide a regulated DC voltage to
the Li-Po batteries from the supercapacitor. The efficiency of
the converter decreases with increasing output load current.
Moreover, an increase in the difference between the input and
output voltage decreases the efficiency (Fig. 11a, b). Three
different voltage curves were investigated (7 V, 9.5 V, and
12.5 V).

4.3 Flight Time Analysis

A test bench of the proposed system was designed in MAT-
LAB/Simulink, which consists of an 11.1 V and 5200 mAh
battery and is similar to that of a commercial phantom II DJI
quadcopter. The initial state of charge for the generic model
of the battery was fixed to 100%with the predefined parame-
ters of a fully charged voltage of 12.92 V. The battery model
was then connected to a DC machine. The input parameters
for the DC machine were considered from the datasheet of
a commercial MN2212 920 kV quadcopter motor. The input
torque for the motor during the different throttle positions
was obtained from the RPM and power consumption val-
ues given in the datasheet. The mechanical torque of each
motor was then multiplied by the absolute number of motors
in a multicopter to achieve the full mechanical torque. The
down-sample Simulink module was used to reduce the mem-
ory used by this simulation. The value of the down-sample
was adjusted to 150,000 to 250,000 to reduce the memory
requirements and avoid the loss of important data. A solar
panel module with an open circuit voltage, Voc of 15 V,

123



1192 Arabian Journal for Science and Engineering (2021) 46:1179–1198

Fig. 10 a Steady-state analysis; b startup; c input transient; d the load transient response

short-circuit current (Ish) of 0.55 A, a voltage at the maxi-
mum power point (Vmp) of 12 V, and current at the maximum
power point, Imp of 0.5A,were used to fabricate the proposed
HEPS. To view the effect of temperature of the solar panel
output current and power, the solar panel assemblywas simu-
lated at three different temperatures: 25 °C, 36 °C, and 45 °C
(Fig. 12a, b). To view the effect of solar irradiance on the
solar panel output power and current, the solar panel assem-
bly was simulated at three different irradiances: 0.1 kW/m2,
0.5 kW/m2, and 1 kW/m2 (Fig. 12c, d). The solar PV effi-
ciency varies with temperature and solar irradiance; hence, a
solar panel module with a constant irradiance of 1000 W/m2

(1 kW/m2) and a constant temperature of 36 °C was used for
all the simulation processes.

For the proposed HEPS, the supercapacitor bank was
implemented by considering the MATLAB/Simulink super-
capacitor generic model with a rated capacitance (F) of 500
F, rated voltage of 12 V, and considering five SCs in series.

Three different scenarios were developed: quadcopter
motors moving at a 50% throttle, 75% throttle, and 100%
throttle. For each scenario, two analyses were performed:
the one with its original electric propulsion system (OEPS)
and the one with the proposed hybrid propulsion system
(PHEPS). Every quadcopter motor moves with a speed of
4400 RPM at 50% throttle. The amount of input mechani-
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Fig. 11 a Efficiency; b duty cycle; c loop response; d thermal analysis

cal torque required for this scenario was calculated from the
RPM, and the power consumption is given in the datasheet. In
the beginning, the OEPS voltage decreased exponentially for
17 s (Fig. 13a). The battery voltage then remained constant
for 1500 s with the original power supply and 1644.5 s with
the proposed HEPS. The battery voltage remained constant
until 11.22 V and then showed a gradual decrease in battery
voltage (Fig. 13a). On the other hand, the quadcopter motor
still achieved the required torque and current and remained
in motion until the battery voltage reached 8.08 V in 2207.7 s
with a battery followed by a very rapid exponential decrease
in battery voltage, at which point the quadcopter does not
achieve sufficient power to remain at 50% throttle. The per-
centage state of charge of the Li-Po batteries decreased to
6.71% as the original battery reached 8.08 V (Fig. 13d).

The proposed HEPS reached the same voltage in 2779.5 s.
The motor current initially increased exponentially to
20.79 A and then remained constant to 15.8 A for 1105.25 s
with the OEPS and 1389.75 s or even slightly more using the
proposed HEPS with a mean current of 15.8 A (Fig. 13b).
As the battery voltage decreased to 8.08 V, the motor current
decreased, and themotor was unable to obtain sufficient elec-
trical torque to remain at 50% throttle. The average electrical
torque of the DC machine is 1.32 lb.in (Fig. 13c). The net
DCmotor obtained sufficient power from the original battery
(OEPS) for 2207.70 s and worked for 2779.5 s with the pro-
posed HEPS before coming to rest. An average increase of
562.4 s in motor working was achieved using the proposed
scenario.

The same analyses were performed for 75% throttle and
100% throttle. At 75% throttle, the quadcopter motor moved
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Fig. 12 Modeling HEPS PV outputs at different temperatures (25 °C, 36 °C, and 45 °C). a Current (A) curves, b power (W) curves. PV outputs at
different solar irradiances (0.1 kW/m2, 0.5 kW/m2 and 1 kW/m2), c current, (A) Curves; d power (W) curves

Fig. 13 a Muticopter/Phantom II DJI voltage curve at 50%, 75%, and 100% throttle, b Motor current/time curve for OEPS and PHEPS, c motor
torque/time curve for OEPS and PHEPS at different throttle, d percentage state of charge at 50%, 75% and 100% throttle
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Fig. 14 Comparative assessment of simulated and experimental OEPS
and PHEPS

with a speed of 6400RPM. The OEPS voltage remained con-
stant for 1146 s with the original power supply and 1406.5 s
using the proposedHEPS. The battery voltage remained con-
stant until 11.22 V and then showed a gradual decrease
(Fig. 13a). On the other hand, the quadcopter motor still
obtained the required torque and current and remained in
motion until the battery voltage reached 8.08 V in 1146 s
with a battery SOC of 12.48%. This was followed by a rapid
exponential decrease in battery voltage and the quadcopter
could not obtain sufficient power to remain at 75% throttle.
The percentage state of charge multicell batteries decreased
to 12.48% as the original battery reached 8.08 V. The pro-
posed HEPS reached the same level of voltage in 1406.5 s.
On the other hand, the OPES and PHEPS still had sufficient
power to keep the quadcopter motor at 50% for 1285.5 s
and 1711.5 s, respectively, as shown in Fig. 13a. The average
electrical torque of the DCmachine was 2.52 lb.in (Fig. 13c).
The DC motor achieved sufficient power for 75% and 50%
throttle from the OEPS for 1285.5 s and worked for 1711.5 s
using the proposed HEPS before coming to rest. The aver-
age increase of 426 s in the motor working at the proposed
scenario was achieved.

The Phantom II DJI quadcopter motor moves with a
speed of 7800RPM at 100% throttle. The quadcopter motors
obtained the required torque and current and remained in
motion until the battery voltage reached 8.00 V in 746 s.
This was followed by a rapid exponential decrease in battery
voltage and the quadcopter could not obtain sufficient power
to remain at 100% throttle (Fig. 13a). The percentage state of
charge of the multicell batteries decreased to 19.77% as the
original battery reached 8.00 V. The proposed HEPS reached
the same level of voltage in 908.5 s. The percentage state of
charge of PHEPS decreased to 14.67% as the voltage reached
8.00 V (Fig. 12d). On the other hand, the OPES and PHEPS

still had sufficient power to keep the quadcopter motor at
75% for 893.5 s and 1288 s, respectively (Fig. 13b). The
average electrical torque of the DC machine was 3.89 lb.in
(Fig. 13c). The DCmotor obtained sufficient power from the
original battery (OEPS) for 893.5 s and worked for 1288 s
with the HEPS before coming to rest. An average increase
of 295.5 s at 100% throttle was observed.

4.4 Discussion

Practical confirmation of this researchwas performed using a
DJI Phantom II. To obtain good statistics for comparison and
avoid human error, minor changes were made in the drone
propeller positions. The propeller wings were inverted. The
propeller circling clockwise was kept at 180° like an anti-
clockwise propeller, instead of placing them in their regular
90° position on a drone. By making these changes, the drone
could cut the thrust and remain on the ground in different
flying modes. The Phantom II’s original battery (5200 mAh,
11.1 V, 57.72Wh) was inserted and flight time was observed
for 50% 75% and 100% throttle for OEPS and PHEPS. On
the other hand, there was an overall decrease in flight time
for the three scenarios for this experimental case study. It
took 2141.46 s and 1241.78 s for the propeller to stop for
50% throttle and 75% throttle with the OPES, respectively,
with a percentage decrease of 3% and 3.1% from the simu-
lated values. The same analysis was performed for 50% and
75% throttle with PHEPS; the quadcopter motor remained in
action for 2697.50 s and 1661.00 s, respectively, with a 3%
and 2.95% decrease from the simulated flight time. Another
experiment was then performed for 100% throttle. The pro-
peller’s DC brushlessmotor consumed themaximum electric
power during this mode because it needed to provide the
maximum thrust to keep the quadcopter not only in the air
but also be able to move upward. A flight time of 855.96 s
was observed for the original battery. In contrast, 1248.70 s
was observed for the proposed HEPS, which was 4.2% and
3.05% lower than that of the simulation results. A compari-
son of the simulated and experimental study is summarized
in Fig. 13. Slight improvement in the performance of PHEPS
was observed in the experimental case as the percentage
throttle increases (shown in Fig. 14). This experimental study
was an attempt to increase the flight of small UAVs using
supercapacitors during its regular flights. The inherent fast
charging density characteristics of SC can allow the UAV to
be in action again sooner than with a lithium polymer bat-
tery and its high power density can help fly the UAV with
a large weight with ease, which is impossible for an indi-
vidual lithium ion/polymer-based prolusion framework. The
comparison of proposed energy system with existing sys-
tems is shown in Table 6. Reliability test was performed and
total conducted tests are 110 in number in which 10 failure
occurred; details of these failures are given in Table 7.
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Table 6 Comparison of energy
scheme for the UAV Energy source Architecture Advantages Drawbacks Ref.

Thermal ICE High:
Energy density
Power density
Endurance
Large payload
range

High:
Fuel cost
GHG emission
Low
efficiency

[3, 4]

Gas turbine Engine High:
power-to-weight
ratio

operating time

High:
Noise level
Fuel cost

[4]

Electrical source Battery High:
Energy density
Stored energy

Low
Power density
Endurance
High:
Recharging time
Weight and cost (if
add more
batteries)

[9] [10, 11, 13]

Fuel cell High:
Energy density
Low:
Weight

High:
Production cost
Safety concern
Required auxiliary
equipment

(regulator,
compressors, etc.)

[11] [27],

Hybrid energy Fuel cell and
battery

High:
Power density
Energy density
Increase:
Endurance
Response time
Energy storage and
generation

Increase In:
Weight
Complexity
EMS required

[27]

Battery and solar
cells

High:
Endurance
Power density
Low:
Energy cost
Clean and free
available energy

Required:
EMS
MPPT
Large UAV wings

[4] [6, 7]„ [8]

Battery and
supercapacitor

High:
Power density
Life time
Charging speed
Low:
DC bus fluctuations
Heat loss
internal resistance

Required:
Voltage regulation
for SC

EMS

[19] [20]„ [22, 23]

Battery,
supercapacitors
and solar cells
(proposed hybrid
energy system)

High:
Power density
Endurance
Operating time
Charging speed
Flight time of UAV
Low:
Energy cost
weight

Required:
EMS
MPPT
Large wing of UAV

123



Arabian Journal for Science and Engineering (2021) 46:1179–1198 1197

Table 7 Result of reliability test
of designed UAV HEPS

Temperature control 0

Power conditioning
system

1

Propeller system 2

Elec. modules 0

SC energy storage 2

Li-PO module 1

PV assembly 4

5 Conclusions and FutureWork

This particular document successfully validated the twomain
objectives, i.e. (a) to utilize the fast charging characteristics
of Supercapacitor for HEPS and (b) to study the effect of
flight time enhancement using solar SC and Li-PO-based
HEPS. In the literature, the SC-based hybrid power system
has been successfully implemented for on-ground electrical
vehicles and a study for emergency landing of aerial with
a supercapacitor-based propulsion system is also focused.
However, less attention has been given to develop a contin-
uously operational supercapacitor-based hybrid propulsion
system for aerial vehicles, especially small UAVs. This
research successfully enhanced the flight time utilizing SC-
based electric prolusion system with a lightweight power
conversion system and a solar PV system as a permanent
source of power during flights of UAVs. Power flow among
these resources is effectively controlled by the algorithm
designed inSect. 4. Experimental analysis guaranteed that the
proposed design effectively utilizes the fast charging charac-
teristics and high power density of a supercapacitor to help
in fulfilling the high thrust requirements of UAVs. The pro-
posed design showed an increment in the flight time of DJI
Phantom II to 572 s, 426 s, 295.5 s for 50%,75%, and 100%
throttle, respectively, as validated from different operating
conditions.

This paper also suggested the use of very common and
light circuit components, such as LM3478, for voltage
regulation and DC–DC voltage conversion to reduce the
thrust/power requirements to carry these components in the
air during its different flight modes. Although a considerable
increase in flight time of UAV (experimental case: Phan-
tom II DJI) was observed (for 50% 75 and 100% throttle), a
tremendous increase in flight time was not observed due to
the addition of these two power source (SC bank and solar PV
modules) because of their weights. In the near future, the effi-
ciency of the proposed HEPS can be increased further using
high-efficiency solar cells, such as multiple junction high
solar concentrations cells (which have a reported efficiency
of 44.7%or higher [42, 43]). A high-energy–density superca-
pacitor can also be used, such as non-fiber-based solid-state
supercapacitors, which have a specific energy of 61 Wh/kg
[44].
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