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A B S T R A C T

One of the greatest challenges associated with efficient energy use in unmanned aerial vehicles (drones) is that of
the energy storage systems – more specifically it's weight and capacity. Current hydrogen fuel cell drones have
very promising flight durations, but have a low power density thus performing poorly at peak power demands.
Supercapacitors are known to have high power densities and respond significantly well to peak power demands.
For this research it is desired to evaluate how supercapacitors can affect the operation of an existing hydrogen fuel
cell system, when combined. This study will include the evaluation of the viability of a DC-DC converter used to
reduce the size (and subsequently, weight) of a supercapacitor bank. It also evaluates whether specified switching
of the sources has an effect. Using data generated from the experiment it was determined that the DC-DC con-
verter (with efficiency >94%) reduced the efficiency (by 0.5%) and duration (by 3.8%) of the supercapacitor bank
whilst increasing the weight (by 16.7%). It was also seen that the method of selective switching offered no benefit
over that of a self-selecting system, where the former obtained 223 s of usability and the latter 365 s. However,
comparing all the results it was observed that the addition of a supercapacitor bank allowed for an improvement
in energy- and power density, of the hydrogen fuel cell system, from 0.65 Wh/kg to 1.19 Wh/kg and from 69.7 W/
kg to 125.7 W/kg, respectively.
1. Introduction

Since drones have become more prevalent, many researchers have
been evaluating the efficiency of drones and methods to increase the
flight times thereof [1, 2]. There are mainly two options in achieving this
goal: replace the power source with one of a greater capacity, or refuel
the power source sporadically [3, 4]. The latter requires the use of
refueling stations, which, in itself, presents more problems—the un-
manned aerial vehicle (UAV) will be required to land periodically and
refuel throughout its flight, decreasing the actual usable flight time [5];
stations will be required along the flight path, limiting the range and
path, subsequently decreasing the mobility and increasing complexity
[6]. These aspects all contribute to increasing the overall costs, unnec-
essarily. The former option in increasing the flight time offers more
possibilities that could be simpler to implement and ultimately more cost
effective. Some such possibilities include the following: increasing the
capacity by replacing the original power source with one of a greater
capacity or combining the existing power source with another to exploit
the benefits of both (i.e., hybridization). However, all these options do
have their respective advantages and disadvantages [7].
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The Ragone plot reported by Aravindan et al. [8] depicts the energy
and power densities of selected energy sources. This Ragone plot assists
in providing a better understanding of why some sources are preferred
over others. The power density refers to the amount of power contained
within the volume capacity of a source that it can provide at a specific
instance, whereas the energy density refers to the energy (Wh) contained
within the volume capacity of a source, therefore, how long it can pro-
vide a specific amount of power. From this figure [8], the following are
evident: supercapacitors (SCs) can provide a large amount of power
(80–75 000 W/kg) but for a short period of time (energy density 0.9–0.1
Wh/kg), while hydrogen fuel cells (HFCs) can provide a small amount of
power (1.5–20 W/kg) for a longer period of time (energy density
200–3000 Wh/kg). Furthermore, lithium ion (Li-ion) batteries are
similar to HFCs as they too can provide a small amount of power (15–400
W/kg) for relatively long periods of time (energy density 20–150Wh/kg)
[8].

Currently, the demand for UAVs is mainly consumed by military
applications, however, in recent years the demand in commercial,
recreational and public applications has increased tenfold, and it is
expected to exponentially shift further in this direction [9, 10]. The
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use of UAVs in criminal, theft and poaching surveillance is one of the
major applications [11], with other applications including scientific
monitoring (water sampling, landslides, volcanic activity) and trans-
mission line surveillance [12, 13, 14, 15]. At present, combustion
engines remain the most popular power supply for UAVs. Yet elec-
trical systems offer a higher efficiency, can be more reliable, they
have low to no greenhouse gas emissions and minimal noise [16]—
clearly indicating why these systems are becoming more prevalent.

There are many different power sources available on the market
such as, batteries, solar power, HFCs, combustion engines, amongst
others [17], most of which can be applied to UAVs. Over the years,
some of these power sources have been disregarded because,
regarding this specific application, they have more disadvantages than
advantages, for example, having a weight/size that is too large, being
restricted to specific movements, or simply not having sufficient en-
ergy density.

Fuel cells offer several advantages, including the following: no direct
pollution and no sound, with the refuel/recharge time of a HFC only
limited to the availability of hydrogen in the environment and the speed
of the acquisition of the hydrogen [18]. According to Schroth et al. [19],
a HFC, compared to an equivalent lithium polymer (LiPo) battery, can
have an energy density increase by a factor of 150 which is also superior
to a gasoline-powered UAV. However, a HFC has the disadvantage of a
lower power density in comparison to a gasoline-powered UAV, meaning
that peak power requirements drain the HFC significantly, hence limiting
applications and flight times [18, 20].

HFCs are often combined with LiPo batteries to improve the power
density; however, batteries can have a similarly low power density [19].
Thus, although the addition of a battery can increase the endurance of the
system and improve peak power performance, the increase is not to the
desired point. Furthermore, both power supplies are still significantly
drained during these peak power instances—thus still limiting the flight
time of the system.

SCs have a very large energy capability, with a fast release aspect.
This means that they can provide very large amounts of current over very
short periods of time. However, SCs are very large in size (and weight)
when compared to LiPo batteries of equivalent capabilities, thus making
drones quite large in size. Although SCs have low energy densities, in
comparison to batteries, they offer quick bursts of energy during peak
power demands and can store energy quickly that would otherwise be
lost [20]. Thus, the addition of SCs to any of the energy sources
mentioned should lead to much better efficiencies of UAVs, especially
during peak power requirements. SCs are relatively new, therefore they
are still quite expensive and little research has been carried out into their
application in combination with HFCs.

The HFC available to this project is currently being used in combi-
nation with a LiPo battery of similar power- and energy density. It was
thus seen as beneficial to examine how the use of SCs can affect the
functionality of this HFC system. The aim was to investigate this hybrid
combination, with the future desire to replace the power source of a HFC
UAV. Specific aspects focused on: determining the effect of the use of a
DC-DC converter in conjunction with the SC bank, determining the effect
of SCs on the operation of a HFC and determining the effect of selective
switching and power source connection order on the operation of the
hybrid combination.
2. Materials, methods and calculations

This project entails the design and build of an experimental setup
to be used to test a proposed solution to a highlighted problem –

combining multiple sources with various energy- and power densities
to improve the characteristics of the energy source for eventual use in
and improvement of a drone flight. For this it is necessary to discuss
the setup of the experiment, the power sources to be used and the
configuration of their use. These will be discussed below.
2

2.1. Hydrogen fuel cell hybridization case studies

To combine the power sources it is necessary to first determine how
previous combinations were made and what the results and recommen-
dations from those previous experiments were. This is done using case
studies discussed below.

2.1.1. Hydrogen fuel cell and battery combination
Many studies have been done using this particular type of combina-

tion, these case studies will be used to assess the specific energy man-
agement of each as well as the outcomes and suggested improvements.
Bauman et al. [21] utilizes a 35 kWHFC is combinedwith a Li-ion battery
of 346.5 V, where the HFC utilizes a DC-DC converter in order to boost
the voltage to (250–400 V) in order to use a smaller HFC to reduce costs
and vehicle mass; the battery, however, does not use a converter as it
delivers the required voltage. In this study the battery stores regenerative
braking energy (when battery is less than 98% charged), supplements the
HFC during extra power requirements as well as very low power re-
quirements (the HFC is inefficient below a certain power level – 7.55% of
the total) and is only charged via the HFC when the state of charge (SOC)
is less than 50%.

Charging the battery through regenerative braking instead of the HFC
increases fuel economy. From this study it is seen that the HFC & battery
combination has a slightly lower efficiency when compared to the HFC,
SC & battery combination, even though the weight of the former system
is significantly less. An advantage of the HFC & battery combination is
that it is more cost effective due to the absence of the SCs and the bidi-
rectional DC-DC converter. A major disadvantage is that the battery life is
much shorter than that of the HFC, SC & battery combination as the
battery is continuously charged/discharged throughout the operation of
the vehicle.

Thoungthong et al. [22] utilizes a proton-exchange membrane fuel
cell (PEMFC) of 500W, 40 A, 13 V is combined with a lead-acid battery of
33 Ah, 48 V to supply a HFC vehicle. The HFC will utilize a boost con-
verter to optimize the characteristics and boost the output voltage to that
of the battery. The battery will not use a converter in order to minimize
costs and improve efficiency of the system. The HFC will be the main
energy source and when the power demands are large, decrease below
the specified level of the HFC or regenerative breaking energy is present
in the system the battery will be utilized. This configuration leads to a
significant degradation in the battery lifetime, as the battery is constantly
supplementing the HFC there is no method to improve this issue without
altering the setup (i.e. the use of an additional SC bank to rather supply
the peak power demands). The HFC is also used to recharge the battery
throughout the operation. This system does improve the efficiency and
fuel consumption of the HFC however it leads to an additional consid-
eration in lifetime of the battery as this is significantly reduced due to the
charge/discharge of the battery throughout the operation of the system.

The combination suggested by Bauman et al. [21] consisted of a
battery pack used in conjunction with an HFC; the former used when
there is a high-power demand and the latter as the main source of power.
It can also be seen from this configuration that the battery will receive the
surplus energy that is not absorbed by the load during low load power.
The system worked well with the exception of equipment having lower
precision than desired causing a higher error rate and, on occasion, the
incorrect operation of the hybrid power system. The system had an
overall high efficiency (>90%) with lower hydrogen fuel consumptions.

2.1.2. Hydrogen fuel cell and supercapacitor combination
The combination of the HFC & SC has had a few previous studies and

experimental combinations, but all had some form of a limitation, these
limitations will be of importance in this experiment. Bauman et al. [21]
utilizes a 35 kW HFC combined with a SC bank to supply a HFC vehicle.
The HFC utilizes a boost DC-DC converter to increase its voltage to that
required by the motor (250–400 V) such that a smaller HFC can be used
to reduce vehicle mass and overall costs. The SC bank consists of 27
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SC-packs are used in series comprising of six 2.5 V, 350 F cells in series,
thus 405 V, 2 F capacity. The SCs do not use a DC-DC converter in order to
reduce costs and weight of the system and improve efficiency. The SCs
store the regenerative braking energy and only provide extra power
when it is required (during accelerations). Best fuel economy is achieved
when the sum of kinetic energy in the vehicle and the potential energy of
the SCs is kept constant. This study shows that the HFC& SC combination
cannot compete with the HFC& battery combination as the SC bank does
not have enough energy storage to provide for the peak power re-
quirements. It is suggested that a few SC banks be combined in parallel to
increase the energy storage capabilities, however, this increases the
weight of the system tremendously decreasing fuel consumption to an
infeasible point lower than the HFC & battery combination.

Thoungthong et al. [22] utilizes a PEMFC of 500 W, 40 A, 13 V
combined with a SC bank of 292 F, 500 A, 30 V to theoretically power a
HFC vehicle. The HFC will utilize a uni-directional boost converter while
the SCs will utilize a bi-directional converter to facilitate the power re-
quirements and the storage of the regenerative breaking energy. For this
setup, the HFC will be the main supply of power and when peak power
demands are observed or regenerative breaking energy is increased
above 0, the SC bank will be utilized. The HFC will also be used to
recharge the SCs throughout the operation. This setup does allow for HFC
downsizing, increased efficiency characteristics as compared to only HFC
use and energy recovery through regenerative breaking. The downside of
using only SCs as the auxiliary power source is that the system could
malfunction during start-up as the HFC requires 5–10 min of constant
power. For both of these case studies the future adjustments would be to
either increase the SCs energy characteristics or to look into a hybrid
system that includes the use of a battery to absorb the bulk of these
constant power requirements.

2.1.3. Hydrogen fuel cell, battery and supercapacitor combination
Fewer studies have been done into the use of the power sources in this

combination than in the prior two combinations. These case studies will
be used to assess the viability of the combinations as well as defining
some limitations observed leading to room for improvement.

Bauman et al. [21] utilizes a 35 kW HFC combined with a SC bank
(405 V, 2 F) and a Li-ion battery (346.5 V) to supply a HFC vehicle.
The HFC utilizes a boost converter such that the HFC required can be
smaller and thus more cost effective and the battery will use a
bi-directional converter in order to be recharged while the system is in
use. In order to minimize mass of the system it is determined that only
one of the additional power sources (batteries or SC) will use a con-
verter. The SC will be used to supply power only during peak power
requirements and will accept regenerative braking energy only if the
SCs are below 400 V; the batteries will continuously supplement the
HFC during normal operation, will also be used to store regenerative
braking energy (when the SCs don't) and will also be used when the
power requirements are too low for the HFC (< 7. 55%), thus, the
bi-directional converter is chosen to be used in conjunction with the
batteries for its charge/discharge.

The SCs are used to lengthen the lifetime of the batteries and are
therefore monitored to remain within the required 250–400 V of the load
motor. One major advantage of this setup is that the degradation of the
battery is delayed due to it not undergoing high current charge/dis-
charges. The battery in this setup is only used for peak power when the
SC is discharged, whereas it is used for all peak power requirements in
the HFC & battery combination. This setup does have the downside of
being much heavier (due to the SC pack addition) and also more
expensive (due to the addition of the SCs and the bidirectional con-
verter), however, it still has a lower fuel consumption compared to that of
the HFC & battery setup.

Thoungthong et al. [22] utilizes a combination of a HFC – used as the
main source of power, batteries – used to provide boost power over
moderate durations and SCs – providing a fast acting source to smooth
rapid transients and reduce the degradation of the HFC and battery. This
3

system was tested using a flight simulator in order to get a desired flight
profile and performed adequately during all stages of the simulation.
These sources are used in conjunction to supplement each other. The
battery removes a significant load off of the HFC allowing the HFC to
have a much lower voltage drop throughout the simulation. The SC al-
lows for a much smoother power curve providing significant energy
absorption to the system. Thus, it provides considerable load smoothing
to the HFC and has the expected benefit of increasing the lifetime and
durability of not only the HFC but also the battery.
2.2. Experimental setup

The general concept for the proposed experiment will be explained
using the conceptual flow diagram shown in Figure 1. The shaded blocks
represent the main focus of this experiment – the SCs, controller, DC-DC
converter and load switch. The HFC system to be used contains its own
DC-DC converter and controller – this existing controller controls when
the HFC requires a power supplementation as well as controlling the
operation of the HFC, therefore, this controller will not be altered and an
additional controller will be used to control the auxiliary circuit (shaded
blocks). The solid lines represent the flow of power within the circuit
while the striped lines represent the flow of control (either measurements
or signals).

The controller receives the power requirements from the program-
mable load which is used to control the load switch (ON or OFF) – this
switch remains closed (ON) for the majority of the tests as it is only
desired to remotely control when the SCs are available for certain tests
(further explained in section 2.3.4). The SCs send a signal of SOC to the
controller which is used to calculate the duty cycle required for the
desired output of the DC-DC converter, this duty cycle is sent as pulse
width modulation (PWM) signals to control the converter.

The existing HFC system has a constant voltage rating and it is desired
to match the SCs voltage with this rating; as the SCs deplete their voltage
decreases to a level below this required voltage; to avoid this, a DC-DC
converter will be used to boost the voltage of the SCs, to that of the
HFC system. The DC-DC converter will also be used to limit the current
provided by the SCs to the converter's capabilities. The DC-DC converter
will be uni-directional such that the SCs can only provide power and not
use it. The HFC system will be used to supply the load and when the load
has a power requirement above that which the HFC system can provide,
the SCs will be utilized. For the initial tests there will be no control over
the use of the SCs (the load switch will be closed), thus allowing them to
continuously contribute to the load when required. For a more detailed
discussion of the operation Figure 2 will be used. The solid lines indicate
power transmission and the striped lines represent signal transmission.

The programmable load was programmed to repeat a specified load
(see subsection 2.4 for a detailed discussion). The current requirements
of the load weremeasured using a current sensor placed between the HFC
and the load and sent to the microcontroller (Arduino); the HFC
controller determined the use of the buffer battery to supplement the
HFC. The current measurement sent to the microcontroller was used to
determine the switching of the relay (further discussed using Figure 3
and section 2.3.4). The SOC of the SC bank was sent to the microcon-
troller to be used to determine the PWM signal of the DC-DC converter.
Dependent on the configuration, the SC bank was used either with or
without the inclusion of the DC-DC converter, these configurations are
discussed in section 2.3.4.

Figure 3 shows a functional flow diagram. Here, a relay was used to
select when the SC bank was required to supplement the HFC system in
supplying the load. This relay was switched using an Arduino, which
simply read the value measured by the current sensor and, if determined
to be > 7 A, the Arduino would send a signal to the relay to engage the
coil and allow current to flow from the SC bank to the load. This selection
was only used for a specific configuration discussed in section 2.3.4, for
all other configurations the relay remained engaged.



Figure 1. Conceptual flow diagram.

Figure 2. Operational flow diagram.
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2.3. Power sources

This research comprises the combination of three power sources in
different configurations, in order to assess the effect of each on the
output. The research includes the use of an HFC, a SC bank and a LiPo
battery. Each of these sources has their respective capacities for the
combination, as is explained below.
Figure 3. Functiona

4

2.3.1. Hydrogen fuel cell
A 1 kW HFC system obtained from BMPower [23] was available for

use. It was initially tested with the original full load profile of maximum
1.2 kW. The HFC system has the capability of providing 1 kW at 50 V. It
can also be combined with a LiPo battery, used as the buffer battery (it is
used to supplement the HFC when the HFC requires assistance). The
available HFC system has a controller that determines the use of the
buffer battery and controls the operation of the HFC. For purpose of this
experiment the HFC will be used in combination with the LiPo battery
and existing controller as one system.

2.3.2. Lithium polymer battery
The battery pack used to supplement the HFC consists of two 12 s LiPo

batteries, each with a weight of 0.4 kg, 50 V rated voltage and energy
density 160 Wh/kg. Using these details and Eq. (1) (obtained using a
process of elimination and Eq. (19.9) from [24]), the capacity rating of
the battery pack was determined. Each battery was calculated to have a
capacity of 1.33 Ah, thus 2.66 Ah for the battery pack.

CapacityðAhÞ¼
Energy density

�
Wh
kg

�
WeightðkgÞ

Nominal voltageðVÞ (1)

2.3.3. Supercapacitor bank
Previous case studies suggest the use of a SC bank that can match the

capabilities of the existing system it wishes to be combined with [18, 21,
22, 25, 26, 27, 28, 29]. The existing HFC system contains a buffer battery
that supplements the HFCwhen required. As the SC bank was also used to
supplement the HFC, it is desired that it matches the capacity of the
buffer battery.
l flow diagram.



A. Townsend et al. Heliyon 7 (2021) e06569
As calculated, the buffer battery pack has a capacity of 2.66 Ah
(maximum voltage 50 V andweight 0.8 kg). If the buffer batteries were to
be simply replaced by an equivalent SC bank then these requirements
will allow the system to operate in an equivalent fashion without
compromising the efficiency thereof [21].

To determine the values of the capacitors, the capacity of the buffer
battery pack was converted to the applicable unit in Farad. To achieve
this, the capacity rating is first converted to ampere–second, thus con-
verting to Coulomb, using Eq. (2) (adapted from Eq. (19.2) in [24]).

CapacityðCÞ¼ 3600ðcapacityðAhÞÞ (2)

Using the capacity rating of 2.66 Ah, the capacity was converted to 9
576 C. Next, the capacitance can be calculated using Eq. (3) (Eq. (18.10)
from [24]).

CapacitanceðFÞ¼Capacity ratingðCÞ
VoltageðVÞ (3)

Using the calculated capacity rating and a voltage rating of 50 V, the
total capacitance was calculated to be 191.52 F. The nominal voltage of a
SC is 2.7 V, thus 19 cells will be required in series to reach 50 V. In series,
the total capacitance can be calculated using Eq. (4) (Eq. (6.28) from
[30]), which can be rewritten to calculate the capacitance per cell.

Total series capacitance¼ capacitance per cell
number of cells

(4)

This equation is valid under the assumption that all connected ca-
pacitors have the same capacitance; thus the required capacitance per
cell will be 3638.88 F. The largest SC available is 3400 F, with a rated
voltage of 3 V per cell. With these values, only 17 cells will be required,
thus reducing the capacitance per cell to 3255.84 F. Therefore, the 3400
F cells will be sufficient. According to the Maxwell datasheet [31], the
weight of one 3 V/3400 F SC cell is 496 g, therefore the combined weight
would be 8.43 kg, which is far greater than 800 g.

To solve the weight issue, the system was designed to accommodate
SCs that only supply the increase in power above 1 kW. Furthermore, a
boost DC-DC converter was used to increase the voltage requirements
from a lower level to the desired 50 V. This allowed the SCs to be much
smaller and to recharge much faster, hence making the system more
efficient. From the load profile, the maximum power consumed is ~1200
W, which is above the 1 kW rating of the HFC. It is at these points above 1
kW that the SC bank will be required.

The system was designed such that the SC bank is utilized twice
during the load (to be discussed in section 2.4 and indicated in Figure 5
by the green blocks), with each period lasting 2 s. As SCs have the ten-
dency to provide the bulk of the load, the assumption was made that the
average power supplied by the HFC will be ~400W and the SC bank will
need to supply the remainder of the power, namely 650 W for the first
instance and 800 W for the second instance.

Calculating the energy requirements, for the first instance of 650 W,
1300 J will be required, and for the second instance of 800 W, 1600 J
will be required, giving a total of 2900 J. This value was initially
rounded up to 3000 J. It was assumed that this is only 80% of the
requirement, thus 100% would require 3750 J .The maximum duty
cycle of a boost DC-DC converter is ~70%, thus the SCs will only be
able to be boosted with a 70% increase in the maximum voltage. Using
Vout ¼ 50 V and a duty cycle of 0.7, Vin (the minimum required input
voltage) is equal to 15 V.

However, SCs have an allowable voltage drop, for efficient lifetime
usage, of 20%, therefore the 15 V will be the 80% SOC of the SC bank, at
which the converter will be able to boost the input voltage for the entire
20% discharge of the SC bank; 100% SOC of the SCs will therefore be
18.75 V. To achieve this total voltage, about seven cells of 2.7 V each
were required—this value is rounded up to eight cells. The maximum
voltage will be 21.6 V and the minimum will be 17.28 V. To determine
the required capacitance of the SC bank, Eq. (5) is used.
5

C¼ 2ðenergyðJÞÞ
V2

(5)
The 3750 J, calculated earlier, is the energy required at the output of
the DC-DC converter. Using the law of energy conservation and the ef-
ficiency of the system, the output energy of the converter will be a per-
centage of the input energy. This percentage is the efficiency of the
converter (assumed to be 90%). This 10% difference is due to power
losses occurring in a system. Therefore, the required input energy was
determined using Eq. (6) (Eq. (6.10b) from [24]).

Ein ¼Eout

η
(6)

For this equation, η refers to the efficiency constant of 0.9 and results
in a minimum required energy at the input of 4167 J. Using this energy
requirement and the minimum voltage of the input (80% of the SC bank
maximum voltage—mentioned earlier as the most efficient SC operating
range), the total capacitance was calculated and rounded up to 28 F. The
minimum voltage of the SCs is used as this will ensure that the SCs have
sufficient energy for the requirement, for the entire range of discharge.
Using Eq. (4) and eight cells, the capacitance per cell was calculated to be
224 F.

To verify that this value is correct, the energy it can supply was
calculated and compared with the energy requirement of the load profile.
The input energy was calculated to be 6532 J (with 28 F total capaci-
tance), which is greater than the 4167 J requirement at the input—thus a
value greater than 224 F per cell can be used in the system. For this
project, the capacitance per cell was chosen to be 360 F, which delivers
10498 J (more than sufficient to account for losses in the system). Ac-
cording to the Maxwell Technologies datasheet [32], each one of the SCs
weighs 71.4 g, giving a total of 571.2 g, which is well under the weight of
the two batteries of 0.8 kg, hence leaving sufficient weight for the
circuitry.

2.3.4. Configuration
The power sources were tested in multiple configurations in order to

assess how each source affects the operation of the system in response to
the load. These configurations were also used to compare the results, to
determine which is best suited for the application. Before the SC bank
was combined with the HFC system, each individual power source's
response to the load was required—this allows for a simpler evaluation of
the individual contributions when the sources were combined. Three
individual tests were initially conducted – the HFC system, the SC bank
and the combination of the two power sources.

It was also desired to determine the effect of the DC-DC converter on
the SC bank and the system. Therefore, two additional tests were con-
ducted, in which the SC bank was combinedwith a DC-DC converter. One
final test was conducted to show how the addition of selective switching
affects the hybrid system. Furthermore, it was also desired to determine
whether the order of the connections affected the operation of the sys-
tem. Two rounds of tests on the six combinations were conducted (to
verify the results obtained from each test). The connections for the
respective rounds are shown in Figure 4 (use was made of two switches to
demonstrate the required connections).

For round 1 (connection 1) the switch 1 was closed while switch 2
remained open. This connection indicates that the sources are connected
in parallel with each other and the load, with the load at the end of the
parallel connection. For round 2 (connection 2) switch 1 remained open
and switch 2 was closed. This connection again indicates that the sources
are connected in parallel with each other and the load, but now with the
load between the two sources.

To summarize the six combinations – the HFC and SC were tested
individually and then as a combination; the SC bank was combined with
the DC-DC converter and tested individually and when combined with
the HFC; finally, the HFC and SC (with DC-DC converter) were combined
using a relay to control the switching.



Figure 4. Connections 1 & 2: experimental tests.
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2.4. Load profile

The load profile used to assess the operation of the different config-
urations was obtained from an existing hydrogen drone and reduced to a
level that can be used by all the power sources. The original load profile is
shown in Figure 5.

In this load profile there is a horizontal line indicating when the
proposed system makes use of the buffer battery to supplement the HFC.
This occurs when the system requires more than 1 kW of power to
operate. The HFC system (including the buffer battery) provided for this
experiment has a rating of 1 kW, however, as the HFC is used for research
and experimentation in the HySA laboratory at the North West Univer-
sity, through the years of operation the system has degraded to a point
where it is suggested to be used to supply a maximum of 450 W. As the
system can supply 50 V, this leaves a maximum current supply of 9 A.
While testing the new load profile (450 W maximum) it was discovered
that with a maximum demand of 9 A from the load, the HFC system
supplied a maximum of 350 W, therefore the load profile was initially
reduced accordingly to 350 W.

It is suggested in the case studies [21, 22] that the SC bank be used
without a DC-DC converter to mainly reduce costs. This project has the
future goal of combining SCs into a HFC drone – therefore the experiment
is weight and size sensitive. For this experiment it is desired to examine
how a DC-DC converter will affect the operation of the SC bank and the
entire hybrid system to determine whether it is viable and can be used to
reduce the size and weight of the SC bank. Therefore, the point of
reference for all the experimentation was chosen to be the SC bank
without the DC-DC converter.

The SC bank was designed to have a maximum voltage of 21.5 V. The
available HFC has a voltage of 50 V – which is desired to be matched by
Figure 5. Full load p
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the SC bank; a smaller HFC is not available for experimentation and the
available one is attached to a building supply of hydrogen that is
constantly replenished. When the HFC was tested with repetitions of the
9 A (450 W) version of the load profile shown in Figure 5 it was shown
that the HFC has an unvarying supply of the load. For this reason it was
decided that the HFC would be replaced with a laboratory power supply
(LPS) with a maximum 1.6 A, 21.5 V rating. This replacement allowed
the unaided SC bank to match the theoretical HFC voltage whilst still
obtaining usable and comparable results. As of such the load profile was
further reduced to a 3 A, 52 W maximum load shown in Figure 6.

The SC bank was designed for the full 1.2 kW load profile, as it will
allow for an easier transition when a larger HFC system is available, and
the DC-DC converter was designed for the 3 A load profile as it is desired
to be combined with the available HFC system.

3. Simulations

The configurations mentioned above were simulated using Simulink®

to assess the validity of the circuit design and proposed experiment as
well as to have a basis for comparison against the experimental results.
These simulations are provided below. The Simulink® circuit used for the
experimentations follows the configuration shown in Figure 4, with the
HFC simulated using a Voltage source block and the SC bank using the
Supercapacitor block built in to Simulink®.
3.1. Hydrogen fuel cell system

The response of the HFC to the required load is shown in Figure 7.
From the figure it is evident that the entire load was not provided,

however, the HFCmanaged to supply 99.47% of the load – this deviation
rofile (1.2 kW).



Figure 6. Adjusted 3 A load profile.

Figure 7. Simulated response of HFC system to 3 A load.
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is expected to be provided by the SC bank. In order to determine the
duration of the HFC system here and onward, Faradays Law of Elec-
trolysis [33] will be consulted – this loosely states that the hydrogen
consumption is proportional to the current drawn. Therefore, to deter-
mine the hydrogen consumed, the current drawn for a single repetition
will be used in Eq. (7).

It¼VρFz
M

(7)

Using this equation the duration of the HFC system is determined to
be 268 s.

3.2. Supercapacitor bank - unaided

The response of this system to the load is shown in Figure 8.
It is evident from the figure that the load is initially provided

whereafter the provision decreases for each repetition according to the
depletion of the SC bank. The load was repeated until the SC bank
reached the recommended 80% SOC – found to be after 190 s with the
required load being provided with an efficiency of 90.69% for this
duration. The SC bank achieved a 99.99% efficiency for the first repeti-
tion – this is 0.53% better than the HFC.
Figure 8. Simulated response of u
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3.3. Supercapacitor bank with DC-DC converter

The response of this combination to the 3 A load is shown in Figure 9.
The response shown is that measured at the output of the DC-DC

converter. The load was repeated until the SC bank reached 80% SOC
– after 186 s for this duration the load was supplied with 91.58% effi-
ciency. This lack of provision is evident from the figure and results in the
assumption that the DC-DC converter does not improve the performance
of the SC bank – it decreases the usable time and the measured efficiency.
3.4. Hydrogen fuel cell-supercapacitor system – unaided

The response of this combination to the load is seen in Figure 10.
The individual contribution of each source as well as the combined

contribution to the load is shown for the duration of the load. This
combination delivered an efficiency of 99.99% - the required and com-
bined supplied load lie on top of each other in the figure. It is apparent
that the HFC is providing the bulk of the load with the SC providing the
jumps in load above that which the HFC can supply.

It is seen in the figure that the graph of the power supplied by the SC
extends into the negative region of power – this shows that the SC bank is
receiving power from the HFC. This is expected as there is no method of
blocking the flow of current towards that SC bank in this configuration
naided SC bank to 3 A load.



Figure 9. Simulated response of SC bank with DC-DC converter to 3 A load.

Figure 10. Simulated response of HFC-SC unaided combination to 3 A load.
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and as such as it depletes it starts absorbing power in order to recharge.
The duration of this system was determined using Eq. (7) as 249.75 s. As
the HFC system continually recharges the SC bank it will only drop to
80% SOC when the HFC is depleted to the point where it can no longer
provide for the SC bank. Therefore the duration of this combination is
seen as the duration of the HFC.

3.5. Hydrogen fuel cell-supercapacitor system with DC-DC converter

The response of this configuration to the 3 A load is shown in
Figure 11.

The individual contribution of each source can be seen above with the
combined contribution having a 99.91% efficiency in providing the
required load. Using Eq. (7) the duration of the HFC is determined to be
403 s while the SC bank has a duration of 428.08 s – therefore the system
has a duration of 403 s. As the DC-DC converter is bidirectional it blocks
the current flow toward the SC bank therefore not allowing it to be
recharged by the HFC. It is evident from the figure that the HFC provides
the bulk of the load with the SC bank providing the increase in power at
the peak requirements of the load.
Figure 11. Simulated response of HFC
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3.6. Hydrogen fuel cell-supercapacitor system with DC-DC converter and
selective switching

The response of this system to the load is seen in Figure 12.
For this combination a relay was set to only allow the SC bank to

provide power when the power needs exceeded ~35 W. It is shown in
the figure that at these points the HFC initially supplies drops to
supply no load – this can be attributed to the SCs very low internal
resistance (3.4 mΩ) and willingness to supply the entire load. For the
duration of the load – calculated as 293 s using Eq. (7) (293 s for the
HFC and 2265 s for the SC bank) – the system achieved a 99.66%
efficiency.
4. Experimental results

4.1. Hydrogen fuel cell system

The available HFC system that was used in the experiments is shown
in Figure 13, the dimensions of which can be obtained from the datasheet
[23]. This system is supplied by a hydrogen source connected to the
building where it is stationed, thus the hydrogen supply was constant.
-SC-DC-DC converter to 3 A load.



Figure 12. Simulated response of HFC-SC-DC-DC converter with selective switching to 3 A load.

Figure 13. HFC system used for experimentation.

Figure 14. Experimental response of power supplied by HFC system to 9 A load.
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The available HFC system was tested using a reduced 9 A load as it
was degraded, such that it had a maximum deliverance of ~350 W
(explanation provided in section 2.4). Therefore, the 1.2 kW load was
reduced equivalently and used to test the HFC to determine its response
to the load, shown in Figure 14.
9

It is evident that the HFC system provided the power required by the
load with a calculated efficiency of 99.62%.

It was however desired to combine the SC bank with the HFC
system without the use of a DC-DC converter. The requirement here is
that the SC bank matches the voltage level of the HFC, or vice versa. A
boost DC-DC converter was used with a maximum current capability
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of 3 A (new load as explained in section 2.4). The designed SC bank
had a voltage of 17.28–21.6 V. Thus, to keep within the 3 A
constraint, the SC bank can supply a maximum of 51.84 W at its
lowest voltage. For this reason, the HFC needs to have a lower
capability. However, the available system cannot be reduced to this
point.

Hence it was decided that the HFC system be replaced with an
equivalent power source. An LPS was selected as it provided the reduced
requirements of 1.6 A at 21 V (both the SC bank and LPS were used with a
maximum of 21 V, for consistency, throughout). Before the HFC was
replaced with the LPS it was tested with its maximum capacity using the
350 W load such that it could be determined that the LPS replacement is
justified. Data in Figure 15 is used for this justification purpose.

It is evident from the figure that the voltage and current supplied by
the HFC system, throughout the duration of the load, remained constant.
This therefore justifies the use of an LPS as replacement as it will supply
the same constant output.

As the SC bank had a maximum current capability of 3 A, the load
profile was further reduced to a maximum of 3 A and 51 W for the
remainder of the tests. With the replacement of the HFC system, it was
desired to see its response to the reduced load of 3 A. Results are shown in
Figure 16.

It is evident that the HFC replacement can supply a maximum of ~29
W, with a minimum voltage of 17.5 V this gives a maximum current of
1.66 A. With the alterations, this system now had an endurance of 168 s.

4.2. Supercapacitor bank

The SC bank was tested under two sets of conditions, with and
without the DC-DC converter, to show how the DC-DC converter affected
its operation. The system used to conduct the remainder of the tests as
well as the SC bank system built (experimental setup used for carrying
out tests) is shown in Figure 17.

4.2.1. Without DC-DC converter
The SC bank was directly connected to the load and the load was

repeated until the SC bank reached its maximum SOC decrease of 20% (at
17.5 V). The response of this connection is shown in Figure 18.

This combination shows a deviation in the power deliverance with a
calculated efficiency of 97.21% lasting 130 s.

4.2.2. With DC-DC converter
The SC bank was first connected to the DC-DC converter and then to

the load. The load was once again repeated until the SC bank reached its
80% SOC value. The response is shown in Figure 19.

This combination shows a similar deviation in the power deliverance
but has a calculated efficiency of 96.6% lasting 125 s. The difference can
be attributed to the power losses through the DC-DC converter, which is
synonymous with its efficiency.
Figure 15. Analysis of voltage and current supplied by
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4.3. Hybrid combinations

Moving on to the consideration of ‘hybrid combinations’, the three
power sources were combined and then tested in three combinations
first, without using the DC-DC converter; second, using the DC-DC con-
verter; and, finally, with a method of selective switching. The two rounds
of different configurations described in section 2.3.4 will be discussed in
cases where notable variances were observed.

4.3.1. Without DC-DC converter
Here, use was made of both connections 1 and 2 (see section 2.3.4),

for which similar results were recorded. The results from connection 2
were then used to show the response of the system to the load. See
Figure 20.

The figure shows each individual power source's contribution to the
supplied load – where the system was able to provide the required load
with a calculated efficiency of 97.09% and an endurance of 160 s. Here,
for this combination, the SC bank has a negative power component,
which is indicative of the SC receiving power from the HFC replacement.
This occurs due to the system having no method of blocking power to-
wards the SC bank; thus, when its voltage dropped below that of the HFC
replacement, the SC bank was recharged. This caused the HFC replace-
ment to use more energy to supply both the load and the SC bank.

4.3.2. With DC-DC converter
For this configuration, both connections 1 and 2 were used, for which

similar efficiencies were recorded, in terms of providing the load. The
response of connection 2 is shown in Figure 21.

It is evident that both sources are supplying the load – with the HFC
supplying the bulk and the SC bank supplementing. A calculated effi-
ciency of 96.25% was achieved. No significant difference in the effi-
ciencies of both the connections was observed; however, connection 1
reached a significantly greater endurance of 365 s in comparison to the
214 s obtained from connection 1.

4.3.3. With DC-DC converter and selective switching
For this hybrid combination, the SC bank was isolated from the HFC

replacement and load for the majority of the load; it was only used when
the current requirement exceeded the limits of the HFC replacement (as
discussed in section 2.2). For this isolation, a relay was used, with control
via an Arduino and current sensor. The response of this system to the load
exhibited no notable difference in the two connections. Thus the
response of connection 2 was evaluated. See Figure 22.

Here, both power sources were used to supply the load and a calcu-
lated efficiency of 94.29% was achieved with a measured endurance of
223 s. It is also observed that the HFC supplied the bulk of the load and
the SC bank supplemented during peak power demands.

5. Discussion

The results obtained from the respective combinations were pro-
cessed and then combined into Table 1. The content of this table will be
the HFC system against power demand of 9 A load.



Figure 16. Experimental response of power supplied by HFC replacement to 3 A load.

Figure 17. Experimental setup used for testing.

Figure 18. Experimental response of power supplied by SC bank excluding DC-DC converter to load.

A. Townsend et al. Heliyon 7 (2021) e06569
used to compare the different combinations to each other as well as to the
results obtained through the simulations.

For each combination the weight, power provided, peak power
deliverance, energy provided, efficiency and duration has been provided
for comparison between the combinations. For combinations with mul-
tiple sources, the energy division has been included. The efficiency of
each system has been calculated using the power provided expressed as a
percentage of that which was required by the load. The peak power
deliverance refers to the system's ability to provide the power required at
the two instances mentioned in section 2.3.3, as these were initially used
to design the SC bank.
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In order to compare the different combinations, a point of reference
was required – here, three repetitions of the load was selected. The
reason for this selection is that the SC bank without a DC-DC converter
has a maximum SOC drop over three repetitions, thus all values from the
table have been averaged for three repetitions of the load.

The values of the SC bank in the ‘SC contribution’ column refer to the
energy measured at the output of the DC-DC converter, where applicable.
To determine the total energy component provided by each combination
that includes the DC-DC converter, the efficiency of said converter is
required. As measurements of the SC bank's operation had been recorded,
the energy is known at the input of the converter; thus, multiplying the
latter energy with the efficiency of the converter gives their contribution



Figure 19. Experimental response of power supplied by SC bank including DC-DC converter to load.

Figure 20. Experimental response of individual sources of hybrid system 1 to the load.

Figure 21. Experimental response of individual sources of hybrid system 2 to the load.

Figure 22. Experimental response of individual power sources of hybrid system 3 to the load.
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to the total energy. The efficiency of the converter was calculated as
94.96%.

The final column refers to a simple sensitivity analysis that has been
conducted to determine the percent deviation between the experimental
and simulated results. For this, the difference between the results is
expressed as a percentage of the simulated results.

The SC bank with converter test shows that the DC-DC converter
reduced the efficiency and usable time of the SC bank. Hence, it can be
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deduced that although the converter can reduce the weight of the system
it is questionable whether the decrease in efficiency and usable time will
nullify this benefit. This deduction is justified based on the similar dif-
ference in efficiencies noted between the HFC-SC combinations with and
without the DC-DC converter. It was also noted, in the last three com-
binations shown in the table, that each addition of a component to the
systems led to a decrease in efficiency, attributable to power losses of
each component and connecting conductors between them.



Table 1. Individual source response.

Desired Simulated Experimental Sensitivity analysis (%)

HFC system Weight (g) 1400

Efficiency (%) >90 99.47 76.27 23.32

Power provided (W) 25.14 28.46 19.51 31.45

Peak power deliverance (%) 100 98.41 67.99 30.91

Energy (J) 857.14 852.60 653.74 23.32

Duration (s) 268 168 37.46

SC Weight (g) <800 571.2

Efficiency (%) >90 99.99 97.21 2.78

Power (W) 25.08 23.93 24.68 3.13

Peak power deliverance (%) 99.99 97.79 2.20

Energy (J) 840.27 837.65 828 1.15

Duration (s) 190 130 31.62

SC-DC-DC Weight (g) 700

Efficiency (%) >90 91.58 96.66 5.55

Energy at DC-DC input (J) 933.64 657.39 850.24 29.34

Energy at DC-DC output (J) 840.27 577.97 808.43 39.87

Power provided (W) 24.76 22.67 24.13 6.42

Peak power deliverance (%) 90.80 97.36 7.22

Duration (s) 186 125 32.77

SC-HFC Weight (g) 1900

Combined Energy (J) 829.54 900.18 820.26 8.88

SC contribution (J) 663.63 314.70 188.39 40.14

HFC contribution (J) 331.82 864.55 798.45 7.65

Efficiency (%) >90 99.99 97.09 2.90

Power provided (W) 24.76 24.76 24.49 1.08

Peak power deliverance (%) 99.99 95.30 4.69

Duration (s) 250 160 36.00

SC-HFC with DC-DC Weight (g) 2100

Combined Energy (J) 840.34 771.81 811.39 5.13

SC contribution (J) 504.20 304.85 115.80 62.01

HFC contribution (J) 336.13 492.46 715.76 45.34

Efficiency (%) >90 99.91 96.25 3.66

Power provided (W) 25.09 25.07 24.22 3.38

Peak power deliverance (%) 99.54 95.93 3.63

Duration (s) 403 365 9.43

SC-HFC with DC-DC & selective switching Weight (g) 2200

Combined Energy (J) 841.41 802.40 800.55 0.23

SC contribution (J) 504.84 40.28 139.97 247.49

HFC contribution (J) 336.56 714.81 679.04 5.00

Efficiency (%) >90 99.66 94.29 5.39

Power provided (W) 25.12 25.03 23.90 4.53

Peak power deliverance (%) 98.60 96.92 1.70

Duration (s) 293 223.43 23.74
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It is questionable whether the selective switching is viable as it
decreased the efficiency of the system whilst increasing the weight,
however, it provided better peak power deliverance and a longer dura-
tion. It was mentioned that two rounds of each test were conducted for
the HFC-SC combinations and for both rounds all the combinations ob-
tained similar efficiencies and it is thus not necessary to present both
results. However, the HFC-SC combination containing the DC-DC con-
verter (without selective switching) obtained a significant variance in the
durations between the rounds – round 1 achieved 365 s of operation
(with 574 s usable time for the SC bank) whereas round 2 achieved 214 s.
This leads to the assumption that the self-regulation of the sources is
highly dependent on the order of connection of the sources and can
thus be as efficient (if not better) than a method using selective
switching.

As the endurance is highly dependent on the usage of the HFC system,
to increase endurance the HFC system would need to be used less and the
13
SC bank used more. Therefore, the switching value/point can be adjusted
to allow the use of the SC bank at an earlier stage. However, due to the
internal resistances of each power source the system decides when each
power source is utilized – it is assumed that this endurance is the best that
can be achieved with the available power sources.

The first HFC-SC combination shows an improvement in the endur-
ance of the SC bank but a decrease in that of the HFC system – this is
attributed to the lack of a current blocking device prohibiting the HFC
system from charging the SC bank. When the SC bank is recharged by the
HFC system, the HFC system supplies a significantly larger amount of
energy in a shorter period of time depleting its capacity faster. This is
shown where the combined energy of this combination is smaller than
the summation of the energy provided by the two contributions.

It is also seen that all the HFC combinations with the SC increased the
energy supplied in response to the load, not only in the combination but
also in the HFC systems’ component. Thus, the HFC system (when
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combined with the SC bank) responds more efficiently to the required
load.

For most of the combinations the results obtained for the efficiency,
peak power deliverance and duration was seen to be larger during sim-
ulations than experiments, with the exception of the SC-DC-DC combi-
nation, where only a longer duration was achieved. This is expected as
the simulations cannot account for power losses caused by heat and
conductor lengths. The results of the simulations were the similar to that
of the experiments with where the HFC-SC with DC-DC converter ach-
ieved the longest duration and selective switching was found to have
minimal benefits; the addition of components resulted in the combina-
tions having a decrease in efficiency as well as peak power deliverance.

For the sensitivity analysis all the values obtained for the HFC system
have such a large deviation (>23%) as the HFC system used for experi-
mentation was of a smaller capacity than that which was required by the
load and simulated. This was chosen to be able to see what effect the
addition of the SC bank would have. Most of the other categories ach-
ieved small deviations (<10%), which is expected, as the simulations
tend to use ideal circumstances which are not applicable during physical
experimentation (i.e. power losses due to environmental temperatures,
conductor losses, etc.), this argument can also be applied to the deviation
shown at the DC-DC input and output and the duration deviations of the
different combinations.

The SC contributions in the three SC-HFC combinations are seen to
have quite a large deviation, one reason for this could be the difference in
connecting conductors between the simulations and the experiments and
another could be that the applied DC-DC converter has a larger internal
resistance than what was used for the simulations. The latter however
does not apply to the difference seen in the final SC-HFC combination,
where the experimental contribution of the SCs is far larger than that
achieved from the simulations. An explanation for this could be attrib-
uted to the relay used during experimentation.

During simulations the relay, as well as the SC bank, will behave
ideally, whereas, when used in the experiment the relay causes the SC
bank to provide a large burst of energy as soon as the relay closes, which
is often larger than that which is required by the load. This is due to the
Figure 23. Ragone plot of
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low internal resistance of the SCs and is further justified when comparing
Figure 21 and Figure 22. In Figure 21 the SC bank is seen to provide a
magnitude of power smaller (and for a period of time longer) than that of
Figure 22.

The large deviation seen for the HFC contribution of the second SC-
HFC combination is attributed to the adjustment required by the HFC
during experimentation due to the decreased contribution of the SC bank.

Using the results summarized in Table 1, a Ragone plot was con-
structed to present the effect of the SC bank on the individual systems
used in this experiment. This plot is shown in Figure 23. Comparing this
achieved Ragone plot to that of Aravindan et al. [8], it is observed that
the experimental HFC system utilizes a buffer battery thus affording it a
larger power density and lower energy density – therefore lying in a more
central position on the experimental Ragone plot as compared to the
referenced Ragone plot.

A further observation is made that the SC bank (with- and without the
DC-DC converter) provides a larger energy density than the HFC system
in both Ragone plots – this is firstly due to the HFC system replacement
chosen having a smaller capacity such that the effect of the SC bank can
better be observed and secondly due to the capacity of the SC bank being
designed for the available HFC system and full 1 kW load profile.

The DC-DC converter is seen to significantly improve the power
density of the system with a larger factor than the decrease caused in the
energy density. The graph contains two diagonal lines whose gradient is
determined by dividing the y-axis by the x-axis – this delivers the
endurance of each combination. It is noteworthy to bear in mind that
these densities are calculated using the weight of each system and
therefore the endurance is affected by this weight, with the unaided SC
bank having the lowest weight of 0.5 kg.

The three HFC-SC combinations fall on the same gradient thus
delivering a similar endurance with respect to the weight variance of
each (see Table 1). By simply adding the unaided SC bank to the HFC
system, the energy- and power densities of the HFC system experience a
considerable decrease. When the DC-DC converter is included in the HFC-
SC combinations a noteworthy improvement in the densities of the HFC
system is observed.
experimental results.



A. Townsend et al. Heliyon 7 (2021) e06569
As mentioned the weight of the system plays a significant role in the
calculation of these densities, it is thus understandable that the addition
of the SC bank caused a decrease in the densities of the HFC system,
however, as the DC-DC converter and switching module add an addi-
tional weight to the unaided HFC-SC system, the increase in the densities
is of much more interest and is considerably more significant than
observed on the graph.

Another noteworthy observation is that of the difference between the
densities achieved between the HFC-SC (with DC-DC converter) with and
without selective switching. Without selective switching the addition of
the DC-DC converter no longer required the utilization of the HFC to
recharge the SC bank, resultantly leading to an increase in the duration of
the HFC system and both the densities.

The addition of the selective switching element increased the use of
the HFC as the SC bank was only utilized at specified instances of the load
– thus leading to a large reduction in the usable time of the combination.
As the power and energy density are reliant on the usable duration of the
system – these too where reduced.

6. Conclusion and recommendations

Two different storage devices were described and used in various
experiments with HFCs: an HFC and SC bank. Six different combinations
of these sources were implemented and assessed for their viability. The
best combination was found to be the HFC–SC combination with the DC-
DC converter and without the use of selective switching, when connected
with the load between the two sources. The HFC–SC combination with
both the DC-DC converter and selective switching was also found to
deliver desirable results; however, it is questionable as to whether the
selective switching method is redundant. Furthermore, the DC-DC con-
verter had a negative effect on the efficiency of the SC bank. It reduced
the usable time by increasing the energy usage of the SC bank at the
converter input whilst decreasing the deliverance of said energy to the
required load at its output. The inclusion of the SC bank increased the
total efficiency of the power source as a whole and allowed the HFC
system to function more optimally to provide energy to the system.

The proposed project implemented a DC-DC converter with the SC
bank in order to be able to use a smaller quantity of cells to match the
buffer battery. This is to reduce costs and the weight of the overall system
as it is designed for application on a drone. The DC-DC converter
exhibited an efficiency of >94% and the optimal hybridized storage
system obtained an energy density of 1.19 Wh/kg.

The results of the experiments revealed the following:

� The HFC system's response to the load requirements is improved upon
the addition of the SC bank.

� The use of a DC-DC converter reduces the efficiency of the SC bank
although it improves the efficiency of the HFC-SC combinations
(mainly due to its unidirectional flow characteristics).

� The applied selective switching does not offer any significant
improvement.

� The usable duration of the system is highly dependent on the order of
connection of the power sources.

On completion of the research described, opportunities for further
research and aspects to be considered in efforts to achieve further im-
provements were identified. These include the following.

� As the DC-DC converter is seen to decrease the efficacy of the SC bank,
results should be re-examined at a higher power demand to determine
whether the efficiency drop increases and whether the benefit of the
reduced weight of the system justifies this increase.

� Here, experiments were conducted using an HFC system that already
contains and utilizes a battery for supplementation, thus it was not
possible to adjust the use of the battery. It is therefore recommended
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that an HFC system be considered wherein the use of all three sources
can be controlled to further improve/assess the effects thereof.

� To date, the system has only been tested in a theoretical and simu-
lated environment using the load profile of a drone. Its evaluation
should therefore be extended, to an actual drone, in order to test the
actual operation in a real environment.

� SCs are very useful for storing reverse/negative energy, such as that
which is present during braking or when a drone decreases altitude.
This was evident in our hybrid test without the DC-DC converter. As
this current system was not applied to an actual drone, it is recom-
mended that, if the system is integrated with a drone, this concept be
applied – it could lead to a further increase in the usable time. For this
application a bi-directional converter could be used that only allows
current flow toward the SC bank when the system experiences
negative energy from the load.

� The system utilized selective switching when the power exceeded 35
W – this value was seen to be too low to benefit the HFC system and
reduce its use. Thus, it is recommended that if selective switching be
further investigated that the point of switching be adjusted.

� A mechanical relay was used to apply the selective switching – a solid
state Relay could be used to reduce weight and decrease interference
in the external circuit caused by the coil.
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