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Abstract

A dual-mode power management for a hybrid-electric UAV with a cruise power of 200W is proposed and empirically verified. 

The subject vehicle is a low-speed long-endurance UAV powered by a solar cell, a fuel cell, and a battery pack, which operate 

in the same voltage bounds. These power sources of different operational characteristics can be managed in two different 

methods: passive management and active management. This study proposes a new power management system named PMS2, 

which employs a bypass circuit to control the individual power sources. The PMS2 normally operates in active mode, and 

the bypass circuit converts the system into passive mode when necessary. The output characteristics of the hybrid system 

with the PMS2 are investigated under simulated failures in the power sources and the conversion of the power management 

methods. The investigation also provides quantitative comparisons of efficiencies of the system under the two distinct power 

management modes. In the case of the solar cell, the efficiency difference between the active and the passive management is 

shown to be 0.34% when the SOC of the battery is between 25~65%. However, if the SOC is out of this given range, i.e. when the 

SOC is at 90%, using active management displays an improved efficiency of 6.9%. In the case of the fuel cell, the efficiency of 

55% is shown for both active and passive managements, indicating negligible differences.
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1. Introduction

The combustion engine has historically been the 

representative aviation propulsion system. However, the 

recent global trend toward green environment increasingly 

demands a technology shift in the propulsion systems from 

using fossil fuels to environment-friendly energy sources [1]. 

As a fruit of intensive research, electric energy sources, 

such as solar cells, fuel cells, batteries, and capacitors, are 

evolving toward more efficient, lighter, and smaller devices. 

The improvements in electric energy sources have stimulated 

practical studies to utilize electric energy for transportation 

[2-7]. Particularly for the electric-powered UAVs, the outlook 

for the commercial application is bright because their services 

can be expanded not only to earth observations, atmospheric 

research, and reconnaissance, but also to the replacement 

of conventional satellites [8]. Therefore, many countries 

endeavor with a high priority to develop UAVs of which 

operable altitude encompasses from ground to a very high 

level. The use of solar cells and fuel cells along with batteries 

has become central to their development of power sources. 

This study investigates management of three distinct 

primary power sources, i.e. the solar cell, fuel cell, and battery, 

of the EAV-2, a low-speed long-endurance UAV. In general, 

two types of management methods are employed when 

handling multiple power sources with different operational 

characteristics: passive and active methods. In a passive 

method, each power terminal is directly connected to the bus, 
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and the output from the power source is passively controlled 

according to the system behavior [9-11]. In contrast, an active 

method employs a power management system, establishes 

control strategies, and controls the terminal voltage of each 

power source independently of the bus voltage [12-15]. 

The authors’ preceding study of Ref. [16] presents the flight 

tests using passive management of the EAV-2’s hybrid power 

system, which consists of the solar cell, fuel cell, and battery. 

It is acknowledged from this study that the solar cell and 

fuel cell act as the main sources of power in the daytime and 

nighttime, respectively. The battery was engaged in case of 

fluctuations in the level of power available and momentary 

changes in power required. However, as the passive method 

failed to control the individual power outputs according 

to their characteristics, it also failed to operate the power 

sources at their optimal conditions.

In contrast, another preceding study of Ref. [17] presents 

an active power management in flight tests for the same 

platform and the same combination of the hybrid power 

system. The power management system successfully 

controlled the individual power sources so that the outputs 

yielded the optimal operation condition for each power 

source, and the State-Of-Charge (SOC) level was maintained 

within appropriate bounds. However, the addition of 

components for active management developed a potential 

risk; a failure of the power conversion control board or MPPT 

module would result in a fatal discontinuation of power. This 

fact leads to a need of provision for a stable power supply 

under any circumstance. 

These preceding studies have realized and verified the 

active power management concept of hybrid systems. 

However, not much attention was paid to the quantitative 

investigation on the comparison between active and passive 

methods. 

This study proposes a new power management system 

named PMS2. The PMS2 employs a bypass circuit, which 

enables conversion between active and passive power 

management modes when triggered. Using the bypass 

circuit, the PMS2 manages individual power sources in active 

mode until it is confronted with an emergency condition 

under which the required power is supplied in passive mode. 

In order to incorporate passive management in the system 

architecture, power sources are fabricated or purchased off-

the-shelf within the same operation voltage bounds. The 

SOC range of the battery is evaluated via performance tests 

for each power source. 

The PMS2 is verified through investigation of the output 

characteristics of the hybrid system under simulated 

failures in the power sources and conversion between the 

power management modes. In addition, the difference of 

active and passive methods in terms of system efficiency is 

quantitatively analyzed.

2. Electric Power Sources

The EAV-2 is a low-speed, long-endurance UAV with a 

gross weight of 18.5kg and a wingspan of 6.9m. Its cruise 

power required is approximately 200W including 20W for the 

Flight Control Computer (FCC) and payload [17].

2.1 Solar Cell Module

The EAV-2 has the SunPower C60, a mono crystalline 

silicon solar cell, covering its wing surface. The total wing 

area of the EAV-2 is 1.92m2, of which 1.17m2 is available for 

solar cell installation. The rest of the area corresponds to the 

leading edge, which is too blunt for a solar cell, and control 

surfaces. The solar cell module consists of three parallel-

connected strings, each of which has 52 half-cells in series. 

A half-cell is a unit cell cut in half in order to cram more cells 
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1. Introduction 
 
The combustion engine has historically been the 

representative aviation propulsion system. However, the 
recent global trend toward green environment increasingly 
demands a technology shift in the propulsion systems 
from using fossil fuels to environment-friendly energy 
sources [1].  

As a fruit of intensive research, electric energy sources, 
such as solar cells, fuel cells, batteries, and capacitors, are 
evolving toward more efficient, lighter, and smaller 
devices. The improvements in electric energy sources 
have stimulated practical studies to utilize electric energy 
for transportation [2-7]. Particularly for the electric-
powered UAVs, the outlook for the commercial 
application is bright because their services can be 
expanded not only to earth observations, atmospheric 
research, and reconnaissance, but also to the replacement 
of conventional satellites [8]. Therefore, many countries 
endeavor with a high priority to develop UAVs of which 
operable altitude encompasses from ground to a very high 
level. The use of solar cells and fuel cells along with 
batteries has become central to their development of 
power sources.  

This study investigates management of three distinct 
primary power sources, i.e. the solar cell, fuel cell, and 
battery, of the EAV-2, a low-speed long-endurance UAV. 
In general, two types of management methods are 
employed when handling multiple power sources with 
different operational characteristics: passive and active 
methods. In a passive method, each power terminal is 
directly connected to the bus, and the output from the 
power source is passively controlled according to the 
system behavior [9-11]. In contrast, an active method 
employs a power management system, establishes 
control strategies, and controls the terminal voltage of 
each power source independently of the bus voltage 
[12-15].  

The authors’ preceding study of Ref. [16] presents the 
flight tests using passive management of the EAV-2’s 
hybrid power system, which consists of the solar cell, 
fuel cell, and battery. It is acknowledged from this study 
that the solar cell and fuel cell act as the main sources of 
power in the daytime and nighttime, respectively. The 
battery was engaged in case of fluctuations in the level 
of power available and momentary changes in power 
required. However, as the passive method failed to 
control the individual power outputs according to their 
characteristics, it also failed to operate the power 
sources at their optimal conditions. 

In contrast, another preceding study of Ref. [17] 
presents an active power management in flight tests for 
the same platform and the same combination of the 
hybrid power system. The power management system 
successfully controlled the individual power sources so 
that the outputs yielded the optimal operation condition 
for each power source, and the State-Of-Charge (SOC) 

level was maintained within appropriate bounds. 
However, the addition of components for active 
management developed a potential risk; a failure of the 
power conversion control board or MPPT module 
would result in a fatal discontinuation of power. This 
fact leads to a need of provision for a stable power 
supply under any circumstance.  

These preceding studies have realized and verified 
the active power management concept of hybrid 
systems. However, not much attention was paid to the 
quantitative investigation on the comparison between 
active and passive methods.  

This study proposes a new power management 
system named PMS2. The PMS2 employs a bypass 
circuit, which enables conversion between active and 
passive power management modes when triggered. 
Using the bypass circuit, the PMS2 manages individual 
power sources in active mode until it is confronted with 
an emergency condition under which the required power 
is supplied in passive mode.  

In order to incorporate passive management in the 
system architecture, power sources are fabricated or 
purchased off-the-shelf within the same operation 
voltage bounds. The SOC range of the battery is 
evaluated via performance tests for each power source.  

The PMS2 is verified through investigation of the 
output characteristics of the hybrid system under 
simulated failures in the power sources and conversion 
between the power management modes. In addition, the 
difference of active and passive methods in terms of 
system efficiency is quantitatively analyzed. 

 
2. Electric Power Sources 
 

The EAV-2 is a low-speed, long-endurance UAV with 
a gross weight of 18.5kg and a wingspan of 6.9m. Its 
cruise power required is approximately 200W including 
20W for the Flight Control Computer (FCC) and 
payload [17]. 

 
2.1 Solar Cell Module 

 
Fig. 1. Test results, Solar cell characteristics at 27~28℃. Fig. 1. Test results, Solar cell characteristics at 27~28°C.
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Fig. 2. Test results, Solar cell characteristics at 5~10℃. 

 
The EAV-2 has the SunPower C60, a mono 

crystalline silicon solar cell, covering its wing surface. 
The total wing area of the EAV-2 is 1.92m2, of which 
1.17m2 is available for solar cell installation. The rest of 
the area corresponds to the leading edge, which is too 
blunt for a solar cell, and control surfaces. The solar cell 
module consists of three parallel-connected strings, each 
of which has 52 half-cells in series. A half-cell is a unit 
cell cut in half in order to cram more cells into the 
limited space.  

Figs. 1 and 2 present the following characteristics of 
the solar cell operation: under a lower light intensity, the 
solar cell output decreases with direct proportionality 
between the current and light intensity. The current 
remains at almost a constant level until the load voltage 
reaches a threshold where the current begins to diminish. 
As the load varies, the power output also varies, even 
under the same light intensity, because power is the 
product of voltage and current. Each power-voltage 
curve has its own Maximum Power Point (MPP), where 
the cell generates maximum power. The voltage at this 
point, i.e. maximum power point voltage (Vmpp), 
increases for a lower light intensity. Under an ambient 
temperature of 27-28℃, the Vmpp ranges 24-27V 
depending on the light intensity, and the open circuit 
voltage remains constant at 32V, regardless of the light 
intensity. In contrast, under an ambient temperature 
range of 5-10℃, the Vmpp ranges 27-29V, and the open 
circuit voltage is 33.8V. It is noticeable from the 
comparison of Fig. 1 and Fig. 2 that the ambient 
temperature affects Vmpp and the open circuit voltage of 
the solar cell; a lower ambient temperature increases 
both the Vmpp and the open circuit voltage. In summary, 
the Vmpp and the open circuit voltage vary to some 
extent depending on the given environmental conditions, 
i.e. light intensity and ambient temperature. 

The PMS2 operates the solar cell module at its MPP 
through the Perturb & Observe (P&O) MPPT technique 
[18].   

 
2.2 Fuel Cell System 
 

The EAV-2 employs an AEROPAK, a PEM fuel cell 
system from Horizon Energy Systems. This particular 
fuel cell system consists of three major components: a 
stack, a hydrogen generator, and a battery pack of 6 
small Li-Po batteries in serial. The AEROPAK fuel cell 
is an integrated system of a stack unit and a chemical 
hydride-based fuel cartridge, a hydrogen generator unit. 
The total power output from the fuel cell system is the 
sum of power outputs from the stack and the batteries. 
The battery is customized with the Pro Lite V2 from 
Thunder Power RC. Fig. 3 shows the results of the 
performance test of the fuel cell system, which yields a 
peak power of 212W. The AEROPAK fuel cell system’s 
voltage range is between 21~32.5V, with the chemical 
hybrid-based fuel weighing 1kg (250g of NaBH4 + 750g 
of distilled water). The fuel cell also has the capacity of 
~900Wh. The AEROPAK fuel cell maintains its stack 
performance as it shuts off the output and short the 
stack for 100ms as it accumulates moisture inside the 
stack. This self-humidifying feature enhances the 
efficiency of the stack, while the stack output becomes 
zero during the short circuit.  

 
Fig. 3. Test results, Fuel cell characteristics. 
This fuel cell, a dead-end type, undergoes a hydrogen 
purge and repeats the stack short and hydrogen purge 
for 10 seconds each with a 5-second interlacement [19].  

The efficiency of a fuel cell system can be defined as 
the fraction of the lower heating value of hydrogen that 
is transformed into useful power. The efficiency 
calculation uses the fuel cell output value that is 
captured at a “stationary” point where the power level is 
maintained for a certain period to ensure that transient 
effects become negligible. Because the fuel cell 
efficiency reaches approximately 55% at an output 
range of 40-200W, it is beneficial for the safety of the 
system and efficiency to operate the fuel cell above the 
normal operation conditions [20, 21].  

 
2.3 Battery Pack 

Fig. 2. Test results, Solar cell characteristics at 5~10°C.
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into the limited space. 

Figures. 1 and 2 present the following characteristics 

of the solar cell operation: under a lower light intensity, 

the solar cell output decreases with direct proportionality 

between the current and light intensity. The current remains 

at almost a constant level until the load voltage reaches a 

threshold where the current begins to diminish. As the load 

varies, the power output also varies, even under the same 

light intensity, because power is the product of voltage and 

current. Each power-voltage curve has its own Maximum 

Power Point (MPP), where the cell generates maximum 

power. The voltage at this point, i.e. maximum power point 

voltage (Vmpp), increases for a lower light intensity. Under 

an ambient temperature of 27-28°C, the Vmpp ranges 24-27V 

depending on the light intensity, and the open circuit voltage 

remains constant at 32V, regardless of the light intensity. In 

contrast, under an ambient temperature range of 5-10°C, the 

Vmpp ranges 27-29V, and the open circuit voltage is 33.8V. It is 

noticeable from the comparison of Fig. 1 and Fig. 2 that the 

ambient temperature affects Vmpp and the open circuit voltage 

of the solar cell; a lower ambient temperature increases both 

the Vmpp and the open circuit voltage. In summary, the Vmpp 

and the open circuit voltage vary to some extent depending 

on the given environmental conditions, i.e. light intensity 

and ambient temperature.

The PMS2 operates the solar cell module at its MPP 

through the Perturb & Observe (P&O) MPPT technique [18].  

2.2 Fuel Cell System

The EAV-2 employs an AEROPAK, a PEM fuel cell system 

from Horizon Energy Systems. This particular fuel cell system 

consists of three major components: a stack, a hydrogen 

generator, and a battery pack of 6 small Li-Po batteries in 

serial. The AEROPAK fuel cell is an integrated system of a 

stack unit and a chemical hydride-based fuel cartridge, a 

hydrogen generator unit. The total power output from the 

fuel cell system is the sum of power outputs from the stack 

and the batteries. The battery is customized with the Pro Lite 

V2 from Thunder Power RC. Fig. 3 shows the results of the 

performance test of the fuel cell system, which yields a peak 

power of 212W. The AEROPAK fuel cell system’s voltage range 

is between 21~32.5V, with the chemical hybrid-based fuel 

weighing 1kg (250g of NaBH4 + 750g of distilled water). The 

fuel cell also has the capacity of ~900Wh. The AEROPAK fuel 

cell maintains its stack performance as it shuts off the output 

and short the stack for 100ms as it accumulates moisture 

inside the stack. This self-humidifying feature enhances the 

efficiency of the stack, while the stack output becomes zero 

during the short circuit. 

This fuel cell, a dead-end type, undergoes a hydrogen 

purge and repeats the stack short and hydrogen purge for 10 

seconds each with a 5-second interlacement [19]. 

The efficiency of a fuel cell system can be defined as  

the fraction of the lower heating value of hydrogen that is 

transformed into useful power. The efficiency calculation 

uses the fuel cell output value that is captured at a “stationary” 

point where the power level is maintained for a certain 

period to ensure that transient effects become negligible. 

Because the fuel cell efficiency reaches approximately 55% 

at an output range of 40-200W, it is beneficial for the safety 

of the system and efficiency to operate the fuel cell above the 

normal operation conditions [20, 21]. 

2.3 Battery Pack

The battery pack is fabricated with seven serially 

connected PQ4550XQ Li-Po unit cells from Enerland. The 

pack delivers a nominal voltage of 25.9V for 4.3h. The Battery 

Management System (BMS) controls the charge/discharge 

process, protects the battery from over-voltage and under-

voltage operations, and reports the operation status to the 

PMS. The tested discharge behavior of the fabricated battery 

pack is shown in Fig. 4, which indicates that an operation 

under a higher discharge current consumes capacity faster, 

resulting in a plunge in voltage. The battery pack operates 

within a range of 21.0-29.4V in practice. This voltage range 

is consistent to those of the solar and fuel cells. This fact 

confirms that the serial connection of the 7 unit cells was a 

proper selection and further indicates that the system is well 

designed, meaning that every power source operates under 

a matched voltage range. 

A single map shown in Fig. 5 represents the performance 

characteristics of all power sources discussed so far. In 

this map, the data for the solar cell are captured under a 

light intensity of 750W/m2 and an ambient temperature of 
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the fraction of the lower heating value of hydrogen that 
is transformed into useful power. The efficiency 
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27°C. Furthermore, the battery SOC reflects charging and 

discharging currents at a cruise flight condition. 

It is noticeable from Fig. 5 that the SOC range that yields 

high efficiencies for both the solar and fuel cells is 25-65%, 

which corresponds to the voltage range of 26.0-26.5V. This 

range provides only a general guide and is subject to change 

depending on the light intensity, ambient temperature, and 

the battery’s charging and discharging currents. Maintaining 

the individual power sources within this operation range is 

important for achieving a higher system efficiency. The active 

power management method is designed to control the power 

sources within this operation range. However, extra attention 

must be given to the system architecture so that each power 

source can operate as close to the optimal condition as 

possible even under passive power management.

3. Design of Power Management System2

Figure 6 illustrates the proposed power management 

architecture whose fundamental concept is a passive 

management scheme with a supplement dual-mode PMS, 

i.e. PMS2. Unlike the passive method, in which the terminals 

of solar cells and fuel cell are directly connected to the bus, 

the proposed architecture connects the power bus through 

the PMS2 that takes authority to control the power output 

of the solar cell and fuel cell. In case of failure of the MPPT 

module or processor board, the onboard bypass circuit 

with a micro CPU denies the PMS2’s authority of control, 

and directly connects the terminals of the solar cell and 

fuel cell to the bus. Therefore, the PMS2 enables the system 

to selectively operate under passive management or active 

management depending on the given situation. 

In contrast, the battery is directly connected to the 

power bus without a DC-DC converter in the same way as 

the passive method. Therefore, the power output from the 

battery is determined by the balance between the aircraft 

power required and the power available, i.e. the total output 

from the solar cell and fuel cell, which is controlled by the 

PMS2. 

3.1 System Hardware Configuration

The PMS2 consists of a main processor board, an interface 

board, an MPPT module for the solar cell, and a DC-DC 

module for the fuel cell. The main processor board employs 

a TC1797 microcontroller from Infineon and is capable of 

communication through RS-232 and USB connectors, data 

storage, DC-DC conversion control, and power control. The 

interface board measures current and voltage of the input 

and output terminals to monitor the efficiency and status of 
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The Battery Management System (BMS) controls the 
charge/discharge process, protects the battery from 
over-voltage and under-voltage operations, and reports 
the operation status to the PMS. The tested discharge 
behavior of the fabricated battery pack is shown in Fig. 
4, which indicates that an operation under a higher 
discharge current consumes capacity faster, resulting in 
a plunge in voltage. The battery pack operates within a 
range of 21.0-29.4V in practice. This voltage range is 
consistent to those of the solar and fuel cells. This fact 
confirms that the serial connection of the 7 unit cells 
was a proper selection and further indicates that the 
system is well designed, meaning that every power 
source operates under a matched voltage range.  

A single map shown in Fig. 5 represents the 
performance characteristics of all power sources 
discussed so far. In this map, the data for the solar cell 
are captured under a light intensity of 750W/m2 and an 
ambient temperature of 27℃. Furthermore, the battery 
SOC reflects charging and discharging currents at a 
cruise flight condition.  

 
Fig. 4. Test results, Battery characteristics (4.3 Ah). 

 
Fig. 5. Maximum efficiency region of power sources on battery 

V-SOC curves. 

 
It is noticeable from Fig. 5 that the SOC range that 

yields high efficiencies for both the solar and fuel cells 
is 25-65%, which corresponds to the voltage range of 
26.0-26.5V. This range provides only a general guide 
and is subject to change depending on the light intensity, 
ambient temperature, and the battery’s charging and 
discharging currents. Maintaining the individual power 
sources within this operation range is important for 
achieving a higher system efficiency. The active power 
management method is designed to control the power 
sources within this operation range. However, extra 
attention must be given to the system architecture so 
that each power source can operate as close to the 
optimal condition as possible even under passive power 
management. 
 
3. Design of Power Management System2 
 

Figure 6 illustrates the proposed power management 
architecture whose fundamental concept is a passive 
management scheme with a supplement dual-mode 
PMS, i.e. PMS2. Unlike the passive method, in which 
the terminals of solar cells and fuel cell are directly 
connected to the bus, the proposed architecture connects 
the power bus through the PMS2 that takes authority to 
control the power output of the solar cell and fuel cell. 
In case of failure of the MPPT module or processor 
board, the onboard bypass circuit with a micro CPU 
denies the PMS2’s authority of control, and directly 
connects the terminals of the solar cell and fuel cell to 
the bus. Therefore, the PMS2 enables the system to 
selectively operate under passive management or active 
management depending on the given situation.  

In contrast, the battery is directly connected to the 
power bus without a DC-DC converter in the same way 
as the passive method. Therefore, the power output 
from the battery is determined by the balance between 
the aircraft power required and the power available, i.e. 
the 

Fig. 5.  Maximum efficiency region of power sources on battery V-SOC 
curves.
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Fig. 6. Dual-mode PMS hardware architecture. 

 
total output from the solar cell and fuel cell, which is 
controlled by the PMS2.  
 
3.1 System Hardware Configuration 
 

The PMS2 consists of a main processor board, an 
interface board, an MPPT module for the solar cell, and 
a DC-DC module for the fuel cell. The main processor 
board employs a TC1797 microcontroller from Infineon 
and is capable of communication through RS-232 and 
USB connectors, data storage, DC-DC conversion 
control, and power control. The interface board 
measures current and voltage of the input and output 
terminals to monitor the efficiency and status of the DC-
DC converter.  

The solar cell MPPT module employs an SM72442, 
the MPPT controller with the P&O algorithm. This 
controller is particularly suitable for active control of 
solar cell power because of its equipped buck-boost 
converter. Three MPPT modules—one for each solar 
cell string—are fabricated, and each module delivers a 
peak power of 86W.  

The fuel cell DC-DC module employs an in-house 
DC-DC converter that fits into the 300W fuel cell. This 
DC-DC converter is a buck-boost converter that 
controls the output current using four switches, which 
are governed by LTC3789 in the PMS2. The mean 
power conversion efficiency of the DC-DC converter is 
greater than 95% at an output voltage of 26V [17]. The 
fabricated PMS2 weighs 950g in total, and its 
dimensions are 193(L)  119(W)  64.5(H) mm. 

 
3.2 Power Management Logic Configuration 
 

 
Fig. 7. Power management algorithm zoning [22]. 

 
The active power management system that this study 

employs operates all power sources in optimal 
conditions and retains a proper contingency battery 
capacity as it actively allocates appropriate amounts of 
power output to individual sources. Under the premise 
that the fuel cell works properly at its normal operation 
condition (50W - 150W), the power management 
system determines the output from each power source 
depending on the power required for loads, i.e. motor 
and FCC, and the SOC. The power required is balanced 
out by the PMS2 as it draws the primary power from the 
solar cell, of which output varies depending on the 
operation environment, and the rest of power from the 
other sources.  

Based on this foundation, the power management 
algorithm determines individual power output as shown 
in Fig. 7, where the values of the right hand side are 
assigned to the individual power outputs of the left hand 
side for each zone.  

This algorithm has been elaborated and verified in the 
preceding study of Ref. [22], and the main architecture 
is outlined as follows: 

Balanced power management can be exemplified by 
Zone 19, in which the SOC is higher than the lower 
limit, and the power required is lower than the 
maximum power available from the solar cell. 
Therefore, the PMS2 keeps the fuel cell turned off and 
maintains maximum solar cell power, i.e. the left hand 
side value, and uses the surplus power to charge 
(negative value) the battery.  

In Zones 19 and 20, where the solar cell provides 
sufficient power for propulsion, the surplus power is 
used to charge the battery. Once the battery is fully 
charged, the PMS2 draws just enough partial power 
from the solar cell to balance out the power required. 
The reduction of the solar cell output down to the level 
of power required is accomplished by increasing the 
system voltage, resulting in collateral reduction in fuel 
cell output. At the lowest extent, the fuel cell retains the 
minimum specified load of 50W in order to prevent a 

Fig. 6. Dual-mode PMS hardware architecture.
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the DC-DC converter. 

The solar cell MPPT module employs an SM72442, the 

MPPT controller with the P&O algorithm. This controller 

is particularly suitable for active control of solar cell power 

because of its equipped buck-boost converter. Three MPPT 

modules—one for each solar cell string—are fabricated, and 

each module delivers a peak power of 86W. 

The fuel cell DC-DC module employs an in-house DC-

DC converter that fits into the 300W fuel cell. This DC-DC 

converter is a buck-boost converter that controls the output 

current using four switches, which are governed by LTC3789 

in the PMS2. The mean power conversion efficiency of the 

DC-DC converter is greater than 95% at an output voltage of 

26V [17]. The fabricated PMS2 weighs 950g in total, and its 

dimensions are 193(L) × 119(W) × 64.5(H) mm.

3.2 Power Management Logic Configuration

The active power management system that this study 

employs operates all power sources in optimal conditions 

and retains a proper contingency battery capacity as it 

actively allocates appropriate amounts of power output to 

individual sources. Under the premise that the fuel cell works 

properly at its normal operation condition (50W - 150W), 

the power management system determines the output from 

each power source depending on the power required for 

loads, i.e. motor and FCC, and the SOC. The power required 

is balanced out by the PMS2 as it draws the primary power 

from the solar cell, of which output varies depending on the 

operation environment, and the rest of power from the other 

sources. 

Based on this foundation, the power management 

algorithm determines individual power output as shown in 

Fig. 7, where the values of the right hand side are assigned 

to the individual power outputs of the left hand side for each 

zone. 

This algorithm has been elaborated and verified in the 

preceding study of Ref. [22], and the main architecture is 

outlined as follows:

Balanced power management can be exemplified by Zone 

19, in which the SOC is higher than the lower limit, and the 

power required is lower than the maximum power available 

from the solar cell. Therefore, the PMS2 keeps the fuel cell 

turned off and maintains maximum solar cell power, i.e. the 

left hand side value, and uses the surplus power to charge 

(negative value) the battery. 

In Zones 19 and 20, where the solar cell provides sufficient 

power for propulsion, the surplus power is used to charge the 

battery. Once the battery is fully charged, the PMS2 draws just 

enough partial power from the solar cell to balance out the 

power required. The reduction of the solar cell output down 

to the level of power required is accomplished by increasing 

the system voltage, resulting in collateral reduction in fuel 

cell output. At the lowest extent, the fuel cell retains the 

minimum specified load of 50W in order to prevent a low 

load operation. 

In Zones 33 and 38, which mainly correspond to cruise 

conditions, the PMS2 employs the fuel cell as the primary 

power source due to its high energy density. Because the 

SOC level of the battery should be retained at 30%, the output 

of the fuel cell is regulated accordingly. The PMS2 applies 

the constrained thermostat control strategy and increases 

or decreases the fuel cell output depending on the deviation 

from the preset SOC level as shown in Eq. (1). 

6 

low load operation.  
In Zones 33 and 38, which mainly correspond to 

cruise conditions, the PMS2 employs the fuel cell as the 
primary power source due to its high energy density. 
Because the SOC level of the battery should be retained 
at 30%, the output of the fuel cell is regulated 
accordingly. The PMS2 applies the constrained 
thermostat control strategy and increases or decreases 
the fuel cell output depending on the deviation from the 
preset SOC level as shown in Eq. (1).  
 

SOC)(SOC+= Lmchg,screqfc  PPPP    (1) 
 

Where 
Pbt Battery power [W] 
Pchg,m Maximum charged power [W] 
Pfc Fuel cell power [W) 
Pfc,m Maximum fuel cell power [W] 
Preq  Power required [W] 
Psc Solar cell power-Sum of outputs from 3 solar 

cell strings [W] 
Psc,m Maximum solar cell power [W] 
SOCL Lower limit of State-Of-Charge [%] 

 
A high-rated momentary power is required in Zones 

65 and 70, which may correspond to take-off or pull-up. 
In these zones, the PMS2 consumes the battery’s power 
due to its high power density. Utilizing the battery 
requires consideration of two cases: when the battery 
capacity surpasses the SOCL, the PMS2 consumes the 
battery power as much as the shortfall in power required 
that the solar cell and fuel cell in total fail to cover. In 
contrast, when the battery runs below the SOCL, the 
operation is under a state of emergency, in which 
recovering the normal SOC level gains the highest 
priority. Therefore, the system should minimize the 
power required, and the flight mode should be switched 
accordingly. 
 
4. Validation of Dual-Mode Power 
Management System 
 
4.1 Verification Tests for Transient Solar 
Cell Output in Power Management 
Conversion  
 

The changes in output from the solar cell in the 
conversion of the power management methods are 
empirically verified as follows: 

Because the solar cell operates under active 
management unless a failure in the MPPT module is 
detected, the tests employ a switch that simulates a 
failure of the module and subsequently brings the 
passive mode into effect. The tests also employ the 

other power sources, i.e. a solar cell pack and battery 
with a SOC level of 90%, and a load bank for load. 

Under a consistent loading condition of 70W, the 
three individual solar cell strings deliver the power 
outputs as shown in Fig. 8. Applying the failure 
simulation switch leads to a transition in the type of 
power management from the active mode to the passive 
mode, resulting in 

 
Fig. 8. Test results, time history of solar cell operation under 
dual mode.  

 
variation in the surplus power of the solar cell, which 
ultimately affects battery’s output. The first three graphs 
in Fig. 8 show the power changes for the solar cell 
strings 1, 2, and 3, while the fourth graph shows the 
battery power changes. The 3 solar cell strings provide 
power actively through the MPPT module, and then, in 
the periods marked sequentially as “Solar cell#1(2, 3): 
Passive”, they use the MPPT module's failure 
simulation to convert to the passive mode and provide 
power. In the passive mode, the output terminal of the 
power source is directly connected to the power bus; 
hence, the power terminal voltage for each solar cell 
string (Vsc_1, 2, 3) becomes the same as the power bus 
voltage (Vsys), as can be observed in Fig. 8. At this time, 
the power terminal current for each solar-cell string is 
determined by the solar-cell performance curve. 

(1)

Where

Pbt Battery power [W]

Pchg,m Maximum charged power [W]

Pfc Fuel cell power [W)

Pfc,m Maximum fuel cell power [W]

Preq  Power required [W]

Psc  Solar cell power-Sum of outputs from 3 solar cell 

strings [W]

Psc,m Maximum solar cell power [W]

SOCL Lower limit of State-Of-Charge [%]

A high-rated momentary power is required in Zones 65 

and 70, which may correspond to take-off or pull-up. In these 

zones, the PMS2 consumes the battery’s power due to its high 

power density. Utilizing the battery requires consideration of 

two cases: when the battery capacity surpasses the SOCL, the 

PMS2 consumes the battery power as much as the shortfall 

in power required that the solar cell and fuel cell in total 

fail to cover. In contrast, when the battery runs below the 
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total output from the solar cell and fuel cell, which is 
controlled by the PMS2.  
 
3.1 System Hardware Configuration 
 

The PMS2 consists of a main processor board, an 
interface board, an MPPT module for the solar cell, and 
a DC-DC module for the fuel cell. The main processor 
board employs a TC1797 microcontroller from Infineon 
and is capable of communication through RS-232 and 
USB connectors, data storage, DC-DC conversion 
control, and power control. The interface board 
measures current and voltage of the input and output 
terminals to monitor the efficiency and status of the DC-
DC converter.  

The solar cell MPPT module employs an SM72442, 
the MPPT controller with the P&O algorithm. This 
controller is particularly suitable for active control of 
solar cell power because of its equipped buck-boost 
converter. Three MPPT modules—one for each solar 
cell string—are fabricated, and each module delivers a 
peak power of 86W.  

The fuel cell DC-DC module employs an in-house 
DC-DC converter that fits into the 300W fuel cell. This 
DC-DC converter is a buck-boost converter that 
controls the output current using four switches, which 
are governed by LTC3789 in the PMS2. The mean 
power conversion efficiency of the DC-DC converter is 
greater than 95% at an output voltage of 26V [17]. The 
fabricated PMS2 weighs 950g in total, and its 
dimensions are 193(L)  119(W)  64.5(H) mm. 

 
3.2 Power Management Logic Configuration 
 

 
Fig. 7. Power management algorithm zoning [22]. 

 
The active power management system that this study 

employs operates all power sources in optimal 
conditions and retains a proper contingency battery 
capacity as it actively allocates appropriate amounts of 
power output to individual sources. Under the premise 
that the fuel cell works properly at its normal operation 
condition (50W - 150W), the power management 
system determines the output from each power source 
depending on the power required for loads, i.e. motor 
and FCC, and the SOC. The power required is balanced 
out by the PMS2 as it draws the primary power from the 
solar cell, of which output varies depending on the 
operation environment, and the rest of power from the 
other sources.  

Based on this foundation, the power management 
algorithm determines individual power output as shown 
in Fig. 7, where the values of the right hand side are 
assigned to the individual power outputs of the left hand 
side for each zone.  

This algorithm has been elaborated and verified in the 
preceding study of Ref. [22], and the main architecture 
is outlined as follows: 

Balanced power management can be exemplified by 
Zone 19, in which the SOC is higher than the lower 
limit, and the power required is lower than the 
maximum power available from the solar cell. 
Therefore, the PMS2 keeps the fuel cell turned off and 
maintains maximum solar cell power, i.e. the left hand 
side value, and uses the surplus power to charge 
(negative value) the battery.  

In Zones 19 and 20, where the solar cell provides 
sufficient power for propulsion, the surplus power is 
used to charge the battery. Once the battery is fully 
charged, the PMS2 draws just enough partial power 
from the solar cell to balance out the power required. 
The reduction of the solar cell output down to the level 
of power required is accomplished by increasing the 
system voltage, resulting in collateral reduction in fuel 
cell output. At the lowest extent, the fuel cell retains the 
minimum specified load of 50W in order to prevent a 

Fig. 7. Power management algorithm zoning [22].
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SOCL, the operation is under a state of emergency, in which 

recovering the normal SOC level gains the highest priority. 

Therefore, the system should minimize the power required, 

and the flight mode should be switched accordingly.

4.  Validation of Dual-Mode Power Manage-
ment System

4.1  Verification Tests for Transient Solar Cell Output 
in Power Management Conversion 

The changes in output from the solar cell in the conversion 

of the power management methods are empirically verified 

as follows:

Because the solar cell operates under active management 

unless a failure in the MPPT module is detected, the tests 

employ a switch that simulates a failure of the module and 

subsequently brings the passive mode into effect. The tests 

also employ the other power sources, i.e. a solar cell pack 

and battery with a SOC level of 90%, and a load bank for load.

Under a consistent loading condition of 70W, the three 

individual solar cell strings deliver the power outputs as 

shown in Fig. 8. Applying the failure simulation switch leads 

to a transition in the type of power management from the 

active mode to the passive mode, resulting in variation in 

the surplus power of the solar cell, which ultimately affects 

battery’s output. The first three graphs in Fig. 8 show the 

power changes for the solar cell strings 1, 2, and 3, while 

the fourth graph shows the battery power changes. The 3 

solar cell strings provide power actively through the MPPT 

module, and then, in the periods marked sequentially as 

“Solar cell#1(2, 3): Passive”, they use the MPPT module's 

failure simulation to convert to the passive mode and 

provide power. In the passive mode, the output terminal of 

the power source is directly connected to the power bus; 

hence, the power terminal voltage for each solar cell string 

(Vsc_1, 2, 3) becomes the same as the power bus voltage 

(Vsys), as can be observed in Fig. 8. At this time, the power 

terminal current for each solar-cell string is determined by 

the solar-cell performance curve.

Table I presents the mean voltage value of each solar cell 

string under active and passive power managements. The 

values indicate that, under active management, the solar 

cell strings operate at around voltage bounds that yield 

their MPPs. The voltage varies with a standard deviation of 

±0.23V from that of the passive management because the 

MPPT controls the solar cell terminal voltage separately 

from the system voltage in order to deliver maximum power. 

In contrast, under passive management, the solar cell’s 

terminal voltage deviates from its MPP bounds because the 

system voltage determines the terminal voltage. 

The efficiency of the solar cell is the ratio between solar 

irradiation per unit area incident and the output of the 

solar cell per unit area. In this study, the area of the solar 

cell is 1.17m2 and the output created from this area has 

been used to calculate the efficiency. The on-site solar 

intensity measures 510W/m2, and the efficiency of the solar 

cell reaches 17.41% and 10.46% under active and passive 

managements, respectively. The test results confirm that the 

proposed dual mode functions properly for the solar cell, 

and active management improves the system efficiency. 

4.2  Verification Test of Active Power Management 
by Load

The outputs from the individual sources under the 

PMS2 is investigated through a ground test, which 

emulates the applied load using a load bank. The ground 

test comprises three consecutive verification tests: active 

power management verification by load (0-500 seconds), 

individual power source failure simulation for active power 

management verification (501-850 seconds), and dual 
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low load operation.  
In Zones 33 and 38, which mainly correspond to 

cruise conditions, the PMS2 employs the fuel cell as the 
primary power source due to its high energy density. 
Because the SOC level of the battery should be retained 
at 30%, the output of the fuel cell is regulated 
accordingly. The PMS2 applies the constrained 
thermostat control strategy and increases or decreases 
the fuel cell output depending on the deviation from the 
preset SOC level as shown in Eq. (1).  
 

SOC)(SOC+= Lmchg,screqfc  PPPP    (1) 
 

Where 
Pbt Battery power [W] 
Pchg,m Maximum charged power [W] 
Pfc Fuel cell power [W) 
Pfc,m Maximum fuel cell power [W] 
Preq  Power required [W] 
Psc Solar cell power-Sum of outputs from 3 solar 

cell strings [W] 
Psc,m Maximum solar cell power [W] 
SOCL Lower limit of State-Of-Charge [%] 

 
A high-rated momentary power is required in Zones 

65 and 70, which may correspond to take-off or pull-up. 
In these zones, the PMS2 consumes the battery’s power 
due to its high power density. Utilizing the battery 
requires consideration of two cases: when the battery 
capacity surpasses the SOCL, the PMS2 consumes the 
battery power as much as the shortfall in power required 
that the solar cell and fuel cell in total fail to cover. In 
contrast, when the battery runs below the SOCL, the 
operation is under a state of emergency, in which 
recovering the normal SOC level gains the highest 
priority. Therefore, the system should minimize the 
power required, and the flight mode should be switched 
accordingly. 
 
4. Validation of Dual-Mode Power 
Management System 
 
4.1 Verification Tests for Transient Solar 
Cell Output in Power Management 
Conversion  
 

The changes in output from the solar cell in the 
conversion of the power management methods are 
empirically verified as follows: 

Because the solar cell operates under active 
management unless a failure in the MPPT module is 
detected, the tests employ a switch that simulates a 
failure of the module and subsequently brings the 
passive mode into effect. The tests also employ the 

other power sources, i.e. a solar cell pack and battery 
with a SOC level of 90%, and a load bank for load. 

Under a consistent loading condition of 70W, the 
three individual solar cell strings deliver the power 
outputs as shown in Fig. 8. Applying the failure 
simulation switch leads to a transition in the type of 
power management from the active mode to the passive 
mode, resulting in 

 
Fig. 8. Test results, time history of solar cell operation under 
dual mode.  

 
variation in the surplus power of the solar cell, which 
ultimately affects battery’s output. The first three graphs 
in Fig. 8 show the power changes for the solar cell 
strings 1, 2, and 3, while the fourth graph shows the 
battery power changes. The 3 solar cell strings provide 
power actively through the MPPT module, and then, in 
the periods marked sequentially as “Solar cell#1(2, 3): 
Passive”, they use the MPPT module's failure 
simulation to convert to the passive mode and provide 
power. In the passive mode, the output terminal of the 
power source is directly connected to the power bus; 
hence, the power terminal voltage for each solar cell 
string (Vsc_1, 2, 3) becomes the same as the power bus 
voltage (Vsys), as can be observed in Fig. 8. At this time, 
the power terminal current for each solar-cell string is 
determined by the solar-cell performance curve. 

Fig. 8.  Test results, time history of solar cell operation under dual 
mode. 
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mode failure simulation for passive power management 

verification (851-1340 seconds.) 

The primary acquisition parameters of the test are the 

output from each power source, voltages of the solar cell 

and fuel cell measured at the PMS2 input terminal, system 

voltage measured at the PMS2 output terminal, battery SOC, 

and PowerDist, a 2-digit indicator that shows whether the 

power management algorithm is applied to the particular 

management zone. These parameters are measured or 

calculated in real time and stored at a frequency of 10Hz. 

Figure 9 shows the dynamic behavior and power allocation 

histories of each power source by applied step load. This 

verification process is the first part of the ground test and 

lasts for 500 seconds. 

It is noticeable from the figure that the system voltage 

increases by a small amount before the load is applied. 

This is because the initial battery SOC is 60%, which is less 

than the 95% threshold, and therefore the solar cell charges 

the battery (negative sign.) As the fuel cell operates at the 

minimum specified load of 50W, which is the minimum 

amount that prevents a low load operation, this condition 

corresponds to Zone 19 of the power allocation. 

The initial setup is followed by a test that simulates a take-

off procedure. Considering flight conditions that require 

significant power, the load is reduced from 500W to 200W 

at 100W intervals. Until the load drops to 300W, the power 

supply from both solar cell and fuel cell is insufficient to 

sustain the condition. Because the battery SOC is greater 

than 30% at this moment, the condition corresponds to Zone 

70, in which the battery covers the shortfall in power balance. 

It is noticeable from the figure that the engagement of the 

battery leads to a change in the system voltage, which follows 

the step load variation. As active management is engaged 

throughout the test, the fuel cell output is consistently 

retained at 160W, regardless of the system voltage. 

The time history of the system voltage (Vsys) confirms that 

the battery successfully regulates both the solar cell output 

voltage (Vsc_in), which fluctuates to retain the maximum 

power output, and fuel cell output voltage (Vfc_in), which 

varies depending on the operational behavior. The variations 

in the solar cell voltage and fuel cell voltage are above and 

below the system voltage, respectively. Therefore, the buck 

mode and boost mode of the DC-DC converter are engaged 

to equalize the PMS2 terminal voltages and system voltage. 

When the load is stable at 200W, the outputs from the solar 

cell and fuel cell are sufficient to cover the power required. 

This condition corresponds to Zone 38 where the fuel cell 

reduces its power by the SOC balance to maintain the SOC 

level at 30%. 

The solar cell operates at its MPP throughout the test 

regardless of the load. The results confirm that throughout 

the simulation, i.e. before and after take-off, the output from 

each power source is actively controlled by the management 

logic in accordance to the power allocation zoning. 

4.3  Verification of Active Power Management 
through Power Source Failure Simulation

Figure 10 shows the dynamic behavior of each power 

source under simulated failures. This test immediately 

follows the previous test, and the failure is simulated as the 

circuit breakers are applied to the power source terminals 

in order of the fuel cell, the solar cell, and the battery. A 
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Table I presents the mean voltage value of each solar 
cell string under active and passive power managements. 
The values indicate that, under active management, the 
solar cell strings operate at around voltage bounds that 
yield their MPPs. The voltage varies with a standard 
deviation of ±0.23V from that of the passive 
management because the MPPT controls the solar cell 
terminal voltage separately from the system voltage in 
order to deliver maximum power. In contrast, under 
passive management, the solar cell’s terminal voltage 
deviates from its MPP bounds because the system 
voltage determines the terminal voltage.  

The efficiency of the solar cell is the ratio between 
solar irradiation per unit area incident and the output of 
the solar cell per unit area. In this study, the area of the 
solar cell is 1.17m2 and the output created from this area 
has been used to calculate the efficiency. The on-site 
solar intensity measures 510W/m2, and the efficiency of 
the solar cell reaches 17.41% and 10.46% under active 
and passive managements, respectively. The test results 
confirm that the proposed dual mode functions properly 
for the solar cell, and active management improves the 
system efficiency.  

 
4.2 Verification Test of Active Power 
Management by Load 
 

The outputs from the individual sources under the 
PMS2 is investigated through a ground test, which 
emulates the applied load using a load bank. The ground 
test comprises three consecutive verification tests: 
active power management verification by load (0-500 
seconds), individual power source failure simulation for 
active power management verification (501-850 
seconds), and dual mode failure simulation for passive 
power management verification (851-1340 seconds.)  

The primary acquisition parameters of the test are the 
output from each power source, voltages of the solar 
cell and fuel cell measured at the PMS2 input terminal, 
system voltage measured at the PMS2 output terminal, 
battery SOC, and PowerDist, a 2-digit indicator that 
shows whether the power management algorithm is 
applied to the particular management zone. These 
parameters are measured or calculated in real time and 
stored at a frequency of 10Hz.  

Figure 9 shows the dynamic behavior and power 
allocation histories of each power source by applied 

step load. This verification process is the first part of the 
ground test and lasts for 500 seconds.  

 
Fig. 9. Test results, time history of step load response under 
active power management.  

 
It is noticeable from the figure that the system 

voltage increases by a small amount before the load is 
applied. This is because the initial battery SOC is 60%, 
which is less than the 95% threshold, and therefore the 
solar cell charges the battery (negative sign.) As the fuel 
cell operates at the minimum specified load of 50W, 
which is the minimum amount that prevents a low load 
operation, this condition corresponds to Zone 19 of the 
power allocation.  

The initial setup is followed by a test that simulates a 
take-off procedure. Considering flight conditions that 
require significant power, the load is reduced from 
500W to 200W at 100W intervals. Until the load drops 
to 300W, the power supply from both solar cell and fuel 
cell is insufficient to sustain the condition. Because the 
battery SOC is greater than 30% at this moment, the 
condition corresponds to Zone 70, in which the battery 
covers the shortfall in power balance. It is noticeable 
from the figure that the engagement of the battery leads 
to a change in the system voltage, which follows the 
step load variation. As active management is engaged 
throughout the test, the fuel cell output is consistently 

 
Table 1. Output voltage and power under active and passive managements. 

 

No. of 
string 

Power [W] Voltage [V] Efficiency[%] 
Active 
method 

Passive 
method 

Active 
method 

Passive 
method 

Active 
method 

Passive 
method 

1 34.5 20.9  24.3  29.0  17.35 10.51 
2 34.8 20.9  24.5  29.0  17.50 10.51 
3 34.6 20.6  24.6  29.2  17.40 10.36 

Fig. 9.  Test results, time history of step load response under active 
power management. 
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Table I presents the mean voltage value of each solar 
cell string under active and passive power managements. 
The values indicate that, under active management, the 
solar cell strings operate at around voltage bounds that 
yield their MPPs. The voltage varies with a standard 
deviation of ±0.23V from that of the passive 
management because the MPPT controls the solar cell 
terminal voltage separately from the system voltage in 
order to deliver maximum power. In contrast, under 
passive management, the solar cell’s terminal voltage 
deviates from its MPP bounds because the system 
voltage determines the terminal voltage.  

The efficiency of the solar cell is the ratio between 
solar irradiation per unit area incident and the output of 
the solar cell per unit area. In this study, the area of the 
solar cell is 1.17m2 and the output created from this area 
has been used to calculate the efficiency. The on-site 
solar intensity measures 510W/m2, and the efficiency of 
the solar cell reaches 17.41% and 10.46% under active 
and passive managements, respectively. The test results 
confirm that the proposed dual mode functions properly 
for the solar cell, and active management improves the 
system efficiency.  

 
4.2 Verification Test of Active Power 
Management by Load 
 

The outputs from the individual sources under the 
PMS2 is investigated through a ground test, which 
emulates the applied load using a load bank. The ground 
test comprises three consecutive verification tests: 
active power management verification by load (0-500 
seconds), individual power source failure simulation for 
active power management verification (501-850 
seconds), and dual mode failure simulation for passive 
power management verification (851-1340 seconds.)  

The primary acquisition parameters of the test are the 
output from each power source, voltages of the solar 
cell and fuel cell measured at the PMS2 input terminal, 
system voltage measured at the PMS2 output terminal, 
battery SOC, and PowerDist, a 2-digit indicator that 
shows whether the power management algorithm is 
applied to the particular management zone. These 
parameters are measured or calculated in real time and 
stored at a frequency of 10Hz.  

Figure 9 shows the dynamic behavior and power 
allocation histories of each power source by applied 

step load. This verification process is the first part of the 
ground test and lasts for 500 seconds.  

 
Fig. 9. Test results, time history of step load response under 
active power management.  

 
It is noticeable from the figure that the system 

voltage increases by a small amount before the load is 
applied. This is because the initial battery SOC is 60%, 
which is less than the 95% threshold, and therefore the 
solar cell charges the battery (negative sign.) As the fuel 
cell operates at the minimum specified load of 50W, 
which is the minimum amount that prevents a low load 
operation, this condition corresponds to Zone 19 of the 
power allocation.  

The initial setup is followed by a test that simulates a 
take-off procedure. Considering flight conditions that 
require significant power, the load is reduced from 
500W to 200W at 100W intervals. Until the load drops 
to 300W, the power supply from both solar cell and fuel 
cell is insufficient to sustain the condition. Because the 
battery SOC is greater than 30% at this moment, the 
condition corresponds to Zone 70, in which the battery 
covers the shortfall in power balance. It is noticeable 
from the figure that the engagement of the battery leads 
to a change in the system voltage, which follows the 
step load variation. As active management is engaged 
throughout the test, the fuel cell output is consistently 
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No. of 
string 
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Active 
method 

Passive 
method 
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constant load of 200W is applied throughout the test. 

From the moment that the fuel cell power is disconnected, 

the sole power available from the solar cell is insufficient 

to balance out the power required of 200W. Therefore, the 

battery is immediately engaged to cover the power balance. 

Although the engagement of the battery leads to a system 

voltage drop, the solar cell independently maintains its output 

roughly at the MPP bounds. This condition corresponds to 

Zone 38, and this zoning is consistently maintained before 

and after the disconnection of the fuel cell.

In the next failure simulation, which corresponds to Zone 

70 only the solar cell is disconnected for one minute while 

the other power sources are kept on. From the moment that 

the solar cell is disconnected, the power management logic 

draws the maximum power of 160W from the fuel cell and 

the rest of the power balance from the battery. 

In the last failure simulation, the battery is disconnected 

for one minute while all the other power sources are kept on. 

The loss of connection to the battery implies that no system 

voltage regulator is available. Consequently, at the moment 

of loss of battery, the system voltage jumps from 25.8V to 

29.4V. When the battery is disconnected, the condition 

corresponds to Zone 38, in which the total output from the 

solar cell and fuel cell is sufficient to balance out the power 

required of 200W. The solar cell operates at its peak power, 

while the fuel cell covers the rest of the power balance. 

Therefore, any variation in the output of the solar cell directly 

affects that of the fuel cell. 

As soon as the battery is back on, the system begins to 

charge the battery using the surplus power of the fuel cell. 

The transition from disconnection to the charging mode 

is so prompt that the fluctuation in the system voltage is 

insignificant.

4.4  Verification of Passive Power Management 
through Dual Mode Failure Simulation

The dual-mode management strategy allows the 

operation of the solar cell and fuel cell via either the active or 

passive management. The active management is the primary 

method used to control the power source, and the PMS2 

engages the passive management whenever it is needed. 

The dynamic behavior of each power source under passive 

management is shown in Fig. 11. Passive management is 

intentionally engaged as the bypass condition is applied to 

one power source at a time for the fuel cell and solar cell. A 

constant load of 200W is applied throughout the test. 

The bypass condition of the fuel cell is engaged using a 

reset switch that simulates a failure in the processor board. 

Triggering this reset switch activates the passive power 

supply from the fuel cell through the bypass circuit. 

The fuel cell, which delivers a consistent power of 110W 

under active management, repeats the purge and short with 

a 5-second interlacement after the transition to passive 

management. This yields a variable output range of 0-75W. 

Under passive management, the output fluctuation that 

is inherent in the fuel cell operation directly affects the 

system voltage. However, the battery, which acts as a voltage 
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retained at 160W, regardless of the system voltage.  
The time history of the system voltage (Vsys) confirms 

that the battery successfully regulates both the solar cell 
output voltage (Vsc_in), which fluctuates to retain the 
maximum power output, and fuel cell output voltage 
(Vfc_in), which varies depending on the operational 
behavior. The variations in the solar cell voltage and 
fuel cell voltage are above and below the system voltage, 
respectively. Therefore, the buck mode and boost mode 
of the DC-DC converter are engaged to equalize the 
PMS2 terminal voltages and system voltage.  

When the load is stable at 200W, the outputs from the 
solar cell and fuel cell are sufficient to cover the power 
required. This condition corresponds to Zone 38 where 
the fuel cell reduces its power by the SOC balance to 
maintain the SOC level at 30%.  

The solar cell operates at its MPP throughout the test 
regardless of the load. The results confirm that 
throughout the simulation, i.e. before and after take-off, 
the output from each power source is actively controlled 
by the management logic in accordance to the power 
allocation zoning.  

 
4.3 Verification of Active Power 
Management through Power Source Failure 
Simulation 
 

Figure 10 shows the dynamic behavior of each power 
source under simulated failures. This test immediately 
follows the previous test, and the failure is simulated as 
the circuit breakers are applied to the power source 
terminals in order of the fuel cell, the solar cell, and the 
battery. A constant load of 200W is applied throughout 
the test.  

From the moment that the fuel cell power is 
disconnected, the sole power available from the solar 
cell is insufficient to balance out the power required of 
200W. Therefore, the battery is immediately engaged to 
cover the power balance. Although the engagement of 
the battery leads to a system voltage drop, the solar cell 
independently maintains its output roughly at the MPP 
bounds. This condition corresponds to Zone 38, and this 
zoning is consistently maintained before and after the 
disconnection of the fuel cell. 

In the next failure simulation, which corresponds to 
Zone 70 only the solar cell is disconnected for one 
minute 
 

 
Fig. 10.  Test results, time history of power source failure 
simulation under active management.  

while the other power sources are kept on. From the 
moment that the solar cell is disconnected, the power 
management logic draws the maximum power of 160W 
from the fuel cell and the rest of the power balance from 
the battery.  

In the last failure simulation, the battery is 
disconnected for one minute while all the other power 
sources are kept on. The loss of connection to the 
battery implies that no system voltage regulator is 
available. Consequently, at the moment of loss of 
battery, the system voltage jumps from 25.8V to 29.4V. 
When the battery is disconnected, the condition 
corresponds to Zone 38, in which the total output from 
the solar cell and fuel cell is sufficient to balance out the 
power required of 200W. The solar cell operates at its 
peak power, while the fuel cell covers the rest of the 
power balance. Therefore, any variation in the output of 
the solar cell directly affects that of the fuel cell.  

As soon as the battery is back on, the system begins 
to charge the battery using the surplus power of the fuel 
cell. The transition from disconnection to the charging 
mode is so prompt that the fluctuation in the system 
voltage is insignificant. 

 
4.4 Verification of Passive Power 
Management through Dual Mode Failure 
Simulation 
 

The dual-mode management strategy allows the 
operation of the solar cell and fuel cell via either the 
active or passive management. The active management 
is the primary method used to control the power source, 
and the PMS2 engages the passive management 
whenever it is needed. The dynamic behavior of each 
power source under passive management is shown in 

Fig. 10.  Test results, time history of power source failure simulation 
under active management. 
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Fig. 11. Passive management is intentionally engaged as 
the bypass condition is applied to one power source at a 
time for the fuel cell and solar cell. A constant load of 
200W is applied throughout the test.  

The bypass condition of the fuel cell is engaged using 
a reset switch that simulates a failure in the processor 
board. Triggering this reset switch activates the passive 
power supply from the fuel cell through the bypass 
circuit.  

The fuel cell, which delivers a consistent power of 
110W under active management, repeats the purge and 
short with a 5-second interlacement after the transition 
to passive management. This yields a variable output 
range of 0-75W.  

 
Fig. 11. Test results, time history of dual mode failure simulation 
under passive management.  

 
Under passive management, the output fluctuation 

that is inherent in the fuel cell operation directly affects 
the system voltage. However, the battery, which acts as 
a voltage regulator, compensates for this fluctuation. 

Because the fuel cell delivers power greater than 
40W in both active and passive modes, the efficiency of 
the fuel cell system reaches approximately 55%. 

The processor board failure simulation is followed by 
another failure simulation of the MPPT module at the 
1025 second mark. This failure simulation confirms that 
the passive management is fully functional when both 
the solar cell and fuel cell are in operation.  

The on-site solar intensity measures 520W/m2 at an 
ambient temperature of 2.2℃. Under this test condition, 
the solar cell delivers an efficiency of 16.12% and 15.78% 
for active management and passive management, 
respectively. In other words, unlike the results from the 
dual mode verification for the solar cell shown in 
Section 4.1, the different types of management yield 
only a small difference of 0.34% in efficiency. The 
reason is as follows:  

The SOC in the dual mode verification tests and 
grounds tests for the solar cell are 90% and 50%, 
respectively. The SOC of 50% is within the desirable 
range of 25-65% in which both the solar and fuel cells 
yield a high efficiency as shown in Fig. 5. Because the 
output terminal voltages of the fuel and solar cells in 
passive mode are determined by the system voltage, the 
difference in efficiency between active and passive 
modes is not significant, as long as the SOC remains in 
the desirable range. In contrast, for an SOC outside the 
25-65% range, the active management yields a higher 
system efficiency. 

Table 2 shows the power consumption from each 
source for cruise power required of 200W in active and 
passive modes. The solar cell contributes 49% and 48% 
of the total power in active and passive modes, 
respectively. This fact leads to the fact that 
improvements in the solar cell power directly results in 
improvements in system power. As soon as the load is 
removed at the end of the test, the condition turns to 
Zone 19, where the fuel cell retains the minimum 
allowed power of 50W, and the surplus power from the 
solar cell is used to charge the battery. 

 
5. Conclusion 
 

This study investigated the hybrid electric power 
system of the UAV with a cruise power of 200W. The 
subject UAV employs a solar cell, a fuel cell, and a 
battery as its power sources. In the case where various 
kinds of power sources are involved, the power 
management strategies can be classified as either an 
active method or a passive method.  

The power sources of the same operation voltage 
bounds were fabricated or purchased, and a dual-mode 
PMS named PMS2, which is characterized by an 
additional bypass circuit, was developed. The bypass 
circuit conducts transition from the active mode to the 
passive mode in case of an emergency situation.  

Table 2. Test results, the power consumption under active and passive managements. 

 

Power 
source 

Active method Passive method 
Power [W] Portion[%] Efficiency[%] Power [W] Portion[%] Efficiency[%]

Solar cell 98.1 49.0 16.12 96.0 48.0 15.78 
Fuel cell 111.7 55.9 55.0 80.0 40.0 55.0 
Battery -9.8 -4.9 - 24.0 12.0 - 

Fig. 11.  Test results, time history of dual mode failure simulation un-
der passive management. 
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regulator, compensates for this fluctuation.

Because the fuel cell delivers power greater than 40W in 

both active and passive modes, the efficiency of the fuel cell 

system reaches approximately 55%.

The processor board failure simulation is followed by 

another failure simulation of the MPPT module at the 1025 

second mark. This failure simulation confirms that the 

passive management is fully functional when both the solar 

cell and fuel cell are in operation. 

The on-site solar intensity measures 520W/m2 at an 

ambient temperature of 2.2°C. Under this test condition, 

the solar cell delivers an efficiency of 16.12% and 15.78% for 

active management and passive management, respectively. 

In other words, unlike the results from the dual mode 

verification for the solar cell shown in Section 4.1, the 

different types of management yield only a small difference 

of 0.34% in efficiency. The reason is as follows: 

The SOC in the dual mode verification tests and grounds 

tests for the solar cell are 90% and 50%, respectively. The SOC 

of 50% is within the desirable range of 25-65% in which both 

the solar and fuel cells yield a high efficiency as shown in Fig. 

5. Because the output terminal voltages of the fuel and solar 

cells in passive mode are determined by the system voltage, 

the difference in efficiency between active and passive modes 

is not significant, as long as the SOC remains in the desirable 

range. In contrast, for an SOC outside the 25-65% range, the 

active management yields a higher system efficiency.

Table 2 shows the power consumption from each source 

for cruise power required of 200W in active and passive 

modes. The solar cell contributes 49% and 48% of the total 

power in active and passive modes, respectively. This fact 

leads to the fact that improvements in the solar cell power 

directly results in improvements in system power. As soon as 

the load is removed at the end of the test, the condition turns 

to Zone 19, where the fuel cell retains the minimum allowed 

power of 50W, and the surplus power from the solar cell is 

used to charge the battery.

5. Conclusion

This study investigated the hybrid electric power system 

of the UAV with a cruise power of 200W. The subject UAV 

employs a solar cell, a fuel cell, and a battery as its power 

sources. In the case where various kinds of power sources are 

involved, the power management strategies can be classified 

as either an active method or a passive method. 

The power sources of the same operation voltage bounds 

were fabricated or purchased, and a dual-mode PMS named 

PMS2, which is characterized by an additional bypass circuit, 

was developed. The bypass circuit conducts transition from 

the active mode to the passive mode in case of an emergency 

situation. 

The proposed dual-mode management was verified 

through various tests. The capability of power build-up 

with various power source combinations under active 

management was verified through the load variation and 

power source failure simulations. The verification of the solar 

cell and fuel cell operations under passive management was 

conducted through the MPPT module failure simulation 

and processor board failure simulation. The results are 

summarized as follows:  

A.  Under a battery SOC of 90%, the solar cell delivers 

efficiencies of 17.41% and 10.51% in active and passive 

modes, respectively. This indicates that the active 

power management improved the solar cell efficiency 

by 6.9%.

B.  Under a battery SOC of 50%, the solar cell efficiencies 

are 16.12% and 15.78% in active and passive modes, 

respectively. The difference in efficiency is only 0.34%. 

This indicates that for a battery SOC of 50%, the active 

method and passive method do not result in a significant 

difference in system efficiency. This is because the SOC 

is within the desirable range of 25-65% where both of 

the solar and fuel cells yield a high efficiency

C.  Fuel cell system efficiency is approximately 55% in both 

active and passive modes, and no significant difference 

is found between the modes. Because the primary 

contributor of the power is the solar cell, which delivers 

approximately half the total power, its efficiency also 

plays a primary role in system efficiency. Therefore, 

the active method, which ensures that the operation 

of solar cell operates near the MPP, even though slight 

deviations may occur, can generally deliver higher 

Table 2. Test results, the power consumption under active and passive managements.

9 

Fig. 11. Passive management is intentionally engaged as 
the bypass condition is applied to one power source at a 
time for the fuel cell and solar cell. A constant load of 
200W is applied throughout the test.  

The bypass condition of the fuel cell is engaged using 
a reset switch that simulates a failure in the processor 
board. Triggering this reset switch activates the passive 
power supply from the fuel cell through the bypass 
circuit.  

The fuel cell, which delivers a consistent power of 
110W under active management, repeats the purge and 
short with a 5-second interlacement after the transition 
to passive management. This yields a variable output 
range of 0-75W.  

 
Fig. 11. Test results, time history of dual mode failure simulation 
under passive management.  

 
Under passive management, the output fluctuation 

that is inherent in the fuel cell operation directly affects 
the system voltage. However, the battery, which acts as 
a voltage regulator, compensates for this fluctuation. 

Because the fuel cell delivers power greater than 
40W in both active and passive modes, the efficiency of 
the fuel cell system reaches approximately 55%. 

The processor board failure simulation is followed by 
another failure simulation of the MPPT module at the 
1025 second mark. This failure simulation confirms that 
the passive management is fully functional when both 
the solar cell and fuel cell are in operation.  

The on-site solar intensity measures 520W/m2 at an 
ambient temperature of 2.2℃. Under this test condition, 
the solar cell delivers an efficiency of 16.12% and 15.78% 
for active management and passive management, 
respectively. In other words, unlike the results from the 
dual mode verification for the solar cell shown in 
Section 4.1, the different types of management yield 
only a small difference of 0.34% in efficiency. The 
reason is as follows:  

The SOC in the dual mode verification tests and 
grounds tests for the solar cell are 90% and 50%, 
respectively. The SOC of 50% is within the desirable 
range of 25-65% in which both the solar and fuel cells 
yield a high efficiency as shown in Fig. 5. Because the 
output terminal voltages of the fuel and solar cells in 
passive mode are determined by the system voltage, the 
difference in efficiency between active and passive 
modes is not significant, as long as the SOC remains in 
the desirable range. In contrast, for an SOC outside the 
25-65% range, the active management yields a higher 
system efficiency. 

Table 2 shows the power consumption from each 
source for cruise power required of 200W in active and 
passive modes. The solar cell contributes 49% and 48% 
of the total power in active and passive modes, 
respectively. This fact leads to the fact that 
improvements in the solar cell power directly results in 
improvements in system power. As soon as the load is 
removed at the end of the test, the condition turns to 
Zone 19, where the fuel cell retains the minimum 
allowed power of 50W, and the surplus power from the 
solar cell is used to charge the battery. 

 
5. Conclusion 
 

This study investigated the hybrid electric power 
system of the UAV with a cruise power of 200W. The 
subject UAV employs a solar cell, a fuel cell, and a 
battery as its power sources. In the case where various 
kinds of power sources are involved, the power 
management strategies can be classified as either an 
active method or a passive method.  

The power sources of the same operation voltage 
bounds were fabricated or purchased, and a dual-mode 
PMS named PMS2, which is characterized by an 
additional bypass circuit, was developed. The bypass 
circuit conducts transition from the active mode to the 
passive mode in case of an emergency situation.  

Table 2. Test results, the power consumption under active and passive managements. 

 

Power 
source 

Active method Passive method 
Power [W] Portion[%] Efficiency[%] Power [W] Portion[%] Efficiency[%]

Solar cell 98.1 49.0 16.12 96.0 48.0 15.78 
Fuel cell 111.7 55.9 55.0 80.0 40.0 55.0 
Battery -9.8 -4.9 - 24.0 12.0 - 
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levels of efficiency compared to the passive method.

D.  The active mode maintains the fuel cell output within 

the range of 50W and 160W. In contrast, the passive 

mode yields a fluctuation in output that ranges from 0 to 

75W. This is due to the fuel cell’s characteristic periodic 

purge and short that occur every five seconds. The 

fluctuation in the fuel cell output directly propagates 

to the system voltage. However, when the battery is 

engaged, the system voltage is compensated by the 

battery as it acts as a voltage regulator.
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