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Abstract

Modelling of a fuel cell propulsion system for

multicopters

M. Kapp

Department of Mechanical and Mechatronic Engineering,
University of Stellenbosch,

Private Bag X1, Matieland 7602, South Africa.

Thesis: MEng (Mech)

April 2019

Multirotors are used in many applications - PwC predicts that drones have a
potential market value of $ 127.3 bn. It is expected that if beyond-visual-line-
of-sight becomes legalized, current multirotor �ight time will be insu�cient
in these applications, and investment in increasing multirotor �ight time will
increase. The most mature technology to increase multirotor UAV �ight time
is fuel cells. This technology has been proven to increase the �ight time two-
to threefold, compared to LiPo-based multirotors, the current state-of-the-art
technology. However, these multirotor systems are more complex to design,
and no publicly-available software design tools exist.

In order to solve this, a software design tool was developed. The compo-
nents of a fuel cell multirotor system were modelled. Models were developed
in Matlab/SimscapeTM. Experimental data was obtained using either the au-
thor's own experiments, data from manufacturers or data found in literature.
The experimental data was then used to identify the unknown model constants.

The component models are quite accurate, with the error mostly being
small in comparison to the e�ect of varying a parameter. Also, %RMSE values
are mostly below 3% and the R2 values are all greater than 0.97.

These component models were combined to form a design tool. The useful-
ness of the design tool was demonstrated by running a preliminary optimization
study - the �ight time was maximized with battery remaining state of charge
as a constraint. A theoretical design was obtained with 2.39 hours �ight time
and 38 % SOC remaining.

iii

Stellenbosch University  https://scholar.sun.ac.za



Uittreksel

Modellering van 'n brandstofsel-stelsel vir hommeltuie

(�Modelling of a fuel cell propulsion system for multicopters�)

M. Kapp

Departement Meganiese en Megatroniese Ingenieurswese,
Universiteit van Stellenbosch,

Privaatsak X1, Matieland 7602, Suid Afrika.

Tesis: MIng (Meg)

April 2019

Multirotors word in baie toepassings gebruik - PwC voorspel dat drones
'n potensiële markwaarde van $ 127,3 miljard het. Daar word verwag dat
indien die buite-visuele lyn van sig gewettig word, die huidige multirotoriese
vlugtyd onvoldoende sal wees in hierdie aansoeke, en belegging in toenemende
multirotoriese vlugtyd sal toeneem. Die mees volwasse tegnologie om multi-
rotoriese UAV-vlugtyd te verhoog, is brandstofselle. Hierdie tegnologie het
bewys dat die vlugtyd twee- tot drievoudig vergroot word, in vergelyking met
LiPo-gebaseerde multirotors, die huidige state-of-the-art tegnologie. Hierdie
multirotor-stelsels is egter meer kompleks om te ontwerp, en daar bestaan
geen publieke beskikbare sagtewareontwerpgereedskap nie.

Om dit op te los, is 'n sagteware-ontwerpinstrument ontwikkel. Die kom-
ponente van 'n brandstofsel multirotoriese stelsel is gemodelleer. Modelle is
ontwikkel in Matlab/SimscapeTM. Eksperimentele data is verkry deur gebruik
te maak van óf die outeur se eie eksperimente, data van vervaardigers of data
wat in die literatuur voorkom. Die eksperimentele data is dan gebruik om die
onbekende modelkonstantes te identi�seer.

Die komponentmodelle is redelik akkuraat, met die fout meestal klein in
vergelyking met die e�ek om 'n parameter te verander. Ook, % RMSE waardes
is meestal minder as 3 % en die R2 waardes is almal groter as 0.97.

Hierdie komponentmodelle is gekombineer om 'n ontwerpgereedskap te
vorm. Die nut van die ontwerpgereedskap is getoon deur 'n voorlopige optima-
liseringsstudie uit te voer. Die vlugtyd is gemaksimeer met die oorblywende
toestand van die battery as 'n beperking. 'n Teoretiese ontwerp is verkry met
2.39 hure vlugtyd en 38 % SOC oorblywend.
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K Empirical constant . . . . . . . . . . . . . . . . . . . . . . [ ]

k Empirical constant . . . . . . . . . . . . . . . . . . . . . . [ ]

L Inductance . . . . . . . . . . . . . . . . . . . . . . . . . . . [H ]

m Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ kg ]

ṁ Mass �owrate . . . . . . . . . . . . . . . . . . . . . . . . . . [ g/s ]

N Filter coe�cient . . . . . . . . . . . . . . . . . . . . . . . . [ ]

N Number of cells . . . . . . . . . . . . . . . . . . . . . . . . [ ]

P Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [W ]

P Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Pa, bar ]

P Proportional control gain . . . . . . . . . . . . . . . . . . [ ]

Q Torque . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [N·m ]

R Resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Ω ]

T Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . [K ]

T Thrust . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [N ]

t Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ s ]

V Voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Volts ]

Z Impedance . . . . . . . . . . . . . . . . . . . . . . . . . . . [Ω ]

z State of charge . . . . . . . . . . . . . . . . . . . . . . . . . [ ]

α Duty cycle, throttle . . . . . . . . . . . . . . . . . . . . . . [ ]

η E�ciency . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ ]

∆t Timestep . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ s ]

λ Stoichiometry . . . . . . . . . . . . . . . . . . . . . . . . . . [ ]

ω Angular velocity . . . . . . . . . . . . . . . . . . . . . . . . [ rad/s ]

ρ Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ km/m3 ]

Subscripts

bat Battery
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NOMENCLATURE xv

bmc Maximum voltage to which battery is charged

CC Constant-current

cond Conduction

D Drain

DD Drain-to-drain

DS Drain-to-source

i Discrete value current timestep

int Internal

f Friction

n Nominal

n Number

OC Open circuit

P Propeller

SW Switching

Q Torque

T Thrust

threshold Minimum allowable value

0 Maximum, initial or no-load value
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Chapter 1

Introduction

1.1 Background

1.1.1 Drone overview

Unmanned Aerial Vehicles (UAV's) can be grouped into three main groups:
�xed-wing UAV's, multirotor UAV's and hybrids (a combination of these). All
these types of UAV's are loosely referred to as drones. Multirotor UAV's will
be the focus of this work.

PWC (2016) predicts that drones have a potential market value of $ 127.3
bn. Goldman Sachs (2016) predicts that drones have a potential market value
of $ 100 bn over the period of 2016 - 2020. The value of global drone sales in
2017 was R 12 bn (Botha, 2018). Botha (2018) predicts for the year 2018 that
the drone industry will contribute R 10.7 bn to the South African economy,
with 56 706 jobs created in South Africa.

The current state-of-the-art energy storage technology for multirotor UAV's
is lithium polymer (LiPo) batteries. The technology's limited �ight time has
been a signi�cant problem, but hasn't limited its sales (Guinn and Schauble,
2018). With beyond-visual-line-of-sight (BVLOS) being legalised, it is ex-
pected that increased �ight time will become worth investing in (Guinn and
Schauble, 2018).

There are a number of potential energy storage technologies that could
increase the �ight time of multirotor UAV's. These include lithium-air, mi-
crosupercapacitors, aluminum-air, solid-state lithium-ion and fuel cells. Out
of all these technologies, fuel cells are considered to be the most mature (Hoy
and Kutnick, 2017; Wang, 2018; Gartner, 2013).

1.1.2 Speci�cally fuel cell drones

There has been signi�cant interest in the use of fuel cell multirotors. Table 1.1
lists some fuel cell multirotors available. Some of them are compared to the

1
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CHAPTER 1. INTRODUCTION 2

LiPo equivalent on which they are based, and some are compared to a LiPo
multirotor with similar size and payload capacity.

Table 1.1: Comparison of fuel cell multirotor UAV's with LiPo multirotor
UAV's(DJI, 2017, 2018a,b; EnergyOr, 2018; Horizon Energy Systems, 2018;
Intelligent Energy, 2017; MMC, 2016; FlightWave, 2018)

Fuel cell UAV Similar LiPo UAV

Product

Maxi-
mum
pay-
load

Flight
time
(no

payload)

Product

Maxi-
mum
pay-
load

Flight
time
(no

payload)
Intelligent
Energy (IE)
650 W DJI
Matrice M100

500 g
1 hour
15 min

DJI Matrice
M100
(2 x TB48D
batteries)

493 g 40 min

MMC
HyDrone
1800

5 000 g 3 hours

DJI Matrice
M600
(TB48S
batteries)

5 500 g 40 min

FlightWave
Jupiter UAS
(using IE
system)

1 000 g 3 hours
FlightWave
Jupiter UAS
(with LiPo)

1 000 g 1 hr

EnergyOr
H2QUAD 400

400 g
3 hours
45 min

HES
Hycopter

2 500 g1
3 hours
30 min1

Some of these fuel cell multirotors are �nding use in commercial and mil-
itary applications. Intelligent Energy (IE) is working with PINC, a company
specializing in yard and warehouse management for vehicle logistics, to use
fuel cell multirotors in real-time inventory tracking (FCB, 2017). EnergyOr
supplies their fuel cell multirotors to the French Air Force (Ene, 2016).

1.2 Speci�c problem

Multirotor UAV's are used for a variety of di�erent missions. A multirotor
UAV is quite expensive and it is often a compromise between �ight time,
payload and stability, amongst other factors. It is therefore normally custom-
designed for the speci�c application (DroneTec, 2018). DJI has 12 di�erent

1Di�erent �ight times and payloads are achieved by using di�erent sized tanks
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CHAPTER 1. INTRODUCTION 3

multi-rotor UAV's that were registered with the Federal Aviation Authority
(FAA) of USA for commercial use in 2017 (Guinn and Schauble, 2018).

Designing the propulsion system for a LiPo multirotor UAV is a relatively
standard process. The propulsion system is composed of a battery, electronic
speed controller (ESC), motor and propeller. Characteristic curve data of
the ESC/motor/propeller combinations are given by the manufacturers with
certain parameters varied, such as supply voltage, KV value, propeller diameter
and number of blades (T-motor, 2017a,b; KDE Direct). Batteries can be
fairly well characterised by simply knowing the number of cells and capacity
(Gatti et al., 2015), which is provided by most manufacturers (Gens Ace Tattu;
Turnigy).

A fuel cell propulsion system is more complex than a LiPo propulsion sys-
tem for the following high-level reasons:

1. The energy is stored in one component (usually a hydrogen tank), and
the power is supplied by another component, the fuel cell. With a LiPo
system, the energy is stored by the battery and the power is supplied by
the battery. This means that with a LiPo system, the energy available
scales linearly with battery mass (Gatti et al., 2015). This is not the
case with a fuel cell system (Intelligent Energy, 2017).

2. A LiPo battery has quite a high power density. It is therefore able to
handle the range of currents drawn by the load. With a fuel cell, this
is not the case. It has a higher energy density, allowing longer �ight
time, but it has a lower power density, meaning it would be sized too
large if it were to handle the entire current range. A fuel cell is normally
hybridized with a battery to combine the fuel cell's higher energy density
with the battery's higher power density.

The resulting increased complexity of the power supply system is shown
in Figure 1.1. A battery is replaced with a hydrogen tank, fuel cell, battery
and power management system (PMS). Due to the increased complexity of the
system, the design and analysis process would naturally also be more complex.

1.3 Gap in literature and design tools

The problem can be de�ned as follows: there is no computer program design
tool that can be used to design a fuel cell propulsion system for a multirotor
UAV, for a speci�c application. There is also limited information or literature
available to aid in the design process. However, a fuel cell multirotor can be
considered an evolution of two more mature �elds: LiPo multirotor UAV's and
fuel cell �xed-wing UAV's.

For LiPo multirotors, useful design tools exist, such as e-Calc (xcopterCalc),
and MIT's multicopter design software. eCalc contains manufacturer data
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CHAPTER 1. INTRODUCTION 4

(a) LiPo propulsion sys-
tem

(b) Fuel cell propulsion system

Figure 1.1: Comparing complexity of LiPo and fuel cell propulsion system

of many components by di�erent manufacturers (Müller). This allows the
designer to change the components on the software, and obtain information of
the predicted performance, feasibility of a design and other information. MIT's
software takes things a step further by combining propulsion system, geometry
and control system design (Du et al., 2016; Tao Du, Adriana Schulz). However,
this software is stored on Github, which makes it less convenient than eCalc,
which is an online tool.

There is also a signi�cant amount of academic literature on the design of
LiPo multirotors. Mauro Gatti (2015) developed a preliminary design pro-
cedure, Ampatis and Papadopoulos (2014) conducted a sensitivity analysis,
Eva Saadé Latorre (2011) developed an iterative design procedure and Benito
et al. (2014) made use of eCalc to compare di�erent designs. Magnussen et al.
(2014); Bershadsky et al. (2016) made use of optimization algorithms to best
size the propulsion system.

With fuel cell �xed-wing UAV's there aren't any software design tools, to
the author's knowledge. However, there is a signi�cant amount of academic
literature. It is known that with these aircraft, due to the constraints of fuel
cells, the aircraft needs to be optimized for low power consumption with well
matched components (Röÿler, 2012). Design optimization studies have been
done by Bradley et al. (2008); Mo�tt et al. (2006, 2007).

The most useful information on designing a fuel cell multirotor UAV is a
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CHAPTER 1. INTRODUCTION 5

white paper by Protonex/Ballard, a fuel cell manufacturer (Sisco et al., 2017).
The authors did simple calculations to predict the �ight time of a DJI Matrice
M600, modi�ed to run on a fuel cell system. However, the authors themselves
admit that some of their analysis is for illustration purposes only. The authors
state that more comprehensive trade studies and design analyses should be
conducted, to determine the optimal propulsion system con�guration for an
application.

1.4 Approach to solve the problem

The problem is the lack of tool available to assist designers in designing a fuel
cell multirotor propulsion system. This problem will be solved by developing
a partly validated mathematical model that can be used to conduct sensitivity
studies, to aid in designing a fuel cell multirotor propulsion system.

The di�erent components of a fuel cell multirotor propulsion system is
shown in Figure 1.2. The �ight control system does not form part of the
propulsion system, but the parasitic power loss due to it, is included. Each
of the components in Figure 1.2 will be modelled. Di�erent approaches will
be followed for each of the components. However most of the approaches will
have the following in common:

1. The models will be either mathematical equations, electric circuits or a
combination thereof. They will be mainly based on existing literature.

2. The model parameters will be obtained by �tting the model to experi-
mental data. The experimental data will be obtained either from litera-
ture or the manufacturer or the author's experiments.

3. The models will be implemented in Matlab/Simulink/Simscape. The
�tting will be done using a Matlab function for equations or Simulink's
Parameter Estimation for circuits.

4. The model output will be compared to the experimental data output.
The goodness of �t will be quanti�ed by either %RMSE or R2 values. If
the �t is good, the component model is considered to be validated.

The end goal of the system model is to be able to do sensitivity studies i.e.
vary certain parameters, and view the e�ect of the system output. Therefore,
the validity of varying these parameters should be checked. this is done in one
of two ways:

1. The model is validated using more than one dataset i.e. with di�erent
values of the independent variable.
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CHAPTER 1. INTRODUCTION 6

Figure 1.2: Overview of fuel cell multirotor - components that are modelled in
this work

2. The model is validated using only one dataset i.e. with only one value
for the independent variable. Equations from literature are used to vary
the parameters.

A summary of how the data is obtained for each component, how the
parameter variation is validated and which parameters can be varied, is sum-
marised in Table 1.2.

The di�erent components can be grouped together according to the follow-
ing sub-approaches:

1.4.1 Modelling the electrochemical devices

The fuel cell and battery are the electrochemical devices. They will be mod-
elled using a similar approach. The model is divided into a steady-state and
a transient model. The transient model reduces to zero with time, resulting
in the overall model being equal to the steady-state model with time. Steady-
state data is used to validate the steady-sate model, and step-response data is
used to validate the transient model.

1.4.2 Modelling the propulsor system

The propulsor system refers to the combination of the electronic speed con-
troller (ESC), motor and propeller. Manufacturer data is used. One motor
type and one propeller type is used. The propeller model parameters are ob-
tained �rst, then the model parameters of the motor and ESC are obtained.
The model is only validated using steady-state data, and it is set up to change
state instantaneously. However, the transients will be modelled, because the
thrust duty cycle is a dynamic load pro�le.
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Table 1.2: Summary of approach

Component/
subsystem

Data used
Parameter
variation -
based on

Parameters
varied

(discrete or
continuous)

Hydrogen
tank

Other
manufacturer

Data used
Tank mass [kg]
(continuous)

Fuel cell
Manufacturer;
Literature;
Other manufacturer

None None

Battery Author's experiments Literature

Capacity [Ah]
(continuous);
Number of cells
(discrete)

PMS Literature Data used

Capacity [Ah]
(continuous);
Number of cells
(discrete)

ESC/motor/
propeller

Manufacturer Data used

Propeller diameter
[inch] (continuous);
KV value
(discrete)

Thrust duty
cycle

Author's experiments Data used
All-up-mass [kg]
(continuous)

Parasitic
loss

Author's experiments None None

1.4.3 Modelling the power management system

Data from literature is used. A model is developed to �t this data. The data
used has fairly simple inputs. It is checked whether the model works for more
complex inputs.

1.4.4 Modelling the thrust duty cycle and parasitic loss

Experimental �ight data of a LiPo multirotor is obtained with the same �ight
path, but with di�erent all-up-masses. This data is used to validate a model
thrust duty cycle model, that predicts the thrust required as a function of
the all-up-mass. The parasitic power loss is also obtained from this data, and
implemented as a constant-power sink.
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CHAPTER 1. INTRODUCTION 8

1.5 Objectives

The following objectives are to be achieved:

1. All the component and subsystem models need to be validated.

2. It needs to be demonstrated that the system model shows the dynamic
behaviour of the di�erent components.

3. The predicted �ight time of the system model needs to be close to that
of a similar fuel cell multirotor product.

4. It needs to be demonstrated that the system model can be used for
a sensitivity study. This will be done by varying the energy storage
parameters i.e. the tank mass and the battery capacity.

The scope is limited in the following way:

1. The system model won't be validated, only the component/sub-system
models will be validated.

2. It won't be demonstrated that a sensitivity study can be done with all
possible parameters, but will only be done with two parameters.

The reasoning behind deciding which objectives are included in the scope,
and which are not, is discussed in Appendix A.
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Chapter 2

Literature review

2.1 Fuel cell power supply system

Most of the information and diagrams in this section are adapted from (Barbir,
2013a,b), unless otherwise speci�ed.

2.1.1 Fuel cell stack operating principle

There are di�erent types of fuel cells, di�erentiated by the type of electrolyte
used. The type most suited to UAV applications is a proton exchange mem-
brane fuel cell (PEMFC) (Gong and Verstraete, 2017b). It uses a thin proton
conductive polymer membrane as the electrolyte. This means that the mem-
brane conducts protons, but not electrons.

The operating process is shown in Figure 2.1. Hydrogen and oxygen are at
opposite sides of the membrane. There is an attraction between the hydrogen
and oxygen to bond and form water. Hydrogen (H2) dissociates to form two
protons (H+) and two electrons (-). The membrane only allows H+ to pass
through. The electron takes a path of less resistance, moving through the
external circuit to get to the oxygen. This movement of electrons produces
DC current in the external circuit.

At the interface between the electrodes and the membrane is a catalyst.
This catalyst is typically composed of platinum supported on carbon. The
electrodes are porous structures. The porous media allow the gases to �ow
through, while increasing the surface area for electrochemical reactions.

2.1.2 Overview of fuel cell power supply subsystem

Figure 2.1 shows the operation of a fuel cell stack. In order for the stack to
operate, it requires auxiliary functions. The system required to ful�ll these
auxiliary functions is termed the balance-of-plant (BOP).

The auxiliary functions required to be ful�lled are water management, heat
management, hydrogen supply and oxygen supply. The BOP combined with

9
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Figure 2.1: Operating principle of fuel cell

the fuel cell stack forms the fuel cell system, as shown in Figure 2.2. For
UAV applications, the fuel cell system is hybridized with a battery using a
power management system. The hydrogen also needs to be stored. All of these
systems combined forms the fuel cell power supply system.

The di�erent functions shown in Figure 2.2 can be performed using di�erent
methods. These di�erent methods are summarised in Table 2.1, and described
in detail in Sections 2.1.3 to 2.1.8. The Type used in this work refers to
the methods used in most fuel cell multirotor systems, and more speci�cally
the system procured. These design choices are made by the fuel cell system
manufacturers. These choices are most likely made for the following reasons:
all these design choices are the simplest and therefore lightest option. These
simple solutions seem to work with low-powered applications (around 1 kW)
and at low altitude.

2.1.3 Hydrogen supply

Hydrogen needs to be supplied to the anode. If a high pressure tank is used to
store hydrogen, a pressure-reducing valve is required to reduce the pressure to
the operating pressure of the anode. Hydrogen can be supplied either in dead-
end (Figure 2.3a) or �ow-through (Figure 2.3b) con�guration (Chen et al.,
2013).

Dead-end is when hydrogen �ow is blocked by a purge valve on the outlet
of the anode. This causes the hydrogen to remain within the anode, and
to be consumed in the chemical reactions. These reactions, combined with
movement across the membrane, cause impurities, such as water and nitrogen
to build up (Chen et al., 2013). This build-up damages the fuel cell and causes
the voltage to drop. Therefore, the purge valve is opened periodically for a
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Figure 2.2: Functional overview of generalized fuel cell power supply system

Table 2.1: Categorization of fuel cells

Component
Type used in
this work

Other types

Hydrogen supply Dead-end Through-�ow
Oxygen supply Open-cathode Closed-cathode

Water management
Internally (self)
humidi�ed

Externally humidi�ed

Heat management Air-cooled Liquid coolant cooled

Hydrogen storage
High pressure
gas tank

Cryogenic tank
(liquid storage);
Chemical hydrogen
generation

Power management
system

Passive Active

short period of time to remove impurities building up within the anode.
Flow-through is when hydrogen supplied to the anode is allowed to exit.

More hydrogen is supplied than required. Some of it is used up in the chemical
reactions. Some of it �ows out the outlet. This hydrogen that �ows out the
outlet is captured and recycled i.e. allowed to re-enter the anode. The recycling
of hydrogen is done using either a pump or an ejector. A water separator
removes water from the hydrogen at the outlet.
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(a) Dead-ended anode

(b) Flow-through anode

Figure 2.3: Hydrogen supply con�guration

2.1.4 Oxygen supply

The cathode is the part of the fuel cell where oxygen is supplied. It can
be either an open-cathode or a closed-cathode fuel cell. A close-cathode fuel
cell is one where the oxygen �ow channel is internal and isolated from the
environment. An open-cathode fuel cell is one where the oxygen �ow channel
is external and open to the environment.

A closed-cathode system (Figure 2.4) requires a relatively high-powered
turbo-machine to supply air which can overcome the losses of the internal �ow
channel. The cathode removes the oxygen from the air in order to perform
the chemical reactions. Alternatively a compressed pressure vessel containing
oxygen can be used.

In an open-cathode fuel cell, the cathode is open to the environment.
Therefore, the cathode can remove the oxygen directly from the air for the
chemical reactions. The cells could be stacked in such a way that a low-
powered turbo-machine is required to overcome the losses, to supply all the
cells' cathodes with oxygen, as shown in Figure 2.5.

Figure 2.4: Closed-cathode
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(a) Natural convection (b) Fan-assisted

Figure 2.5: Open-cathode

2.1.5 Water management

The anode and cathode is required to be at a certain humidity level in order to
obtain the required performance, and to reduce degradation. Humidi�cation
can be done either internally or externally.

Internal humidi�cation is when the operation of the fuel cell itself is altered
periodically in order to keep the anode and cathode at their required humidity
levels. One method of doing this is by periodically disconnecting the fuel cell
from the load and short circuiting the fuel cell, as shown in Figure 2.6a.

External humidi�cation is where the hydrogen and air/oxygen is humidi�ed
before entering the anode and cathode inlets, as shown in Figure 2.6b.

(a) Internal humidi�cation

(b) External humidi�cation

Figure 2.6: Humidi�cation
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2.1.6 Heat management

The fuel cell needs to operate at a certain temperature for optimal performance
(50 - 80 oC for low-temperature PEMFC). The fuel cell is around 50 % e�cient,
causing internal heat generation. Cooling is therefore required to remove some
of the heat generated. This cooling can be either done internally or externally.

Internal cooling involves �owing a coolant within the fuel cell. This coolant
is then cooled externally, as shown in Figure 2.7a. This is normally used for
closed-cathode fuel cells.

External cooling involves blowing air onto the fuel cell, as shown in Figure
2.7b. This is normally done in open-cathode fuel cells.

(a) Internal cooling

(b) External cooling

Figure 2.7: Cooling

2.1.7 Hydrogen storage

Hydrogen needs to be stored on board the vehicle, and then supplied to the an-
ode. The di�erent methods of doing this are compressed gas storage, cryogenic
liquid storage and chemical hydrogen generation.

With compressed gas storage, hydrogen gas is stored in a pressure vessel at
a high pressure. The gas pressure is then reduced, using a pressure reducer,
to a pressure that is acceptable for the fuel cell.
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With cryogenic liquid storage, hydrogen is stored at a very low temperature.
Hydrogen is then allowed to boil o�, to supply the anode with hydrogen gas.
A very complex system is used to store hydrogen as liquid.

With chemical hydrogen generation, hydrogen is stored as a solid chemical
compound. A chemical process occurs, allowing the hydrogen to disassociate
from the compound, so that it can be supplied to the anode.

2.1.8 Power management system

In most cases, especially with UAV's, the fuel cell is hybridized with a en-
ergy storage component with a higher power density . The component most
commonly used is a lithium battery. The power management system (PMS)
manages the power �ow between three subsystems, namely the fuel cell, the
battery and the load. This can be achieved either by a passive system or an
active system.

A fuel cell is normally hybridized with another power source, such as a
battery, for the following reasons (Gong and Verstraete, 2017b):

1. It has a low power density, resulting in it having either insu�cient power
at certain instances of high power required, or being oversized, adding
unnecessary mass. This would result in a design far from optimal if only
a fuel cell is used. In the case of a multirotor, the speci�c instances of
high power include keeping stable in a wind gust or rapid maneuvering.

2. A fuel cell has a slow response to a sudden increase in power required
(Nishizawa et al., 2013).

3. Drawing high current from a fuel cell causes the voltage to drop to a
level that damages the fuel cell (Nishizawa et al., 2013).

The system used to hybridize these two power sources is normally referred
to as a PMS, and can be categorized as either passive or active (Gong and
Verstraete, 2017b; Nishizawa et al., 2013).

A passive system is one in which the fuel fuel cell, battery and load are
directly connected with passive components (such as diodes) in-between them
(Nishizawa et al., 2013), as shown in Figure 2.8a. The load voltage determines
the power sharing between the fuel cell and battery (Gong and Verstraete,
2017b). However, an active charging system is required to control the power
�ow between the fuel cell and battery. The diodes can be replaced with ideal
diodes, which is a controlled switching system that mimics the behaviour of
diodes (i.e. prevents reverse current �ow), but has lower losses (Howroyd and
Chen, 2016).

An active system makes use of actively controlled electronics (such as DC-
DC converters) to control the power �ow between the fuel cell, battery and
load (Blackwelder and Dougal, 2004). The con�guration can be either series
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or parallel (Howroyd and Chen, 2016), with either the battery (Chen et al.,
2013), fuel cell (Han et al., 2014) or both (Tsotoulidis and Safacas, 2011) being
connected to a DC/DC converter. An example con�guration is shown in Figure
2.8b.

(a) Passive power management

(b) Active power management - Parallel connected
with DC/DC converter for fuel cell and battery

Figure 2.8: Power management

2.1.8.1 Operation of passive power management system

There are three modes of operation of a passive PMS. Mode 1 is when power
is drawn only from the fuel cell (Figure 2.9a). Mode 2 is when power is drawn
from the fuel cell and battery (Figure 2.9b). Mode 3 is when power is drawn
from the fuel cell, and additional power is drawn from the fuel cell to charge
the battery (Figure 2.9c).
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Steady-state operation of modes 1 and 2 is characterised by the following
equations (Nishizawa et al., 2013):

mode 1:
ILoad = IFuel cell

IBattery = 0
when VFuel cell > VOC (2.1)

mode 2:
VFuel cell = VBattery

ILoad = IFuel cell + IBattery
when VFuel cell ≤ VOC , (2.2)

where VOC is the open-circuit voltage (OCV) of the battery.
Experimental results of modes 1 and 2 is shown in Figure 2.9d. The OCV

is 25.2 V. When the load voltage is greater than this, the battery current is
zero, and current is only drawn from the fuel cell. When the load voltage is
less than the OCV, current is drawn from the fuel cell and battery. Looking
at the data points, when VFuel cell ≈ VBattery(21.5V ≈ 21.6V ), ILoad = IFuel cell +
IBattery(28.4A ≈ 12.6A+ 16.1A), which obeys equation 2.2.

With mode 3, the battery charging is controlled using a MOSFET (Gong
and Verstraetey, 2014). If it is a lithium battery, the MOSFET is controlled
using a constant-current-constant-voltage algorithm (Gong and Verstraetey,
2014).

2.2 Battery

In this section, the methods most commonly used to model batteries is re-
viewed. These modelling methods are based on state of charge (SOC). SOC is
therefore �rst described. Certain experiments are used in literature to obtain
the necessary data to identify and validate battery models. These experimental
procedures and the setups used are reviewed.

2.2.1 State of charge

Most of this section is obtained from (Plett, 2004).
State of charge is de�ned as the ratio of the remaining capacity to the

nominal capacity of the cell. It is mathematically de�ned as follows:

z(t) = z(0) −
∫ T

0

ηI(t)

Cn
dt where η

{
= 1 for discharge

≤ 1 for charge
, (2.3)

where z(t) is the SOC, η is the Coulombic e�ciency, I is the instantaneous
current (assumed positive for discharge, negative for charge), and Cn is the
nominal capacity.
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(a) Mode 1 of hybridising system (b) Mode 2 of hybridising system

(c) Mode 3 of hybridising system (d) Steady-state response of modes 1 and
2

Figure 2.9: Di�erent modes of operation of passive PMS. Adapted
from(Nishizawa et al., 2013; Gong and Verstraetey, 2014)

The value of z ranges from 0, for fully discharged, to 1, for fully charged.
The nominal capacity is de�ned as the number of ampere-hours that can be
drawn from the cell at room temperature while being discharged at a current
value of C/30, starting with the cell fully charged. It is normally 5% greater
than the rated capacity (the capacity on the label) (Mathworks, 2008).

Using a rectangular approximation for integration and a "suitably small"
sampling period ∆t, a discrete-time approximate recurrence of Equation 2.3
may then be written as:

zi+1 = zi −
(
η∆t

Cn

)
Ik where η

{
= 1 for discharge

≤ 1 for charge
(2.4)

2.2.2 Models

The di�erent methods of modelling batteries include (Farag, 2013): ideal mod-
els, behavioural models, equivalent circuit models and electro-chemical models.
Behavioural models and equivalent circuit models are mostly used in literature
(Hussein and Batarseh, 2011; Nejad et al., 2016). These models are therefore
reviewed here.
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2.2.2.1 Behavioural model

Plett (2004) compiled the following behavioural models:

General Shepherd equation: V = V0 −RI − K

z
(2.5)

Unnewehr universal model: V = V0 −RI −Kz (2.6)

Nernst model: V = V0 −RI +K1ln(z) +K2ln(1 − z), (2.7)

where V is the battery voltage, V0 is the maximum battery open-circuit
voltage, R is the internal resistance, I is the instantaneous current, z is the
SOC and Kn are empirical constants.

Plett (2004) then combined these equations to form his combined model :

V = V0 −RI − K1

z
−K2z +K3ln(z) +K4ln(1 − z) (2.8)

The limitation of these models is that they don't model transient e�ects.
Tremblay and Dessaint (2009) used a behavioural model based on Shepherd's
model to model transient behaviour. They did this by having the instantaneous
current values pass through a low-pass �lter. However, transient behaviour
is mostly modelled using equivalent circuit models, as described in Section
2.2.2.2.

2.2.2.2 Equivalent circuit model

There is a delayed change in the voltage of a battery when there is a step change
in the current (Plett, 2018). Equivalent circuit models (ECMs) characterise
this transient behaviour (Rahmoun and Biechl, 2012; Hussein and Batarseh,
2011). There are 4 instances of this delayed voltage response: discharge on,
discharge o�, charge on and charge o� (Rahmoun and Biechl, 2012). These
instances are shown in Figure 2.10.

A typical ECM is the n-RC model (Guangming et al., 2014; Jackey et al.,
2013; Nejad et al., 2016; Lai et al., 2018), shown in Figure 2.11. The model
includes the open-circuit voltage (OCV), VOC , the series resistance, R0, and the
parallel RC-branches, Rn and Cn. The OCV is a function of SOC (Rahmoun
and Biechl, 2012; Hussein and Batarseh, 2011; Nejad et al., 2016; Plett, 2018).

One method of modelling VOC is by using a look-up table with OCV vs SOC
values (Jackey et al., 2013; He et al., 2011; Hussein and Batarseh, 2011). A
second method is using a behavioural model (such as those in Section 2.2.2.1)
and removing the RI term. An example is Plett's combined model (Plett,
2004):
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Figure 2.10: Four instances of voltage transients in battery - charge on and
o�, and discharge on and o�. Adapted from (Rahmoun and Biechl, 2012)

Figure 2.11: n-RC equivalent circuit model. Adapted from (Guangming et al.,
2014)

V = V0 −
K1

z
−K2z +K3ln(z) +K4ln(1 − z)︸ ︷︷ ︸

VOC = f(SOC)

−RI (2.9)

The drawback of these models is that they require a complex experimental
setup, with time consuming procedures.
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2.2.3 Review of experimental setups and procedures

Experimental setups used for characterizing Lithium batteries is reviewed.
This section is divided into the type of experiments done, and the functionality
required of the experimental setups.

2.2.3.1 Type of experiments

Here follows a review of the type of experiments done with lithium batteries:

1. Constant-current discharge: The battery is discharged at a constant cur-
rent value from its maximum voltage to its minimum voltage (Lu et al.,
2017).

2. Constant-current-constant-voltage charge: Constant-current-constant-voltage
(CCCV) charging involves charging the battery from being "empty" to
being fully charged, using a sequence of �rst constant current, then con-
stant voltage (Lu et al., 2017). The test is stopped when the charge
current reaches a speci�ed lower limit. The voltage and current values
are speci�ed by the manufacturer.

3. Hybrid Pulse Power Characterization: Hybrid Pulse Power Characteriza-
tion (HPPC) is a standard test outlined in (Hunt, 2003). It involves dis-
charging, resting and charging the battery in a repetitive manner (John-
son, 2002; Nejad et al., 2016), as shown in Figure 2.12a. An example
where the maximum and minimum current values are altered is shown
in Figure 2.12b.

(a) Simple HPPC pro�le - single
charge and discharge current values.
Adapted from (Nejad et al., 2016)

(b) Complex HPPC pro�le - multiple charge
and discharge current values. Adapted from
(Mocera and Vergori, 2018)

Figure 2.12: Hybrid pulse power characterisation tests
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2.2.3.2 Functionality of experimental setups

Here follows a review of the type of functionality required by an experimental
setup (Mocera and Vergori, 2018; He et al., 2011; Lai et al., 2018; Lu et al.,
2017):

1. Power sinking : The system needs to be able to sink power, causing the
battery to be discharged.

2. Power sourcing : The system needs to be able to source power, causing
the battery to be charged.

3. Temperature control : The system needs to contain a chamber that can
keep the battery at a setpoint temperature.

4. Measuring/logging : The system needs to measure and log data. The pa-
rameters of interest are current, voltage and temperature of the battery.

2.3 Electrical drive system

The electrical drive system is composed of an electronic speed controller (ESC)
and a brushless DC motor (BLDCM). This is a three phase electrical system.
However, it can be reduced to a single phase system DC system (Silvagni
et al., 2018), because of the following assumptions based on the operation of
a BLDC motor: mutual inductance between phases can be ignored, the �ux
distribution is trapezoidal, the induced currents due to stator harmonic �elds,
iron and stray losses are neglected. The resulting model of a simpli�ed ESC-
BLDC model commonly used is shown in Figure 2.13. This section reviews
theory and models of the ESC and BLDCM.

Figure 2.13: Simpli�ed single phase electrical drive model. Adapted from
(Green and McDonald, 2015)
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2.3.1 Electronic speed controller

The main loss component in an ESC is the MOSFET switch. The losses in a
MOSFET can be characterised by Equations 2.10 and 2.11, which take into
account the losses during conduction and switching respectively:

MOSFET conduction loss: Pcond = I2DRMS
RDS(on), (2.10)

where IDRMS
is the RMS current through the MOSFET (drain current)

and RDS(on) is the MOSFET internal resistance (drain-to-source resistance).

MOSFET switching loss: PSW =
1

2
ID(on)VDD(ton + toff )fsw, (2.11)

where ID(on) is the maximum drain current, VDD is the maximum drain
voltage, ton is the time taken to switch on the MOSFET, toff is the time taken
to switch o� the MOSFET and fsw is the switching frequency.

These losses can be modelled using a behavioural model or an equivalent
circuit model.

2.3.1.1 Behavioural model

Gong and Verstraete (2017a) developed Equation 2.12 based on Equations
2.10 and 2.11:

PESCloss
= Pin − Pcond − PSW − Pidle

= V IDRMS
−DRDS(on)I

2
DRMS

− 1

2
IDRMS

V (ton + toff )fsw − Pidle
,

(2.12)

where PESCloss
is the total ESC power loss, Pin is the power in to the ESC,

Pidle is the idle power loss, assumed to be a constant, V is the DC input voltage
and IDRMS

is the DC input current.
The authors �t a modi�ed version of Equation 2.12 to experimental data

of UAV ESC-BLDCM's. The authors obtained R2 values of greater than 0.91.
The main drawback of this approach is that the three-phase electrical sig-

nals between the ESC and motor need to be measured (Gong and Verstraete,
2017a; Harrington and Kroninger, 2013). These signals are irregular and at
a high frequency (In�neon, 2016; Gong and Verstraete, 2017a). Therefore,
expensive equipment is required (Green and McDonald, 2015).

2.3.1.2 Equivalent circuit model

The power loss is modelled using a single resistor, representing the MOS-
FET drain-to-source resistance, RDS(on), in Equation 2.10 (Ampatis and Pa-
padopoulos, 2014). There are a few problems with this approach: RDS(on) is
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unknown (MOSFET product codes aren't provided by ESC manufacturers),
and therefore the value is assumed; it is assumed that three phases are con-
ducting simultaneously, which is not the case as only two phases conduct at
any given time; this model wasn't validated with experimental data.

2.3.1.3 Comparing ESC to a DC-DC buck converter

The models described above (Sections 2.3.1.1 and 2.3.1.2) merely characterise
the power losses in the ESC, but do not characterise the ESC's main function
of regulating the speed. The ESC provides the desired voltage amplitude to the
motor by use of switching (Marshall et al., 2016), in order to regulate its speed.
A DC-DC converter also provides a desired output voltage by use of switching
(Erickson; Enrique et al., 2017). The type of DC-DC converter that only
reduces the voltage amplitude is a buck converter (Erickson). A comparison
of a buck converter topology with an ESC-BLDCM system operating during
one phase is shown in Figure 2.14. It can be seen that their topologies and
operation is quite similar, the main di�erence being the capacitor placed at
di�erent positions.

(a) One phase of operation of BLDC.
Adapted from (Ramya and Krishna Ku-
mar, 2016)

(b) DC-DC buck converter. Adapted
from (Erickson)

Figure 2.14: Comparison circuit con�gurations of ESC-BLDC and DC-DC
buck converter

A DC-DC converter can be modelled by dividing it up into an ideal trans-
former, and losses, as shown in Figure 2.15. With a buck converter, the voltage
conversion ratio is equal to the duty cycle (Erickson). The ideal power con-
version equations then become (Mathworks):

Vout = αVin (2.13)

Iin = αIout, (2.14)

where α is the duty cycle, a value from 0 to 1.

2.3.2 Motor

The motor is modelled using a three constant model, with the constants being
KV , R and I0. This model is shown in Figure 2.16. The following equations
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Figure 2.15: DC-DC equivalent circuit model. Adapted from (Enrique et al.,
2017)

characterise the electrical-rotational converter component of this model (Green
and McDonald, 2015):

Tmotor = KIBEMF (2.15)

VBEMF = Kωmotor (2.16)

Figure 2.16: Three-constant motor electrical model. Adapted from (Green and
McDonald, 2015)

From the manufacturer's datasheet, the following is given: Rmotor[Ω], I0[A]
and KV [rpm/V ]. KV is converted to K by the following equation:

K =
1

KV

60

2π
(2.17)
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More complex BLDCM models exist, such as the four-constant model
(Carri, 2018). However, this model is inconvenient in that motor manufac-
turer's provide the constants for the three-constant model.

2.4 Propeller

Propellers can be modelled using basic momentum theory (Silvagni et al., 2018;
Eva Saadé Latorre, 2011). With this approach, the propeller is idealised as an
in�nitesimally thin actuator disk over which a pressure di�erence occurs. The
�ow is assumed to be incompressible, inviscid, quasi-steady, one dimensional
and ideal. Equations 2.18 and 2.19 are the result of these assumptions:

QP = CQρD
5ω2, (2.18)

where QP is the propeller torque in Nm, CQ is the torque coe�cient, ρ is
the air density, D is the propeller diameter in m and ω is the angular speed in
rad/s.

T = CTρD
4ω2, (2.19)

where T is the propeller thrust and CT is the thrust coe�cient.
The following more complex models exist (Eva Saadé Latorre, 2011): Modi-

�ed momentum theory, Blade element theory and a combination of momentum
and blade element theory (Kuantama et al., 2017).
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Power supply subsystem modelling

A diagram of the power supply system con�guration used in this work is shown
in Figure 3.1. The components of this system is shown in Figure 3.2. Fuel
(hydrogen gas) is stored in the fuel tank at a pressure of 300 - 350 bar. The
pressure reducer reduces the pressure of hydrogen from this high pressure to 0.5
bar (gauge). This lower pressure of hydrogen enters the anode of the fuel cell.
When the purge valve is closed, hydrogen is contained in the fuel cell, between
the pressure reducer and the purge valve, at a pressure of approximately 0.5
bar (gauge). Some of the hydrogen leaks, and some of it is used up in the
chemical reactions. The chemical reactions cause the buildup of unwanted
gases, which is removed by intermittent purging. Purging is when the purge
valve is opened for a short period of time.

Figure 3.1: Overview of power supply system con�guration. Dashed box rep-
resents a single manufacturer-provided bought-out system

27
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Figure 3.2: Components of the power supply system

The fans blow air onto the open cathode of the fuel cell. This achieves two
functions. Oxygen from the air is used in the chemical reactions in the fuel
cell. The moving air provides forced convection to maintain the fuel cell at a
desired temperature. The fans are powered by an external 12 V power supply.

The Power Management System (PMS) controls the �ow of power. On
startup, it channels power from the battery to the controller. Thereafter it
allows the controller to be powered by the fuel cell. It allows power demanded
by the load to be drawn from either the fuel cell, or both the fuel cell and
battery. It also allows the fuel cell to charge the battery.

The controller controls the fans, purge valve and PMS. The battery and
external 12 V power supply are not included in the manufacturer-provided
system. For the modelling and analysis, the following assumptions will be
made:

1. The power consumed by the fans and controller, as well as the losses in
the PMS, will be ignored.

2. Fuel purging will be ignored.

3. The fuel tank used will not be the one provided by the manufacturer.

4. The fuel tank and battery can be altered. Everything else remains �xed.
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The components that are modelled in this section are the fuel cell, tank,
PMS and battery.

3.1 Overview of data used

An overview of the data used in this chapter is shown in Figure 3.3. The
battery is modelled using the author's own experimental data. The tank is
not modelled, but is represented by data supplied by another manufacturer.
The fuel cell and PMS are a bit more complex.

Figure 3.3: Overview of data used in Chapter 3. Manufacturer refers to the
data supplied by the manufacturer of the procured system. Other manufac-
turer refers to data supplied by a manufacturer other than the supplier of
the procured components. Literature refers to data found in academic litera-
ture of a similar component being tested. Author's experiments refers to data
obtained from experiments done by the author.

The fuel cell can be divided into sub-models characterising the following
phenomena separately: steady-state response, transient response and fuel con-
sumption. The steady-state response is modelled using manufacturer-provided
data. The fuel consumption data provided by the manufacturer is limited.
Therefore, the fuel consumption model is �rst validated using another manu-
facturer's data. Thereafter, the constants are found for the procured manu-
facturer's fuel cell fuel consumption. For the transient response, data is used
from literature. However, in order to use the data to �t the fuel cell transient
model, the other components in this literature's experimental setup need to
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be modelled. The modelling of these components is done in Appendix A, and
the �tting of the transient fuel cell model is done Section 3.2.1.2.

For the PMS, data is used from literature. Again, the other components
in the literature experimental setup need to be modelled �rst. This is done in
Appendix C. Thereafter, the PMS itself is modelled in Section 3.4.

3.2 Fuel cell

The fuel cell performs chemical reactions to convert hydrogen into electricity.
The fuel cell model will therefore be split up into a component that models the
fuel consumption, and a component that models the electrical behaviour. The
electrical behaviour will be split up into a steady-state model, and a transient
model.

The steady-state electrical model is obtained using manufacturer-provided
data. The transient electrical model is obtained using data found in litera-
ture of a di�erent fuel cell. The fuel consumption model is obtained from
manufacturer-provided data of similar fuel cells (from other manufacturers),
and the manufacturer-provided data of this fuel cell.

3.2.1 Electrical model

The proposed fuel cell electrical model is shown in Figure 3.4. It contains the
steady-state model, VSS, and the complex impedance, ZFC . The steady-state
model is a voltage source as a function of the current drawn, IFC . The complex
impedance models the transient behaviour of the fuel cell. The impedance
decreases to zero with time, resulting in the fuel cell's voltage being equal
to the steady-state voltage. The model, therefore, contains a steady-state
component superimposed with a transient component, which reduces to zero
with time.

3.2.1.1 Steady-state electrical model

The steady-state behaviour is normally represented by a polarization curve,
which is a voltage versus current characteristic curve. Two such curves are
provided by the manufacturer, to take into account manufacturing tolerances.
An average of these curves was taken, as shown in Figure 3.5a. This curve is
programmed into a look-up table, and implemented in a Simscape model, as
shown in Figure 3.5b.

3.2.1.2 Transient electrical model

The transient model is obtained using data from literature. The experimental
setup is shown in Figure 3.6a (excluding measurement instrumentation) with
details of the experimental components shown in Table 3.1. The results of one
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Figure 3.4: Electrical model of fuel cell

(a) Polarisation curves of fuel cell. There
is uncertainty in the manufacturing pro-
cess. Because of this, the manufacturer
provides two possible extremes (solid
lines). The model is the average of these
two lines

(b) Implementation of polarisation curve
as a look-up table in Simulink

Figure 3.5: Steady-state fuel cell electrical model

of the experiments is shown in Figure 3.6b. The load current is stepped from
a low value to a higher value. The fuel cell current spikes to its maximum
value, but then drops o�, before returning to its maximum value. During the
time that the fuel cell current drops, the battery current makes up for the
discrepancy between the load current and fuel cell current.

The data in Figure 3.6b is to be used to obtain a transient fuel cell model.
However, the rest of the experimental setup �rst needs to be modelled. A
breakdown of the components and sub-components to be modelled is shown
in Figure 3.7. The modelling of the components besides the fuel cell transient
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model is described in Appendix B.

(a) Experimental setup (b) Experimental results

Figure 3.6: Experimental setup and results from literature, used to obtain fuel
cell transient model. The load is stepped from 3 A to 12 A.

Table 3.1: Details of components used in experimental setup

Component Product name
Fuel cell Schunk FC-42
Battery Lithium ion module ALM12V60
Diode Schottky recti�er IOR 40CP060
Electric Load Elektro-Automatik EL9080-200HP

The resulting model parameters obtained in Appendix B are shown in Fig-
ure 3.8. The remaining unknowns are the fuel cell transient model parameters,
namely LFC , RFC and CFC . The data in Figure 3.6b is composed of one in-
put, the load current, and �ve outputs, the battery and fuel cell current, and
the load, fuel cell and battery voltage. The model in Figure 3.8 is �t to this
data using Matlab's Parameter estimation. The resulting parameter values
and %RMSE values are listed in Table 3.2. Plots comparing the model versus
experimental results are shown in Figure 3.9.

3.2.2 Fuel consumption

The approach of modelling the fuel consumption is divided into two parts.
The �rst part is obtaining the model parameters of the theoretical model. The
second part is implementing this model in Simulink. It is assumed that purging
can be ignored.
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Figure 3.7: Components and sub-components to be modelled

Table 3.2: Results of obtaining the fuel cell transient electrical model

Dataset %RMSE Model parameter Value
Fuel cell current 2.5144 % CFC 0.77739 F
Battery current 19.5836 % LFC 0.45235 H
Fuel cell voltage 1.5789 % RFC 0.93149 Ω
Battery voltage 0.2899 %
Load voltage 1.9633 %

3.2.2.1 Theoretical model

This section describes the theoretical model that characterizes fuel consump-
tion, and describes how the model parameters are obtained.

Mass �ow according to Faraday's law is:

ṁH2 = I
N

2F
λMH2 [g/s], (3.1)

where F = 96485.333 C/mol, MH2 = 2 · 1.008g/mol, N is the number of
cells, I is the current drawn in A and λ is the hydrogen stoichiometry. It is
de�ned as:

λ =
ṁfeed

ṁconsumed
> 1, (3.2)

where ṁfeed is the actual mass �owrate �owing through the fuel cell, and
ṁconsumed is the mass �owrate consumed in the chemical process. During test-
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Figure 3.8: Model parameters obtained, characterising the experimental setup.
The fuel cell transient parameters are still unknown, namely LFC , RFC and
CFC

ing of the fuel cell, it was found that there is signi�cant hydrogen leakage.
λ > 1 would, therefore, be the result of this leakage.

Often in datasheets, the fuel consumption is given in lpm (litres per minute).
The mass �ow rate obtained using Equation 3.1 can be converted to lpm in
the following manner:

lpm =
60

ρH2

ṁH2 [l/min], (3.3)

where

ρH2 =
PH2

RH2TH2

, (3.4)

where RH2 = 4124.2 J/(kg ·K), PH2 is the hydrogen pressure, and TH2 is
the hydrogen temperature.

There is limited data supplied by the fuel cell manufacturer used in this
work. These equations were, therefore, �tted to the lpm versus current of three
HES fuel cells, in order to validate them. The temperature is assumed to be
at 273.15 K. The pressure is assumed to be the average of the operating range.
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(a) Load current versus time (b) Fuel cell current versus time

(c) Battery current versus time (d) Fuel cell voltage versus time

(e) Battery voltage versus time (f) Load voltage versus time

Figure 3.9: Comparison of model and experimental results - indicator of accu-
racy of fuel cell transient electrical model

λ is assumed to be the same for all three fuel cells. This is because they are
assumed to be made of the same cells, with the same proportion of leakage. λ
is the only unknown. This �t, along with the required equation constants are
shown in Figure 3.10.

The same equations were �t to the data of the fuel cell used in this work.
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(a) 1 000 W; N = 50; P = 1.625 bar (abs) (b) 500 W; N = 45; P = 1.55 bar (abs)

(c) 200 W; N = 35; P = 1.55 bar (abs)

Figure 3.10: Comparison of experimental versus model results of HES
Aerostaks fuel cells. Each sub-�gure is a di�erent power rating of this product
range. For each sub-�gure the power rating, number of cells and operating
pressure is speci�ed. λ = 1.6553

The only fuel consumption data supplied is an lpm value at the operating
power. This �t and equation data is shown in Figure 3.11a. The mass �owrate
versus current is shown in Figure 3.11b.

3.2.2.2 Model implementation in Simulink

The mass �owrate for a timestep is calculated as follows:

ṁH2,i = KconsumptionI [g/s], (3.5)

where

Kconsumption =
N

2F
λMH2 . (3.6)

The mass consumed for a timestep is calculated as follows:
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(a) Model is �t to one experimental data
point supplied by the manufacturer

(b) Resulting mass �owrate versus cur-
rent relationship

Figure 3.11: Analysis to obtain mass �owrate versus current relationship.
Speci�cations of fuel cell and operating conditions: 1 000 W; N = 53; P =
1.5 bar (abs). λ = 1.4941

mconsumed,i = ṁH2,i(ti − ti−1) (3.7)

The mass of hydrogen remaining in the tank is calculated as follows:

mremaining,i = mremaining,i−1 −mconsumed,i (3.8)

where mremaining,0 is the mass of hydrogen stored in a full tank, calculated
in Section 3.5.

The simulation stops when the hydrogen mass reaches a critical value:

mremaining,i ≤ mthreshold (3.9)

For simplicity, mthreshold is assumed to be 0 g. This assumption is made
because the tank at this state has a pressure of approximately 1 bar (gauge),
compared to approximately 300 bar at its full state. It is therefore assumed
that there is a negligible amount of hydrogen remaining at this state of 1 bar
(gauge).

Equations 3.5 to 3.9 are implemented in a simulink block, as shown in
Figure 3.12.

3.3 Battery

The aim of this section is to obtain a model of a LiPo battery, and show how
certain parameters can be varied. The model parameters are obtained using
the author's own experimental data. First, the approach to obtain the model is
described, then the experimental setup is described. Thereafter the modelling
procedure is described and lastly it is shown how the parameters can be varied.
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Figure 3.12: Simulink model of hydrogen fuel consumption

3.3.1 Modelling approach

The aim of this section is to obtain a theoretical battery model, where the
predicted behaviour is similar to experimental behaviour. The model must
be able to predict the battery's behaviour for four instances: discharge on,
discharge o�, charge on and charge o�, as shown in Figure 2.10.

The modelling approach is divided into two phases. The �rst phase entails
�tting a behavioural model to constant-current discharge experimental data.
The behavioural model is composed of an open circuit voltage, VOC , which is
a function of State of Charge (SOC), and an internal resistance, R, as shown
in Figure 3.13a and Equation 3.10.

Vbat = VOC − I ·R, (3.10)

where Vbat is the voltage at the battery's terminals, and I is the current
drawn.

The second phase involves replacing the internal resistance, R, with a com-
plex internal impedance, Z, as shown in Figure 3.13b and Equation 3.11. The
open circuit model, VOC(SOC) obtained from the �rst phase remains the same.
Pulsed charge and discharge experimental data is used to obtain the circuit
parameters of Z.

Vbat = VOC − I · Z (3.11)

The following simplifying assumptions are made:
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(a) Battery Rint model. Models
steady-state response only.

(b) Battery n − RC model. Models steady-
state and transient response.

Figure 3.13: Battery equivalent circuit models

1. The model only needs to be accurate within the expected current range,
which is around −1.3 A ≤ 10 A, as found in section [system model].

2. The Coulombic e�ciency is 1.

3. The model parameters are independent of State of Health (SoH), tem-
perature, current and whether the battery is charging or discharging.

4. The maximum voltage, V0, can vary slightly due to the uncertainty within
charging systems. V0 is either the starting voltage of a discharge test or
the ending voltage of a charging test.

3.3.2 Experimental setup

The experimental setup is shown in Figure 3.14. It was designed to charge and
discharge the battery, while measuring and logging the battery's voltage and
current. The output of the current sensor was connected to the main power
supply, during charging, and the DC electronic load during discharging. The
current sensor outputs a voltage, which was measured and conditioned by the
CAN module and logged by the CAN logger. This voltage value was converted
to a current value using the following relationship:

I = 10.2644Vsensor − 25.3874 [A], (3.12)

where Vsensor is the voltage output from the sensor. This relationship is
obtained in Appendix C.

The DC electronic load measures and logs voltage and current. During
charging, current values from the current sensor were used, and during dis-
charging, current values from the DC electronic load were used. The DC elec-
tronic load has a voltage sense terminal, which was connected to the battery,
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(a) Experimental setup - diagram of con�guration

(b) Experimental setup - photo of actual setup

Figure 3.14: Experimental setup

to measure and log voltage during charge and discharge. The DC electronic
load 's duty cycle was programmed on the PC, and the main power supply was
set using its control panel. The equipment used doesn't balance the individual
cells. Therefore, a commercial charger was used to balance charge or discharge
the battery between some experiments. Details of the components used in the
experimental setup is listed in Table 3.3.

3.3.3 Steady-state behavioural model

The main aim of this section was to obtain a behavioural model of the battery's
open circuit voltage, VOC , as a function of the battery's state of charge (SOC)
i.e. VOC = f(SOC). This section describes such a behavioural model and
describes how experimental data is used to obtain the model parameters.
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Table 3.3: Details of components used in experimental setup

Component Product name

Battery
2 × Tattu R-Line 4S 1300 mAh 75C
(series connected to form 8S 1300 mAh 75C)

Main power supply TTi CPX400A DUAL 60V 20A PSU
Auxiliary power supply GW Instek SPD-3606

Current sensor
DC/AC current sensor board, 20 A,
based on AC712ELC-20 IC

DC electronic load
Höckerl & Hackl GmbH ZS Electronic Load
ZS5612

CAN module
PEAK System PCAN-MicroMod
IPEH-002207

CAN logger Kvaser Memorator Pro 2xHS v2

Balancing charger
Ultimate Duo 1400W/30A SKYRC
(with power supply: eFuel PSU30A)

The open circuit voltage is the battery's voltage at equilibrium i.e. no
current is drawn or has been drawn for a signi�cant period of time. The state
of charge is a measure of the amount of capacity remaining in the battery. As
it is impractical to measure the open circuit voltage, the Rint equivalent circuit
model (ECM) was used, described by equation 3.13 and Figure 3.13a.

Vbat(z, Ibat) = VOC(z) − Ibat ·Rint, (3.13)

where Vbat is the voltage at the battery's terminals, VOC is the open circuit
voltage, Ibat is the current drawn from the battery, Rint is the battery's internal
resistance and z is the state of charge. Ibat is de�ned as positive for discharge
and negative for charge.

The behavioural model used is based on Plett's Combined model, shown in
Section 2.2.2.1. It was found that modifying the second term in this model
produces a better model �t. The resulting model is:

VOC(z) = V0 −
K1

z + A
−K2z +K3ln(z) +K4ln(1 − z), (3.14)

where V0 is the open circuit voltage when the battery is fully charged, and
K1, K2, K3, K4 and A are empirical constants.

Equations 3.13 and 3.14 can then be combined to obtain a model, which
predicts the battery voltage as a function of SOC and current:

Vbat(z, Ibat) = VOC(z) − Ibat ·Rint

= V0 −
K1

z + A
−K2z +K3ln(z) +K4ln(1 − z) − Ibat ·Rint

(3.15)
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Calculation of SOC is done using Equation 2.4.
Experimental data is required to obtain the model parameters of Equations

3.15 and 2.4. The data required is constant-current discharge data. It was
obtained in the following manner: The fully charged battery was discharged
at a constant current until it reached its lower limit of 28 V. It was then
fully charged using the commercial charger. This was repeated with di�erent
constant-current discharge values.

Capacity discharged is calculated in the following manner:

Cdischargedk+1
= Cdischargedi − Ibatk∆t, (3.16)

where Cdischarged is the capacity discharged in Ampere-hours (Ah) and ∆t
is the timestep.

The experimental data was then used to obtain the model parameters in
the following way:

The Coulombic e�ciency, ηi, is 1 because it was all discharge data. The
fully-charged open circuit voltage, V0, was calculated by taking the average of
the starting voltages in the discharge tests. All other constants were obtained
by �tting Equations 3.15 and 2.4 to the experimental discharge curves. The
results of the model �t is shown in Table 3.4 and Figure 3.15.

Table 3.4: Phase 1: Model parameters and %RMSE values

Model constant Value Experiment %RMSE
V0 33.4712 1.3 A discharge 0.6057 %
R 0.0953 5 A discharge 0.5506 %
Cn 1.3845 10 A discharge 0.4448 %
A 0.1457 15 A discharge 0.5097 %
K1 -7.7504 20 A discharge 0.6759 %
K2 10.2717
K3 15.1016
K4 -0.8932

3.3.4 Transient equivalent circuit model

The next phase of modelling the battery was to obtain the parameters of the
equivalent circuit model (ECM). The model is shown in Figure 3.13b. The
open circuit voltage, VOC(SOC) model was obtained in section 3.3.3. It is
Equation 3.14, with the parameter values listed in Table 3.4. The ECM must
be able to predict the transient voltage change for the four instances shown in
Figure 2.10.

There are di�erent methods for obtaining the ECM model parameters.
Often the parameters are obtained for di�erent SOC values, and sometimes for
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(a) Best �t - 10 A discharge (b) Worst �t - 20 A discharge

Figure 3.15: Phase 1: constant-current discharge curves

di�erent current values and di�erent current directions. For this work, in order
to simplify the model, the same model parameters will be used independent
of the SOC, current and current direction. Therefore, the data used to �t the
model must contain the four instances (discharge on, discharge o�, charge on
and charge o�) for di�erent SOC and current values.

The current duty cycle to achieve this is shown in Figure 3.16a. It contained
pulsed discharges of 2 C, 4 C, 6 C and 8 C, followed by pulsed charges of 1
C. This was followed by a constant-current discharge of 4C, which in turn
wasfollowed by the pulsed discharge and charge being repeated. The pulsed
discharge and constant-current discharge was achieved by programming the
DC electronic load. The pulsed charging was achieved by manually switching
the output of the main power supply on and o�. To switch from discharge
to charge, the output of the current sensor was manually disconnected from
the DC electronic load and connected to the main power supply. Matlab's
Parameter estimation was used to �t the model to the experimental data.
The comparison between the model voltage end experimental voltage is shown
in Figure 3.16b. The model parameters obtained is listed in Table 3.5.

(a) Load current duty cycle (b) Battery voltage

Figure 3.16: Phase 2: Hybrid pulse power characterisation test
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Table 3.5: Phase 2: Model parameters

Behavioural model Equivalent circuit model
Model constant Value Model constant Value
Cn 1.3845 R0 0.054726
A 0.1457 R1 0.036318
K1 -7.7504 C1 15.095
K2 10.2717 R2 0.043874
K3 15.1016 C2 126.61
K4 -0.8932

In order to check the model accuracy for di�erent duty cycles, the model
was also tested with constant-current discharge data, and constant-current-
constant-voltage charge data, for di�erent currents. The constant-current dis-
charge data was obtained in Section 3.3.3. A comparison between this data
and the model-predicted voltage is shown in Figure 3.17.

(a) 1.3 A and 10 (b) 0.65 A and 5 A

Figure 3.17: Phase 2: constant-current discharge tests

Constant-current-constant-voltage charge data was obtained in the follow-
ing manner: The main power supply was set to the desired current value, with
the voltage set to the maximum battery voltage, V0, of 33.6 V. This caused the
battery to charge �rst in constant-current mode (the horizontal lines in Figures
3.18a and 3.18c), and then in constant-voltage mode (the decreasing magni-
tude of current values in Figures 3.18b and 3.18d). A comparison between
this voltage data and the model-predicted voltage is shown in Figures 3.18b
and 3.18d. The %RMSE values of the model versus experiment comparisons
is shown in Table 3.6.
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(a) 0.5C charge - current (b) 0.5C charge - voltage

(c) 1C charge - current (d) 1C charge - voltage

Figure 3.18: Phase 2: constant-current-constant-voltage charge tests

Table 3.6: Phase 2: %RMSE and V0 values

Experiment
type

V0
Figure
reference

Experiment
detail

%RMSE

Pulsed charge
and discharge

33.6331 V Figure 3.16

Discharge:
2 C, 4 C,
6 C, 8 C;
Charge: 1 C

0.4464 %

Constant-current,
constant-voltage
charge

33.5348 V Figure 3.18
0.5 C 0.7290 %

1 C 1.0311 %

Constant-current
discharge

33.49 V Figure 3.17

0.65 A 0.8210 %
1.3 A 0.6632 %
5 A 0.6389 %
10 A 1.0988 %
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3.3.5 Varying parameters

A model was obtained for the Tattu R-Line 4S 1300 mAh 75C (series connected
to form an 8S battery). This section describes how the rated capacity can be
varied, and how this changes the battery's electrical model and mass.

3.3.5.1 E�ect on electrical model

The nominal capacity is a constant factor greater than the rated capacity
(Mathworks, 2008). It logically follows from this that the nominal capacity
changes as a function of the rated capacity as follows:

Cn = Cn,0
Crated
Crated,0

, (3.17)

where Cn,0 and Crated,0 refers to the nominal and rated capacity respectively,
of the current battery. Cn and Crated refers to the nominal and rated capacity
respectively, of the modi�ed battery.

3.3.5.2 E�ect on mass

There is a linear relationship between battery mass and number of cells, with
a near-zero y-intercept (Bershadsky et al., 2016). There is a linear relationship
between battery mass and rated capacity, with a zero y-intercept (Mauro Gatti,
2015). It therefore follows logically that the battery mass can be scaled linearly
as a function of rated capacity and number of cells as follows:

mbat = mbat,0
Crated
Crated,0

Ncells

Ncells,0

, (3.18)

where mbat,0 is the current battery mass and mbat is the modi�ed battery
mass.

3.3.6 Discussion

3.3.6.1 Behavioural model

This discussion is based on the results in Section 3.3.3. As can be seen in
Figure 3.15, the �t is quite good. This is also shown in Table 3.4, with all the
%RMSE values below 0.7 %. The largest discrepancy can be seen with 20 A
discharge. This is because the battery heated up, and the model parameters
should vary as a function of temperature (Mathworks, 2008), which it doesn't.
This shouldn't be a problem, as the battery current is mainly below 10 A in
the system model (Figure 5.3c).
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3.3.6.2 Equivalent circuit model

This discussion is based on the results in Section 3.3.4. The model obtained
has a relatively good �t for a range of di�erent data. The %RMSE values are
all below 1.1 % (Table 3.5). The data includes constant-current discharge for
a range of currents (Figure 3.17), up to the maximum 10 A expected (Figure
5.3c). It also includes constant-current-constant-voltage charging up to the 1C
max charge rate (Figure 3.18). It also includes HPPC data, which contains
all four modes (charge on and o�, and discharge on and o�), with di�erent
currents (Figure 3.16).

However, the model is a compromise for the following reasons: Hysteresis
is not modelled. Hysteresis causes the voltage to relax after discharge to a
higher value than the model predicts (Plett, 2004). Also, the model would be
more accurate if it had di�erent resistances for charge and discharge (Plett,
2004).

Because of these things not being modelled, the total resistance of the
ECM (R0 + R1 + R2) is 41.6 % higher than the internal resistance, R, of the
behavioural model. This causes the %RMSE to be higher for the constant-
current discharge �t of the ECM model, compared to the behavioural model.
Also, there are signi�cant discrepancies with the �ts of the HPPC (Figure
3.16) and charge (Figure 3.18), as a result of the simpli�ed model used.

3.4 Power management system

The power management system (PMS) manages the power �ow between the
fuel cell, battery and load. The con�guration of a passive power management
system is shown in Figure 2.8a and described in Section 2.1.8.1. There are
three modes of operation of such a system. Mode 1 is when power is drawn
only from the fuel cell (Figure 2.9a). Mode 2 is when power is drawn from the
fuel cell and battery (Figure 2.9b). Mode 3 is when power is drawn from the
fuel cell, and additional power is drawn from the fuel cell to charge the battery
(Figure 2.9c).

3.4.1 Approach

The modelling approach is divided into two parts. The �rst part involves �tting
a model to experimental data found in literature. A model will be obtained
to characterise the three phases in Figure 2.9. The data used for mode 3 is
limited is limited in that the fuel cell voltage is kept constant throughout the
experiments. The second part involves demonstrating that the model works
for varying the load current, which causes the fuel cell voltage to vary.
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3.4.2 Data used

Data from literature is used to characterise and model a PMS. Gong and
Verstraetey (2014) did various tests on a Commercial-O�-The-Shelf (COTS)
system comprising of a fuel cell system, battery and PMS. This system is
similar to the one acquired for this work. It was therefore decided to use the
results of Gong's experiments to develop a model of a PMS.

Gong makes use of two experimental setups. The �rst one is to characterise
the power �ow between the fuel cell and battery, and the load (shown in Figure
3.19). The aim is to characterise the steady-state behaviour of this power �ow.
The load is kept constant at increasing power values. In order to obtain "quasi-
steady-state" behaviour, the power value is kept constant for su�ciently long
to obtain close to steady-state behaviour of the fuel cell, while short enough
to not discharge the battery too much. The lengths of time power values are
kept constant is listed in Table 3.7. The experimental results are shown in
Figure 3.21.

Figure 3.19: Experimental setup 1. Adapted from (Gong and Verstraetey,
2014)

The second setup is to characterise the power �ow between the fuel cell and
battery during charging. The setup in Figure 3.19 is modi�ed by removing
the load and by replacing the fuel cell with a DC power supply. This setup
is shown in Figure 3.20. The battery is discharged to a voltage value, the
power supply is set to a voltage value, and the battery is charged using the
PMS until its voltage doesn't change. This is repeated with di�erent battery
starting voltages (21 V and 23 V), with the the same power supply voltage
(30 V) (results shown in Figures 3.24 and 3.25). It was repeated with di�erent
power supply voltages (23 V, 25 V and 30 V), with the same battery starting
voltage (22 V) (results shown in Figure 3.26).
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Details of the components used in the experimental setups are listed in
Table 3.8.

Figure 3.20: Experimental setup 2. Adapted from (Gong and Verstraetey,
2014)

Table 3.7: Time duration power values are kept constant

Power value [W] Time duration [s]
<200 100
200 - 400 60
500 - 600 25

3.4.3 Modelling

The aim of this section is to model the PMS based on Gong's results. However,
a model of the fuel cell system and battery used by Gong is �rst required.
Obtaining these models is described in Appendix D.

Now that there are models for the fuel cell and battery, a model for the
PMS can be developed. First a model is developed for modes 1 and 2 (Figures
2.9a and 2.9b). The data used is Gong's �rst experiment (experimental setup
shown in Figure 3.19). The model proposed is the same as in Figure 2.8a,
where there is a diode in front of the fuel cell, and in front of the battery, but
ignoring the charger. It is assumed that the diodes are ideal, meaning there
is no voltage drop or internal resistance. The model and experimental results
are compared in Figure 3.21.

Next mode 3 (Figure 2.9c) is modelled. However, only the power �ow
between the fuel cell and battery is of interest here. A more detailed diagram
of this section of the PMS (which is essentially a battery charger) is shown
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Table 3.8: Details of components used in experimental setup

Component Detail
Hybrid system AeroPak (by Horizon Energy Systems)

Fuel cell
AEROSTAK AST01-01 (200W) PEM
fuel cell

Battery
2 × ThunderPower 3S 1350mAh 25C
G6 Pro Lite connected in series (to form a
6S 1350mAh 25C battery)

Charging component of PMS
LTC3824 voltage step down controller
driving a 7463 P-Channel MOSFET

DC electronic load BK Precision IT8514F-1200
DC power supply ET System LAB/SMS 435
Voltage and current
measurement (low power)

ISOTECH IDM73 multimeter with serial
connection

Current measurement
(high power)

Eagle Tree Hall sensors

(a) Battery (b) Fuel cell

(c) Total

Figure 3.21: Data of modes 1 and 2
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in Figure 3.22. The control system monitors the current charging the battery
and voltage applied at its terminals. It controls the switching duty cycle of
the MOSFET. This controls the current and voltage level at the battery side
of the MOSFET. Based on Gong's results, there are 3 phases of the charging
process (shown in Figure 3.23). In the �rst 2 phases the current is controlled.
In the �rst phase, current is ramped up to a certain value. In the second
phase, the current is kept constant at this value. In the third phase, voltage is
controlled. The voltage level is kept constant at the maximum desired voltage
of the battery. The battery voltage increases to this value, as the current
decreases to close to zero. This is similar to the constant-current constant-
voltage algorithm used in most lithium battery chargers. The control system
controls the current and voltage. However, to simplify the model, only the
behaviour of the current is modelled.

Figure 3.22: Operation of charging system

The �rst phase is modelled according to the following equation:

Phase 1: Icharge(Vbat, t) = ICC +
ICC − Istart

tCC
[t− tCC ]

if

{
t < tCC

Vbat < VCV (VFC)
,

(3.19)

where Icharge is the charging current, Vbat is the battery voltage, t is the
time since start of charging, ICC is the constant-current charge value, Istart is
the charge current at t = 0 and tCC is the time after start of charging that
phase 1 ends.

The second phase is modelled according to the following equation:

Phase 2: Icharge(Vbat, t) = ICC if

{
t ≥ tCC

Vbat < VCV
, (3.20)
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Figure 3.23: Di�erent phases of battery charging

where VCV is the battery voltage at which phase 3, the constant-voltage
phase starts.

The third phase is modelled according to the following equation:

Phase 3: Icharge(Vbat, t) = ICC [1 − 1

∆VCV
(Vbat − VCV )]

if VCV ≤ Vbat ≤ Vbmc,
(3.21)

where Vbmc is the maximum voltage to which the battery is charged and
∆VCV = Vbmc − VCV .

The constants in Equations 3.19 - 3.21 were selected based on observation
of Gong's results, and are listed in Table 3.9. Comparison of this model with
Gong's data is shown in Figures 3.24 and 3.25.

Next the charger model is modi�ed to take into di�erent fuel cell voltages.
The constant current value is higher when the fuel cell voltage is closer to the
battery voltage (i.e. lower). The following equation takes this into account:

ICC(VFC) = −0.012(VFC − Vbmc) + 0.9084 (3.22)
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Table 3.9: Constants for Equation 3.19 to 3.21

Constants Equation / value Unit
ICC 0.84 A
Istart 0.25 A
tCC 50 s
Vbmc 4.3 V
∆VCV 0.3 V
VCV Vbmc − ∆VCV V

(a) Battery voltage vs time; %RMSE =
0.5308 %

(b) Charge current versus time

(c) Charge current versuss voltage (d) Charge energy vs time; %RMSE =
0.7781 %

Figure 3.24: Charging battery from starting voltage of 21 V. Data obtained
using experimental setup 1

If the fuel cell voltage is less than the maximum battery charge voltage,
Vbmc is altered in the following manner:

Vbmc(VFC) = minimum(Vbmc,K , VFC), (3.23)

where Vbmc is the actual maximum voltage that the battery can be charged
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(a) Battery voltage vs time; %RMSE =
0.4286 % (b) Charge current versus time

(c) Charge current versus voltage

(d) Charge energy vs time; %RMSE =
2.4598 %

Figure 3.25: Charging battery from starting voltage of 23 V. Data obtained
using experimental setup 1

to, Vbmc,K is a preprogrammed constant in the charger that limits the maximum
battery voltage and VFC is the fuel cell voltage.

The modi�ed model is run and compared to Gongs results (Shown in Figure
3.26).

The charging model was developed for a speci�c battery, which had a spe-
ci�c number of cells and a speci�c capacity. It is suggested that this model can
be modi�ed to take into account an arbitrary number of cells and capacity.
The generalized model is summarized in Equation 3.24, with the constants
listed in Table 3.10.

Maximum battery voltage: Vbmc(VFC) = min(Vbmc,K , VFC) (3.24a)

Start of constant-voltage: VCV (VFC) = Vbmc(VFC) − ∆VCV (3.24b)
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(a) 30 V (b) 25 V

(c) 23 V

Figure 3.26: Voltage vs current for di�erent fuel cell voltages. Data obtained
using experimental setup 2.

Constant current:

ICC(VFC) = [−0.012[VFC − Vbmc(VFC)] + 0.9084]
Crated
1.35

(3.24c)

Phase 1: I(VFC , Vbat, t) = ICC(VFC) +
ICC(VFC) − Istart

tCC
[t− tCC ]

if

{
t < tCC

Vbat < VCV (VFC)

(3.24d)

Phase 2: I(VFC , Vbat, t) = ICC(VFC) if

{
t ≥ tCC

Vbat < VCV (VFC)
(3.24e)

Phase 3: I(VFC , Vbat, t) = ICC(VFC)

[
1 − 1

∆VCV
[Vbat − VCV (VFC)]

]
if VCV (VFC) ≤ Vbat ≤ Vbmc(VFC)

(3.24f)

3.4.4 Model implementation in Simulink

In section 3.4.3 it was found that the charger model matches experimental
data. However, there are limitations to the experimental data used: the power
supply (representing a fuel cell) voltage remained constant, and the battery
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Table 3.10: Constants for Equation 3.24

Constants Equation / value Unit
Istart 0.25 A
tCC 50 s
Vbmc,K 4.3(Ncells/6) V
∆VCV 0.3(Ncells/6) V

remained in the charge state, throughout the test. In reality, the load current
will vary, causing the fuel cell voltage to change, and the battery to switch
between charge and discharge states. It must therefore be shown that the
charger model works with a varying load current, and that all the sub-equations
in Equation 3.24 are implemented. It must also be shown that the PMS model
obtained works with the fuel cell and battery model obtained in Sections 3.2
and 3.3 respectively.

Equation 3.24 can be considered to be complex because of the di�erent
modes of operation (phases), dependent on the time since start of charging and
the battery voltage. However, Equations 3.24d (Phase 1) and 3.24f (Phase 3)
are set up that their value will be greater than 3.24e (Phase 2) if the time or
battery voltage is not within the speci�ed bounds. Therefore, Equation 3.24
can be simpli�ed in the following manner:

Maximum battery voltage: Vbmc(VFC) = min(Vbmc,K , VFC) (3.25a)

Start of constant-voltage: VCV (VFC) = Vbmc(VFC) − ∆VCV (3.25b)

Constant current:

ICC(VFC) = [−0.012[VFC − Vbmc(VFC)] + 0.9084]
Crated
1.35

(3.25c)

Phase 1: I1(VFC , Vbat, t) = ICC(VFC) +
ICC(VFC) − Istart

tCC
[t− tCC ] (3.25d)

Phase 2: I2(VFC , Vbat, t) = ICC(VFC) (3.25e)

Phase 3: I3(VFC , Vbat, t) = ICC(VFC)

[
1 − 1

∆VCV
[Vbat − VCV (VFC)]

]
(3.25f)

Charge current: Icharge = min(I1, I2, I3) (3.25g)

Figure 3.27 shows the implementation of Equation 3.25 in Simscape. It
must be noted that a positive Icharge value results in a negative battery current.
The fuel cell and battery models are the ones obtained in Sections 3.2 and 3.3
respectively. A load current versus time is applied to the load terminal on
the right. Di�erent simulations are run with this model to demonstrate that
Equation 3.25 (and therefore Equation 3.24) is implemented in the di�erent
modes of operation. This is shown in Appendix E.
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Figure 3.27: Simscape implementation of PMS model

3.5 Tank

Horizon Energy Systems has a range of hydrogen tanks designed for UAV
applications (Horizon Energy Systems). The tank has an empty tank mass
and can hold a certain hydrogen mass when full. A plot of this data is shown
in Figure 3.28. It is assumed that custom tanks can be made and that the
data points can be interpolated and extrapolated. This line is used for the
parameter variation in Section 5.2. The hydrogen mass value becomes the
mremaining,0 value in Section 3.2.2.2.

Figure 3.28: Hydrogen mass versus empty tank mass for discrete tank sizes.
These discrete points are interpolated and extrapolated to obtain a function
of hydrogen mass versus empty tank mass. Adapted from (Horizon Energy
Systems)
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Chapter 4

Load subsystem modelling

The load subsystem model is shown in Figure 4.1. It is composed of a parasitic
loss model, four propulsor models and the thrust duty cycle model. The par-
asitic loss characterises power that is drained due to the �ight control system
and other auxiliary components. A propulsor is composed of an electronic
speed controller (ESC), motor and propeller. It is assumed that a quadcopter
is being modelled and therefore that there are four propulsors. The thrust duty
cycle is the combined thrust from the four propulsors that needs to be applied
over time, for the required �ight path. These subsystems are modelled in this
section.

Figure 4.1: Load subsystem model overview

4.1 Propulsor system

A diagram of the propulsor system is shown in Figure 4.2. It is divided into an
Electronic Speed Controller (ESC), motor and propeller. The motor is divided
into an electrical model and a mechanical model.

58

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 4. LOAD SUBSYSTEM MODELLING 59

Data is obtained from the manufacturer's website (T-motor), and used to
�t a model. The manufacturer tests a combination of an ESC, motor and
propeller and provides data of these tests. The combinations of components
used in this section are listed in Table 4.1.

Figure 4.2: Propulsor system model overview

Table 4.1: Propulsor combinations: manufacturer data used for �tting model

ESC model Motor model
Propeller

diameter [inches]
Combination

number

Alpha 60 A HV
U8 Lite 85KV

28 1
29 2

U8 Lite 100KV
27 3
28 4

Alpha 60 A LV
U8 Lite 150KV

28 5
29 6

U8 Lite 190KV
28 7
29 8

Alpha 60A HV MN705-S 125KV 27 9
Flame 60A HV MN705-S 260KV 27 10

4.1.1 Propeller and mechanical motor model

This section of the propulsor system includes the mechanical motor model and
the propeller. Two similar models are developed. A more complex model takes
into account the e�ect of friction. A simpler model doesn't. A diagram of the
complex model is shown in Figure 4.3. The simple model is similar to this
model, except that it does not include Qmotor friction.

Here follows the derivation of the complex model:
The mechanical resistance to rotation of the motor and propeller is charac-

terised by the torque of the propeller and the mechanical friction of the motor.
The propeller torque is mathematically modelled as follows:

QP = CQρD
5ω2, (4.1)
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whereQP is torque due to the propeller, CQ is the propeller torque constant,
ρ is the air density, D is the propeller diameter and ω is the speed of rotation
of the motor shaft and propeller.

Figure 4.3: Mechanical motor model and propeller

It is assumed that the mechanical motor friction is due to a combination of
viscous damping and coulomb friction. This torque is mathematically modelled
as follows:

Qf = Cf,viscousω + Cf,coulomb, (4.2)

where Qf is the torque due to friction in the motor, Cf,viscous is the constant
of viscous friction and Cf,coulomb is the constant of coulomb friction.

The torque applied by the motor is equal to the sum of the torque compo-
nents opposing the rotation of the motor:

Qmotor = QP +Qf

= CQρD
5ω2 + Cf,viscousω + Cf,coulomb,

(4.3)

where Qmotor is the total torque of the motor.
For the simple model, Equation 4.3 is modi�ed to only include propeller

torque:

Qmotor = QP

= CQρD
5ω2 (4.4)

For the data selected (Table 4.1), all the propellers are the same type (the
Glossy model), with di�erent diameters. It is assumed that these propellers are
geometrically similar and therefore have the same CQ value. It is assumed that
the diameter of the propeller is that which is speci�ed by the manufacturer.
It is assumed that each motor model has its own unique construction and
therefore its own unique Cf,viscous and Cf,coulomb values.

Information of the ambient temperature is given by the manufacturer for
each test. However, information of the atmospheric pressure is not given. The
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company's premises are close to sea level, so standard atmospheric pressure is
assumed (101.325 kPa). The air density is calculated using a variation of the
ideal gas law:

ρ =
RairTair
Pair

(4.5)

where Rair is the gas constant of air and is equal to 287.05 J/(kg ·K), Tair
is the ambient air temperature and Pair is the atmospheric air pressure.

The thrust produced by the propeller is mathematically modelled as fol-
lows:

T = CTρD
4ω2, (4.6)

where T is the thrust generated by the propeller and CT is the propeller
thrust constant.

This equation is independent of whether friction is modelled or not. The
CT value is the same for all propeller diameters.

Equations 4.3, 4.4 and 4.6 are �t to the 10 sets of manufacturer data.
The resulting model parameters are listed in Table F.1 (Appendix F). The
comparison between model �t and test data is shown in Figures 4.4, 4.5 and
4.6. The comparison between the accuracy of the complex and simple model
is shown in Figure 4.7a. Combinations 9 and 10 weren't included in the model
�t for the simple model. It seems that these motors have high friction values,
reducing the accuracy of the �t for all the combinations.

(a) Motor with best �t (b) Motor with worst �t

Figure 4.4: Comparison between model �t and manufacturer data - Torque -
Modelling friction
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(a) Motor with best �t (b) Motor with worst �t

Figure 4.5: Comparison between model �t and manufacturer data - Torque -
Not modelling friction

(a) Motor with best �t (b) Motor with worst �t

Figure 4.6: Comparison between model �t and manufacturer data - Thrust

4.1.2 Electrical motor model

The electrical motor model is shown in Figure 2.13, with the equations de-
scribed in Section 2.3.2.

4.1.3 Electronic Speed Controller

The ESC model used is shown in Figure 4.8. The validation of this model is
shown in Appendix G. The unknown parameters R1 and R2 will be obtained
in Section 4.1.4.

4.1.4 Total propulsor system

The aim of this section is to obtain a propulsor model. Component models
previously described are combined to form the propulsor model. Experimental
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(a) Comparing R2 values of modelling
friction to not modelling friction - Torque

(b) R2 values - Thrust

Figure 4.7: R2 values of mechanical motor model and propeller model �t

Figure 4.8: ESC equivalent circuit model

data of combinations 1 - 8 (Table 4.1) is �t to the model to obtain the unknown
parameters. The propulsor Simscape model is shown in Figure 4.9.

So far constants have been obtained for the mechanical motor model and
propeller model. Constants for the electrical motor model can either be ob-
tained from manufacturer data, or can be obtained by the �tting process. The
ESC parameters need to be obtained by the �tting process. Two models will
be used, one complex and one simple.

The complex model contains the complex motor(mechanical)/propeller model,
where friction is modelled. Di�erent ESC paramters are �t for di�erent motors
i.e. the ESC parameter will change if it's connected to a di�erent motor. The
motor parameters will be obtained during �tting and will be allowed to be
±15% di�erent to the manufacturer values.

The simple model contains the simple motor(mechanical)/propeller model,
where friction isn't modelled. The ESC model parameters for an ESC will be
the same regardless of the motor. The motor parameters will be the manufac-
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Figure 4.9: Propulsor model implemented in Simulink

turer values.
The resulting model �t is shown in Figure 4.10 for the complex model and

Figure 4.11 for the simple model. A comparison of the accuracy between the
two models is shown in Figure 4.12. Additional data, such as the constants of
the two models, can be found in Appendix H.

4.1.5 Discussion

4.1.5.1 Propeller and mechanical motor model

This discussion is based on the results in Section 4.1.1. Two models were
compared - one including friction (complex) and one not (simple). These
models characterise the torque versus speed relationship. The model needs
to be accurate enough that the error is small in comparison to the e�ect of
changing a design parameter. The design parameter in this case is the propeller
diameter, D.

Figure 4.5b shows the torque versus speed relationship predicted using the
simple model. It can be seen that at lower speeds, the error is of a similar mag-
nitude to the di�erence between the experimental data of the two propellers.
This means that if the input to the model is D = 28”, it will predict results
close to the experimental results of D = 27”, which is incorrect. This error
reduces at higher speeds. However, multirotors are normally designed to not
operate the motors at close to their maximum speeds.

The results in this �gure (Figure 4.5b), are combinations 3 and 4 in Table
4.1. These combinations have R2 values of approximately 0.945 and 0.97 re-
spectively, for the simple model (Figure 4.7a). Other combinations are in this
range, and close to this (mostly below R2 = 0.98). This means that there is a
low level of con�dence in the predicted torque versus speed when varying the
propeller diameter, for di�erent motors.
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(a) Alpha 60A LV - Current (b) Alpha 60A HV - Current

(c) Alpha 60A LV - Rotational speed (d) Alpha 60A HV - Rotational speed

Figure 4.10: Comparison between model �t and manufacturer data - complex
model

Figure 4.4b shows the torque versus speed relationship predicted using
the complex model. For the 29" propeller (combination 8 - Table 4.1), the
predicted results come close to the experimental results of the 28" propeller.
However, the discrepancy is still better than with the simple model (Figure
4.5b). Also, this combination is an outlier, having anR2 value of approximately
0.975, whereas the other combinations have an R2 value of greater than 0.99.
This means that most combinations modelled using the complex model have
a goodness of �t similar to that shown in Figure 4.4a. This means that there
is a high level of con�dence in the predicted torque versus speed when varying
the propeller diameter, for di�erent motors.

Figure 4.6 shows the thrust versus speed relationship predicted. For com-
bination 1 (Figure 4.6b), there is a discrepancy between the model and experi-
mental results. However this is insigni�cant in comparison to the di�erence in
experimental results between the two propeller sizes. Also this �t is an outlier,
in that it has an R2 value of approximately 0.991. The other combinations
have an R2 value of greater than 0.996, which can be seen in the model and
experimental results being practically equal (Figure 4.6 - combinations 2, 7
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(a) Alpha 60A LV - Current (b) Alpha 60A HV - Current

(c) Alpha 60A LV - Rotational speed (d) Alpha 60A HV - Rotational speed

Figure 4.11: Comparison between model �t and manufacturer data - simple
model

and 8).
It can therefore be concluded that with the complex model, the torque

versus speed and thrust versus speed error is small in comparison to the ex-
perimental e�ect of varying the propeller diameter. This is not the case with
the simple model.

4.1.5.2 Electronic speed controller

This discussion is based on the results in Appendix G and Section 4.1.3. Figure
G.1 (and 4.8) shows the model proposed. This model is useful as it is easier to
implement in Simscape than Equation G.2, which was validated in literature.
Two complexities of this model were compared - one where the constants are
dependent on the supply voltage (complex), and one where the constants are
independent of the supply voltage (simple).

It can be seen that the accuracy of the simple model is quite low compared
to the complex model. This can be seen by comparing the worst �ts (Figures
G.3b and G.4b), and by comparing the R2 values in Table G.6. The R2 values
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(a) Current (b) Rotational speed

(c) Thrust (d) Torque

Figure 4.12: Comparing R2 values of complex model with simple model

are only similar for supply voltages of 9 V and 10 V , because the simple model
was �t using a supply voltage of 9.5 V . The further the supply voltage is from
9.5 V , the more inaccurate the simple model is. The implications of this will
be discussed in Section 4.1.5.3.

With the complex model it can be seen that the higher the supply voltage,
the lower the accuracy (Figures G.4 and G.6). The implications of this will be
discussed in Section 4.1.5.3. It is interesting to note that there is a mathemat-
ical relationship for the constants as a function of the supply voltage, with a
near-perfect �t (Figure G.5). This means that these equations can be used to
extrapolate the model parameters beyond the supply voltages tested at.

4.1.5.3 Total propulsor system

This discussion is based on the results in Section 4.1.4. The best �t obtained
is for the complex model with combinations 5 - 8. These combinations have a
supply voltage of 24 V , and therefore make use of a low voltage ESC. It can
be seen in Figures 4.10a and 4.10c that the model and experimental results
are almost identical. The di�erence between the model lines, and between the
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experimental lines, are of a similar magnitude. This gives con�dence to the
predicted results when varying the propeller diameter. Also, the R2 values of
these combinations are all above 0.98 for current, rotational speed, thrust and
torque (Table 4.12). Additionally, the �t motor parameter values are close to
the manufacturer-provided values (Table H.1), further con�rming the accuracy
of the model for these combinations. This accuracy is useful, as combination
5 is used in the system model (Section 5).

However, there is a shortcoming of using the complex propulsor model for
combination 5 in the system model. The model parameters were obtained
using a supply voltage of 24 V . However, the load voltage in the system
simulation is 30 V − 40 V , during a certain timespan (Figure 5.3d). This
load voltage is the supply voltage to the propulsors. As discussed in Section
4.1.5.2, the model parameters should be di�erent for di�erent supply voltages.
The supply voltage in the system simulation is signi�cantly higher than the
supply voltage used to obtain the model parameters. This implies that the
ESC model is inaccurate in the system simulation.

The accuracy is slightly worse for the high voltage combinations (1 - 4)
using the complex model, as shown in Figures 4.10b and 4.10d. This is because
of the decreasing ESC model accuracy with increasing supply voltage discussed
in Section 4.1.5.2. The accuracy is even worse for the low voltage combinations
(5 - 8) using the simple model, as shown in Figures 4.11a and 4.11c. This is
because of the inaccuracy of not modelling friction discussed in Section 4.1.5.1.
The high voltage combinations (5-8) using the simple model has the worst
accuracy, as shown in Figures 4.11b and 4.11d. This is due to the combination
of inaccuracies previously discussed.

4.2 Thrust duty cycle and parasitic loss

A LiPo quadcopter was �own by the authors using a pre-programmed �ight
path. The multirotor used was a quadcopter (four propulsors) with the details
of the propulsors in Table 4.2. The �ight was done without a payload and
with a payload of 2 kg, resulting in the same �ight, but with di�erent take-
o�-masses. The current and voltage of the battery were measured and logged
during �ight. Power versus time was calculated using this data. This is shown
in Figure 4.13.

From �gure 4.13 it can be seen that the minimum power is non-zero and
is the same for both all-up-masses. This is seen most clearly for time 170 s
- 180 s. It is assumed that this power is due to parasitic loss from auxiliary
components, and that the remaining power is due to the four propulsors.
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Table 4.2: Propulsor components on quadcopter used in �ight test - all com-
ponents manufactured by T-motor

Component Detail
ESC Air 40 A
Motor U8 Pro KV135
Propeller Carbon �ber - glossy 27*8.8

Figure 4.13: Measured power during �ight test

4.2.1 Thrust duty cycle

4.2.1.1 Converting thrust duty cycle method

This section describes a method to predict the thrust duty cycle of a multi-
rotor as a function of its mass. Experimental �ight data is obtained from a
multirotor. A model is developed to use this data to obtain a thrust duty cycle
for a multirotor being designed with a di�erent mass. It is assumed that the
new multirotor will �y the same path, and that the frame, �ight dynamics,
etc. are similar enough that the duty cycle varies only as a function of the
all-up-mass. The model will be used to convert the thrust duty cycle of the
5.976 kg �ight (Figure 4.13) to a predicted thrust duty cycle for the 7.976 kg
�ight. This predicted thrust duty cycle is compared to the actual 7.976 kg
�ight thrust duty cycle.

In order to obtain a thrust duty cycle, the power duty cycle in Figure
4.13 needs to be converted to thrust. According to basic momentum theory,
propeller power is related to its thrust (Silvagni et al., 2018):

T = CTρD
4ω2 (4.7a)

PP = CPρD
5ω3 (4.7b)
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∴ PP = KT 3/2, (4.7c)

where PP is propeller power and K is a constant.
It follows logically that the propulsor power is related to thrust. The

manufacturer supplies static power and thrust data for the propulsor system
in Table 4.2 (T-motor). It is assumed that all four propulsors provide equal
thrust and therefore draw equal power. The manufacturer data for thrust and
power is therefore scaled by a factor of four, and shown in Figure 4.14. It is
�t with a quadratic polynomial:

Ttotal = −4.1482 · 10−6P 2
total + 0.0149Ptotal + 1.0673 [kg], (4.8)

where Ttotal is the total thrust of the four propulsors and Ptotal is the total
power drawn from the four propulsors.

Figure 4.14: Thrust versus power of the propulsor used in the �ight test

Now that the thrust duty cycle is obtained, the method used to convert
the thrust duty cycle is described. It is described by Figure 4.15 and Equation
4.9:

T1,y = m1k1 (4.9a)

T1,x =
√
T 2
1 − T 2

1,y (4.9b)

T2′,x = T1,x (4.9c)

T2′,y = m2 (4.9d)

T2′ =
√
T 2
2′,y + T 2

2′,x (4.9e)

T2 = k2T2′ , (4.9f)
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Figure 4.15: Geometric analysis to estimate thrust duty cycle with a di�erent
all-up-mass

where T1 is Ttotal (Equation 4.8) for multirotor 1, T2 is the predicted thrust
duty cycle for multirotor 2, m1 and m2 are the all-up-masses for multirotor 1
and 2 respectively, and k1 and k2 are empirical constants.

Multirotor 1 and 2 refer to the all-up-masses of 5.976 kg and 7.976 kg
respectively (Figure 4.13). The output of T2 from Equation 4.9 is �t to the
output of Equation 4.8 for multirotor 2, to obtain the empirical constants k1
and k2. The results of the �t is listed in Table 4.3, with a comparison of the
thrust duty cycles shown in Figure 4.16.

Table 4.3: Comparison of mean and standard deviation for the experimental
and model thrust duty cycle, both for an all-up-mass of 7.976 kg

Experimental Model Percentage error
Mean 8.4178 kg 8.4102 kg -0.0909 %
Standard deviation 0.8550 kg 0.8547 kg -0.0358 %

4.2.1.2 Converting thrust duty cycle for design case

Now that the thrust converting model (Equation 4.9), has been validated, it
will be used with m2 being the all-up-mass of the fuel cell multirotor being
designed. An initial design will be selected in this section, to obtain a thrust
duty cycle that will be used in Section 5.1. In Section 5.2, the all-up-mass will
be varied as a result of varying certain design parameters.
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Figure 4.16: Comparison of experimental and model thrust duty cycle versus
time, both for an all-up-mass of 7.976 kg

The following assumptions are made:

1. The current multirotor weighs 3 600 g without the battery or any pay-
load. The new multirotor will weigh this amount as well, as it is a similar
size, with similar propulsor components.

2. The new multirotor will have a payload of 1 000 g.

3. Half the hydrogen mass of a full tank is carried throughout the �ight.

The power supply components of the new multirotor are shown in Figure
3.2 and listed with their masses in Table 4.4. The hydrogen mass of a full tank
is calculated in Section 3.5. The total mass of the new multirotor is therefore:

mnew multirotor = mcurrent multirotor +mpower supply +mpayload +
1

2
mH2,full tank

= 3600g + 5384g + 1000g +
193g

2
= 10 080.5g

(4.10)

The method in Section 4.2.1.1 is then used to convert the thrust duty cycle
with the current multirotor mass of 5 976 g (including the battery) to the
new drone multirotor mass of 10 080.5 g. This theoretical thrust duty cycle is
shown in Figure 4.18.
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Table 4.4: Component masses of power supply system

Components Mass [g]
Hydrogen tank 2 800
Fuel cell & fans 1 646
Pressure reducing valve 145
Controller/PMS 1 299
Controller/PMS 2 166
Battery 1 164
Battery 2 164

Total 5 384

4.2.1.3 Thrust control system

The propulsor system is modelled to have a throttle value as an input, with
thrust as an output, and power drawn as an e�ect thereof. This is to represent
how the system is physically operated. However, it is required to have thrust
as an input. This is in order to have the thrust duty cycle described in Sections
4.2.1.1 and 4.2.1.2 as an input. The system describes how a PID controller is
implemented in Simulink in order to convert a thrust input to a throttle input.

A PID compensator controller is used with the following equation:

P + I
1

s
+D

N

1 +N 1
s

, (4.11)

with the following constants: P = 1, I = 1, D = 10−3, N = 100. These
are the default settings of the PID compensator controller block in Simulink.

The implementation of the control system in Simulink is shown in Figure
4.17, with the simulation result in Figure 4.18.

Figure 4.17: Thrust control system implementation in Simulink
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Figure 4.18: Simulation result - comparing actual and setpoint thrust versus
time

4.2.2 Parasitic loss

As is described in the introduction of Section 4.2, there is a parasitic loss
component of the power drawn. It is assumed that a constant power of 13 W
is drawn, based on Figure 4.13. It is implemented in Simulink as a voltage-
controlled current source, according to the following equation:

I =
Pparasitic

V
, (4.12)

where I is the current drawn, V is the voltage measured and Pparasitic is
the desired constant power.

The Simulink model is shown in Figure 4.19.

Figure 4.19: Simulink model of parasitic loss
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4.2.3 Discussion

4.2.3.1 Thrust duty cycle

This discussion is based on the results in Sections 4.2.1.1 and 4.2.1.2. As can
be seen in Table 4.3, the theoretical thrust duty cycle is similar to the actual
one, in that the means and standard deviations are similar. Also, it can be
seen from Figure 4.16 that the theoretical and actual thrust duty cycles have
similar amplitudes.

However, there are the following limitations in the analysis:

1. Only one dataset was used to obtain the model parameters and vali-
date the model. More datasets with di�erent all-up-masses should be
obtained.

2. The model was validated using an all-up-mass of 33.5 % greater. The
thrust duty cycle for the initial design case is 68.7 % higher. There is
a signi�cant di�erence in these masses. Data should therefore rather be
obtained from the new heavier multirotor, as this would avoid perturbing
from the validated model too much.

3. the following assumption is made when using Equation 4.8: the supply
voltage is 22.2 V throughout the �ight, as this is the supply voltage at
which the data in Figure 4.14 is obtained. However, it can be seen in
Figure I.1 (Appendix I) that the supply voltage does vary during �ight,
with the �rst �ight (5.976 kg) being mainly above 22.2 V, and the second
�ight (7.976 kg) being mainly below 22.2 V.

4.2.3.2 Thrust control system

This discussion is based on Figure 4.18. In the �rst few seconds, there is a
discrepancy between the actual and setpoint thrust. Thereafter, the actual
and setpoint is equal. The control system, therefore, performs its function.

4.2.3.3 Parasitic loss

This discussion is based on Section 4.2.2. The parasitic loss in this instance
is 13 W, compared to the mean power drawn of about 900 W in the initial
design (Figure 5.3b). This is about 1.4 % relative power loss, which might not
seem that signi�cant. However, it is useful to have this block for when more
information is available on the type of payload used, and the power drawn from
that. Based on the experience of a multirotor manufacturer, the parasitic loss
from a payload can be signi�cant, especially if the �ight time is long.
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Chapter 5

System model

The subsystem models from Chapters 3 and 4 are combined to form the system
model. Simulations are done with this model. The initial design section shows
the results of simulations with the thrust duty cycle obtained in Section 4.2.1.2.
The sensitivity study section shows the results of varying the battery capacity
and hydrogen tank mass.

5.1 Initial design

The system Simulink model is shown in Figure 5.1. The components used in
the simulation are listed in Table 5.1. The simulation is run, with the input
being the thrust duty cycle obtained in Section 4.2.1.2. The simulation is set
to stop once the hydrogen mass remaining is zero (Equation 3.9), or if the
battery voltage reaches its minimum (28 V). The results are shown in Figures
5.2 and 5.2, and Table 5.2.

Another simulation is run with the fuel cell model removed. This simulates
what would happen if the fuel cell stops working. The reason for this simulation
is that emergency �ight time seems to be a design requirement of existing fuel
cell multirotors (Gong and Verstraetey, 2014; Intelligent Energy, 2017; Horizon
Energy Systems, 2012, 2014). The results of this simulation are also listed in
Table 5.2.

Table 5.1: Components used in initial design system simulation

Component Detail

Battery
2 x Tattu R-Line 4S 1300 mAh 75C
(series connected to form 8S 1300 mAh 75C)

Hydrogen tank 2.8 kg (7.2 l; 300 bar; 163 g hydrogen)
ESC Alpha 60 A LV
Motor U8 Lite KV150
Propeller 28" Glossy (carbon �bre)
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Figure 5.1: Simulink system model

(a) Hydrogen mass remaining over entire
simulation

(b) Battery SOC over entire simulation

Figure 5.2: Capacity remaining over entire simulation, for the two energy
sources, hydrogen tank and battery

5.1.1 Discussion

The theory of operation of a passive PMS (Section 2.1.8.1) can be seen in
Figures 5.3c and 5.3d. When the load current is low, the load voltage is high
(Figure 2.9d). If the load voltage is above the battery's OCV, the fuel cell
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(a) Battery SOC over short timespan (b) Power over short timespan

(c) Current over short timespan (d) Voltage over short timespan

Figure 5.3: Simulation measurements over short timespan

Table 5.2: Simulation results for the initial design

Simulation Variable Value

Overall
All-up-mass 10.08 kg
Maximum thrust 32.56 kg
Thrust ratio 0.31

Normal
�ight

Flight time 2.53 hours
Hydrogen mass remaining 0 g
SOC remaining 26.70 %

Emergency
�ight

Emergency �ight time 20.14 s
Max C-rate 28.75

voltage is equal to the load voltage. If the load voltage is below the battery's
OCV, all three voltages are equal.

It can be seen that the following always remains true: ILoad = IFuel cell +
IBattery and PLoad = PFuel cell + PBattery. If the load voltage is high, the fuel
cell current is higher than the load current, as some of the fuel cell's current is
used ot charge the battery. If the load voltage is low, the load current is higher
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than the fuel cell voltage, as the battery supplies current to accommodate this
discrepancy.

As is expected, when the battery's current is positive, SOC reduces, and
when it's negative, SOC increases (Figure 5.3a). The SOC decreases and in-
creases over a short timespan, but the general trend is continuously decreasing
(Figure 5.2b).

The hydrogen mass is depleted, causing the simulation to stop (Figure
5.2a), with the battery still having 26.70 % SOC. The remaining SOC can be
seen as a safety factor. It is generally not recommended to deplete the battery
too low, as this could damage the battery and fuel cell (lower battery voltage
causes lower fuel cell voltage, due to their direct diode connection). Also, due
to possible discrepancies between the simulation, and actual �ight, the battery
might deplete further than predicted. Due to these reasons, there should be
a certain margin in SOC remaining predicted. Also, if the battery is depleted
�rst, it wastes the hydrogen which has a higher energy density.

Based on information of existing fuel cell multirotors, it seems that the
manufacturers design for redundancy of the fuel cell system. This means that
these manufacturers design the multirotor to be able to �y a short period of
time powered solely by the battery. In order for this to occur, the battery's
maximum rated C-rate needs to be higher than the maximum C-rate drawn.
This is the case as the battery's rated maximum C-rate of 75 is higher than
the maximum C-rate drawn of 28.75 (Table 5.2). The emergency �ight time
of 20.14 s is signi�cantly less than the emergency �ight time of 120 s of other
manufacturers.

5.2 sensitivity study

As discussed in Section 5.1.1, the major shortcomings of the initial design is
that the battery SOC remaining is low, and the emergency �ight time is low.
In this section it will be demonstrated that the model can be used to obtain
a new design with an increase in SOC remaining, while still maximizing �ight
time.

The objective is to obtain an SOC remaining value of at least 35 %, while
maximizing �ight time.

The battery capacity and hydrogen tank mass was varied. The simulation
results are shown in Figure 5.4. A point on these plots was found where the
SOC remaining is greater than 35 %, with a high �ight time. This point is
detailed in Table 5.3, and compared to the details of the initial design.

5.2.1 Discussion

The aim of the analysis in Section 5.2 was to obtain a design with a predicted
SOC of at least 35 %, while still maximizing �ight time. It can be inferred from
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(a) Flight time [hours] (b) SOC remaining [%]

Figure 5.4: Simulation results as a function of varying battery rated capacity
and hydrogen tank mass

Table 5.3: Comparison of initial design with design obtained from sensitivity
study

Results and
design parameters

Initial
design

Sensitivity
study

Percentage
di�erence

Flight time 2.53 hours 2.39 hours -5.54 %
Battery SOC remaining 26.70 % 38.09 % 42.66 %
Tank mass 2.8 kg 3 kg 7.14 %
Battery capacity 1.3 Ah 3 Ah 130.77 %
All-up-mass 10.08 kg 10.71 kg 6.25 %

Table 5.3 that this was achieved. The SOC remaining increased by 42.66 %,
with the �ight time decreasing only 5.54 %. This increase in the SOC remaining
predicted gives greater certainty that the predicted �ight time will be achieved.

The system model is not validated, however it can be partly veri�ed by
comparing it to the �ight times of existing fuel cell multirotors. These are are
fuel cell multirotors able to carry 1 kg payload, same as this system: hexacopter
(2.8 hours) (Horizon Energy Systems, 2018), quadcopter (2 hours) (EnergyOR,
2016) and X8 multirotor (1.83 hours) (FlightWave, 2018). The results obtained
in Table 5.3 (2.39 hours) are therefore in the range of what exists on the market.

Some interesting trends can be seen in Figure 5.4. It seems 3 kg tank mass
gives the highest �ight time, with higher and lower tank masses reducing the
�ight time. It is not shown here, but increasing the tank mass too much can
result in only a few minutes �ight time. Increasing the tank mass reduces the
SOC remaining.

There is a con�icting relationship when varying the battery capacity. In-
creasing the battery capacity increases the SOC remaining (in the range anal-
ysed), but decreases the �ight time.
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Chapter 6

Conclusion

6.1 Summary of �ndings

The aim of this work was te create a software design tool, useful for helping
design a fuel cell multirotor. For it to be useful, it needs to be accurate, and
able to provide insights useful for design.

It was found with the component models that the error was mostly small
in comparison to the e�ect of varying a parameter. This gives con�dence to
the predicted e�ect of varying parameters. For models where parameters were
not varied, the %RMSE values of the main variables were below 3 %. The
predicted �ight time of the system model is in the range of existing similar
products.

The system model is useful in that it gave insight into the limitations of
the initial design. Parameters could then be varied to improve on a speci�c
design objective. In this instance, SOC remaining was increased, with minimal
reduction in �ight time. The bene�t of this was discussed.

6.2 Implications of this work

Multirotors are normally custom-designed for a speci�c application. The work
done shows the potential of having a software design tool, to aid in designing a
multirotor with longer �ight time than current LiPo multirotors, for a speci�c
application.

6.3 Limitations of this work

Simplifying assumptions were made in the modelling approach. The system
model wasn't validated. The usefulness of varying only two parameters was
demonstrated.
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6.4 Recommended future research

6.4.1 Using author's own experimental data

Most of the data used to obtain the models in this work is from literature
of similar systems, and manufacturer-provided data. Future work should use
more of the author's own experiments. This would increase the accuracy.
Examples include:

1. The fuel cell system procured (including its PMS) should be tested. This
data should be used for modelling. Its operation might be di�erent
to that of the similar systems used in literature, from where data was
obtained for this work.

2. The manufacturer-provided propulsor data of the system used in this
work was tested at 24 V, whereas its operation is predicted to be at 30 V
- 40 V. The propulsor should therefore be tested at these voltages, and
this data should used for modelling.

6.4.2 Validating system model

Based on this work, a fuel cell multirotor prototype can now be assembled.
This system should be �own, with measurements taken. This measured data
should be compared to the model-predicted data. Possible discrepancies can
be decreased by increasing the complexity of certain component models. This
can be done based on the shortcomings of certain models discussed in this
work.

6.4.3 Increasing number of parameters that can be

varied

The following improvements in parameter variation can be done:

1. Battery: Currently number of cells and rated capacity. The author can
also include whether LiPo (max 4.2 V/cell) or LiHV (4.35 V/cell) battery
used, and C-rate (which determine internal resistance).

2. Propulsor: Currently KV values are discrete data-sets, and propeller
diameter can be varied in continuous space. The author can also make
KV values and associated motor parameters continuous data, and can
include di�erent propeller types, such as T-motor's folding and ultra-
light products.
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Appendix A

Discussion of scope limitations in

this project

This appendix outlines a proposed framework for achieving the overall aim of
having a validated system model. It also discusses which components of this
framework were focused on in this work, and why.

Figure A.1 shows the overall work that should be done in order to obtain a
validated mathematical model of a fuel cell propulsion system for a multicopter
(in my opinion). It was considered too basic (not masters level) to focus on the
simple modelling and initial component selection. The development of fuel cell
multicopter and assembly of system bench test setup is a lot of work with many
practicalities i.e. it is an engineering project, but not an academic/scienti�c
project. The only academic value of this development would be the measure-
ments at the end. It is therefore a lot of work (and money) with little academic
value. It was therefore decided to focus on subsystem detailed modelling and
validation, as this focuses on academic disciplines such as literature review,
experimenting and modelling.

A part of the re�ned component selection was done to demonstrate the
usefulness of the research. More work could have been done here, as interesting
insights could have been obtained, further aiding in component selection and
design optimization. However, it was felt that this would make the scope
too large. The title, and therefore scope, is modelling of the system and not
modelling and design.
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Figure A.1: Proposed overview of larger project
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Appendix B

Modelling of system used to

obtain transient fuel cell model

With reference to Figure B.1, the components to be modelled are the fuel cell
steady-state model, the battery steady-state and transient models, and the
diode.

Figure B.1: Experimental setup divided into sub-models

B.1 Fuel cell steady-state model

The fuel cell used is a Schunk FC-42. The polarization curve (Figure B.2a) is
programmed into a look-up table in Simscape, as shown in Figure B.2.
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(a) Experimental-data-obtained polarisa-
tion curve

(b) Simulink implementation of polarisa-
tion curve

Figure B.2: Fuel cell model

B.2 Battery transient model

The battery used is a Lithium ion module ALM12V60. The battery used in
this work (Section 3.3) is a Tattu R-line 1300mAh 8S 75C Lithium polymer
battery. It is assumed for simplicity that because the two batteries are both
lithium-based, they have similar transient models. This transient model is
obtained in Section 3.3. The model is shown in Figure B.3.

Figure B.3: Battery transient model

B.3 Battery steady-state model

The steady-state polarization curve of the ALM12V60 battery is shown in
Figure B.4a. The model �t to the curve is shown in Figure B.4b. It is assume
that the batter is discharged for short enough periods that the open circuit
voltage, VOC , is independent of SOC i.e. it is a constant voltage source.

The following equations were used to obtain the parameters VOC and R0:
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(a) Experimental data (b) Model parameters �t to data and im-
plemented in Simulink

Figure B.4: Battery steady-state model

V = VOC − IRtotal (B.1)

Equation B.1 was �t to the data in Figure B.4a to obtain VOC = 27.43V
and Rtotal = 0.1172Ω.

R0 is obtained from the following equation:

Rtotal = R0 +R1 +R2, (B.2)

where R1 and R2 are parameters from the battery transient model. It was
found that in the experiment of interest, the battery voltage with no current
drawn is 26.6 V. Therefore, this became the value for VOC . The parameter
values are shown in Figure B.4b

B.4 Diode model

The diode is a Schottky recti�er IOR 40CP060. It is assumed that the junc-
tion temperature is 25oC. The voltage drop versus current for this junction
temperature is shown in Figure B.5.

The following equation is �t to the data in Figure B.5:

Vdiode = Vdiode0 − IRdiode, (B.3)

where Vdiode is the voltage drop across the diode, Vdiode0 is the voltage drop
at zero current, and Rdiode is the internal resistance. The following parameter
values are obtained: Vdiode0 = 0.3402V and Rdiode = 0.0092Ω. R2 = 0.9914.
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Figure B.5: Diode data from datasheet - �t with model

B.5 Summary

Excluding the fuel cell transient model, the model of the experimental setup,
with parameter values is shown in Figure B.6.

Figure B.6: Model constants obtained for experimental setup - excluding fuel
cell transient model
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Calibration of current sensor

A current sensor is calibrated, with a DC electronic load as the reference.
The current sensor outputs a voltage, so it is necessary to �nd a relationship
between this output voltage, and the current value. The experimental setup
is the same as the battery experimental setup (Section 3.3.2). The current
sensor is inverted in order to calibrate it for negative current values, which
occurs during battery charging, which is the range in which the sensor will
be used. The auxiliary power supply supplies power to the current sensor,
CAN module and CAN logger. The main power supply is set to 1 V. The
DC electronic load is stepped through a range of current values. The output
voltage of the current sensor is measured and conditioned on the CAN module
and logged on the CAN logger. The results are shown in Figure C.1a.

(a) Calibration curve. R2 = 0.9998
(b) Zooming in on sensor noise.
%RMSE = 0.7987 %

Figure C.1: Obtaining calibration curve

A �rst degree polynomial is �t to the results to obtain the following rela-
tionship:

I = 10.2644Vsensor − 25.3335 for − 1.5 ≤ I ≤ 0, (C.1)
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where Vsensor is the voltage output from the sensor.
Figure C.1b shows the current readings from the DC electronic load (the

reference) and the interpreted current reading from the sensor. It can be noted
that there is uncertainty in the sensor measurement. This uncertainty can also
be seen in Figure C.1a, with the sensor voltage uncertainty for a current value.

It was found during an experiment that a further o�set was needed, proba-
bly due to experiments and calibration being performed on di�erent days. The
results without the o�set (Figure C.2a) and with the o�set (Figure C.2b) are
compared. Equation C.1 then becomes:

I = 10.2644Vsensor − 25.3874 (C.2)

(a) Without o�set - %RMSE = 27.7015
% (b) With o�set - %RMSE = 15.7992 %

Figure C.2: Modifying calibration equation
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Battery and fuel cell models for

PMS data

D.1 Fuel cell

For the fuel cell, data from Figure D.1a is used to develop a model, which
makes use of a look-up table, as shown in Figure D.1b.

(a) Fuel cell polarization curve (b) Fuel cell model

Figure D.1: Fuel cell model

D.2 Battery

For the battery model, the ideal would have been to test the battery used by
Gong, and then model it according to the process in Section 3.3.3. However,
to the author's knowledge, it is almost impossible to import the exact battery
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Table D.1: Battery model constants

Constant Value
K1 -12.1574
K2 12.8874
K3 20.9547
K4 -0.5420
A 0.1641
V0 25 V
R 0.0811 Ω
Cn 1.4 Ah

(a) 4 A discharge (b) 8 A discharge

(c) 12 A discharge (d) 16 A discharge

Figure D.2: Constant-current discharge data

required, especially as it is no longer the industry standard. So as an alter-
native, a similar battery was tested and modelled according to Section 3.3.3
(results shown in Table D.1 and Figure D.2). Some of the model parameters
were then altered to better match Gong's results. These modi�ed parameters
are listed in Table D.2.
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Table D.2: Battery model parameters altered to better data in Section 3.4

Parameter values
Parameters Value from model �t Altered value
R 0.0812 0.17
V0 24.9942 25.3

Cn 1.3650
0.815 (if starting voltage = 23 V)
1.03 (otherwise)
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Appendix E

Simulation with power

management system

(a) Load current (b) Battery current

(c) Battery voltage

Figure E.1: Validating phase 3 (Equation 3.21)

Three di�erent simulations were run. The �rst one is shown in Figure E.1
with the load current applied shown in Figure E.1a. The aim of this simulation
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is to show that charge cycle can repeat itself, with the three phases (Equations
3.24d to 3.24f) being implemented. It can be seen that the �rst 50 seconds,
phase 1 occurs, with the increasing charging current (Figure E.1b), followed
by a period of constant current charge (Phase 2). When Vbat ≥ VCV (in Figure
E.1c), Phase 3 occurs with the charging current decreasing asymptotically
to zero. The battery then discharges due to the increased load current, and
then charges again with the same 3 phase process, when the load current is
decreased.

(a) Load current (b) Battery current

(c) Battery voltage

Figure E.2: Validating phase 3 (Equation 3.21)

The second simulation is shown in Figure E.2. This simulation is similar to
the one shown in Figure E.1. However, the fuel cell voltage, VFC , drops below
Vbmc. This simulation shows that Equations 3.24a and 3.24b are implemented.
As seen in Figure E.2c, it mostly occurs that VCV ≤ Vbat ≤ Vbmc, resulting
in Phase 3 mostly occuring (Shown in Figure E.2a). The maximum battery
voltage is 32.13 V, compared to 32.4 V in the previous simulation (Figure
E.1c).

The third simulation is shown in Figure E.3. The aim of this simulation is
to validate the implementation of Equation 3.24c. Only phase 1 and 2 occurs
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(a) Load current (b) Fuel cell voltage - battery voltage

(c) Battery current (d) Battery current - zoomed

Figure E.3: Validating phase 1 and 2 with di�erent load currents (Equation
3.22)

in this simulation, as the battery voltage remains below VCV . The battery
charges when the load current is low enough, causing there to be a voltage
di�erence between the fuel cell and battery. This lower load current value is
altered (Figure E.3a), causing the voltage di�erence to change (Figure E.3b),
causing the charge current to change (Figure E.3c), as prescribed by Equation
3.24c.
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Mechanical motor model and

propeller model constants
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Table F.1: Mechanical motor model and propeller model constants

Motor friction
ESC Model Motor model KV value Cf, viscous Cf, coulomb

Alpha 60A HV
U8 Lite

85 1.3615E-05 4.4875E-02
100 4.9362E-04 5.8961E-02

Alpha 60A LV
150 7.1195E-06 6.2624E-02
190 4.8842E-06 9.0040E-02

Alpha 60A HV
MN705-S

125 1.3547E-03 1.2396E-06
Flame 60A HV 260 9.1215E-04 4.3771E-02

Propeller torque
constant, CQ

Propeller thrust
constant, CT

Friction modelled 7.4458E-05 1.8820E-03
Friction not
modelled

8.1740E-05
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Appendix G

Validation of ESC model

For an ESC, a model does exist, and has been validated (Gong and Verstraete,
2017a). However it isn't practical to implement this model in this work. That
is because Gong's model is an equation, and the other component models
are electrical circuits. Therefore, the approach is to develop an equivalent
circuit model and then use Gong's data to obtain the unknown parameters
and validate the model.

G.1 Description of model

Figure G.1: ESC equivalent circuit model

The proposed ESC model is shown in Figure G.1. It is based on a DC-DC
converter model (reviewed in Section 2.3.1.3), with the author's own modi�-
cation. The model is divided into the power loss model and the ideal power
conversion model. The input to the model is the throttle value, α, a value
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between 0 and 1. The unknowns constants are R1 and R2. In the system
model, the Vsupply terminal is connected to the output of the PMS model. The
Vload terminal is connected to the motor model.

There will be two levels of complexity of this model, namely the simple
model, MS, and the complex model, MC . With MS, the constants R1 and R2

are independent of Vsupply. With MC , the constants R1 and R2 are dependent
on Vsupply.

The ideal power conversion model won't be validated. Only the power loss
model is of interest. It must be noted that the e�ciency of the power loss model
is equal to the e�ciency of the total ESC model. Therefore, if the e�ciency of
the power loss model is validated, the complete ESC model is validated. The
e�ciency of the power loss model is de�ned as:

η =
Pin

Psupply

=
VinIin

VsupplyIsupply

(G.1)

The resulting ESC e�ciency model is therefore the power loss model in
Figure G.1 combined with Equation G.1.

G.2 Data used

Figure G.2: Experimental setup. Adapted from (Gong and Verstraete, 2017a)

Gong tested di�erent ESC's with the same motor, and measured the ESC
e�ciency. The author's varied the supply voltage with integer values of 7 - 12
V. The author's varied the motor throttle, thereby varying the supply current,
from about 0.5 A to 15 A. The experimental setup is shown in Figure G.2,
with the details of the setup listed in Table G.1.

It would have been ideal to simply �t the model in Section G.1 to Gong's
data. However, the data is obtained for a limited current range. In Gong's
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Table G.1: Details of experimental setup. Adapted from (Gong and Verstraete,
2017a)

Component Detail
3-Phase power analyser Magtrol 6530
ESC Turnigy Aerostar 50 A
Motor Turnigy Propdrive 3530 1100 kV
Propeller Turnigy 10 x 4.5" plastic

data, the e�ciency simply levels o�. However, it was found by Harrington and
Kroninger (2013) that the e�ciency decreases with increasing torque (which is
proportional to current). It was therefore decided to use the model that Gong
�t to his data, and extrapolate it for higher current values.

Gong's model is as follows:

η =
a · I2supply
Vsupply

+ b+
c

Isupply
+

d

Vsupply
(G.2)

The ESC data with the best �t is the Aerostar 50 A. It has an R2 value of
0.9466, with the following constants: a = -0.1295, b = 86.63, c = -20.40 and
d = 15.28.

G.3 Fitting and validating model

(a) Best �t: Vsupply = 10V (b) Worst �t : Vsupply = 7V

Figure G.3: Comparison between Gong model and equivalent circuit model -
simple model

Model parameters are obtained for the simple model, MS, and the complex
model, MC . Matlab's parameter estimation is used. The input is Isupply. The
output is the e�ciency. Calculated values from Equation G.2 with Isupply =
3 − 40A and Vsupply = 7 − 12V (integer values) is the experimental output
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(a) Best �t: Vsupply = 8V (b) Worst �t: Vsupply = 12V

Figure G.4: Comparison between Gong model and equivalent circuit model -
complex model

(a) R1 vs Vsupply (b) R2 vs Vsupply

Figure G.5: Estimated parameters for di�erent supply voltages - complex
model

data. The best and worst �t for MS and MC is shown in Figures G.3 and G.4
respectively. The constants obtained for MC is shown in Figure G.5, with the
relationship versus Vsupply. A comparison between MS and MC is shown in
Figure G.6.
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Figure G.6: Comparison between accuracy of complex model and simple model

Stellenbosch University  https://scholar.sun.ac.za



Appendix H

Propulsor system modelling -

additional data

This appendix provides additional data on the resulting complex and simple
models �t in Section 4.1.4. Table H.1 compares the motor values obtained from
parameter estimation with the manufacturer's values. Table H.2 provides the
model constants and summary of equations for the complex model, while Table
H.3 provides the same for the simple model.
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Table H.1: Model parameters: comparing values obtained from model �t to manufacturer-provided values

ESC model Motor model
Motor

parameter
Manufacturer

value
Estimated
value

Percentage
di�erence

Alpha
60 A HV

U8 Lite KV85

KV [rpm/V]

85.00 84.75 -0.29
U8 Lite KV100 100.00 103.75 3.75

Alpha
60 A LV

U8 Lite KV150 150.00 150.10 0.07
U8 Lite KV190 190.00 181.61 -4.42

Alpha
60 A HV

U8 Lite KV85

I0 [A]

0.50 0.43 -14.79
U8 Lite KV100 0.70 0.60 -15.00

Alpha
60 A LV

U8 Lite KV150 1.00 0.95 -5.16
U8 Lite KV190 1.30 1.36 4.99

Alpha
60 A HV

U8 Lite KV85
Rmotor

[mΩ]

225.00 (±5) 191.25 -12.78
U8 Lite KV100 170.00(±5) 144.50 -12.06

Alpha
60 A LV

U8 Lite KV150 85.00(±5) 79.50 0.59
U8 Lite KV190 47.00(±3) 49.80 0
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Table H.2: Complex propulsor model values

Components
Model �gure
reference

Equations Component name Constants

ESC Figure 4.8
Vout = αVin (2.13)
Iin = αIout (2.14)

Alpha 60 A HV
with U8 Lite KV85

R1 = 0.57438 Ω
R2 = 576.88 Ω

Alpha 60 A HV
with U8 Lite KV100

R1 = 0.4113 Ω
R2 = 599.3 6Ω

Alpha 60 A LV
with U8 Lite KV150

R1 = 0.2032 Ω
R2 = 591.6 Ω

Alpha 60 A LV
with U8 Lite KV190

R1 = 0.1484 Ω
R2 = 54.679 Ω

Motor
(electrical)

Figure 2.13

Tmotor = KIconv
(2.15)

Vconv = Kωmotor
(2.16)

K = 1
KV

60
2π

(2.17)

U8 Lite KV85
KV = 84.75 rpm/V
I0 = 0.42605 A
Rmotor = 0.19125 Ω

U8 Lite KV100
KV = 103.75 rpm/V
I0 = 0.59502 A
Rmotor = 0.1445 Ω

U8 Lite KV150
KV = 150.1 rpm/V
I0 = 0.9484 A
Rmotor = 0.0795 Ω

U8 Lite KV190
KV = 181.61 rpm/V
I0 = 1.3649 A
Rmotor = 0.0498 Ω
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Table H.2: Complex propulsor model values

Components
Model �gure
reference

Equations Component name Constants

Motor
(mechanical)
/propeller

Figure 4.3

Qmotor = CQρD
5ω2

+ Cf,viscousω
+ Cf,coulomb
(4.3)

T = CTρD
4ω2 (4.6)

Glossy
propeller

CQ = 7.4458 · 10−5

CT = 1.8820 · 10−3

U8 Lite KV85
Cf, viscous = 1.3615 · 10−5 Nm/(rad/s)
Cf, coulomb = 4.4875 · 10−2 Nm

U8 Lite KV100
Cf, viscous = 4.9362 · 10−4 Nm/(rad/s)
Cf, coulomb = 5.8961 · 10−2 Nm

U8 Lite KV150
Cf, viscous = 7.1195 · 10−6 Nm/(rad/s)
Cf, coulomb = 6.2624 · 10−2 Nm

U8 Lite KV190
Cf, viscous = 4.8842 · 10−6 Nm/(rad/s)
Cf, coulomb = 9.0040 · 10−2 Nm
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Table H.3: Simple propulsor model values

Components
Model �gure
reference

Equations Component name Constants

ESC Figure 4.8
Vout = αVin (2.13)
Iin = αIout (2.14)

Alpha 60 A HV
R1 = 0.36017 Ω
R2 = 964.01 Ω

Alpha 60 A LV
R1 = 0.19757 Ω
R2 = 910.33 Ω

Motor
(electrical)

Figure 2.13

Tmotor = KIconv
(2.15)

Vconv = Kωmotor
(2.16)

K = 1
KV

60
2π

(2.17)

U8 Lite KV85
KV = 85 rpm/V
I0 = 0.5 A
Rmotor = 0.225 Ω

U8 Lite KV100
KV = 100 rpm/V
I0 = 0.7 A
Rmotor = 0.17 Ω

U8 Lite KV150
KV = 150 rpm/V
I0 = 1.0 A
Rmotor = 0.085 Ω

U8 Lite KV190
KV = 190 rpm/V
I0 = 1.3 A
Rmotor = 0.047 Ω

Propeller Figure 4.3
Qmotor = CQρD

5ω2 (4.3)
T = CTρD

4ω2 (4.6)
Glossy propeller

CQ = 8.1740 · 10−5

CT = 1.8820 · 10−3
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Appendix I

Thrust duty cycle converting -

additional data

(a) Voltage - 5.976 kg �ight (b) % error - 5.976 kg �ight

(c) Voltage - 7.976 kg �ight (d) % error - 7.976 kg �ight

Figure I.1: Battery voltage measured during �ight
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