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ABSTRACT

The greening of air transport is the driver for developing technologies to reduce the
environmental impact of aviation with the am of having the amount of carbon dioxide
(CO,) emitted by air transport, cutting specific emissions of nitrogen oxides (NOy) by 80%
and halving perceived noise by the year 2020. Fuel Cells (FC) play an important role in the
new power generation field as inherently clean, efficient and reliable source of power
especially when comparing with the traditional fossil-fuel based technologies.

The project investigates the feasibility of using an electric hybrid system consisting of a fuel
cell and battery to power a small model aircraft (PiperCub J3). In order to meet the desired
power requirements at different phases of flight efficiently, a smulation model of the
complete system was first developed, consisting of a Proton Exchange Membrane hybrid fuel
cell system, 6DoF aircraft model and neural network based controller. The system was then
integrated in one simulation environment to run in real-time and finally was also tested in

hardware-in-the-loop with real-time control.

The control strategy developed is based on a neural network model identification technique;
specifically Model Reference Control (MRC), since neural network iswell suited to nonlinear
systems. To meet the power demands at different phases of flight, the controller controls the

battery current and rate of charging/discharging.

Three case studies were used to validate and assess the performance of the hybrid system:
battery fully charged (high SOC), worst case scenario and taking into account the external
factors such as wind speeds and wind direction. In addition, the performance of the Artificial
Neura Network Controller was compared to that of a Fuzzy Logic controller. In al cases the
fuel cell act as the main power source for the PiperCub J3 aircraft. The tests were carried-out
in both simulation and hardware-in-the-loop.

Keywords:
PEM Fuel cell; Modelling and Smulation PEM; Dynamic performance; Transient response;
Artificial Neural Network; Fuzzy Logic; Hybrid systems
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SYMBOLS, INDICES AND ABBREVIATIONS

Symbol Description Unit(s)

ki Hydrogen valve molar constant [kmol s~tatm]
kiz0 Water valve molar constant [kmol s~tatm]
koo Oxygen valve molar constant [kmol s~ tatm]
Qi Molar flow of hydrogen [kmol s™1]
qr20 Molar flow of water [kmol s71]
qo2 Molar flow of oxygen [kmol s71]
qi Hydrogen input flow [kmol s71]
qout Hydrogen output flow [kmol s™1]
q Hydrogen flow that reacts [kmol s™1]
Py, Hydrogen partial pressure [atm]

Puso Water partial pressure [atm]

Py, Oxygen partial pressure [atm]
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1. INTRODUCTION

The greening of air transport is the driver for developing technologies to reduce the
environmental impact of aviation with the am of having the amount of carbon dioxide
(CO,) emitted by air transport, cutting specific emissions of nitrogen oxides (NOy) by 80%
and halving perceived noise, by the year 2020. The targets reflect the Ultra Green High Level
Target Concepts developed by the Advisory Council for Aeronautical Research in Europe
(ACARE) in its strategic research agenda (also known as ACARE 2020 Vision) [1].

Fuel Cells (FCs) are among the enabling technologies under consideration. They are
emission-free and quieter than hydrocarbon fuel-powered engines. Specifically, Proton
Exchange Membrane (PEM) FC is the most likely option. PEM FCs can operate at relatively
low temperatures (around 80C°), which alows them to start up quickly (no warming time).
They could deliver high power density and the thinness of the membrane electrode

assemblies gives them the advantages of low weight and volume [1].

1.1 Aim and Objectives

The aim of this research project is to investigate the feasibility of using an electric hybrid
system consisting of aFC and battery pack to power a small aircraft and implement a ANN
controller for the system. In order to achieve the desired power at different phases of flight,
PEM FC will act as primary power plant for the electric motor in combination with the battery

pack which will act as an auxiliary power unit.

This thesis will focus mainly on developing a fuel cell model, its validation and the
implementation of the controller for the hybrid system. The simulation results obtained will
be validated by a comparison with experimenta results using hardware-in-the-loop from the

experimental Nexa hybrid system.

The main objectives of the project are outlined as follows:
e Develop asimulation model of the PEM fuel cell

e Develop a simulation model of the complete hybrid system (FC + Battery) and
integrate in one environment to run in real time including the 6DoF aircraft model and

neura network based controller



Develop a base controller for the system; then ANN and Fuzzy Logic controllers and

compare the result

Validate the results obtained from simulation for different flight test cases with the
results obtained from the hardware-in-the-loop test and assess the performance of the

ANN controller

Consider external factors e.g. wind and assess the impact on power requirements

1.2 Contribution to Knowledge

The novelty of thiswork can be summarised into the following points:

Development of an Intelligent Energy Management System to manage the power
supply from the fuel cell and battery and to meet the power requirement for the

different phases of flight and operating conditions

The FC modéd’s novelty in comparison with similar existing models is that it takes

into account the Equivalent Internal Resistance of the fuel cell module

Integration of the complete hybrid fuel cell system to run in real time together with
the 6Dof aircraft model and the artificia neural network controller in one
environment; and to test the system using hardware-in-the-loop with real time control

for the specific application

Take into account external factors namely wind speeds and wind direction

1.3 Outline of the Thesis

Thisthesis has the following structure:

Following the introductory chapter, the content of chapter 2 presents the state—of—the—
art in the field of fuel cell systems technology; the basic concepts regarding fuel cells
(basic operations, types and applications). In particular, focusing on PEM FC and how to
determine their energy; review of the loss mechanisms which determine the maximum

cell performance and efficiency are also presented
2



Chapter 3 gives an overview of the hardware setup and the complete fuel cell hybrid
system and their types/configuration. The different types of energy storage system
used to complement the slower power output of the fuel cell are also discussed.
Including the battery model, electrical engine model and Piper Cub J3 aircraft model.
Details of the experimental set-up are discussed and each component of the hybrid
system individually described with its specification and interface between the hardware
and the software. The chapter also discuss the two DC/DC converters that were used in
this work, one to regulate the voltage and the other to charge/discharge the battery
pack.

Chapter 4 presents the experimental results and analysis of the dynamic performance
of the Nexa PEM FC power module.

Chapter 5 begins by introducing some of the current fuel cell models that were developed
by various researchers; so also the fuel cell performance, characteristic, |osses mechanism
and their phenomena are discussed. One of the objectives of this research was to develop
an improved dynamic fuel cell model. The developed dynamic e ectrochemical PEM FC
model is presented in this chapter with the theoretical equations, assumptions, results and

discussion. The improved model is then validated using experimental results.

Chapter 6 describes the implementation of the control strategies for the FC hybrid system.
The control strategies started with design and implementation of PI controller and then
improved by adding an anti-windup loop to I-term using a saturation block with the
same limits as the saturation in the real system. A more advanced controller artificial
neural networks replacing the PI controller is aso implemented and is presented here.
Thisisfollowed by a discussion of the performance of each controller in the hardware

loop and a comparison of their results.

Chapter 7; several cases studies were used to validate and assess the performance of
the hybrid system. A brief description of each case is given with its result and
discussion. In addition, the desired aircraft power and fuel consumption for different
phases of flight were provided including worst case scenario and taking into account

externa factors

Finally, Chapter 8 concludes the thesis and the main contributions of this thesis are
presented. Also, suggestions of some possible future lines of research are given.
3
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Review of fud cell technology

2. REVIEW OF FUEL CELL TECHNOLOGY

This chapter provides a general look at the field of fuel cell and covers some aspects of
what other work that have been researched and carried-out in this area. A summary of
the basics of Proton Exchange Membrane Fuel Cells PEM FCs technology is given,
including the explanation of the working principle and the main construction elements. A
review of the loss mechanisms which determine the maximal cell performance is also
presented (detailed explanation is given in chapter 5). A summary of the different types of
fuel cell, their advantages and disadvantages compared to other power techniques and

their application is also presented in this chapter.

2.1 Introduction

Fuel cells are efficient electric energy sources that produce negligible pollutant emissions.
For that reason called low emission power sources. A FC is a device that converts the
chemical energy of afuel (hydrogen, natural gas, methanol, gasoline, etc.) and an oxidant (air
or oxygen) into electricity. In principle, a FC operates like a battery. Unlike a battery
however, a FC does not run down or require recharging. It will produce electricity and heat as

long as fuel and an oxidiser are supplied [2].

Both batteries and FCs are electrochemical devices. As such, both have a positively charged
anode, a negatively charged cathode and an ion-conducting material called an €electrolyte.
FCs are classified by their electrolyte material. Electrochemical devices generate electricity
without combustion of the fuel and oxidizer, as opposed to what occurs with traditional
methods of electricity generation.

FC construction generally consists of a fuel electrode (anode) and an oxidant electrode
(cathode) separated by an ion-conducting membrane. Oxygen passes over one electrode and

hydrogen over the other, generating electricity, water and heat.

2.2 Advantage of Fue Cell

FCs provide arange of significant benefits that no other single power technology can match.
In fact, FCs combine many of the advantages of both engines and batteries. Since FCs
5
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produce electricity directly from chemical energy, they are often far more efficient than
combustion engines. Fuel cells can be 2 to 3 times more efficient than diesel or gasoline
internal composition engines as they are not limited by temperature as is the heat engine [3];
and offer the advantages of low weight and volume, compared with other FCs. FC itself has
no moving parts making it a quiet and reliable source of power. Also, undesirable products

suchasNO,, SO,, and particulate emissions are virtually zero.

Unlike batteries, FCs allow easy independent scaling between power (determined by the FC
size) and capacity (determined by the fuel reservoir size). In batteries, power and capacity are
often convoluted. FCs offer potentially higher densities than batteries and can be quickly
recharged by refuelling, whereas batteries must be thrown away or plugged in for a time-

consuming recharge [2,4].

As mentioned previously fuel cells are typically classified by their type of electrolyte used for
ionic conduction. The different characteristics of other fuel cell types will not be discussed
here, but for a fundamental difference which separates them from PEM fue cell systems:
majority of FC technologies require a relatively high operating temperature, athough a
benefit in terms of cooling system designs but a major disadvantage because of requiring a
pre-heating of the cell before operation. However, the PEM fuel cell systems require no warm
up time and power is generated immediately.

2.3 Basic Operation of PEM FC and Typical Cell Construction:

A fuel cell generates electrical power by continuously converting the chemical energy of a
fuel into electrica energy by way of an electrochemica reaction. The FC itself has no
moving parts, making it a quiet and reliable source of power. FCs typicaly utilize hydrogen
as the fuel, usually stored in tanks and oxygen as the oxidant which can be stored in tanks or
consumed directly from the air in the electrochemical reaction. The reaction results in

electricity, and by-products of water vapour and heat. The electrochemical reaction equations

are given by:
Anode reaction: 2Hp, =>4H" + 4€ (2.1
Cathode reaction: O+ 4H" + 4 => 2H,0 (2.2}
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The whole reaction ends up looking like this:

2H, + O, => 2H,0 + heat + electricity {2.3}

Where: {2.1} equation gives the amount of hydrogen required to be fed to the anode to meet
a load; {2.2} equation gives amount of oxygen required to be fed to cathode to maintain
reaction, while equation {2.3} gives the amount of water produced. Because the fuel is
converted directly to electricity, a FC can operate at much higher efficiencies than internd

combustion engines, extracting more electricity from the same amount of fuel.

When hydrogen gas is introduced into the system as shown in the typical construction of a
PEM FC Figure 2.1, the catalyst surface of the membrane splits hydrogen gas molecules into
protons and electrons. The protons (H*) pass through the membrane to react with oxygen in
the air (forming water). The electrons (e*), which cannot pass through the membrane, must
travel around it, thus creating the source of DC electricity. Individua FC can then be
combined into a FC "stack™. The number of FCsin the stack determines the total voltage, and
the surface area of each cell determines the total current. Multiplying the voltage by the
current yields the total electrical power generated [5].

Electrical current

Water and
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Figure 2.1 PEM Proton exchange membrane [5]
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The power and energy is the same as that for any electrical system.

Power = VI and Energy = Powerxt = VIt {2.4}

where V isthe voltage, | isthe current and t is the time.

2.3.1 Membrane

The membrane has to achieve three different functions. separation of the gaseous reactants,
electrical insulation and proton conduction. It is afilm made of solid polymer electrolyte. The
most commonly used material for PEM FC membranes is Nafion® (DuPont), a sulfonated
polymer based on a polytetrafluoroethylene (PTFE) backbone, originaly developed asaNa*
conductor for the Chlorakali eectrolysis. Alternative materials include radiation grafted
polymer electrolytes, which are produced by grafting side chains on commercialy available

polymer films (e. g. FEP, ETFE) and consequently sulfonating them [6].

A characteristic of the polymer electrolyte membrane is that their dimensions increase as they

swell with water.

2.3.2 Catalyst Layer

The catalyst layer includes the catalyst particles themselves such as Platinum nanoparticles,
which are typically supported on carbon particles. This carbon supported catalyst is mixed
with a proton conducting ionomer — normally, the same polymer electrolyte as used for the
membrane — in order for the protons to have access to the catalyst particles which are not in
direct contact with the membrane. The presence of carbon particles in the catalyst layer
makes it electrically conducting, and some porosity is present in order to bring access to the
gaseous reactants.

2.3.3 GasDiffusion Layer

The gas diffusion layer (GDL) is a porous layer made of carbon fibers, carbon binder
particles, and optionaly, hydrophobic material such as PTFE. Its occupations are to bring
access to the gaseous reactant to the areas that are under the lands of the flow field, and to

make electrical contact with the areas which are under the gas channels. The gas diffusion
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layers are commonly compressible; furthermore they provide a damping of the mechanical

changes induced by the swelling of the membrane.

State-of-the-art gas diffusion layers typically include a layer made of fine carbon particles

mixed with hydrophobic PTFE particles, a micro-porous layer (MPL).

2.34 FlowFidd Plates

The flow field plates have channels that ensure the circulated gases are distributed over the
whole active area of the cell. The flow field plate also acts as a current collector. When a
complete fuel cells stack is realized, the most common choice for technical devices, a single
component could include the anode side flow field of the adjacent cell and the cathode side
flow field of a cell. In this case, the flow field plates are referred to as separators or bipolar

plates.

Flow field plates might be realized in metals such as aluminium, or stainless steel. Due to the
higher corrosion resistance of graphite, it makes it the first option. However, metallic flow
field plates have ease of manufacturing in addition to robustness but require the devel opment

of cost-effective corrosion-preventing coatings.

2.4 Thermodynamic, Reversibleand Open Circuit Voltages

The thermodynamic voltage is determined based on the enthalpy of the hydrogen combustion
reaction (Ah, = —285.8 kJ/mol) and on the relation:

Ul = — 2~ q48v {25
zF

where F is the faraday constant (96485 A -s-mol™1) and z is the number of electrons
transferred in the reaction. This thermodynamic voltage can, according to the second law of
thermodynamics, not be reached due to entropic losses. The reversible voltage is calculated in
the same as the thermodynamic voltage, but based on the Gibbs free enthalpy (Ag,.)which
corresponds to the enthalpy of the reaction (Ah,.) minus the losses (T) induced by the

increase of entropy(As):
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Ag, = Ah,. —T. As {2.6}

For conditions related to PEM FC operation, the value of reversible voltage (U,.,) calculated

is:
Upep = 1.23V {2.7}

The open cell voltage, often called open circuit voltage (OCV) is the voltage that is measured
when no external current is applied to the cell. The reversible voltage of 1.23 V is not reached

in practice, due to overvoltage losses. Typically, values from (0.95 to 1.1 V) are obtained.

2.5 Efficiency

The efficiency of achemical process must be evaluated differently than the conventional heat
engine. The theoretica efficiency of a fuel cell is only limited by entropic losses. The
maximum possible efficiency of a PEM FC is therefore determined by the ratio between the
standard Gibbs free energy and the reaction enthal py.

AG  —237k]/mol

= = 0.83 2.8
Ah, —286kJ/mol {28

Netw =

So the maximum thermodynamic efficiency of n.,= 83 %.

Due to the different overvoltage losses described in Section 5.2.2 on page 59, the efficiency
will decrease significantly and the theoretical efficiency can only be achieved at small current
densities. The efficiency value taking into account the influence of voltage losses is referred
to as voltage efficiency 1,41 This value relates the actual cell voltage U,,;; to the maximum

thermodynamic value of Ug%, = 1.23V.

_ Ucell
Mot = uth {29}
ocv

Whereas 1,1 calculates the decrease in efficiency creating from processes affecting the cell

voltage. Losses related to current generation are described by the Faradaic efficiency

NFaradaic-

J {2.10}

Faradaic = “ ..
nara aic ZFU

10
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(where j isthe practical current density and v is the number of moles reacting per unit time);
as well as the overvoltage losses described in Equations {2.8} and {2.9} and the unreacted
fuel supplied y¢,; must be taken into account. Consequently, the overall fuel cell efficiency

can be calculated as

Ntot = MNth - Nvolt- MFaradaic - Yruel {2.11}

Due to the several sources of energy loss, actual fuel cell efficiency is considerably lower
than the thermodynamic value of 83%. Application under relevant operating conditions, the
efficiency of a single fuel cell can reach values of more than 60%. As a result of the
additional power consumption of the auxiliary subsystems, the efficiency of fuel cell systems
normally ranges between (40 - 50%) [7, 8].

Figure 2.2 shows the net system efficiency and power output as a function of current for the
1.2kW NexaMT power module PEM FC that will be used in this work for experimental
validation. The plot represents the FC operating in its normal range, as shown by the near
linear curves. As can be seen from the figure, the FC efficiency decreases significantly as the
output power increases. The efficiency drops from 52% at about 8 Amps to 38% at 46 Amps.
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Figure 2.2 Nexa power module efficiency and power as a function of current
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2.6 Fue Cell Types

The FC usually classified by their operating temperature and by the type of electrolyte they
use. Fuel cell types and their half-cell reactions are shown in Table 1-1. [9,10]. In this section

of this thesis the main types of FC are summarised:

2.6.1 Low Temperature
There are two types of fuel cell classified under low operating temperature:

Proton exchange membrane fuel cell: PEM FCs are believed to be the best type of FC for
use as a power source for vehicles to eventually replace the gasoline and diesel internd
combustion engines. PEM FC delivers a high power density at low operating temperature
(ranging from 60 - 80 C°). As mentioned previously there is no warm up time required and

power is generated immediately.

Other advantages are related to the electrolyte being a solid material, compared to a liquid
electrolyte. The sealing of the anode and cathode gases is ssmpler with a solid electrolyte, and
therefore, less expensive to manufacture. The solid electrolyte is aso more immune to
difficulties with orientation and has fewer problems with corrosion, compared to many of the
other electrolytes, thus leading to alonger cell and stack life. In addition, has low weight and
volume compared with other FCs. One of the disadvantages of the PEM FC for some
applications is that the operating temperature is low. Temperatures are not high enough to
perform useful cogeneration. Also, since the electrolyte is required to be saturated with water
to operate optimally, careful control of the moisture of the anode and cathode streams is

important.

FC powered vehicles are the most promising application of PEMFC systems. McNicol, et
al.[11] reported that FCV can successfully contend against conventional internal combustion
engine vehicles. Yet, the cost for FCV is greater than that for interna combustion engine
vehicles as well as the total cost of car using the PEMFC system is about 10 times compared
with the conventional internal combustion car engine, which cost around 500- 600 $/kW.
The total cost of the PEMFCs includes the costs of platinum electrode, assembly process,
membrane, peripherals and bipolar plate[12].

12
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Table 2-1 Fuel cell types and their half-cell

FC type PEMFC AFC PAFC MCFC SOFC
Electrolyte Proton exchange membrane KOH Phosphoric acid Solid oxide
Operating temperature 50-100 C° 120-250 C° ~ 220 C° ~ 650 C° ~ 1000 C°
Fuel H, pure H2 H, H,, CO,CH, H,, CO,CH,
Catalyst Pt Pt, Ag Pt Ni Perovskite
Electric efficiency 35-45% 35-55 % 40 % >50 % >50 %
Power range 5-250 kW <5 kW ~ 200 kW 200 kw-MW 2 kW-MW
Application Automotive and portable Military, space Combined heat and power generation
H, H, + 2 OH~ H, H, + CO3~ H, + 0%~
Anode reaction l l l l l
2HY + 2e” 2 H,0 + 2e” 2HY + 2e” H,0 + CO, + 2e~ H,0 + 2e”
lonic charge carrier H* OH~ H* Co3%- 0%
1 1 1 1 1
502+2H++2e‘ 502+2H20+2e‘ 502+2H++2e‘ 502+c02+2e— 502+2e‘
Cathode reaction . L . . .
H,0 20H~ H,0 co3- 0%-

13
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Direct methanol fuel cell (DMFC): DMFC is another category of PEMFCs. It is a suitable
source of power for portable applications due to long lifetime, low temperature operation, and
they do not need to be recharged. In addition, they are fast refuelling system characteristics.
Energy source of the DMFC systems is methanol, at anode, methanol is reformed into carbon
dioxide (CO,); while at cathode water or steam is formed using oxygen existing in the air.

Their reactions shown in equations {2.12} and {2.13}:

Anode CH;0H + H,0 - CO,+ 6H" + +6e~ {2.12}
Cathode (3/2)0, + 6e~ + 6H* - 3H,0 {2.13}

Methanol is utilized in DMFCs in form of liquid or vapour. Vapour feed is more required than
liquid feed in term of power density and cell voltage. Methanol requires high localised
cooling at anode. In addition, the extent of methanol crossover from anode to cathode and gas
release at the electro catalyst surface significantly influences the performance of liquid feed
cells [13]. From the other point of view, vapour feed cells also have some disadvantages such
as high temperature required for fuel vaporisation, less lifetime. Hence, more costly and
complex reformer is needed. PEM is considered as the main part in DMFCs to provide high
proton conductivity. Furthermore, it offers chemical stability for suitable high performance of
DMEFC.

2.6.2 Medium/High Temperature

Alkaline (AFC): The AFC is very susceptible to contamination, so it requires pure hydrogen
and oxygen. It is also very expensive, so this type of FC is unlikely to be commercialized in
the near future. However, AFC has a good history in the space program. It is still utilised in
the space shuttle in an expensive guise, providing electricity for the on-board systems by
combining the pure hydrogen and oxygen stored in the rocket-fuelling system. NASA has first
used AFCs to power the shuttle missions and supply drinking water for space applications.
Nowadays, they are employed in trucks, forklift, boats, submarines and niche transportation
applications [13]. Several catalysts can be used in this fuel cell, e.g. one whose electrolyte is
concentrated (35 — 50 wt%) potassium hydroxide (KOH), operated at less than 120°C and
the other whose electrolyte is more concentrated (85 wt%) KOH, operated at temperature of
around 250°C. Thus, the AFC operating temperature depends on make of the catalysts,

which range (120 - 250°0).
14
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The electrolyte is kept in a porous matrix, and electrocatalysts consist of noble metals and

nickel. There are some difficulties with this type of fuel cell and summarised as below:

e Carbon monoxide continuously found in hydrogen produced by reforming

hydrocarbon or acohol fuels, is apoison to the costly metal electrocatalysts

e Carbon dioxide in both air and fuel will react with the KOH electrolyte to produce
potassium carbonate. Consequently, the AFC is limited on applications where both

pure hydrogen and oxygen can be used.

2.6.3 VeryHigh Temperature

There are three types of FC operating at very high temperature, namely Solid Oxide
FC (SOFC), Molten-Carbonate FC (MCFC) and Phosphoric-Acid FC (PAFC), These FCs are
best suited for large-scale stationary power generators that could provide electricity for
factories or towns. These types of FC operate at very high temperatures (between 600 and
1,100 degrees Celsius), so it has a longer warm-up time. As a result they are unsuitable for
use in transport applications. Their advantage is that they can generate steam that can be used
to generate more power[14].

Solid Oxide Fuel Cell: this type of fuel cell is suitable for large scale distributed power
generation systems with capacity of hundreds of MWs. Commonly, SOFCs are used the
product heat to generate more electricity by turning gas turbines and hence increasing the
combined heat and power efficiency between (70-80%). They are classified as low harmful
gas (NOx and SOx) emissions fuel cell. SOFCs can be used aslocal power generation systems
for country side, where there is no access to public grids. In addition, they have low
mai ntenance costs and noise free operation. However, one of the disadvantages is that it takes
long start-up and cooling - down times aong with various chemical and mechanical

compatibility issues.

Molten-Carbonate Fuel Céll: currently, MCFC systems are used for natural gas, military
and industrial applications. One of most advantage is that they do not require noble metal
catalysts for electrochemical reduction. Further, no infrastructure development for the
installation is required. In addition, MCFC could be directly fuelled with hydrogen, carbon
monoxide, natural gas and propane; on the other hand, long time is needed to generate power

which is mostly related to its high operating temperature [15].
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Phosphoric-Acid Fuel Cell: PAFCs does not require pure oxygen for its operation as CO,
does not affect the cell performance or electrolyte. Theinitial cost of this type of fuel cellsis
high as it uses air with approximately 21% rather than using pure oxygen which causes three
times reduction in the current density. Hence, PAFC is designed in stack bipolar plate to
increase the electrode area for higher energy production, but this comes with additional cost.
Recently, PAFCs are in the commercia stage with the power capacity of (200 kW-11 MW)
aready being tested. The PAFCs are expensive to manufacture as a result of the cost of
platinum catalyst that covers the electrodes. Electrical efficiency of this type is between
40 and 50% and the combined heat and power efficiency is about 85%.

2.7 Comparison of Fuel Cell Cost with other Power Generating Systems

Currently, severa different types and sizes of FCs are in operation around the world
providing electricity and heat which are safe and reliable. Since 2002, the total cost of these
systems has been reduced, due to fact that the demands for fuel cells are being placed by
customers without the need for any financial support. In the last few years, the U.S.
Department of Energy has decreased the cost of automotive fuel cells by more than 80%
since 2002 from $275/kW in 2002 to $49/kW in 2011 and more than 30% since 2008. Figure
2.3 and Figure 2.4 show the fuel cell system cost and commercially available products which
have been developed with fuel cell technology program funding, respectively. Based on the
current projections, it is predicted that high-volume manufacturing is targeting a cost of
$30/kW by 2017 [16]. Comparison of fuel cell with other power generating systems is
presented in Table 2-2.

Table 2-2 Comparison of fuel cell with other power generating systems [13]

Reciprocating Turbine . ] .
) i Photovoltaic ~ Wind turbine Fuel cells
engine: diesel generator

Capacity range 500kW-50MW 500 kW-5 MW  1kW-1MW 10kW-1 MW 200 kW-2 MW

Efficiency 35% 29-42% 6-19% 25% 40-85%
Capital cost ($/kW) 200-350 450-870 6600 1000 1500-3000
0 & M’ cost ($/kW) 0.005-0.015 0.005-0.0065  0.001-0.004 0.01 0.0019-0.0153

* Operations & Maintenance
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Figure 2.4 Accelerating Commercialization

2.8 Fuel Cdll Applications

Earlier, the existing FC types such as SOFCs were only applied in extreme situations; since
such a type of FCs required very expensive materials and due to their size could only be
used for stationary applications. These problems were addressed when the PEM FC was

17



Review of fud cell technology

invented in the early 1960s by Willard Thomas Grubb and Leonard Niedrach at
Genera Electric. The first membrane used for electrolytes is the sulfonated polystyrene
membrane which was replaced in 1966 by Nafion ionomer, that proved to be better in terms

of performance and durability [17].

Generaly, FC could power any device that requires electrical energy to function. This
could range from a mobile phone up to a factory. In the recent years, the PEM FC is the
most developed FC system due to its advantages. In this thesis a few main applications will
be included. However, other applications can be found in the literature [2, 4, 7, 9] and [14] .

Thiswork will focus on the following main applications:

2.8.1 Transportation Applications

Fuel cell could be applied in large aircraft to power the auxiliary power units APU. FC based
auxiliary power units are a promising alternative to conventional motor/generator based
technologies. FC APUs promise dightly higher efficiencies with significantly reduced
emissions and lower noise generation. The system efficiency remains almost constant even

at operation down to less than 50% of full capacity.

Another interesting feature of FC APUs is that the water produced in the FC can be used in
other parts of the system, e.g. Airbus for the first time on a civil aircraft has successfully
tested a FCs inflight. PEM FCs powered the aircraft's back-up hydraulic and electric power
systems (shown in Figure 2.5) The test conducted in February 2008 is part of Airbus overall
plans for an eco-efficient aviation industry. It supports the on-going research to evaluate the
potential use and environmental benefits of FC technology and zero emissions power

generation in civil aviation.

During the test, the H, and 0, based FC system generated up to 20kW of electrical power.
The emission free FC system generates water as a "waste" product. The FC system powered
the aircraft's electric motor pump and the back-up hydraulic circuit and also operated the
aircraft's ailerons.

The system'’s robustness was confirmed at high gravity loads ("g" loads) during turns and
zero gravity aircraft manoeuvres. During the flight test, the FCs produced around 10 litters
of pure water that could be used for the aircraft water and waste systems, making the aircraft
lighter and thus increasing the aircraft’ s fuel efficiency.
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This achievement will enable Airbus and its partners to further develop ways to implement
FC technology for replacing other aircraft systems such as the emergency power systems
and the APU . Reducing significantly the noise and emission levels in and around
airports [18].

Figure 2.5 Airbus powered the back-up hydraulic & electric power systems by PEMFC[18]

Fuel cell could be also used to power aircraft as main power source. FC could power an
unmanned and a manned aircraft by using FC hybrid system to power an electric motor. On
28 March, 2007 a manned airplane powered only by a FC and lightweight batteries is shown
in Figure 2.6. The systems integration phase of the Boeing Research and Technology Europe
(BR&TE) FC Demonstrator Airplane research project was completed including systems
integration.

Lithium lon Batteniet

Power Managemer

Figure 2.6 Boeing Madrid, Spain, April 03, 2008[19]
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Boeing successfully for the first timein aviation history flown a manned airplane powered by
PEM FCs on 3rd April 2008 over Madrid, Spain. A two-seat Dimona motor-glider with a
16.3 meter (53.5 foot) wingspan was used as the airframe. Built by Diamond Aircraft
Industries of Austria, it was modified by BR&TE to include a PEMFC /lithium-ion battery
hybrid system to power an electric motor coupled to a conventional propeller. During the
flights, the pilot of the experimental airplane climbed to an atitude of 1,000m above sealevel
using a combination of battery power and power generated by hydrogen FCs. Then, after
reaching the cruise altitude and disconnecting the batteries, the pilot flew straight and level at
a cruising speed of 100 km/h for approximately 20 minutes on power only generated by the
FCs [19].

2.8.2 Ground Vehicles

FC can be also used in transportation sector as main power source to power electrical motor
rather than internal combustion engines; FCs can be 2 to 3 times more efficient than diesel or
gasoline internal combustion engines. Those FCvs can be powered by PEM FCs that range in
power =~ 70 - 200kW. Another reason to attract the world to FC is the fact that transportation
sector is responsible for over 30% of global NO, emissions, 23% CO, emissions and 18% of

CO emissions.

Currently, most of the car manufacturers have made at least one vehicle using fuel cells.
Many of the car manufacturers have selected to feed the FC with methanol, some have
chosen to use pure hydrogen.

Since 1994, Daimler-Benz working in collaboration with Ballard, built a series of PEMFC
powered cars. The first one was fuelled with hydrogen, and in 1997 Daimler-Benz produced a
methanol fuelled car range of a 640 km [20].

In 1996, Toyota released a fuel cell/battery hybrid passenger car fed with hydrogen, later on
in 1997 followed by a methanol-fuelled car. Toyota announced that the plan to sell aFCVs in
2015, which would make it a leader in a technology that most other automakers regard as at
about 10 years ago from being marketable [21]

Some other car manufacturers BMW, Citroén, Peugeot, Renault, Genera Motors, Volvo,
Volkswagen Honda, Chrysler, Ford, and Nissan have aso built PEM FC cars operating on

hydrogen or methanol. In 1993, Ballard Power Systems demonstrated a 10 m bus with a 120
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kW FCs, then in 1995 it was followed by another 200 kW, 12 m heavy-duty transit. These
buses operate on compressed hydrogen as fuel [20].

Currently hydrogen FCVs are more expensive than the traditional interna combustion engine
vehicles. Many car manufacturers suggested that they are confident that their current R&D
programs should be able to bring the cost of production down to few hundred dollars per kW

infew years [22].

2.8.3 Stationary Application

FC can be used as a stationary backup power supply, to generate power for remote location or
even as a primary power station. There is a high worldwide trend to use variety of renewable
power generation and limit the impact on worldwide carbon emissions globally. Stationary
FCs such as PEMFC, MCFC and SOFC can be used to generate electricity and can range in
size from 1 kW to 10 MW [17]. In general, system efficiency can be improved from 40-50%
to reach up to 90% when cogeneration or waste heat generation is used in a combined heat

and power system.

Residential combined heat and power units have been deployed widely around the world. The
Octagon building on Roosevelt Island in New Y ork become the first residentia building in
the State of New Y ork to be powered and heated by a PAFC 400 kW fuel cell from A United
Technologies Company Power. Japan also in 2010 deployed more than 10,000 units
providing home power and heating. South Korea has aso deployed combined heat and power
units for residential use. These units can be used to provide grid expansion and also for areas

where there is no infrastructure or low grid [16].
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2.9 Summary of Chapter 1

This chapter presented areview of different fuel cell technologies and their working principle
covering low temperature FC such as PEM and methanol; medium/high temperature such as
Alkaline and the very high temperature FC such as Solid Oxide, Molten-Carbonate and
Phosphoric-Acid. Examples of fuel cell application for transportation (including aerospace),
stationary application were also covered. Finally, some examples of recent development and

large scale demonstrations were also discussed.
The main findings of this chapter can be summarised as follows:

At present the cost of FCs is higher than that of similar, aready existing products, mostly

because of small scale production and the hydrogen issue.

In the transportation sector one approach would be to obtain the on-board hydrogen by
reforming an alternative fuel. However, this will limit the flexibility of the fuel source.

Hence a better method would be the direct storage of hydrogen on-board.

The costs related to FCs could drop significantly in the future if there is an increase in
applications that uses FC and the development of better hydrogen fuel storage approach
coupled with handling technol ogies.

The main points from this chapter can be summarised as follows:

A review covering fuel cell technologies, their advantage and disadvantage and

examples of varies applications and their suitability

e A summary of the basics of Proton Exchange Membrane Fuel Cells PEM FCs
technology was given, including the explanation of the working principle and the

main construction elements.

e A review of the loss mechanisms which determine the maximal cell performance was

also presented and will be explained in more details in chapter 5

e A summary of the different types of fuel cell, fuel cell advantages and disadvantages

when compared to other power techniques and their application was also covered.
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3. HARDWARE DESCRIPTION AND SET-UP

This chapter will introduce the different hybrid system types/configuration for fuel cell
and auxiliary storage system. Then will cover the experimental set-up configuration
developed in this project and the integration challenges that arose during the
construction of the hybrid system. In addition, details of the system components will also

be covered in this chapter.

3.1 Hybrid System

As stated earlier, this thesis will focus on electric hybrid systems in which al the power
sources have an electrochemical basis and no conventional energy sources are involved.
Generaly any electrical or mechanical system driveline that includes other sources, energy
storage and energy converters is caled a hybrid system. Combining the FC with an Energy
Storage Systems (ESS) in a hybrid system alows for much higher peak power while
preserving the high energy density to meet the requirements of these applications. There are

also many other benefits of hybridising:

e ESS can be used to supply high transient energy and thus greatly improve system

dynamics

e Components can be made to operate in region of higher efficiency since neither one

would have to provide the full load and capacity

e ESS can provide power to the FC's auxiliary equipment for start-up and also supply

|load demand while the FC is warming up

e Components can be of smaller dimensions, particularly the FC, which is the most

expensive component

e ESS can condition power output from FC to provide acceptable voltage, improved
reliability and extending lifetime of the components

Indeed, repetitive stepped loads lead to lifetime degradation of the FC if not supplemented by
an ESS. The ESS may now supply the transient power and enable the FC to more slowly
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adjust to the new power levels or operate under nearly steady state conditions. The first
benefit also leads to improved power quality of the system, since a rapid increase in load
demand could not be handled by the FC or would result in a significant drop in its output
voltage, which may even cause shutdown of the system. Thus, it is clear that the hybrid
system brings about ‘synergistic’ benefits where the whole is greater than the sum of its
parts [23].

Generdly, there are two configurations of the hybrid systems:

3.1.1 Passive Hybrid System

When the hybrid configuration is simply formed by connecting the FC and ESS straight to
the load, then we refer to that system as a passive hybrid system, as shown in Figure 3.1. In
contrast to simply having a single power source by itself, for instance either the FC or ESS,
such a ‘passive’ hybrid demonstrates a longer run-time and higher power capability. It aso
decreases the stress on the FC and accordingly conditions the hybrid source terminal voltage.
However, there are adso a number of disadvantages associated with such a hybrid
configuration:

e The ESS termina voltage must match the nominal voltage of the FC in order not to
overcharge the battery, therefore greatly limiting much of the system’s design
flexibility.

e Since the power distribution between the FC and ESS is passively determined by the
impedance characteristics of each source and is thus determined in a rather fixed way,
the hybrid system performance may be unnecessarily limited by one of those two
components. For example, the peak power capability of the hybrid may be restricted
by the FC when the FC first reaches its safe power limit even while the output power

of the battery is still well below its maximum.

These disadvantages can be eliminated by introducing a DC/DC converter between the FC

and ESS, creating an ‘actively’ controlled hybrid system. In active hybrids, the power

converter is controlled to regulate the power sharing between the FC and ESS in order to

maximize the advantages of each component. For example, the FC and ESS can be controlled

to generate the maximum power from each simultaneously, thereby greatly increasing the

peak power capability beyond that achievable by a passive hybrid, without much increase to
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the system weight and volume [24, 25]. Similarly, the active hybrid can be controlled such
that the sources operate in their most efficient region, thereby also increasing the system’s
efficiency. Furthermore, the presence of a power converter at the FC output is essentia to
obtain bus regulation due to the FC’'s wide output variation, and more importantly to provide
the necessary protection to the FC as discussed. It also allows more flexibility in the system

design, as the ESS terminal voltage no longer must match the FC’'s nominal voltage.

FC System Battery Load

Figure 3.1 Passive hybrid systems
3.1.2 Active Hybrid System

As an dternative to the passive hybrid system, a DC/DC bidirectional converter could be
placed between the battery and the fuel cell [26]. In this active hybrid system the load is
connected to the battery as an auxiliary source to supply the high transient energy through a
DC/DC hidirectional converter while the FC is connected to both the load and the battery
through the DC/DC step down converter, as shown in Figure 3.2. The battery provides
additional power when a higher power is requested by the load or during a step load change
while the FC rises up to the required level. The power flows unidirectiona through the
converter stage from the FC to the battery and load. Controlling the DC/DC bidirectional
converter can change the output current of the FC, as well as the current supplied by the
battery.

DC/DC Step Down

Load
Converter <

Fuel cell system

DC/DC
Controller . Bidirectional
Converter

Battery

Figure 3.2 Active hybrid configuration

The active hybrid system could be configured in two possible ways, depending on the

location of the separate components. In both configurations, the power shared by each source

could then be actively controlled. Y et, in one configuration, control of the power converter in
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such systems becomes a very complicated; while in the other, the control is being only a
problem of the current or voltage regulator, which is less complicated[27; 28]. The active
hybrid configuration shown in Figure 3.2 was chosen for this research project due to the fact

that this configuration simplifies the hybrid system design and control.

3.1.3 Energy Storage Systems

An auxiliary source to supply or absorb the high transient energy is required to complement
the slower output power of the FC. There are many possible power sources to back-up the FC
for the transient loads, for instance the super-capacitor, the battery and flywhed. In this
thesis, the battery was chosen.

The pros and cons of each are listed in Table 3-1, below;

Table 3-1 Pros and cons of Energy Storage Systems
No | ESS Pros Cons
Very fast response Little modularity
Reduced system compl exity Low specific energy
1 g Minimal maintenance Less technologically mature
= High efficiency
High specific power
5 Very fast response
% High life cycles 3
2 S _ Low specific energy
8 Low maintenance
g High specific power
. Modular Reduced life cycles
3 % Fast time response High maintenance
B High specific energy

Hybrids containing both super capacitors/ultra-capacitors (UC) and batteries are common,
and the former’s fast response and high number of charge-discharge cycles versus the latter’s
high specific energy is typically the determining factor for the feasibility of their use in a
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particular application [25]. In this project WP18-12 lead acid battery was selected to act as
the additional source.

3.2 Hybrid System Experimental Set-up

This sub-section will briefly describe each individual component of the hybrid system.
Besides the 1.2kW PEM fuel cell Nexa™™ power module, there are other main components
that form the Fuel cell hybrid system. The FC Nexa module is considered as the main power
source, then two WP18-12 (12 VDC) batteries for starting up the system, DC/DC step-down
converter to keep the output voltage constant and control unit. These form only the Nexa
module as highlighted in Figure 3.3. Thiswas theinitial set-up which was used to validate the

fuel cell stack model. The system was connected to an electronic load to simulate the various

| Two WP18-12

| (12vDC) Battery V
3 Batteries 36 1sle

Bidirectional DC/DC
Converter

DC Motor \ Computer Control Un|t

|oad demands.

Figure 3.3 Hybrid system experiment set up

This origina configuration was then extended by adding another 3 WP18-12 (12 VDC)
batteries connected in series as the input to the high voltage terminal of the bidirectional
DC/DC converter. The use of the bidirectional converter gives the possibility of
charge/discharge the batteries. The extended part is connected in parallel with the main power
source to the load as shown in Figure 3.3. The purpose of using a36 V lead-acid battery is to
provide additional power during high power demands. Otherwise the battery pack is either
charged by the fuel cell or goes into standby stage when there is a minimum power demand.
The complete system was simulated under various operating conditions. Modeling of the
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battery, electrical engine and Piper Cub J3 is presented in this chapter and the simulation

results are presented in chapter 6.

Two control loops included in the system are governing the delivered power of each source
and ensure al the components work within their bounds. The control strategy will be

discussed in more details in chapter 6.

3.2.1 NexaFue Cdl Power Module Set-up

Nexa (1.2kW) PEM FC module consist of a Ballard stack with 46 cells set in series and other
auxiliary subsystems including hydrogen system, oxidant air system, cooling system,
electronic control system and safety system with sensors and microprocessors integrated on

board. The schematic diagram of this FC system is shown in Figure 3.4.

Humidity
Hydrogen Pressure Exchanger
Regulator PEMFC Stack

Hydrogen Pressure

Relief Valve g Air Pump

(inside)

5 @R\ \\\\\\\\\\\L\’ e

Hydrogen Inlet
Solenoid Valve

Cooling
Blower

Cell Voltage Monitor Controller

Figure 3.4 Nexa™ system schematic

The dry hydrogen is supplied by high-pressure hydrogen cylinder, while the oxidant air is
supplied by an air pump and humidified in a humidity exchanger before entering the FC stack
SO as to maintain water saturation of the membrane. A cooling fan at the base of the unit is
utilised to blow air through vertical cooling channels. A multi-functional data acquisition
(DAQ) unit is supplied facilitating status monitoring and data recording. Feedback signals as
well as operating parameters (e.g. temperature, pressure, flow rate, gas concentration, current,
and voltage) can be measured through the serial port communication. All the information is
displayed in real-time using a Lab-View GUI software interface. Lastly, the system is
connected to an electronic load to simulate a variable power demand. The Nexa power
module specifications are included in Appendix 9.1.
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For safety considerations, the Nexa power module FC system was installed in a well-
ventilated lab area equipped with an extractor fan located on top of the system for air
circulation. The extractor fan is fitted with a hydrogen alarm sensor for heath and safety
reasons. In addition, the hydrogen cylinder was located outside the lab in a specificaly
designated storage area. FC operating parameters are continuously monitored to ensure they
stay within desired limits (FC stack operating temperature, FC stack current, output voltage
and fuel supply pressure). Warnings and shut down alarms are implemented on each of these
parameters. Figure 3.5 shows a general view of the setup used in the experimentation of the

fuel cell hybrid system at Cranfield University (different angle of view).

The basic ingtallation of a Nexa™ power module in the lab and the electrical, mechanical
and software interfaces necessary for operation can be found in Appendix 9.5. The system
sub-components and the hardware implementation will be presented in the following

subsections.

Figure 3.5 Experimental setup general view at Cranfield University
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3.2.2 Battery Model

Conveniently, the batteries sit between fuel cells and load, with intermediate specific energy
and specific power values. Batteries store the electrical energy as chemical energy and
convert it back when needed. Depending on the chemistry used, battery pack is capable of
discharging between 45 minutes to 18 hours.

In the ssimulation model of the hybrid system, the battery pack consisting three batteries was
modelled as back up. The specifications of the WP18-12 |lead acid battery were programmed
into the battery block in SimPowerSystems toolbox. Specifications of the battery can be
found in Appendix 9.6.

3.2.3 Electrical Engine Model

The éectrical engine specification for “Duasky XM5050CA DC” was selected to drive the
small aircraft (the Piper Cub J3). The selected engine as shown in Figure 3.6 was tested at
different throttle command inputs. In the hybrid system, this engine is represented by
electronic load; hence, the electrica motor of the Duasky XM5050CA DC was tested
practically in order to obtain the current, voltage and RPM data for various power demands
from the Nexa FC system. This test was carried-out as shown schematically again in Figure
3.6. Engine test experimenta results and specification can be found in Appendix 9.8 and

9.10, respectively.

RPM

Voltage
Command Current

Power

Figure 3.6 Dualsky XM5050CA DC Engine
3.2.4 Current Sensor Technology

The current sensor technology works on the principle of Hall Effect which is an application

of electromagnetic induction. Consider a simple rectangular plate of conducting material

carrying a steady current from left to right as shown in Figure 3.7 (a). There is no measurable

voltage in either direction perpendicular to the flow. Now apply a magnetic field
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perpendicular to the flow. It is found that a voltage will be generated perpendicular to both
the direction of the current and the magnetic field. The presence of the magnetic field distorts
the electron flow which becomes uneven and creates a potential difference across the plate's
faces as shown in Figure 3.7 (b) [29].

Figure 3.8 shows a typical voltage biased Hall Effect current sensor. The Hall voltage is a
low level signal typically of about 30 microvolt in a magnetic field of one gauss. This low
magnitude signal requires alow noise, high impedance and moderate gain amplifier. Because
DC currents can flow in either direction, the amplifier output can be driven either positively
or negatively. If power supply gives single 5V then the signal output range will be limited
between OV and 5V. The maximum and minimum limits between which the output signal
can vary are known as saturation points. Negative saturation is specified relating to ground,
while positive saturation is specified as how close the output can go to the positive supply rail
[29]. These conditions are illustrated in Figure 3.9.
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Figure 3.7 The Hall Effect in a conductive plate

(@) without applying magnetic field, (b) applying magnetic field
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Figure 3.8 A typical voltage mode Hall Effect current sensor
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Output voltage
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Figure 3.9 Hall Effect sensor transfer curve

In order to sense the current between the battery and the load, numerous AMP25 Linear-to-
60A hall sensors from Amploc were used. Amploc current sensors provide galvanic isolation
and are capable to measure dc, ac and complex waveforms. Their operating temperatures
range from —55 C° to + 125 C°. They are light weight, water resistant, window 0.29 inches
and the terminals are gold plate (supply voltage, ground and output signal) [30], as shown in
Figure 3.10. Sensors specification and electrical characteristics are listed in Table 3-2.

N\

Figure 3.10 AMP25 linear-to-60A current sensor

Table 3-2 Electrical characteristics of AMP25 linear current sensor

Supply voltage,V +4.5to + 10VDC
Supply current 10 mA max
Output current 2 mA max
Offset voltage,V, (sensed I = 04) VS /2 £ 2%
Output voltage,V, is proportional to Vg

Temperature error Null or gain 0.3%/ 0C
Response time 3 uSec
Linearity (Full scale) 1%

Accuracy (Full scale) +2%
A.C.Hysteresis error 0.5%
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3.25 Electronic Load

An electronic load type EL-1500 produced by Zentro Elektrik is recommended to be used for
generating characteristic curves for the fuel cell systems. To add more simplicity to the
hardware, this electronic load has been used as load. The characteristics of the electronic load
were similar to those of the electrical engine. Specifications of the electronic load can be
found in Appendix 9.8. EL-1500 has three modes of operation: constant current, constant
resistance and constant power mode. It also has an IEEE488.2/RS232/USB interface
integrated with Lab-View driver for external programming. The current, power or resistance
of the load were programmed using an external control voltage where a change in voltage
from (0 - 10V) changed the set value from (0 — 100%).

Electronic Load
& EL 1500
. 3 .
+ R
&
Dc Ig
Mas Prww 1500W
e Bl van
-
e |

Figure 3.11 Electronic load EL - 1500
3.2.6 Data Acquisition System

The data acquisition system (DAQ) manufactured by National Instruments, high speed PCI-
6259 with M-Series multifunction board has been selected and used to send/receive data
between the hardware and Matlab/Simulink. Specifications of the DAQ card can be found in
Appendix 9.11.

Externa connections were made using the National Instruments SCB-68 connector block
and plug-in data acquisition device card using 68-pin connector, see Figure 3.12 (a). The
SCB-68 delivers arobust and very low noise signal termination and is compatible with other
National Instruments single and dual-connectors [31]. Single core wire was deemed adequate

for connections between the rack and the sensors. The sampling time rate was 3.3Hz.

However, the SCB — 68 rack can accept only voltage levels below 10V, so a step down
voltage divider was used for voltages above 10V, these included the FC voltage, battery
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voltage and bus voltage. The software was then used to scale the readings back. Figure 3.12
(b) shows the voltage divider circuit, its reference to ground is formed by connecting two
resistors R; and R, in series (R, = 100KQ and R, = 27 KQ). By applying Ohm’s law:

V= Ix(Ry+R,),V,yy= I*R, andl = RVT7; so the output voltage can be found by

1 2

using following equation:

* Vin {3-1}

Figure 3.12 (a) DAQ card in the right side of the picture and NI SCB-68 connector block in the left side of
picture, (b) Voltage divider circuit

3.2.7 DC/DC Unidirectional Converter

DC/DC converter BSZ PG 1200 model produced by Isle® especially for Nexa FCs is used as
a unidirectiona converter with control unit which consists of Nexa On/Off buttons, DC/DC
and Nexa parameter buttons, a 4-line LCD and 3 LED display as shown in Figure 3.13. The
DC/DC converter generates a PWM signa that controls a MOSFET half-bridge. This half-
bridge acts as a synchronous step down converter. This topology guarantees the high
efficiency of the converter. DC power input is heavily filtered so that electromagnetic
interference EMI does not affect the FC. The output voltage is filtered before going out to the
load terminals. In order to avoid back flow of current from battery to fuel cell, a return
protection is provided, controlled by an integrated micro controller. The converter's
specifications are listed in Table 3-3.
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Table 3-3 DC/DC converter specification

Output voltage range 11V-15V / 22V-30V
Output voltage range 11V-15V / 22V-30V
Accuracy of output voltage 2%

Nominal output current 100A/50A
Maximum output current 110A/55A
Maximum output power 1200W
Maximum output current ripple 2%

Operating input voltage range 26VDC-48VDC
Maximum input voltage 50V

Minimum voltage drop input to output 2V

Power consumption standby 2W

Ambient temperature 0°C-40°C
Efficiency 96% (24V)
Short-circuit proof Yes

Thermal protection Internal 80°C
Mechanical dimensions (HxBxT) (320x 14 x 80) mm

3.2.8 DC/DC Bidirectional Converter

Figure 3.14 shows the high performance step down DC6350F-S converter from Zahn
Electronics. This is a two quadrant (sourcing and sinking current), crystal controlled, dual
Half H Bridge, configured in a buck topology programmed for Voltage Loop (VLP). It isa
compact, self-contained unit with its own power supply, input and output power filter. Power
to the unit is from a DC supply, fuel cell or battery. Each half bridge has 10 transistors in
paralel on the top and 10 transistors in paralel on the bottom. Faster response can be
achieved because the switching frequency is 31,250Hz. The temperature of the unit is
monitored and in the event of an excessively high ambient temperature, then the current to
the load is reduced automatically to hold the transistor temperatures to a safe level [36].

DC/DC converters modelling and simulation with an introduction and a brief description of
power converters based on switched-mode operation were reviewed and can be found in
Appendix 9.14.
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Figure 3.14 Bidirectional DC/DC converter DC6350F-S

3.2.9 Piper Cub J3 aircraft Model

A non-linear dynamic model of the Piper Cub J-3 aircraft (see Figure 3.15) was originaly
developed by P. R. Thomas [32], updated by De. Lomas [33] as well as Leonardo Lopez and
Shahin Moghimi [34]. Since both the physica and 6DoF model were previously researched
by the group, it was selected for the project with the intention to emulate accurately the
motion and flying characteristics of the aircraft. Table 3-4 shows the main geometry and
mass properties of the Piper Cub J-3 aircraft. The simulation model has been modified to
replace the piston engine with an electric engine. In order to be able to extrapolate the power
requirements with respect to the generated RPM, the experimental test results obtained for the
motor were derived and integrated into the nonlinear model. In addition, the simulation
model was modified to include a wind model black that takes the externa factors into

account. In particular, the wind speed and direction.

37



HARDWARE DESCRIPTION AND SET-UP

Table 3-4 Piper Cub J3 geometry and mass properties

Wing span 2.040m
Aerodynamic chord 0.3070 m

Wing reference area 0.6290 nt

Aspect ratio 6.68

Engine power 1.29 KW

Aircraft weight 5.65 kg

Centre of gravity position (CG) [0.371606,0,0] m
Centre of pressure position (CP) [0.3850.0.0] m

Figure 3.15 Piper Cub J-3

The block diagram simulation model of the aircraft is shown in Figure 3.16.
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Figure 3.16 Block diagram of Piper J-3 Cub 40 simulation model
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K, € R3

where K isthe PID controller

G isplant

y isoutput of the plant

The dynamic model of the aircraft is based on the linearised equations of motion described in

Appendix 0. The aerodynamic derivatives of these formulae are estimated from lookup-tables

as a function of altitude and airspeed. The flowchart of the model can be found in Appendix

9.7. Thisincludes the following:

Aerodynamic Forces and Moments: the angle of incidence, dynamic pressure,
airspeed, aerodynamic coefficients and sideslip are obtained from control surfaces
atmospheric parameters, wind impacts, deflections and previous states like angular
rates and translational velocitiesin relation to body axes.

Electrical Engine Model: which is fed by throttle command, velocities in the wind
axes, and air density generates the propeller forces and moments.

Total Forces and Moments:. takes as inputs the outputs from previous blocks and
centers of pressure and gravity, and produces the total forces and moments acting on
the aircraft.

Equations of Motion Block: contains full six-degrees of freedom (6DoF) EoM
(Body Axis) block from Aerospace Blockset library. Gravity forces in the body frame
are added to the forces output from previous block. The unnecessary outputs from the
generic block are terminated and masked. The equations of motion of an aeroplane
can be found in Appendix 00

Mass and Inertia: In this simple subsystem the center of pressure, mass, inertia, and
center of gravity are taken from the Matlab workspace to the simulation.

Additional blocks that are included in the aerodynamic model are basic Simulink blocks;

their description can be found in Simulink help. The brief description of the aerodynamic

model made above was made in order to present the model only. Autopilot Stability
Augmentation System (SAS) was developed by Shahin Moghimi [34]. This part of the model
is based on classical PID control and hold autopilots. Further details of the model can be

found in previously mentioned authors publications regarding its development [32, 33]
and [34].
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3.3 Summary of Chapter 3

In this chapter, fuel cell hybrid system and their types/configurations were explained. The
different types of energy storage systems used to complement the slower output power of the
fuel cell were highlighted. The battery model, electrical engine model and Piper Cub J3
model were also discussed.

Details of how the experiment was set-up in the lab were discussed and each component of
the hybrid system individually covered (for the specification of each component see
Appendices). Thefue cell hybrid system in the lab consisted of the 1.2kW Nexa PEM FC, as
the main power source, 36 V lead-acid batteries WP18-12 (12 VDC), DC/DC step-down
converter (to keep the output voltage constant) and DC/DC bidirectional converter (to
charge/discharge the batteries). These were discussed alongside with their theoretical
foundations, types and connection to the electronic load.

Overdl, the integration challenges that arise during the construction of the hybrid system
were identified. In addition, advanced solutions were developed to overcome severd
integration issues faced. Ideally, system modules should be selected so that they can meet the
power requirements and operating voltages. The relatively slower output power of the fuel
cell and aso the challenge of how to control the battery charge/discharge exacerbate the

difficulty of system integration.
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4. EXPERIMENTAL DYNAMIC PREFOMANCE TESTS

In this chapter, before starting the modeling stage, detailed experimental analysis has
been carried-out based on a set of experimental tests on Ballard Nexa power module. In
particular the emphasis in this chapter was to identify the dynamic performance of the
Nexa module of each state and characterise relevant transient response to variable load.
Furthermore, to determine some experimental parameters such as experimental
temperature and OCV value which will be used in the fuel cell modelling and simulation.
The remaining part of this chapter is organized as follows: The dynamic behaviour is
checked during different operating conditions such as start-up, shut-down, step-up load
and irregular load variations. The dynamic tests that were carried-out are explained with
their results and discussion in details in section 4.2. Followed by the performance of the

module is tested for both steady state and transient state.

4.1 Experimental Operating Conditions

In order to investigate the dynamic performance and the transient responses of the PEM FC
under various loads, the experiments have been carried-out under different stages to identify

the dynamic characteristics at each stage.

411 Start-up State

Before starting up the FC system was in OFF state. As a back-up 24 V battery power was
applied to the control board, the system transited to STANDBY state. In this state, sensors
and actuators were energized and the on-board microprocessor began to continually deliver
system data and status signals. A 5V start signal to the Nexa system control board will begin
the STARTING sequence. The hydrogen solenoid valve opens and the purge valve
periodically cycled to fill the FC stack with hydrogen and the air pump turned on to provide
air to the FCs. After that, the cooling fan ran for thermal regulation as well as dilution of
purged hydrogen. Once the external load increased from zero to the first step value, the

current would accordingly begin to rise until the system reached a normal operating state.

41.2 Shut-down State

Once the 5V start signal is removed from the FC system, it transitions to the normal shut
down state, and the externa load relay was initiated to isolate the FC stack from the load.
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Then a shut-down sequence continued to remove residua product water from the anode and
cathode flow channels using the air pump and hydrogen purge valve. After the start line was

totally turned off and the battery power was disconnected, the system returned to OFF-state.

4.1.3 Step-up Load State

In this state, four load steps were taken for step-up load investigation. The current increased
from 0 to 40 Amp with break value of 10 Amp. As the external load changed, the stack
voltage and current responded dynamically to new operating conditions until reaching next
steady state. In the meantime, other operating parameters changed as a result during each step
state, and then adapted themselves to the new state. Among the whole process, the dynamic
cell performance under constant load at around 32 Amp was carefully monitored for
investigation of purge effects.

4.1.4 Irregular Load Variation State

In this state, The FC system had to go through extreme load changing since the external load
did not follow step-by-step regulations. In order to get deeper insight of effects of air flow
rate and operating temperature on the FCs dynamic performance, a longer test was carried-

out for the dynamic evaluation.

4.2 Resultsand Discussion

4.2.1 Transient Responsein the Start-up Sequences

The Nexa power module FC provides fully automated operation and load response. The 24V
batteries must be connected to support start-up and shutdown load and the system must be
provided with an adequate hydrogen fuel supply. The transient responses of transmitted
status, current and voltage during the start-up states for 35 second are shown in Figure 4.1
and Figure 4.2. Before applying the battery power, the FC system remains in the OFF state.
The starting-up process began by applying 24V battery power to the control board, the
system transited to stand-by state in 2 seconds. In this state, sensors and actuators were
energized and the on-board microprocessor began to continually deliver system data and
status signals. Subsequently a 5V start signal initiates the starting sequence. The hydrogen
solenoid valve opened and the purge valve periodically cycled to fill the FC stack with
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hydrogen. The air pump is turned on to provide air to the FC. Finally, the cooling fan turned

on for temperature regulation as well as dilution of purged hydrogen.

The stack voltage began to increase at 13 seconds and reached about 46V. During this state,
no current is delivered to the external load. After 21 seconds, the current gradually increased
to 1.2A and voltage decreased to 42V, which presents starting-up operation in this time. At
28 second, when normal operation was achieved, the Nexa control board internally
transferred parasitic load from the external battery to the FC stack. An external load relay
control signal was sent to connect the FC to the external load. Due to this transmission the FC
current increase with overshoot due to air pump fast demand, and the voltage decrease with
undershoot as shown in Figure 4.2.
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Figure 4.2 Transient responses of the stack output | (A) & V (V) in start-up state
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After the STAND-BY sequence, the air pump and cooling fan voltages jump from 0 to 43%
and 50%, respectively as shown in Figure 4.3. The air flow rate fluctuate around 20 slpm, its
response has overshoot at the beginning of starting-up and normal operation states as
illustrated in Figure 4.4. When the external load was connected to the FC at 28 second, the
voltage of the air pump increased with an overshoot in order to supply enough oxidant air and

flush the stack of residual water.
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Figure 4.3 The air pump and cooling fan voltage in the Start-up state
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Figure 4.4 Air flow rate in starting-up state (slpm)

The air flow rate goes up proportionally to satisfy the FC consumption. On the other hand, the
membranes are still dry without enough water content at the beginning of a low load
operation. An appropriate flow rate benefits water uptake and transport in the membrane
FCH42]. On the contrary, the cooling fan voltage drops to 35% so as to regulate the FC stack
temperature. In reality, as shown in Figure 4.5. that the stack temperature does not change
immediately. Hence, even for ahigher current level in the following running of the system, the
cooling fan voltage is still kept constantly at 35%.
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Figure 4.5 Stack temperature in the starting-up state
4.2.2 Transient Responsein the Shut-down Sequence

In shut-down mode, the 5V start signal removed from the FC stack and the external load relay
was open to isolate the FC stack from the load. Since the FC was in operation for longer than 5
minutes, the shut-down sequence continued to remove residua product water from the anode
and cathode channels using the air pump and hydrogen purge valve. The transient responses
during the shut-down states are illustrated in Figure 4.6, Figure 4.7, Figure 4.8 and Figure 4.9.
The shut-down begins at 419 second, the current drops to 1.58A within 1 second, while the
stack voltage increasesto 42 V. In this period, the control board internaly transferred parasitic
load from the FC stack back the externa battery, which cause a small undershoot and
overshoot in current and voltage, respectively. From 447 seconds, the current drops almost to
zero while the stack voltage increase gradually until it reaches the OCV vaue of 46 V inidle
state.
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Figure 4.6 Transient responses of the stack output | (A) and V (V) in shut-down state
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The air flow rate increase from 20 slpm to 59 spm in the period from 438 to 482 second then

drops to zero as shown in Figure4.8. At 452 second, the voltage of the cooling fan falls from

35% to zero. Later on at 482 seconds, the air pump drops sharply to zero as shown in Figure

4.9. Upon shut-down sequence, the stack temperature enters a decline phase but drops quite

gently asillustratesin Figure 4.7.
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Figure 4.9 The air pump and cooling fan voltage in the shut-down state

47



Experimental Dynamic Performance Tests

4.2.3 Transient Responsein the Step-up Load States

The results of this test describe the transient responses of FC parameters (stack current, stack
voltage, air pump voltage etc.) during step-up load variation. In this phase the current
increases from 10 to 40 A, the stack voltage declines from 35 to 30V and the interval value
was 10A. The maximum power of 1.2 kW occurs after 919 seconds as the current remains
stable at 40A. As the current increases, the frequency of purge valve operation aso increases
in order to prevent water flooding in the anode channel and anode gas diffusion layer. The
interval between purge valve opening and closing is about 96 seconds in the low-current
region of around 10A, but becomes 30 seconds in the high-current region at 40A. This
demonstrates that the purging mechanism depends on the feedback of the FC dynamic
behavior as shown in Figure 4.13 and Figure 4.14.

The ‘red’ circle in Figure 4.10. draws attention to the stack voltage undershoot and current
overshoot phenomena that occurs when the current transiently increases from 20A to 30A.
The current overshoot possibility is elevated for two reasons.

e The different operating conditions lead to disparate water saturation level particularly
after along course of operations.

e Both the humidified water and product water alter the membrane wettability. The
voltage undershoots because of an unexpected load action causes temporary
dehydration due to electro-osmotic drag on the anode side, and air feeding starvation
on the cathode side. The membrane resistance jumps which inevitably leads to a sharp

drop in cell voltage [43].

The stack temperature changes amost proportionally with the current without any significant
delay as illustrated in Figure 4.12. The air pump voltage was aso found to follow the same
step-up rhythm to the current increasing trend. The cooling fan voltage at the beginning is
constant at 35%, after 700 seconds, it started to step up following the current increase as
shown in Figure 4.12. A detailed schematic plot of the FC stack voltage between 650 and 900
seconds under constant load is shown in Figure 4.13. The current is around 30A during this
period, while the FC stack runs without any load variation, the stack voltage actualy
experiences periodic degradation with purge valve operation that helps to remove water from
the anode channel. During normal FC operation, liquid water condenses and accumulates due
to the dead-end configuration of the FC anode side. Before the purge valve opens, the stack
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voltage experiences a slight decline process from 32.2 to approximately 31.76V due to water
flooding. An immediate performance enhancement after the purge valve open can be seen at
the sharp voltage increase. The purge valve status values are ‘2’ when the valve is open and
‘0" when thevalveisclosed (shown in Figure 4.14).
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Figure 4.10 Transient responses of the stack output I(A) and V (V) in step-up load states
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Figure 4.12 Stack and ambient temperatures during step-up states
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Figure 4.13 Effect of purge valve operation on PEM FC stack voltage in constant load
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Figure 4.14 Purge valve status during constant load
4.2.4 Transient Response Under Irregular Load Variation

The main objective of this test is to study the effects of temperature and air flow rate supplied
by the air pump on the FC stack dynamic performance. In the test the FC supply power to
irregular load variation over a longer course. Experimenta results are presented in Figure
4.15, Figure 4.16 and Figure 4.17. Heat commonly exists during the FC operation in the forms
of exothermic reaction energy and interna energy dissipation. PEM FC stack temperature
continuously changes with the load current. However, the temperature directly affects the rate
of chemical reactions and the transport of water and reactants. Thus, operations under too-low
or too-high temperatures in redity is never recommended except for extreme circumstances
such as sub-zero application [42], where it can be regulated by proper therma control. The
stack temperature response followed the load changes in a similar way to that of the current
increase or decrease. However, changing slowly without overshoot or undershoot asillustrated
in Figure 4.16.
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Figure 4.15 Transient responses of the stack output 1(A) and V (V) irregular load variation

Figure 4.17. presents the dynamic profile of air pump of the Nexa FC. It can be seen that the

air pump voltage changes directly tracking the dynamic trend of current fluctuation without

delay with a similar corresponding change in air flow rate. However, the decrease in the

amount of air flow rate results in oxygen depletion from the FC cathode channel during power

generation. Furthermore, the Nexa FC operation shows that the air flow does not significantly

affect the FC stack dynamic performance.
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Figure 4.16 Stack and ambient temperaturesin irregular load variation
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Figure 4.17 The air pump and cooling fan voltage in irregular load variation
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4.3 Summary of chapter 4

A set of experimental tests on Ballard Nexa power module were presented. In particular the
emphases in this chapter were on the Nexa™ module to identify the dynamic performance of
each state and characterize relevant transient response to variable load. The remaining part of

this chapter is organized as follows:

The dynamic behaviour was checked during different operating conditions such as start-up,
shut-down, step-up load and irregular load variations. In addition, the dynamic tests that were
carried-out are explained with their results and in detail discussion. Followed by the
performance of the module tested for both steady state and transient state (transient response
of the stack during load changes).

The aim of this chapter was to investigate the dynamic performance of a PEM FC stack. This
goal has been reached and conclusions can be made as follows:

The control board internally transferred parasitic load from the external battery to the FC stack
a start-up. Due to this transmission the FC current increase with overshoot due to air pump
fast demand, and the voltage decrease with undershoot. In shut-down sequences control board
internally transferred parasitic load from the FC stack back the external battery, which cause

current small undershoot and voltage small overshoot.

When the current transiently increases from 20A to 30A, a current overshoot can be observed
in the system responses due to two factors. The first factor is that different operating condition
results in disparate water saturation level particularly after a long course of running. The
second factor is that both the humidified water and product water alter the membrane
wettability. Since temporary dehydration due to electro-osmotic drag on the anode side and air
feeding starvation on the cathode side, a voltage undershoot was observed at the same time.

Based on the investigation that was curried-out in this chapter some parameters were
determined experimentally such as experimental temperature and OCV value and also the
effect of start-up sequence, shutdown and transient state on the module. These data/parameters
will be used in the fuel cell modelling and simulation.
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5. FUEL CELL MODELING AND SIMULATION

This chapter presents a dynamic eectrochemical simulation model of PEM FC, its
parameters were specifically tuned for a 1.2kW Nexa stack. In addition, the smulation
model has been improved by taking the equivalent internal resisters into account to be as
representative as possible of the Nexa power module system. Moreover, the simulation
model was validated using the experimental data from the Nexa fuel-cell stack. The
performance of the model was studied and validated for both steady state and transient
state (transient response of the stack during load changes). The model assumptions are
discussed with the theoretical equations. Smulation results of the proposed model are
compared with the experimental data and also verified using MRE calculations. The
results show that the percentage error of the smulated model when compared with the
experimental results does not exceed 4.1% for the full working process, including the
start-up sequence and the transient phase. The validated model can provide the basis for

deriving flexible design options and the real-time control for FC hybrid system.

5.1 Introduction

This chapters starts with a literature review focusing on three objectives. The first is to
introduce some of the fuel cell models that were developed in this field and gather the sources
of information and data required to develop a PEM fuel cell ssimulation model based on
Nexa Power Fuel Cell Module 1.2 kW . The second is to gain an understanding of the fuel
cell performance, characteristic, losses mechanism and its phenomena and provide a context
for this current study in relation to the state of the art. The third objective is mainly focusing
on the fuel cell model validation.

Investigation and development of FC systems for a variety of applications have significantly
increased in the last two decades. There are severa types of fuel cells, usually classified by
their operating temperature and the type of electrolyte they use. Researchers and companies
are working on several of those systems to develop the technology further and have
commercialy available solutions that are economicaly viable as an aternative to fossil
fuelled power systems [44]. The development of the technology requires multidisciplinary

effort (e.g. materials, manufacturing process, control systems, power electronics ...etc.)
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In this project the work is based on PEM FC. Due to the high electrical efficiency and lower
operating temperature, the PEM FC is one of the most promising systems to employ in
aerospace, automotive and stationary applications as a replacement for the traditional systems
[43; 45-47]. It offers high power density, zero emission, fast start-up and reliable source of
power at a relatively low cost [48]. There are number of PEM FC models that have been
developed in the past. The earlier models on PEM FC presented by Farhat [49] and Yan, et
al. [50] offered an empirical polarization curve based on the calculated coefficients. These
polarization curves consider only the steady state conditions. For the fuel cell performance
description, the polarization curve is an important parameters to measure since the FC

performance is characterised by its polarization curve [51].

Although several studies on fuel cell modelling are based on the transient-state phenomena
[52-54], it still lacks the optimization of the fuel cell stack performance and a specific
transient behaviour when the transient state phenomena are included [55]. Wang, et a. [56]
and Zhang, et a. [57] have taken these transient state conditions into consideration and
focused on the fluid dynamics inside the fuel cell stack. In the same way, some other
PEM FC models were also proposed in [58-60], which are focused on a multi-dimensional
study. In all these models the effects of gas diffusion layer on PEM FC performance is
studied and evaluated.

Alotto, et al. [61] developed a complex three dimensional dynamics model, which uses a
highly nonlinear fully coupled dynamic numerical model of the membrane. This model
includes proton conduction, water flow, heat generation and transport and hydration
conductivity. Their model is used aso for detecting hot spots related to fluctuations of the
PEM thickness. They noted that it is extremely difficult to quantitatively compare
experimental data with simulation results, due to the nature of the physical systems. The
aforementioned studies on PEM FC design are very helpful. However, it ill requires an
optimal design of the FC model for a better stack performance. There are also severa other
approaches that were used, Wang, et a. they used the equivalent electrical circuits to model
the FC and thermodynamic model as well using a ssmple current feedback to control the air
flow [62].

In literature there are different controls techniques which can be applied to the Fuel cell

system to control different variables. For instant, to operation the FC, the requested pressure
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and exceed ratio have to be guaranteed in the stack. Therefore, the hydrogen and the mass
flow of the oxygen (air) have to be controlled otherwise the electrochemical reactions will not
take place. The objective of the controller is to keep the requested 0, excess ratio to avoid
starvation and to reach the desired FC net power [63].

A classical PID control can applied to the fuel cell system. On the other hand, these control
acts are not enough for optimal operation. A well feedback approach can be the state
feedback regulation, but then again the weakness of the state feedback controller is not
adaptive to parameter variation [64]. The feedback control performance can be improved
with a feed-forward regulator that takes the disturbances into account into the control
signal [65]. Though it desires a bit further effort compared to a simple Singe Input-Single
Output (SISO) PID controller, yet it can provide better outputs. Pukrushpan [63] combined a
feedback and feed forward controller in his model which has improved the system
performance and got a robustness regulator.

Another feed-forward controller is the Model Predictive Controller (MPC). It has a basic
model of the real system that makes prediction for the future conditions of the process
variables. Gruber, et a. [66] they combined a basic PI regulator with non-linear MPC for
PEMFC; The master controller calculates the necessary air flow to stabilize the oxygen excess
ratio at a fixed set point. A non-linear model based predictive controller (NMPC) using a
Volterra series model is used as amaster controller. The slave controller, anon-linear Pl, uses
the reference of the air flow calculated by the master controller to stabilize the air flow in the
compressor and alows reference tracking. Also Golbert and Lewin [67] used anon -
linear MPC to achieve optimal efficiency for the PEM FC. They realised that as the efficiency
increased, the response of the FC decreased.

Bordons, et al. [36] presented an advanced control of PEM fuel cells based on Generalized
Predictive Control (GPC). Their strategies attempted to achieve three different operational
objectives. (I) avoidance of starvation, (l1) tracking of a desired output voltage and (l11)
maximization of efficiency. In addition, the model also considered the effect of two different
constrains, one operational limit to avoid starvation of the oxygen excess ratio and the others,

compressor voltage [68].

Some researchers also made efforts to control the FC using Fuzzy Logic controller: The
Fuzzy Logic is a simple control approach which is approximate rather being fixed and exact
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and it does not require large computational time. Tekin, et a. [69] proposed an energy
management strategy for embedded FC system based on Fuzzy Logic controller. Two
different Fuzzy controllers were applied in their model: the first one was for airflow control
loop, the second controller was to regulate the airflow set points. Artificial neural networks

can aso be used to regulate the air flow of the FC.

Hatti [70] developed a neural networks based on a Pl controller which was then used to train
the neura networks system. In [71], investigated the performance and prediction of PEMFC
system using Back-Propagation (BP). The simulation results have shown that the BP based
NN can successfully predict the stack voltage and current of PEMFC system by using simply
two input variables which are stack current and hydrogen pressure. In asimilar way, Ghaderi,
et a. [72] proposed a NN mode to control the stack terminal voltage and improve the system
performance using the input air pressure control signal. The proposed ANN is built based on
BP network. Their simulation results show that, applying NN feed forward control can track
the output voltage and improve the overall system performance. In addition, it consumes less

energy.

There are other control techniques as well used to control other variables that have effect on
the efficiency of the FC, such as temperature and humidity. However, are not objectives of
thisthesis, since the temperature parameter will be empirically used. Thiswill be explained in

the next section.

5.2 Modelling of Nexa PEM Fuel Cell Stack

In this section a dynamic electrochemical simulation model of PEM FC is proposed and
validated using experimental data from a 1.2kW Nexa power module FC. The am is to
obtain an accurate model based on a 1.2kW Nexa FC that could be used for the devel opment
and design of controllersin hybrid fuel cell electrical systems.

In the literature aforementioned, severa models were proposed to model the FC stack.
Colleen [52] introduced the electrochemical simulation model of PEM FC, the book is the
most recommend for development of PEM FC model. El-Sharkh, et a. [53] introduced a
dynamic model for a stand-alone PEM FC power plant for residential applications. These

models were used as the basis and were modified to model and simulate the Nexa PEM FC
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stack. It also based on a set of experimental investigation, analysis of the dynamic
performance and the transient responses of the PEM FC under various load that was carried-

out as explained in the previous chapter.

The goal in this chapter isto model only the FC stack (Figure 3.4). The auxiliary equipment’s
are not included. However, the equivalent internal resistance is taking into account and this
will be explained in more details in section 5.2.3. The structure of the fuel cell smulation

model is divided into two parts as defined in the following sections

521  Fluid-Dynamics Equations and Modelling Assumptions

A few reduction assumptions were made and discussed broadly along with their theoretical
derivations. In order to simplify the model, the humidified air is assumed as an oxidant and
the dry air will be equalled to that of the atmospheric air and the dry hydrogen is fed into the
anode channel. The nitrogen exchange is neglected since it does not contribute significantly

to the reaction.

The proportional relationship of the flow of gas through a valve with its partial pressure can
be expressed as[53]:

_ qu; 5.1

ky, = P, {5.1}
qu

ko = tHzo {5.2}

Ho PHzo

do

ko, = P_OZ {53}
2

For the hydrogen, the derivative of the partial pressure can be calculated using the perfect gas
equation asfollows:

d RT in out r

o P =y (o~ -a) {54

The relationship between the reactive gas flows in the gas diffusion layer (GDL) and the load
current at the steady state can also be computed [61].

58



Dynamic PEM Fc Stack Modeling

Hydrogen consumption in the anode side is given by:

NG L
q, = 2;‘ — 2kri (5.5}

Oxygen consumption in the cathode side is given by:

q, = 5‘1;' _ 4k {5.6}

2

The amount of water produced in the electrochemical reaction is caculated using

stoichiometric ratio:

N, i
Ay,, = 2(}: {5.7}

In transient state, there is a delay between the change in the flow of fuel and oxidant. The

following relationships are used to represent the delay [61]:

Ta d—;ne = ﬁ - MHz,net {5.8}
Tc dztne = E - MOZ,netTc {59

Equations {5.4} and {5.5} can be combined and rewritten in the (s) domain, and replacing
the output flow by Equation {5.1}, taking the Laplace transform of both sides and separating

the hydrogen partial pressure as.

P
P =/ "™ (g" _2kri {5.10}
He 1+z'st(qH2 )
Where:
Van
Ty, = K RT s {5.11}

The partial pressures of water Py, ,, and oxygen P,, can be derived using equation{ 5.10}. The
water and oxygen time constants T, and t,, can be calculated using equation{5.11}. The

assumption is that no liquid water is carried by the inlet air that enters the cathode channel

(the membrane does not alow liquid water transport; rather it allows only gaseous transport).
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5.2.2 Electrochemical Equations and Voltage Calculation

The polarization curves for the PEM FC are described in [52; 53]. Due to the convention for
voltage losses the actual FC voltage is the addition of the following four terms: the Nernst
voltage in terms of gas molarities, the voltage losses in activation overvoltage, ohmic
overvoltage and Mass Transport Losses. Therefore, the polarization curves can be expressed

in the following equation:

Vout = E + Vaer + Vonmic + Veone {5-12}

The above equation assumes that: oxygen concentration, and the inlet air flow is humidified
and there is regularly enough liquid water as described in [73, 52]. The following equations

are hence derived to calculate each of the termsin equation{ 5.12} .

The Nernst voltage is calculated as follows:

Gfuiq RTk (P4,0)
E=——2_— " (RTk)log| —2—=%— 5.13
2 F oF ( ) log PHZPHZO.S { }

The equivalent temperature was obtained experimentally. The voltage and the ohmic losses

are estimated using Ohm’s law:
Vohmic = —( 1) {5.14}

Tafel equation is used to calculate activation |osses:

i
Vaee = —blogag () {5.15)
40
Where the constant

B RTk
" 2aF

A concentration loss is obtained as follows:

i i
alikLn<1—_—> ,1—_— >0

Vconc = h h {5.16}

0 ,otherwise
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5.2.3 TheEquivalent Internal Resistance

As mentioned in previous chapter section 4.2.1, following the start-up phase, the 1.2kwW
Nexa™ power module will supply the necessary internal power to operate al the auxiliary
subsystems, such as the air compressor, cooling fan, and the control circuit board. Since the
module cannot be separated from the auxiliary subsystems, outputs from these subsystems
are measured as part of the whole module. Typicaly in the literature, the internal resistance
of the FC stacks which is not the internal resistance of the module is measured. Therefore, the
assumption of a constant stack internal resistance and stack temperature will not provide

accurate results in the case of aNexa™ module.

It is more accurate to use the equivaent internal resistance and the stack temperature to
measure the internal resistance. To investigate the characteristics of this equivaent internal
resistance, an experiment was carried-out under steady-state by adjusting the load to obtain
different output voltages of the module by increasing the load current from 1 to 46 A in steps
of 0.1A. In this test, the open-circuit voltage of the power module, the output voltage of the
power module and the stack current were measured directly. The measured data were used to

obtain the equivalent internal resistance which can be determined by:

— Vo - Vout
i

(517}

r

Where (V,) is the open-circuit voltage of the power module. (i) is the output current of the
module; (V,,¢) is the output voltage of the power module. The relationship between the

equivaent internal resistance r and the module output current was recorded which
represented by the current density j = %(A cm™1) as shown in Figure 5.1. As can be seen,

the internal resistance varies with the variation in the load current. This is aso due to the
conductivity of the membrane is highly affected by the temperate and the water content [74].
The results from the experiments have indicated that both the stack temperature and the

equivaent internal resistance are not constant and change as afunction of the load current.

Initially using constant values in the simulation for EIR and temperature resulted in an error
(smulation versus experimenta results) of about 12.1% for the full working process (i.e.
including both the start-up and steady state). However, if we use instead the experimental

values obtained from the Nexa system in the lab as shown in Figure 5.2., it reduces this error

61



Dynamic PEM Fc Stack Modeling

to about 4.1% i.e. an improvement of around 8%. This will aso help in obtaining more
accurate results for the other parameters (e.g. the stack current and the corresponding

hydrogen and oxygen flow that react).

The eectric power delivered by the stack is the product of the stack voltage V,,; and the

current drawniis:

Pout = Vour U {5.18}

i=IA {5.19}

Where I isthe cell current density and A isthe cell area
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Figure 5.1 The relationship between r (Q) and modulei (Acm™2)

The curve fitting equation for EIR is given by:

EIR = (194.48 % i*) + (—214.19 * i3) + (85.909 * i) 4+ (—15.941 % i) + 1.6723
The temperature (in Kelvin) isgivenby: T = (127.69 * i?) + (—12.478 * i) + 304.42
Where “i” isthe current density (Acm™2)

Based on our observations a new parameter extraction method is given in Table 5-1. Some

parameters were determined experimentally.
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Table 5-1 PEMFC model parameters

Par  Representation Units Vaue

R Ideal gas constant [J/mol K] 8.314

F Faraday’s constant [Coulombs] 96487

Tc Temperature * [C°] 25

Tk  Temperature [k] 273.15

Py, Hydrogen pressure [atm] 1.273

Py,o Water pressure [atm] 1

P,,  Oxygen pressure [atm] 0.16

A Area of cell [cm?] 110

No  Number of Cells [No.] 46

r Internal Resistance * [Q/cm?] 0.50

qy>  Molar flow of hydrogen [kmol s™1] 1.5186

doz Molar flow of oxygen [kmol s™1] 0.8930

a Transfer coefficient 0.5

al  Amplification constant 0.095

io Exchange Current Density [A/cm?] 66912

iL Limiting current density [A/cm?] 0.418

Gf  Gibbsfunctioninliquid form [J/mol] -228170

k Constant k used in mass transport 10

ky, Hydrogen valve molar constant [kmol s™1 atm] 1.0124

ko,  Oxygen valve molar constant [kmol s~ atm] 0.893

ky,o Water valve molar constant [kmol s~ atm] 0.00057
Vca Volume of the anode channel [m3] 7.59 x 107*
Van Volume of the cathode channel [m3] 7.59 x 107*
kr  Modelling constant [kmol s™1 A] 1.192 x 10°°

* Experimentally determined parameters
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5.3 Results and Discussion

As discussed earlier, the Nexa FC stack was aso modelled mathematically. The inputs to the
model are the fuel (oxygen, and hydrogen) and the operating environment (ambient
temperature and relative humidity). The stack outputs are the FC stack voltage, current
delivered by the stack and the water produced by the chemical reaction.

The validation process consists of simulating the model by applying the real system inputs
and comparing those with the experimental results. In order to accomplish this, the following
two tests were conducted: (i) constant load (to investigate the equivalent internal resistance
and to analyse the steady-state effects), (ii) variable load (to analyse the transient effects). To
analyse the track changes in the output parameters and other factors, the output values are

treated as a function of time so as to capture any changes in these parameters while plotting.

53.1 Steady-State

The steady-state characteristics of the FC were obtained by increasing the load current from 1
to 46 A in steps of 0.1A. In this test, the stack current was measured directly and the
measured data were used to validate the model. A comparative graph of this experimental
voltage and simulated voltage (constant/vary stack temperature and internal resistance) as a
function of time is shown in Figure 5.2.The voltage delivered by the stack is validated by

plotting the curves between the present voltage of the cell and the current density, j =
%(A cm™1). The voltage values corresponding to the current density taken from the Ballard

stack are shown in Figure 5.3.
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Figure 5.2 Stack voltage (V) during steady-state test
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A FC polarization curve that corresponds to the 1.2kW stack is shown in Figure 5.4.
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Figure 5.3 Stack current (A cm-2) versus stack voltage (V) in steady-state test
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Figure 5.4 Fuel cell polarization curve

0.5

Figure 5.5 describes the drop of FC voltage as a function of current density. Due to the open

circuit voltage, the activation overvoltage will decrease as the current delivered by the stack

increases. As the current density gets higher at a later step, the ohmic losses will aso

increase. This is derived from the resistance to the proton/electron conduction through the

membrane/d ectrode.

The last type of losses is the mass transport or concentration losses. This loss takes place in

both low and high temperature fuel cells, but it is only prevalent at high current densities

[54]. Usually in the case of the Nexa system, this occurs when we reach or slightly exceed the
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maximum rated output power. Thisis due to the effect of losing a high concentration of either
oxygen or hydrogen at the cathode or anode sides, respectively. In other words this occurs
when the FC is using oxygen or hydrogen at a rate quicker than it can be supplied. Despite
the fact that the last drop has been modelled based on equation {5.16}, such high current
values are not usual because they can cause quick degradation of the cells membranes. The
summation of all the above losses forms the output voltage, producing the polarization curve

as shown previously in Figure 5.4.
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Figure 5.5 FC voltage drops contributions as a function of current density

Figure 5.6 shows the flow rate of hydrogen and Oxygen from the simulation model during the
system start up and normal operation stages. It can be seen that by increasing the load current
from 1to 46 A in steps of 0.1A it takes around 275 seconds for the system to reach the steady
state and for the flow rate reaction to become steady.

Figure 5.7 illustrates the stack output power as a function of current density. The electric
power delivered by the stack is equals to the product of the stack voltage and the current
drawn as given in equations {5.18} and {5.19}. The current input is taken from the
experimental measurements. As shown, the response of the model matches well with the
experimental data. Note that there is no peak output power, because the FC does not go into

the concentration loss region.
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5.3.2 Transient Response

The results shown in Figure 5.8 describe the transient responses of the FC parameters (stack

current and stack voltage) during step-up and step-down load variation including the

experimental datato show the accuracy of the proposed theoretical model.

It is worth mentioning that the first transient response (at around t = 28 seconds) is due to the

system start-up. At t = 305 seconds, the current decreases from 34 Amps to 1 Amps, the
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simulated stack voltage increase from 34V to 43V, respectively. The improved model gives a
corresponding hydrogen and oxygen flow that react during this transient-state test were

very good response and closely follows that obtained from the experimental data. Finally, the
calculated using equations {5.5} & {5.6} and plotted in Figure 5.9.
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5.4 Modd Validation

To check the validity of the model, simulations were carried-out to compare the results with
those obtained from the experimental system. Furthermore, the simulation of al.2kW stack
model for both study state and transit state were also covered by considering the effect of the
internal resistance under a variety of load variations. Taking the equivaent internal resisters
into account has significantly improved the model results and demonstrated around 8%

improvement over the constant interna resisters.

Simulation results show that the models can predict the electrical response of the PEM fuel-
cell stack under steady-state as well as transient conditions. Based on the obtained simulation
results, it is observed that the relative error is less than 4.1% for the full working process

including the start-up sequence and the transient phase of this proposed mode!.

This could be explained by the following two points:

e Amount of condensed water: the liquid water, decreases the gas diffusion layer surface,
as a result there will be a drops in voltage and FC efficiency, thus increasing the current
density [42].

e Variation of partial pressures. Variations of the hydrogen partia pressure inside the
anode and oxygen partial pressure inside the cathode mainly influence the voltage
obtained by the fuel cells. As the pressure of any of these gases increases, the voltage
raises for every current stage. Due to the dead-end design of the FC stack system,
hydrogen partial pressure inside the anode remains amost constant. Hence, the oxygen
partia pressure is more variable during the power demand changes, since it depends on
auxiliary equipment dynamics [75]. For more details of the validation of the model
accuracy, another error analysis has been performed here using the mean relative error
(MRE) asfollows:

D {5.20}

e S
D; - D;
e
i

n

1
MRE(%) = 1OOXNZ
i=0

where (N) is the number of samples, and (D{) and ( D) represent the experimental and
simulated data sets, respectively. Employing equation {5.20}, the MRE criterion is applied to
the dynamic responses of the stack voltage during both steady state and transient state.
Consequently, the relative mean errors of the parameters obtained are 4.1% and 3.3%,

respectively.
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5.5 Summary of Chapter 5

The above chapter can be summarized by the following points

A summary of the main FC models developed the over the last decade and published
in the open

A dynamic electrochemical simulation model of PEM FC is proposed and its
parameters were adjusted specifically for a1.2kW Nexa stack.

In addition, instead of assuming a constant temperature in the smulation model, the
equivaent interna resisters and temperature experimentaly obtained from the
Nexa ™ module system in the lap were used. Comparing the results obtained from
the improved simulation model with those from the experimental for the same

conditions shows about 8% reduction in error

The model assumptions are discussed with the theoretical equations. Furthermore, the
performance of the modd is studied and validated for both steady state and transient
state. The results show that the percentage error of the simulated model when
compared with calculated using MRE does not exceed 4.1% for the full working

process, including the start-up sequence and the transient phase.

The validated model can provide the basis for deriving flexible design options and the

real-time control for FC hybrid system.

In conclusion, one important consideration that should be taken into account when

developing FCs systems, is that the equivalent interna resisters of the fuel cell stack is

different from the internal resistance of fuel cell. Moreover, the assumption of a constant

stack temperature will not provide accurate results in the case of aNexa ™ module. Thus,

the stack temperature should also be considered.

It is valued to design new strategies for controlling the oxygen excess ratio. One starting

point could be applied is that; the real-time processing and the advantage of real time neural
network estimator can be used.
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6. CONTROL STRATEGY

In this Chapter, details are given regarding the control strategies that were followed to
manage the power in flexible way between each source in this work. An overview of the
most common control algorithm- PID controller is briefly discussed along with each
term-action; in addition to Integrator Windup and the control objectives. The
implementation and the methodol ogies followed to design and train the controller namely
Pl, PI controller with anti-windup and ANNC are explained in detail along with the
generated references that were used in this design. Finally, the fuel cell optimal operating
points are studied followed by discussion of the performance of each controller and the
validation.

Severa studies on control strategy for FC hybrid electric systems have been carried-out for
different applications, based on different control methodologies. Primarily used hybrid FC
control strategy is either the load following, where the FC power is set to meet the driver
request, or the SOC based control approach. Sometimes a combination of both is aso used
[76]. The simplest method of the SOC based control turns On or oFF the FC at given
accumulator SOC thresholds. This is commonly used with small APU FC; while in case of
larger FC, the FC operation is approximated in many power levels. Those approaches do not
take the energy minimization into account. Thus, they do not achieve the optimal fuel range.
The following approach offersto bridge this gap.

The main problem arising in the design of the FC hybrid power source is the algorithms for
control of the power sharing. The study described in [77] deals with control methods based
on two different and conflicting objectives: either maximizing the efficiency of the FC source
or maximizing the FC output power. With the previous strategy, the FC would reach the
maximum efficiency. However, the battery would eventually run down to depletion; while,
with the second strategy, the battery would ultimately become fully charged. Yet, the
efficiency would not be maximized

HE Hong-wen, et al. [78] have applied a control strategy for a 5-ton PEM fuel cell and high-
power NiMH battery pack hybrid electric bus based on the basic control logic. The results
obtained from their experiment point out that the power output of the fuel cell engine follows
the driver pedal and drives the motor with better power. However, the battery pack provides
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only peak power passively and the average hydrogen economy of the hybrid fuel cell busis
2.464kg/100km.

Phatiphat, et al. [ 79] presented a control strategy for a small-scale test bench of 42V, 500Wdc
bus having a PEM fuel cell as the main source and super-capacitors as the auxiliary power
source for electric vehicle applications. Their main objective is to regulate dc bus voltage
based on PI controller using alink voltage regulation; while the fuel cell is operated in almost
steady state conditions. Their experimental results with a 500W PEM FC show the FC
starvation problem when operating with a dynamic load. The results aso confirm that the

super-capacitor can improve the system performance for hybrid power sources.

Another approach is found in the work of Masoud and Amin [80], wherein they presented a
control strategy of a hybrid fuel cell/battery distributed generation system. The base of the
method is to control the power flow from the hybrid power plant to the utility grid and to
distribute the power between the fuel cell power plant and the battery energy storage, using
a neuro - fuzzy controller . In addition, for controlling the active and reactive power
independently in distribution systems, the current control strategy was based on two Fuzzy
Logic controllers. Their simulation results show that the overal system performance
including load-following and power management of the hybrid fuel cell distributed
generation system is efficient. Also the results point out that the real and reactive power
delivered from the FC system to the utility grid can be controlled as desired.

In [82], proposed a control strategy with two objectives. maintaining the state of charge in the
batteries above a minimum value and obtaining high efficiency in the hybrid system. If both
objectives cannot be satisfied simultaneoudly, the priority is given to the battery state of
charge. Schiffer at el. [83], investigated three control strategies and compared them using a
FC hybrid vehicle model. Its objective for energy management is to assure power availability
at any time and minimize the hydrogen consumption that leads to an efficient operation of the
FC. Their results show that the strategy of utilizing the super-caps with their maximum power
in both acceleration and deceleration stages is the best strategy. This resulted in more than
20% hydrogen fuel saving; whereas, controlling their voltage in constant speed and stoppage
stages to reach an optimum voltage that depends on the vehicle speed.

One of the proposed control strategies is the hybrid FC/battery to power the train based on
optimization techniques presented in [76]. This method is based on a control strategy called
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Equivalent Consumption Minimization Strategy (ECMS) and the strategy is to convert
al the power flows in equivalent hydrogen consumptions. Y et, the performance of the ECMS
is very sensitive to other parameters. i.e. small nonlinear penalty will affect the performance
of the ECMS. Using the same concept, in [84], an ECMS applied to areal FC/super-capacitor
powered vehicle to achieve the real-time optimal power distribution was developed.
Experimental results show no significant fuel efficiency improvement with the ECMS
approach compared to the original map-based control strategy, which isinitially implemented
in the vehicle.

One of the most recent and relevant method is presented in [85], wherein a methodol ogy
based Multi-objective genetic algorithms is applied to achieve parameter optimization
for powering the train components and control system simultaneously. Their simulation
results show that this method can provide several Pareto-optimal solutions and an acceptable
solution can be chosen by decision-makers based on their requirements. Other strategies
based on optimization techniques are presented in [86; 87]

Control of the system is required to ensure efficient and robust power transfer from the
separate sources without risk or damage of the components. In order to achieve continuous
power flow to the load, the controller must control the power converter to regulate the dc bus
and balance the power flow from both sources to satisfy the load requirements and their

various constraints.

Severa control strategies might be applied to meet a set of desired goals; some of them may
conflict with other as would be expected, and therefore balances and compromises are
necessary. For instance, one may attempt to maximize the FC’s efficiency, therefore causing
the ESS to run down to depletion. Also, one may choose to charge the ESS only at certain
suitable times that would give the maximum efficiency. Moreover, there is yet another
balance between efficiency and reliability, when it is desirable to run the FC low power
demand to avoid operation in the low efficiency region. As a result, the control strategy can
be more complicated by implementing optimization algorithms which would result in best

bal ance between several design objectives and limitations.

In order to achieve the best system performance, instead of choosing a single operating
region to satisfy a certain performance objective, each source is controlled in a flexible

method in response to the load, to achieve the following objectives:
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ESS should deliver the peak power demand wherever the load is higher than the FC's

power capacity

e ESS must provide transient power while the FC rises up to the requested load level to

avoid fuel starvation
e dc busvoltage must be controlled at constant value

e FC must charge ESS to maintain it at adesired SOC whenever the load demand isless
than the FC's peak capacity to insure maximum power availability to meet peak
demand

6.1 PID Controller

The PID controller is the most common control algorithm. The mgjority of feedback loops are
controlled using this algorithm. Essentially most of the loops are PI control. Nowadays, PID
controllers are implemented in several different areas and forms. There are standalone
controller or as a part of direct digita control package or a hierarchical distributed process

control system [88].

Moreover, the controllers are driven in several specia purpose control systems. The
microprocessor has had a sudden effect on the PID controller. Currently, PID controllers can

be designed based on microprocessors. This has given chances to deliver more features [89].

6.1.1 TheAlgorithm

The “textbook” version of the PID agorithm is defined by:

t

_ 1
u(t) = K| e(t) + T fe(r)d‘r + Ty

1
0

de(t)
dt

(6.1}

where u is the control signal, e is the control error (e = y, -y)and y is the measured
process variable. The control signal is as aresult of a summation of three terms: the P_term
(which is proportional to the error), the I_term (which is proportiona to the integral of the
error) and the D_term (which is proportional to the derivative of the error). The controller

parameters are proportiona gain K, integral time T;, and derivative time T,.

75



Control Strateqy

6.1.2 Proportional Action
In the case of pure proportional control law, Equation {6.1} reducesto

u(t) = Ke(t) + u, {6.2}

The control action is simply proportional to the control error. The variable u,, is areset or a
bias. Whenever the control error e is 0, the control variable takes the value u(t) = u,. Bias
up is usualy fixed t0 (Upmex + Umin / 2 ); however, sometimes, can be adjusted manually

therefore the stationary control error is zero at a given set point.

6.1.3 Integral Action

The integral action is to make sure that the process output agrees with the set point during
steady state. There is usually a control error with the proportional control during steady state
and aminor positive error with the integral action will increase control signal, and a negative
error will continuously lead to decreasing control signal no matter how minor the error is.

The steady state error will continuously be zero with integral action as shown in the
following argument. Assuming the system is in steady state error with a constant control

signal (u,) and constant error (e,). From Equation {6.1} the control signal isthen given by

uy = K (eo + —t). (6.3}
as long as e, # 0, this obviously reverses the assumption that the control signa e, is
constant. A controller with integral action will continuously provide zero steady state error.

Integral action can aso be visualized as a device that automatically resets the bias term u,, of

aproportiona controller.

From the block diagram in Figure 6.1 a simple calculation can be done to obtain the

following equation:

u= Ke+1 {6.4}
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S S {65
U 1+st YT q '

Comparing { 6.4} with {6.5} one can obtain

dl
Tiaz Ke {66}

By solving {6.5} and substituting in {6.4}:

u=K (e +% fe(r)dr) {6.7}

€.,k >

1
1+ sT,
Figure 6.1 Implementation of integral action as positive feedback around alag

(<

6.1.4 Derivative Action

The derivative action is used to improve the closed loop stability. Derivative control action
has no effect on steady-state error, when the rate of change of error is zero. However, in
transient state it will tend to speed-up the response time. This control cannot be used on its
own but used to complement P-action and I-action to provide the full PID control action [90].
The basic structure of aPD controller is

u(t) = K (e(t) +t, dz(tt)) (6.8}

In some cases, it is not recommended to use the D-term to control system noise. e.g.
switching effect (switching that exist in the converters) because D-term amplify the noise.
Hence NS (noise signal) radio will be increased.

To clarify the effect of D-term, we assume the noise signal is sinusoidal

N = asinwt {6.9}

where a is magnitude of the noise signal, w is the frequency of the noise signal
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When this signal passes the D-term it will become

N = aw coswt {6.10}

It is clear that the magnitude of N is dependent on frequency of the noise (a w) which means

the magnitude of the noise signal will be increased with F

w = 2nF {6.11}

The first step was to use Pl controller but the performance of the Pl controller was not good
enough as expected; so the second step in this research is to develop a Pl controller with anti-
windup. The previous algorithm is modified to design this type of controller in both
simulation and the hardware.

6.1.5 Integrator Windup

In the control system with a wide range of operating conditions, some nonlinear effects must
be taking into account. Windup is a phenomena caused by the interaction of integral action
and saturations. Since all actuators have limitations, there is possibility that the control
variable reaches the actuator limits. If this happens, the feedback loop will break and the
system goes into an open loop. In this case, if a controller with I-action is used, the error will
remain integrated. As a result, the I-term might become very large; hence, it “winds up”.
Being in this situation, it is necessary that the error has opposite sign for a long time before

things return to normal.

i AN KT,s
Actuator
e= y y model Actuator
=Y~
Kk ) —
LS 1
T s

Figure 6.2 Block diagram of a PID controller with anti-windup
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There are many methods to avoid windup presented in the literature [90]. Some of those used
include Set-point Limitation, Incremental Algorithms and Back-Calculation and Tracking. In
this work the Back-Calculation and Tracking have been used as shown in Figure 6.2. This
method simply works by taking the difference between the saturation and the controller
output, and then the difference serve as feedback to the I-term of the controller. This will
guarantee that the difference have opposite sign to the I-term input; thus, the integration will

act to reduce its output.

6.2 Design and | mplementation of the PI Controller with Anti-Windup

To maximize the PEM FCs efficiency, the optimal operation point of FCs has to be obtained
and monitored. The optimal operating point of the Nexa™ power module FC is explained in
detail in this section. In order to achieve that goa a PI controller was designed and

implemented for the hybrid system in both simulation and the hardware.

As mentioned previoudly it is not recommended to use the D-term to control such a system,
therefore the first step was to use PI controller. However, the performance of the PI controller
was not good enough as expected due to the I-term action as explained previously. The
second step was to go further to develop PI controller with anti-windup as shown in Figure
6.2.

The implementation of the PI controller with anti-windup in hardware is shown in Figure 6.3

The controller parameters are given in Table 6-1.

Table 6-1 Pl controller parameters

Parameter Value

Proportional gain (Kp) 0.1
Integral gain (Ki) 0.423

Saturation 0.75-1.2

The implementation of the PI controller with anti-windup in hardware was based on 1.2kW
PEM FC stack (Ballard Nexal.2 kW), and two batteries in series providing 12V each to the
control board, then connected to a 27 V DC/DC step-down converter (BSZ-PG 1200) to keep
the output voltage constant. Another 36 V batteries connected to the resistive load through a
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DC/DC Bidirectional converter to charge/discharge the battery as shown in Figure 6.3. A
multi-functional data acquisition (DAQ) unit is supplied facilitating status monitoring and
data recording. In order to measure different operating parameters, current and voltage
sensors were used to report feedback signals through the serial port communication. To
simulate a variable power demand, the energy produced was delivered to an electronic load.

For real-time control and experimental observation, Lab-View based software is used.

The Simulink implementation of the PI controller with anti-windup schematics for this
approach is presented in Figure 6.4. The structure of the controller has two loops based on the
two variables that have been chosen to be controlled by this control loop. The first loop is a
battery state of charge SOC control loop composed of (SOCg.s as a reference of SOC
represented by battery voltage and 1LY, as a battery current feedback). The second loop is the
power or current demand composed of (current demand I as a reference to meet the power

demand requested from the load and 15, as a battery current feedback).

+ +
Nexa Fuel D(C:/DC Btuck T
Cell - onverter || - N L |
— [ bidirectional |
| ) I
v + | Converter L - _M_
T ey 1 ;
Nexa Module[1.2kW | __ [ | : Resistive Load
A Loy 2kw -
| Loy 1!
L Sj_ RN
- Loy
36 V |
T |1
' BER
T T
‘ > [T T T T 77 |1 == Current
be ) > DAQ | o ' urren
—— 4+ — — — — — = — = Voltage

Figure 6.3 Block Diagram of PI controller with anti-windup implementation
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Figure 6.4 Pl with anti-windup controller Simulink implemented system
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The problem of meeting the power demand is simplified by splitting the problem into two
(current problem and voltage problem). Since the FC step down converter maintains the BUS
voltage at constant value of 27V, hence, the current problem is solved from the relationship
defined as:

Ivorlgys = Igd + Igy {6.12}

Which is continuously equal to the total current demand Ip; where I5¢ and I5Y, are the
currents supplied to the bus by the FC and battery respectively. Negative battery current
(I5Y. < 0) represents the battery charge and positive (I5Y, > 0) represents the battery
discharge. Maintaining the bus voltage constant using the FC dc/dc converter and the
bidirectional dc/dc converter gives the possibility of controlling the current problem. The
current demand I, is a measured variable; hence, by controlling Iy , the amount of current

drawn from the FC can be determined.

The relationship between the FC output power and efficiency was determined experimentally
and results show that the FC efficiency is inversely proportional to the amount of power
supplied. However, the dc/dc step-down converter used to keep the FC to a constant bus
voltage has a higher input/output efficiency at high power. Combining efficiency with a peak
represents the operating point for maximum fuel economy, occurs at ItY of = 15 A with 27 V
bus. Assuming this current as the FC ideal operating current in the rest of this research project

and represent it by 1.

The current that the battery pack is capable of providing depends on its SOC. The SOC is
usually defined as the ratio of energy stored in the battery to the rated energy capacity of the
battery [91].

—_— 2
S0C = 1613}

VBat

Where Vg, is the battery instantaneous voltage and V313X is the maximum rated voltage of
the battery.
Asaresult, the SOC can be defined as

S0C = _pat {6.14}

Bat

Which ranges from “0” at no chargeto “1” at full charge.
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The key parameter when determining the current shared between the two power sourcesisthe
battery SOC. One of the control objectives is to enforce upper and lower limits on the battery

SOC at al times. Here we refer to these bounds of the battery SOC between (0.7 - 1).

In this proposed architecture, the charge/discharge of the battery is achieved by controlling
the PWM duty cycle applied to the bidirectional DC/DC converter. The relationship between
the battery currents before and after the converter 15, and I%Y, respectively, is determined by

the power conservation:

B Ipat -Vear = Vsus - I5ac {6.15}
Ndischarge> while discharging

h= {6.16)
1/ncharge, while charged

where  is conservation of power, Vg, is the voltage of the battery, Vgys is the bus voltage,

and Ngischarge / Ncharge A€ the discharge/charge efficiencies respectively.

Efficiency

| | | | |

| | | | |

1 1 ‘ ‘ ‘ 1 1 1
0 50 100 150 200 250 300 350 400 450 500
Input Power (W atts)

Figure 6.5 Bidirectional dc/dc converter efficiency map

When given the current demand I and the battery SOC, a bidirectional dc/dc converter
efficiency map as shown in Figure 6.5 can be used to determine the current which is needed
from the battery (135,) in order for the FC to deliver its ideal operating current (ISF). Thus,
once IY is specified, and I, and SOC are measured, 19, can be determined from
equatior{ 6.17}.
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op _ Vsus (Ip—Ip¢)

IBat - B.VMax . SOC {617}
where V.« 1S the battery voltage at full charge.
The electric power delivered by each source (FC & battery) and the total power demand is

simply calculated as follows:

Prc = Vie Igc

Pgat = Vgar Igat {6-18}

Py = Viy Iy = Pec + Ppat

A selection algorithm was developed to determine the battery current, based on the battery
S0C and the current demand. The FC delivers the difference between the current demand and
the current delivered by the battery pack. The FC operating current, current demand and the
battery SOC are used aong with {6.17} to determine I9E, required by the battery in order for

the FC to provide its operating current.

6.3 Battery Current Control Charge/Discharge

The major challenge in the presented hybrid system is how to control the battery current
charge/discharge. For example, if the battery is fully charged and the converter continues
charging the battery, this situation may damage or even lead to the battery exploding during
the process. In this proposed hybrid system, two steps are followed to manage the
charging/discharging process; firstly, optimizing the charging rate by monitoring the battery
voltage to determine the optimum current at that time and secondly, identify when to
stop/start the charging/discharging process.

Charging up the battery is adjusted by its SOC, whenever the load current is equal or less than
the optimal FC current:

o If battery SOC is less than SOCg,, the battery charging current reference is positive

and a FC current is needed to charge up the battery until it reachesitslimits

o If battery SOC is higher than SOCg,¢, the battery charging current reference is equal

to zero.
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As aresult, by applying these states or conditions, battery pack will be kept at adesired SOC.
So whatever the load demand is, the battery discharging current reference is positive and a

battery current is necessary, unless battery SOC is less than SOCg,¢. In case of transit state,
even if the battery SOC is still below its maximum, a battery current is necessary to supply

the remaining power.

6.4 Experimental Results

In this subsection, three tests are carried-out to assess the performance of the Pl controller, Pl
with anti-windup controller and a simulation test to compare the response between them.

6.4.1 Performance Test of the Pl Controller in the Hardware Loop

In this subsection a test was carried-out in the hardware-in-the-loop to assess the controller
performance. The response of the controller was acceptable and no oscillation were observed
as can be seen in Figure 6.6. However, using PI controller was marked by small overshoots
specifically at switching time with a magnitude of around 1.5 Amp. This overshoots of the
fuel cell current amplitude was during the transient state or sudden power demand load
changes (faster current changes cause higher load transients). The worst case overshoot
occurs at about t = 100 s, when the current demand jump from about 7 Amp to 46 Amp. In
this case, about 15.5 Amps will be provided by the battery and the fuel cell will provide the
remaining 30.5 Amps. However, as can be seen in Figure 6.6 zoomed area, the fuel cell
current has a maximum overshoot of about 1.5 Amps (i.e. 4.6% overshoot) before settling
down. After the overshoot, the system was again allowed to reach its steady state behaviour
and the fuel cell current returns to its nominal values in approximately 8 seconds. The other
two overshoot values and the system behaviour are very similar to the previous case.
However, the overshoot values depend on the power demand; in other words these values are
proportional to the power demand.

The overshoot could be explained as having occurred due to the fast demand of power by the
auxiliary equipment and as mentioned before, the FC stack has a relatively slow response.
This overshoot has a magor impact on the voltage response, thus, the power fluctuation
equally impact negatively on FC durability. When the load current rises up from a lower to a
higher value, the output voltage of the step down DC/DC converter drops and then returns
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back to its nominal value, which is called voltage undershoot. Similarly, voltage overshoot
happens when current goes down from a higher to a lower value, the DC/DC output voltage

spikes up and then return back to the nominal value.
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Figure 6.6 Pl controller performance test in the hardware loop

6.4.2 Peformance Test of the Pl Controller with anti-windup in the Hardware Loop

As mentioned previously, in order to prevent integration wind-up problem and improve the PI
controller performance, a PI controller with anti-windup was implemented and tested in both
simulation and hardware loop. A fully charged battery is used in this test and the load current
was set to 30 Amp. 25 Amp was delivered by FC and the remaining current was taken from
the battery. At about 70 second the battery discharged to share the load current by 13 Amp as
shown in Figure 6.7. The PI controller with anti-windup responded after about 3 seconds and
it took 7 seconds to go back to the desired operating point, therefore the anti-windup slows

the response of the system. However, there is no overshoot was observed,

While carrying out some experiments in the hardware |oop to evaluate the performance of the

PI controller and the PI with anti-windup, some issues were identified. These are:

e Since the mathematical model of this system is very difficult to obtain, the suitable
method for tuning the controller is manual tuning. This method consumes time and
money, and might harm the devices if unstable values are chosen for the controller
during the tuning process. However, in the absence of an accurate mathematical
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model for the control system, it is difficult to measure the stability margins and
optimality of the system.

e Another problem is that oscillations always exist when trying to achieve fast response
and vice versa when trying to avoid unnecessary oscillations which are not acceptable
in such a system.

e Changein the control settingsis needed due to the battery voltage variations.
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Figure 6.7 Pl controller with anti-windup performance test in the hardware loop

6.4.3 Comparison and Evaluation of Pl and PI with Anti-windup Controller

The worst case that show the phenomena of overshoot/undershoot occurs when the system
switch from one mode to another (different operating conditions). The simulation results of
the comparison between Pl and Pl with anti-wind-up controller are shown in Figure 6.8. The
parameters selected for the comparison are the steady-state error, the rise time of the response
and the overshoot. This comparison test shows that the battery current output and the
controllers (Pl and Pl with anti-windup) outputs are responding amost immediately to
changes in the set-point. However, the response of the Pl controller was marked by a large
overshoot at around t = 273.8 s when the considered system is changed from charging to
discharging mode. The “Proportional” action reduced both the steady-state error and the rise

time, decrease the settling time by small amount and increase the overshoot.
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Figure 6.8 Performance comparison of Pl and Pl with anti-wind-up controller in simulation

In this case, the battery output current reaches ailmost 19.5 Amp which translates to about
30% overshoot. After the overshoot, the system was alowed to reach its steady state
behaviour and the battery current returns to its nominal value in less than 2s. While the
simulations result show that the response obtained using Pl with anti-windup controller
satisfy the load requirements and there is no overshoot observed. It is worth mentioning that
for our system the overshoot was the mean concern because the bidirectiona DC/DC
converter very sensitive and during tests in the lab, 2 converters were damaged due to large
spikes in the current. The comparison between the two controllers in terms of overshoot and
settling time is given in Table 6-2. This shows that the settling time and overshoots

phenomena are improved significantly by using Pl with anti-wind-up controller.

Table 6-2 Comparison of Pl and Pl with anti-windup controller response

Pl controller Pl with anti-windup
Settling time (sec) ~ 1.5 1
Overshoot (%) = 30 0
Rise-time (sec) 0.4 0.7
steady-state error =0 =0
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Though, the PI with anti-wind-up controller satisfies the load requirements and improves the
performance of the system. Y et, the controllers need to be re-tuned from time to time due to
the dynamics of the system. For example, the internal resistance of the battery is a dynamic
nonlinear parameter that varies always with the temperature and discharge state. Moreover,
there are some factors that influence the dynamics of the battery which is mainly related to
the battery’s operational environment, such as ambient temperature, ambient humidity and
the battery life [92]. Therefore, the battery voltage will fluctuate under different operating
temperatures; as such it is continuously important to regulate the ambient temperature which

isvery difficult to control in such application.

Consequently, this controller works only under certain conditions. To overcome the above
mentioned issue, more advanced controllers such as Fuzzy Logic controllers (FLC), or
Artificial Neural Networks (ANN) will be tested. Since ANN uses the relationship between
input and output which can be measured from the system rather than using the mathematical
model of the system to obtain solutions; ANN is well suited to nonlinear systems and can

provide a more responsive, stable and reliable control system [93, 94].

6.5 Basic Principles of Artificial Neural Networks (ANN)

In this project an ANN control strategy will be implemented, with the aim of achieving all the
desired properties while trying to maintain an ideal compromise between complexity and

performance.

ANN is inspired from the human brain and an attempt to mimic the functionality using a
mathematical formulation. This complex system consists of different interconnected
processing elements that aim to solve a specific problem; for instance pattern recognition,

classification, or wherever alearning processis necessary.

In 1943 McCulloch and Pitts [95] introduced the first fundamental modelling of NN in terms
of a computational model of "nervous activity". The neuron espoused is a binary device and
each neuron has fixed threshold logic. This model leads the work of Jhon von Neumann,
Marvin Minsky, Frank Rosenblatt, and many others. Hebb postulated, in his classical
book “The Organization of Behavior” [96], that “the neurons were appropriately
interconnected by self-organization and existing pathway strengthens the connections
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between the neurons’. He proposed that the connectivity of the brain is aways changing and
learning different functional tasks, and that cell assemblies are created by such changes. By
inserting a massive number of simple neurons in an interactive nervous system, it is possible

to provide computational power for every element.

As shown in Figure 6.9 the mgority of the ANNs use a Multilayer Perceptron (MLP)

structure using an input layer, hidden layer, and the output layer.

Output
Layer

Hidden
Layer

Input
Layer

Figure 6.9 ANN basic structure

It has the same genera structure as the human brain; the processes are dependent on the
structural organisation, whenever the tasks became complicated the neurons are joined

together by using layers connected to each other.
The main advantages of ANN are:

e The ability to solve any nonlinear problem, if the system has the right number of
Neurons.

e ANN can provide satisfactory responses by using sets of inputs even never seen
before.

e When an element of the neural network fails, it can continue approximating by their
paralel nature.

o After completing the neural network learning process, it does not need to be

reprogrammed.
The main disadvantages of ANN are:

e |n fact the accuracy of the system is dependents on the quality of the data, if a wide
variety of datais not provided, then the ANN might fail in acertain scenarios.

e ANN can only solve the problem for which have been designed.

89



Control Strateqy

e The training process requires a set of experimental tests of suitable behavior and in

some typesis computationally expensive

There are several successful applications where ANNSs have been successfully confirmed and

reported; see for example the review in [97; 98].

The methods include a set of inputs; these signals are in order relayed from the input layer to
the hidden layer which links the signals to the transfer function in charge of the associative
memory. The output layer sends the result to the environment resolving the design problemin

amajority of cases. Typically, the output will be the initial datafor the next layer.

It is worth to mention that artificia neural networks are very similar to biologic systems.
However, it is less complicated than biologic systems. It is clear that both follow the same

architecture as shown in Figure 6.10 and the structure is simple and extremely connected.

Both configurations have multiple inputs. However, only one output, the ability of the signd
is determined by the size of the inputs and weights. The activation function which is
sometimes called (transfer function) corresponds to the product between the signals and the

respective weights.

wily + wyolp + wilz o+ wypl, +wyl, > 6 {6.19}

This could aso be written as:
n=wp+>»

Also, in some literature the inputs Iy, I, I3 ... I, written as x;, x,, x3...x, are continuous
signals which can change in magnitude. Each signal passes through a synaptic
weight wy, w,, ws ...w,; these weights can be negative or positive. The sum function
accumulates the inputs multiplied by the weights and the transfer function 6 produces the
output signal when the threshold has been exceeded.

Typicaly the input to each neuron is written as following:
n
net; = Z WiXj = i? {620}
i=1
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Figure 6.10 Artificial Network and Biologic
The process for the following set of signalsis shown in Figure 6.11.
As soon as the 0 value is reached the output corresponds to:

Xj = fi(neti) {621}

Where f; is the transfer function for a specific element responsible to convert the input, net;,

in the output, x;.

Input
T L

Transfer

net
SEmE 0.6 HF—= | | function J—I—
J 1 == |_>
== 0.8 + f
S I L Sum |—>J_|_
function

S S I N result Output
Synaptic weights

Figure 6.11 ANN Net sum and outputs

Output
Layer

Hidden
Layer

Figure 6.12 MLP with a single hidden layer
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The neurons are bunched together making layers that are named depending on the position.
As earlier highlighted, an ANN is composed of input layers, hidden layers and output layers.
The input layer receives the signals from the environment; the hidden layer defines the ANN
topology, which does not have direct contact with the environment and lastly the output layer
gives the outcome of the process. The most common multi-layer perceptron ( MLP)

configuration with single hidden layer is shown in Figure 6.12.

6.6 ANNSs Classification and Use of Neural Networ ks

Neura networks can be classified by severa features; the training rules, the nature of the
signals, the topology, and the association or the relationship between inputs and
outputs [99].There are several different types of ANNs and each one has its own agorithms

and formulations.

The first ANN known was ‘' The Perceptron’’ developed by Warren McCulloch and Walter
Pitts. Random synaptic weights were used and multiplied by the inputs to estimate the output.
If the sum of the input signals is equal or greater than the threshold value, the output is “1”
else it is “0". In 1957, the Perceptron theory was developed by the psychologist Frank
Rosenbalt who proposed the probability concept as method of analysis.

The first perceptron was called photoreception and the aim of this experiment was to emulate
the eye of the human. The experimentation showed that the artificial neuron was capable to
recognize patterns after a training process. In 1960 the Adeline perceptron (adaptive linear
elements) was developed by Bernard Windrow and Marcial Hoff and are currently applied to
decrease echoes in telephone lines.

In 1986 the Back-Propagation algorithm was discovered by David Rumelhalt and James
McClelland and being used nowadays in several areas [100, 101]. Some other ANNSs such as
the Adaline, Hopfield Network, Multilayer Perceptron (MLP), Competitive Networks can be
found in [98]. There are many investigation and applications that prove the success of the
different network configurations, the accuracy of the results depend on the selection of the

correct structure and the inputs.
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6.6.1 Learning

This tuning process is called training or learning the network including in what manner the
synaptic weights must be updated based on the set of inputs by employing a learning rule.
Learning or training rules are mathematical algorithms which have to be selected to change
the magnitude of the synaptic weights to fit the problem requirements to obtain the right

outputs, for instance the optimisation of any function or least squares.

There are three different training methods; supervised training, unsupervised training and
reinforcement training. However, the purpose of the learning process is continuously the
same. Figure 6.13 summarizes the different training methods using different learning
algorithms. Supervised training is the method where an external “teacher” introduces the
inputs and corresponding output, to tune the synaptic weights. Table 6-3 summarizes the

overall procedure to follow during supervised training.

Learning process

Learning Learning
Algorithms paradigm
v v v v v v
_ I_Error_ Hebbian Learning Compet_ltlve SJperv!sed Unsupe'_wsed Remforc_ement
Minimization Learning Learning Learning Learning

Figure 6.13 Learning classification

Table 6-3 Supervised training

Introduce a set of random patterns

Get the ANN output matching to the input

Error calculation

AW DN

Synaptic weights upgrade via using the training rule

If the error is greater than the chosen by the designer, then go back to stage 2,

If the classification is acceptable finish

Supervised training is the method that depends only on the process and does not need initial
threshold values. The outputs are not restricted by any range allowing the network to find its
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own interpretation of the activation function during the process and obtaining the required
convergence. There are two common methods for unsupervised training-Principal
Components Training and Competitive Training. The third learning method Reinforcement
Learning (RL) is characterized by relatively infrequent and general feedback/reinforcement
(as compared to the frequent and specific error signals of supervised learning) that must
trandate into credit assignment to specific system components whose tempora activity

histories have varying degrees of overlap with the actual time of the reinforcement [102].

6.6.2 Mode Reference Control (MRAC)

This structure was originally developed in 1958 by Whitaker [103]. Neural networks have
been applied successfully in the identification and control of dynamic systems. The universa
approximation capabilities of the multilayer perceptron makes it a popular choice for
modelling nonlinear systems and for implementing genera-purpose nonlinear controllers
[104]. The neural model reference control architecture shown in Figure 6.14. uses two neural
networks; a controller network and a plant model network. When the system is operating, the
model outputs and the plant dynamics are continuously compared and the control signal is
chosen in order to reduce the error between the closed loop system and the model. The plant
model is identified first, and then the controller is trained so that the plant output follows the

reference model output.

| Reference ) - f_i_\ .
7 Model 'TControl Error
T +
Control > N AV
Error Ijl,ant Model i
i ¥
H “— Model Error
Command Y
Input N NN R o
"| Controller e Plant ) Plant Output”

Control
Input

Figure 6.14 Neural Model Reference Control architecture

Most ANNs are adaptive and they change their structure based on the input, output and the

feedback, just like the neuronsin our brain.

6.6.3 Adaptive Control Systems

Generadly, adaptive control is basicaly a specific type of nonlinear control system that can

adjust its parameters to adapt to a changing operating condition. The changes in environment
9
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can represent variations in process dynamics or changes in the characteristics of the
disturbances. Research in adaptive control started in the early 50's [105]. Over the past many
years, there have been severa attempts to define adaptive control; examples of adaptive

control are presented in [106].

In the 60’ s state space and stability theory were presented, offered additional understanding
into control theory. Dynamic programming presented by Bellman [107] and [108], improved
the understanding and performance of adaptive procedures. There were also extreme
developments in parameter estimation and system identification presented in [109].

The theory of Adaptive Model Control was then introduced by Widrow in the 70’s, his work
summarised in [110]. With the development of microelectronics, a commercial adaptive
regulators based on some methods were then launched into the market for several
applications in process control, robotics, aerospace and further industrial control ranges were

implemented, as a consequence solving several problems.

Many publications describing early and recent work on adaptive control are published by
Aseltine, Mancini and Sarture [111], Jacobs, et a. [112]. Currently, adaptive control could be
used for different areas, for instance linear systems, non-linear systems, prognosis, stochastic
control, control design and optimisation. Adaptive control is typically used to solve two
problems. Firstly is the tuning problem, in which the process is constant, on the other hand
the parameters related are unknown. Secondly is an adaptation problem, for which the
parameters can change during the operation.

Adaptive control is suitable to processes featuring changing dynamics in normal operating

conditions subject to stochastic disturbances. The features of adaptive control are:

e Engineering efficiency.
e Changesin the nature of the disturbances.
e Changes in process dynamics, wherever the parameters could change as a result of

changes in the operational conditions of the process or nonlinear acts.

The plant’s operation might be affected by variations in the operational conditions, non-linear
acts. Typically two different solutions are used for industrial processes; adaptive control and
robust control. Common adaptation methods are gain scheduling, model reference and self-

tuning.
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6.7 Design and I mplementation of the ANNC

The reason of choosing AMRC was due to its minimal online calculation. However, the
architecture requires a separate NNC to be trained offline in addition to the NN system model.
The controller training is computationally expensive, as it requires the use of dynamic
backpropagation.

The work flow for the NN design process has seven main steps as shown in Table 6-4.
Table 6-4 The work flow for the NN design process

Collect data

Create the network

Configure the network

Train the network

1
2
3
4.  System identification
S
6

Validate the network

7.  Usethe network
In this research project two AMRC'’ s have been implemented to maximize performance of a

FC hybrid power system. As stated in the previous chapter, both controller actions are based
on feedback signals from the battery current (1KY, and I5Y, ) as the objective is to control the
battery charge/discharge and the output power, as shown in Figure 6.15. The inputs are the
power demand and the battery SOC while the output of the controller goes into the duty cycle
of the bidirectiona dc/dc converter.

M easured Outputs

Set-points

> » SO
SOC .
- Nonlinear
— NMRC Plant 'wavil

( IDemand >

Y VY

Figure 6.15 Block diagram of ANNC implementation

Control of the FC hybrid system is a chalenging task due to nonlinearity behaviour, time
variance and delays between inputs and outputs. There are two steps that were followed in
using the neural networks for control:

e System identification: develop a NN plant model that you want to control

e Control design: use the NN plant model to assist in the controller training.
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Each controller is trained to control the system so that it follows a reference model and the
neural network plant model is used to assist in the controller training. Table 6-5 shows the

details of the neura network plant model and the neural network controller for both

charging/discharging modes as they are implemented in this project.

Table 6-5 Plant identification for charging/discharging modes

Plant identification for charging mode

Plant identification for discharging mode

SOC Networ k Architecture

Power demand Network Architecture

Size of hidden layer 10 Size of hidden layer 10
Sampling interval (sec) 0.05 Sampling interval (sec) 0.05
No. of delayed plant inputs 2 No. of delayed plant inputs 2
No. of delayed plant outputs 2 No. of delayed plant outputs 2
Training data Training data
Training samples 10000 | Training samples 10000
Maximum plant input 27 Maximum plant input 27.01
Minimum plant input 26.92 Minimum plant input 27.15
Maximum plant output 0 Maximum plant output 0.1
Minimum plant output -5 Minimum plant output 115
Minimum interval value (sec) 0.1 Minimum interval value (sec) 0.1
Training parameters Training parameters
Training epochs 300 Training epochs 300
Training function traninlm | Training function traninlm

6.7.1 Proposed Control Algorithm

To manage energy exchanges between the DC bus, the main source and the battery, one may

define two operating modes (or states):

e Charge mode, in which the main source (FC) supplies energy to the battery and/or to

the load.

e Discharge mode, in which both FC and battery supply energy to the load.
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6.7.2 Training and Validating the Network

It is worth to mention that during the training procedure, the controller training was
considerably more time consuming than the plant model training. This is because ‘‘the
controller must be trained using dynamic backpropagation and in dynamic networks, the
output depends not only on the current input to the network, but also on the current or

previous inputs, outputs, or states of the network’” [113].

The training process requires a set of experimental tests of suitable behaviours network inputs
and target outputs. The process of training a neural network involves tuning the values of the
weights and biases of the network to optimize network performance. In order to improve the
results of the controller, different methods were used: one of the options is to initialise the
network and then train it again; the second option is to increase the number of hidden
neurons, since more neurons in the hidden layer provide the network extra flexibility and
lastly, by trying different training functions. The second option has been selected in this

thesis, because the network has additional parametersit can enhance.

Figure 6.16 and Figure 6.17 present the random plant input-output and the validation
performance, respectively that was used for training the Model Reference Control. In
addition, the error that shows the difference between the target output and the network output
is depicted. Results do not indicate any major problem with the training. The reference model
output and neural network output curves are very similar. The response of the plant for NN
Model Reference Control that was used for training the Model Reference Control was

identical to the random reference model output.

In Figure 6.18, the network plot shows exact relationship between the outputs of the network
and the targets. The training of the network outputs and the targets were aimost equal.
Validation and testing data indicates that there is an exact relationship between outputs and
targets.

The ANN controller improves overall system response and stability. Results of ANN
controller and analysis will be explained in more detail along with experimenta verification

in chapter 7 of thisthesis on page 102.
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Input Plant Output
27.15
25
I 20
27.1
15
27.05 10
| 5
27 : - 0 : :
o 50 100 0 50 100
X 10-3 Error NN Output
! 25
0 20
y | 15
10
-2 7
5
-3 [0}
0 50 100 o) 50 100
time (s) time (s)

Figure 6.17 Validation datafor NN Model Reference Control
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Figure 6.18 Input-Output data and the response of the plant for NN MRC
6.7.3 Experimental Comparison between ANN and PI Controller

In this sub-section an experimental test was carried-out, in order to assess the performance of
the ANN controller and compare it with Pl controller. An output battery current is chosen as
the measured output; the experimental result shown in Figure 6.19. It can be seen that the
response obtained using ANN controller satisfy the load requirements and there is no
overshoot was observed; while in the case of the PI controller, there was a significant
overshoot observed, when the battery current reference rises up from a lower to a higher
value and vice versa.

The overshoots that were observed could be translated to about 14 % and 23%, respectively.
After the overshoot, the system was allowed to reach its steady state behaviour and the
battery current returns to its desired value in about 3.36s. This overshoot has a major impact
on the system, thus, the power will be fluctuated. In addition, the setting time is not
acceptable in such asystem. Asthetarget here for this application is less than 2s.
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Figure 6.19 Performance comparison between ANN and PI controller

In actual fact, the Pl controller responses is depending on the tuning of the controller which
influence by dynamics of the system and that make it very difficult to measure the stability of
the controller. (The dynamics of the system effect were covered in the previous section).

Table 6-6 gives approximated values of time response characteristics for ANN and Pl

controller.
Table 6-6 Comparison of ANN and Pl controller response
ANN controller Pl controller
Settling time (sec) ~1 3.36
Overshoot (%) 0 14
Rise-time (sec) 0.04 0.01
steady-state error =0 =0

Generadly, the ANN controller shows a good performance with regard to settling time and
overshoot while the Pl controller exhibits a shorter rise time but its settling time is longer
than that of ANN. However, it isimportant to note that there is a significant overshoot in the

Pl response.
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6.8 Summary of Chapter 6

The main points of this work carried-out in this chapter regarding the development of

classical and advanced controllers can be summarized as follows:

e The control objectives for the hybrid fuel cell based power system were defined. In
order to achieve the best system performance by managing the power in a flexible

manner between each source, a control strategy is explained in detail.

e Details of the design and implementation of the PI controller, including the integrator
windup were presented in this chapter. The results and the controller performance
from the simulation were then compared with those obtained from hardware-in-the-
loop tests.

e The Pl controller with anti-windup had acceptable performance. However, due to the
nonlinearities in the system a more advanced controller (ANN) was developed to

provide more stable performance.

In conclusion, the controlled system has a range of operating conditions; therefore some
nonlinear effects must be taken into account. When a Pl controller is used to control such a
system, an anti-windup loop has to be added to this controller to ensure the system will not go

into an open loop.

Aswill be seen in the next chapter, when the mission requirements are coupled with external
factors (i.e. wind speed and wind direction) maintaining optimal power balance is more
challenging. The battery act as a power assist source; the fuel cell efficiency decreases if the
fuel cell has to provide more power. Hence the control scheme leverages the hybrid fuel

cell/battery architecture to regulate the fuel cell operation within aregion of high efficiency.
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7. CASESSTUDY RESULTSAND DISCUSSION

In this chapter three case studies were used to validate and assess the performance of the

hybrid system; including battery full charge SOC 100%, worst case scenario and taking

into account the external factors such as wind speeds and wind direction. In addition, a

comparison between Fuzzy Logic based controller and artificial neural networks based

controller performance is also presented. In all cases the FC act as the main power

source for the PiperCub J3 aircraft. The tests were carried-out in both simulation and

har dwar e-in-the-loop.

7.1 Case Study |: Battery Fully Charged (high SOC)

As mentioned before, the aim of this project is to investigate the feasibility of using an

electric hybrid system consisting of a FC and battery pack to power a small aircraft

(PiperCub J3) and then implement an ANN controller for the system. In order to achieve this,

a flight scenario based on UAV'’s flight scenario shown in Figure 7.1. covering take off,

climb, cruise, descent and landing was performed and tested in both simulation and

hardware-in-the-loop to investigate the system performance at different phases of flight.

Initial
Ground CT: r'nb Low-altitude
Roll'| jft.off

! / flight

P

Initial
Approach

Final
Approach

Touch-down

Take-off Climb

Cruise

Descent

Landing

O 60606 0

Figure 7.1 Basic UAV’s flight scenario

The aircraft model was linked to Flight-Gear, the aircraft climbs to an atitude between 30-60
meter and cruise for a distance of 18km before returning back to land. The flight smulated

path is shown in Figure 7.2.

In this case, a fully charged battery is used, SOC amost 100%. The maximum power

demands for each phase of flight are given in
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Table 7-1. A minimum power demand is considered when the electrical motor is at idle
operation with 29% throttle command; for both take off and climb phases maximum power
demands occur while the other phases ( cruising decent and landing ) the aircraft required
power from 78.77 to 441.5 watt.
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X
Figure 7.2 Simulation flight path caverning the different phase of flight
Table 7-1 Power demanded for flight scenarios
Throttle command (%) Phases of flight Require power (W)
29 Idle 91.87
100 Take off 1254
76.5 Cruising 441.5
67.2 Decent 276.8
100 Climb 1254
49 Landing 78.77

The throttle commands plot is in Figure 7.3 a, the corresponding current demand of the
engine, FC current and battery current are shown in Figure 7.3 b, ¢, d respectively. The
battery SOC and FC efficiency as a function of time are shown in Figure 7.3 e and f
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decline during part loads less than 300W, and this could be explained according to the

which occurs at full power (1254W) while the maximum FC system efficiency is about 50%
occurring at about 440W during cruise stage. It is observed that the system efficiency quickly

hydrogen consumption. Overall, Net FC system efficiency for the whole scenario is about

49(%).

respectively. The FC system efficiency during take-off and climbing is approximately 42%
manufacturer’s data sheet as due to dominance of the auxiliary loads requirement for

Case studies results and discussion
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Figure 7.3 Results of case | study part 1
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requirement, battery responds immediately based on the controller decision and battery SOC

to supply the power required. For taxiing and landing stages, because there is no landing-gear

It is worth mentioning that the power requirement for the engine is a function of throttle
commands for different flight stages as shown in Figure 7.4. For a sudden change in power

the engine is assumed idle with alittle thrust.
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Figure 7.4 a represents the power demand by the engine, b, ¢ and d represent the power
delivered by battery from both sides (LV & HV) and fuel cell power respectively. The fuel
consumption and behaviour of the load voltage shape during the test are shown in Figure 7.4
eand f respectively.

As can be observed, there are no important overshoots/undershoots on the load voltage
amplitude during the different phases of flight with various load conditions. The worst case
undershoot occurred at take-off where the maximum power is needed at about 100s. In this
case, the load voltage amplitude reaches about 27 V which can be trandated into a 1.5 %
undershoot below the steady-state value of the load voltage which has an average of 27.5 V.

After this small undershoot, the system returned to its nominal valuein less than 1s.

In order to know the amount of hydrogen consumed during these flight stages in the
simulation, the experimental data obtained during test-run have been utilized to develop a
simple linear equation for the relationship between the current delivered by the FC stack and
the hydrogen consumed. Using the basic fitting tool in MATLAB, the weights values were
determined.

H, =(pl.i)+p2 {7.1}

pl = 0.0054344
p2 = 0.0011355

Where H, (SL/time) is the instantaneous hydrogen amount that was consumed, i (A) is the
experimental current. Finally, taken the cumulative summation "cumsum" of H, gives the
total fuel consumed for the duration of the test.

Figure 7.4 e. shows the hydrogen consumed as function of time at the end of flight scenario
which is around 220 litres. For the load voltage, due to the parallel connection, the same
voltage is present across each source with a very small variation which is inversely
proportional to the current demand as seen in Figure 7.4 f. Little spikes were also observed

during transit state which had no effect on the system performance.

The flight was successfully completed on time. ANNC kept FC working at very high
efficiency during the whole phases of the scenario apart from take-off and climb where

maximum power demands occurred.
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7.2 Case Study |1: Worst Case Scenario (Battery low SOC)

This case has been carried-out under the same mission time and throttle command as the
previous case. However, the battery SOC is different; which was intentionally set to 70% to
see the controller performance and investigate if the system can cope with the worst case
scenario. One of the ANN control strategiesisthat if the battery SOC islessthan 0.7 which is
assumed as 50% of battery SOC in this thesis, then the battery must be charged by the fuel
cell.

It can be easily seen in Figure 7.5.C during the taxi stage, aimost al the power was delivered
by the FC, while in the take-off stage the battery was utilized by the controller to provide the
remaining power. However, due to its low SOC, the battery current started to decline slightly
and kept declining even through the cruising stage. The controller started forcing the system
to rely mainly on the FC to supply the power demand which resulted in very little use of the
battery until the decent stage where the controller decided to charge up the battery. Because
of the FC running at optimal operation pointsit can be very easy to generate more power than
required by the load to charge up the battery pack through a bi-directiona converter. The
negative values in Figure 7.5.d correspond to the battery being charged up.

In the go around stage, the aircraft was climbing at the same time as seen in the flight path
(see Figure 7.2). This require maximum power, therefore the controller decided again to force
the battery to support the FC in this stage despite the battery not reaching its ideal SOC.
Finaly, in the landing stage, power demand was supplied entirely from the FC.

Having successfully completed the flight, it is clear that during the cruise stage the FC was
running below the optimal operation point which resulted in consumption of more fuel
compared to the previous case. At the end of the flight, the fuel (hydrogen) needed to satisfy

the power requirements of the aircraft was 327.9 litters.

The results confirmed that ANN controller performance can cope with the worst case scenario

when the battery cannot continuously handle power to support the FC.
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Figure 7.5 Results of case study |1 part 1: Worst Case Scenario

The throttle commands plot is in Figure 7.5 a, the corresponding current demand of the

engine, FC current and battery current are shown in Figure 7.3 b, ¢ and d respectively. The

battery SOC and FC efficiency as a function of time are shown in Figure 7.5 e and f,

respectively.
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Figure 7.6 Results of case study |1 part 2: Worst Case Scenario

Figure 7.6 g represents the power demand by the engine, h, i and j represent the power
delivered by battery from both sides (LV & HV) and fuel cell power, respectively. The fuel

consumption and behaviour of the load voltage shape during the test are shown in Figure 7.4

k and |, respectively.
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7.3 Case Study I11: Real Time I mplantation with the External Factors

UAVs have been extensively developed for use in both civilian and military applications.
Y et, one of the main issues facing small UAV s is their flight durability which relates to the
limitations of the possible on-board fuel/battery that can be carried [114]. Wind-energy could
be used to extend the flight duration of UAVs. It is also one of the possible ways used to
reduce fuel consumption for a planned path [114]. In this sub-section, the real time
implementation of the system with external factor (wind speed and wind direction) has been
tested. The non-linear dynamic simulation model of the Piper Cub J-3 includes the electrical
hybrid system (fuel cell and battery), controller and electrical engine as shown in Figure 7.7.
The hybrid system simulation model can be found in the Appendix 9.8. As mentioned
previously, the ssimulation model was modified to include aso the wind model block that
takes the externa factors into account. To run the system in real time, a joystick was used to
generate the speed command. As a result, the power requirement for the engine is a function of
throttle commands and the controller generates the suitable inputs that respond to the commands.
This gives the ability to emulate the motion and flying characteristics of the aircraft, as well asto

extrapol ate the power requirements with respect to the generated RPM.
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Figure 7.7 Block diagram of the hybrid system simulation model

Currently in the field of autonomous vehicles make, it is recommend that the UAV's will be
further deployed in the future to achieve severa missions for instance intelligence,
observation or rescue and search. Furthermore, as UAV's are commonly very small compared

to other commercial aircrafts, the effect of windsisvery large, therefore cannot be ignored.
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There are some path planning methods that have been developed to handle winds, based on
evolutionary computation. Alvarez, Caiti, & Onken [115] have used this method in
controlling the path by taking advantage of winds, for instance, maximizing the segment of
the path wherever the wind and vehicle are in same direction. Another optimization technique
for path planning ‘’wavefront expansion’’ introduced by Zhang, et a. [116]. One of the
disadvantages of these methods is that the departure time has to be fixed in advance in order
to know the state of the winds, which is required to calculate the travel cost of the UAVs. On
the other hand, the departure time in several applications, can vary in a given time window.
Thus, the choice of a suitable departure time becomes a critical matter. In such conditions
where the departure time is wrongly chosen, winds possibly will be against the UAV [117].
introduced a new approach, named *’ symbolic wavefront expansion’’, determining the path
and the departure time while reducing the travel time of the UAV in existence of dynamic

wind fields. Their approach is manipulating functions rather than numerical values.

In order to take into account the effects of the external factors an UAV wind model devel oped
by [118] has been integrated into 6DOF Simulink model. This consists of three wind models
(Horizontal wind model, Wind Shear Model and Dryden Wind Turbulence Model) as shown
in Figure 7.8. The inputs to the models are the altitude, direction cosine matrix and ground

speed while the output is summation of ground speed of the three models and attitude rates
®qr).

A headwind is awind that blows against the direction of travel of an object, while a tailwind
wind blows in the direction of travel. In aeronautics, a headwind is useful in take-offs and
landing since an airfoil moving into a headwind is capable of making larger lift than the same
airfoil moving through tranquil air or atailwind at equal ground speed. Therefore, pilots and
air traffic controller usually choose to take-off or land in the direction of a runway which will
supply a headwind. Usually headwinds and tailwinds are measured in relation to the vehicles
speed. In order to determine the ground speed of an aircraft either the tail or head wind need
to be measured.
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Figure 7.8 wind models block diagram

A = Angle of the wind from the direction of travel

WS = the measured total wind speed

CW = Crosswind

HW = Headwind

Then

CW = sin(4). WS

HW = cos(4) . WS

In this case, three tests have been carried-out in rea time (headwind, tailwind, and no wind)

and then compared to each other. Since headwind and tailwind do not occur together in

normal conditions, the wind speed that was considered at varying dtitudes was

(—=3,3 and 0 m/s). However, the wind direction in all cases was 30 degrees clockwise from

north. To clarify the preformed scenario, the flight path and the some other aircraft states

such as the aircraft position (x, y, z), heading angle (y), patch angle (8) and roll angle (@)

are shown in Figure 7.10 and Figure 7.9, respectively.
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In the first test, the effect of the headwind reduces the UAV speed and increases the time to
reach its destination as a result more fuel was consumed (around 151.3 SLPM), while in the
second test the tailwind has the opposite effect; increases the UAV speed and reduces the time
required to reach its endpoint, thus reduces the fuel consumption (111.1 SLPM). In the last
test, it is assumed that the UAV is flying in steady state condition and there is no wind
applied; fuel consumption was 124.7 SLPM. Fuel consumption during each test shown in
Figure 7.11.
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Figure 7.9 Real time flight path caverning the different phase of flight

As seen in the three tests, the flight successfully reached the end point under different wind
conditions. However, regarding the fuel consumption of the UAV, it is depending on selecting
optimal path which will result in a minimise fuel consumption of the UAVs and minimise

time-to-goal .
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Figure 7.11 Results of case study I11
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7.4 Comparison between Fuzzy L ogic and Neural Networ ks Performance

In this section, computational method based on Fuzzy Logic controller was developed and
compared with ANNC. The study was carried-out in order to assess and compare the
performance of two controllers, aquick study using Fuzzy Logic was carried-out to assess the
performance of the controller. Please note that the objective was to compare the performance

and not detailed development of another controller.

The Fuzzy controller is usually inexpensive to develop than the model-based or conventional
controller which does the same task. In addition to this, Fuzzy controllers are relative easy to
understand and modify their rules and has simple means of operation. Fuzzy Logic is aform
of probabilistic logic or several-values; it deals with reasoning that is approximate instead of
exact and fixed [119].

The outputs of the Fuzzy Logic controller are usually related to the inputs by a set of rules.
For example, [F X AND Y THEN Z. The IF part (antecedent) defines the state of the input
variables and the THEN (consequent) gives the value of the output variable [120]. The Fuzzy
Logic is suitable for processes with complex non-linear models, empirically-based, relying on

the experience of the operator rather than their technical understanding of the system.

7.4.1 Design of the Fuzzy Logic Controller

Figure 7.12 shows a simple structure of Mamdani type Fuzzy Logic controller which contains

four main blocks:

4 )
Knowledge Base
Fuzzy Rule
IFAisS & Bis M THEN CIs M

Y A 4
Membership Functions v Membership Functions

1Z M Z M B
| Fuzzy Interference ||
” ” Engine

| |
Fuzzifier s Defuzzifier
\_ Fuzzy Logic Controller Y,

A 4

System <

Figure 7.12 Block diagram of a control system containing a Mamdani type of FLC [119]
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1- Fuzzifier: This transforms the numerical value of the measured input signals into
fuzzy quantities (linguistic variables) by using membership functions. This
transformation is called the fuzzification. A membership function has a value between
0 and 1, and it indicates the degree of belongingness of a quantity to afuzzy set.

2- The knowledge base: This consists of the linguistic-control rule base and the data
base. The rule base (expert rules) specify the control goal actions by means of a set of
linguistic control rules. In other words, the rule base contains rules which are
provided by an expert. The data base provides information which is used to define the
linguistic control rules and the fuzzy data manipulation in the fuzzy-logic controller.
The FLC, based on the input signals and by using the expert rules, determines the
appropriate output signals (control actions). The rule base contains a set of if-then
rules. There are many methods for devel oping the rule base, such as[121].

e Using the knowledge of aperson who is an expert in the application,
e Modeling the process,

e Modeling the control action of the operator.

e Using artificial neural network,

e Using self-organized fuzzy controllers.

3- Theinference engine: Therole of the inference engine starts when the inputs signals
are transformed into their linguistic variables. At this point, the inference engine
evauates the if-then rules and gives the results as a fuzzy value for a linguistic
variable. In other words, the inference engine simulates human decision making by
using Fuzzy Logic rules and fuzzy implication [121]. The output of inference engine,
which is afuzzy value has to be then transformed into a real output value by the FLC
and thisis the functionality of the defuzzifier.

4- Defuzzifier: This transforms the fuzzy values into rea quantities and this action is
called defuzzification. In order to perform its action, defuzzifier uses the membership

functions in reverse way as the fuzzifier does.

7.4.2 Implementation of Fuzzy Logic Controller

The implemented Fuzzy Logic controller input variables are the same as input of the ANN
controllers developed in this work (the input variables are the current demand and the battery
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state of charge represented by the battery voltage). Figure 7.13 shows the block diagram of

SOC J
Fuzzy Logic Nonlinear Plant

controller I Demand

the Fuzzy Logic controller developed in thisthesis.

Figure 7.13 Fuzzy Logic controller block diagram

The logic that was followed as a rule for the development of the Fuzzy Logic controller is
that, if the total battery SOC is less than 70%, then the battery needs to be charged. The
controller output signal goes to the duty cycle of the bidirectional DC/DC converter; based on
that a decision regarding how much current to be supplied to or from the batteries. For
instance, IF the current demand is high AND battery SOC is high THEN the battery will
supply power to assist the FC to operate with high efficiency. IF the current demand is low
AND the battery’s SOC is low THEN the FC supply power for the engine and charging up
the battery through the bidirectional DC/DC converter.

The method that was used to develop the rule base is based on intuitive knowledge and
experience gained from carrying-out several experimental and simulation runs. The rule-base
developed in this thesis is given in Table 2-1, which contains 40 rules and the same can be

found in Appendix 9.15. The abbreviations that are used in the rule table are as follows:

LBC: low battery charge; MBC: medium battery charge; HBC: high battery charge; ZB: zero
battery charge; (LBC) low battery discharge; (MBD, MBD1 and MBDZ2): medium battery
discharge; (HBD, HBD1 and HBD?2): high battery discharge.

Figure 7.14 shows the triangular membership function for inputs signals current demand and
battery SOC and the controller output signal and the surface for the designed FL controller is

shown in Figure 7.15.

This comparison of the two controllers was carried-out in simulation only; the battery
capacity was reduced to 6Ah to assess the controllers performance. The two controllers
(Neura network and Fuzzy Logic) when tested for the same mission duration and applying
the same throttle commands, they both successfully satisfied the desired performance for the
different phases of flight; while the Fuzzy Logic controller satisfied and show the stability of
the control system, it can be seen in Figure 7.16 that there were some oscillation.
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Figure 7.14 Triangular membership for current demand, SOC and FLC output
Table 7-2 Linguistic rules table for FLC
Current demand
5A 10A 15A 20A 25A 30A 35A
S1 LBC ZB ZB
§ S2 LBC
S3 ZB
A ZB
S5 LBC LBC L BC
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The fuel consumption was 178.9 SLPM and 182.7 SLPM for the Artificial Neural network
and Fuzzy Logic controller, respectively. The efficiency of the fuel cell system obtained for
different phases of flight was varied from 43% during take-off to about 49% during descent.

For cruise the average efficiency was about 50% as shown inin Figure 7.17 f.

ANN controller shows the ability to optimize for a given performance. A ANN controller has
dlightly better control performance than the FL controller and enhances the efficiency when
fuel consumption is calculated. This could be explained due to the fact that in the case of FL,
the rule based controller is not always optimally using the power available from the battery.
Another fact is that the developed FL agorithm is based on static rules and membership
functions, which were formulated based on intuitive knowledge and experience gained from
carrying-out severa experimental and simulation runs; so the controller design process was
carried out off-line. In the case of the proposed ANNC, it is designed dynamically off-line.
This ANNC has two stages: the first one being the identification of the plant model and in the
second stage, using the identified model, the neural network controller is trained. This
controller could be developed to be an adaptive controller ssmply by feeding back the model

error (the error between the actual plant output and the NN model output) to the controller.

]
~
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27

Controller output signal

[N

04 0
Battery SOC % Current demand (A)

Figure 7.15 Control surface obtained with a Fuzzy controller

Both controller developed gave similar result. However, using artificial neural network
controller approach performed dlightly better compared to fuzzy logic. From a strictly
performance point of view, ANNC controller provided a good performance and demonstrated
around 1% improvement over the Fuzzy Logic controller in terms of efficiency and fuel

consumption.
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Figure 7.16 Result Part 1 of comparison between F.L and NNC

The throttle commands plot is in Figure 7.16 a, the corresponding current demand of the

engine, FC current and battery current are shown in Figure 7.16 b, c and d,

battery SOC isshownine.
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Figure 7.17 Result Part 2 of comparison between F.L and NNC

The FC efficiency as a function of time is shown in Figure 7.17 f; while g, h and i represent
the power demand by the engine, power delivered by battery and fuel cell power respectively.

The fuel consumption isshowninj.
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7.5 Summary of Chapter 7

Three case studies were used to validate and assess the performance of the hybrid system.

The three case studies considered were:
e Casestudy I: Battery fully charged (high SOC)

e Case study Il: Worst case scenario i.e. the case of low SOC, where the battery is

hardly used as a buffer

e (Casestudy Ill: Taking into account the external factors such as wind speeds and wind

direction

In addition, a comparison between Fuzzy Logic based controller and artificial neura

networks based controller performance were also presented.

In all casesthe FC act as the main power source for the PiperCub J3 aircraft model. The tests
were carried-out in both simulation and hardware-in-the-loop. The desired aircraft power at
different phases of flight was calculated including the worst case scenario and the influence
of external factors. Furthermore, the quantity of fuel (hydrogen) needed in each case was also
calculated.

The performance of the ANN controller in all three case studies was found to be good. The
controller kept the response of system within minimum overshoot, minimum rise time and
minimum steady state error. In addition, when compared with a Fuzzy Logic controller, the
ANN controller demonstrated a dlight, around 1% improvement over the Fuzzy Logic

controller in terms of efficiency and fuel consumption.

Finally, from a control point of view, the ANN controller in both simulation and hardware-in-
the-loop show good enhancement of the performance and improves the overall stability of the

hybrid system when compared to a classical controller.
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8. CONCLUSIONS AND FURTHER WORK

This chapter summarises the main results of the work carried-out in this project. In
addition, it explains in details how the aim was achieved, highlights the contributions to

knowledge and recommends areas for further devel opment.

The thesis starts with the aims and objectives of the project and the motivation behind the
research. Chapter 2 introduce the reader to the field of fuel cells, their working principles and
the main construction elements. Following that a summary of the different types of fuel cells,
advantages and disadvantages when compared to other power generating techniques is
presented. Examples of application (mainly experimental) where fuel cells were used and

some concepts of PEM FCs technology conclude the chapter.

The main findings of this review can be summarised as follows:
e PEM fuel cells are among the most promising systems to employ in aerospace and
automotive applications as they offer high power density, low operating temperatures,
fast start and arerelatively light weight.

e At present the cost of FCs is higher than that of similar, already existing products,
mostly because of small scale production and the hydrogen storage and handling
issues. The costs related to FCs could drop significantly in the future if there is an
increase in applications that uses FC and the development of better hydrogen fuel
storage approach coupled with handling technologies.

In the hardware description and setup chapter, the fuel cell hybrid systems and their
types/configurations were explained. The different types of energy storage systems used to
complement the slower output power of the fuel cell were highlighted. The battery model,
electrical engine model and Piper Cub J3 model were also discussed. Each component of the

hybrid system isindividually covered.

The fuel cell hybrid system in the lab consisted of the 1.2kW Nexa PEM FC as the main
power source, 36 V lead-acid WP18-12 (12 VDC) battery as the auxiliary power source,
providing the additional power during high/sudden load demands e.g. during take-off. The
output from the fuel cell is connected to a DC/DC step-down converter to keep the FC output
voltage constant at 27V. A DC/DC bidirectional converter is used to manage and control the
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charging/discharging of the battery. The chapter ends with areview of DC/DC converters and
mathematical analysis of asimple DC/DC converter topology.

The integration challenges that were encountered and had to be addressed during the
construction of the hybrid system were aso discussed. The original Nexa system was
modified to incorporate programmable bi-directional DC/DC converters and additional 3-
batteries. Controlling the charging/discharging of the battery in hardware and interfacing the
system with the simulation using the bi-directional DC/DC converter was one of the
challenges. The selection and sizing of the components to meet the power requirements and

operating voltages also took some time to resolve.

As part of the hardware testing, a set of experimental tests on the 1.2kW Nexa™ power
module FC were conducted in different stages for start-up, shut-down, step-up load and
irregular load variation. The results of those tests were used to validate the developed fuel
cell model. The steady-state and transient-state phenomena were also considered to analyse
the system performance at different conditions; such as load current, temperature and stack
voltage. The aim of these tests was to investigate the dynamic performance of a PEM FC
stack. This goa has been reached and a conclusion has been made herein:

The control board internally transferred the load from the externa battery to the FC stack at
start-up. As aresult of this transmission, the fuel cell current increases with an overshoot due
to air pump fast demand, and the voltage decrease with undershoot. In shut-down sequences,
control board internaly transfer parasitic load from the fuel cell stack back to the external

battery, which cause small current undershoot and small voltage overshoot.

When the current transiently increases from 20A to 30A, a current overshoot can be observed
in the system responses due to two factors. The first factor is that different operating condition
results in disparate water saturation level particularly after a long course of running. The
second factor is that both the humidified water and product water alter the membrane
wettability. Since there istemporary dehydration due to el ectro-osmotic drag on the anode side
and air feeding starvation on the cathode side, a voltage undershoot was observed at the same

time.

Having investigated and anaysed the dynamic performance, and obtained satisfactory
experimental results, a dynamic electrochemical simulation of Proton Exchange Membrane

(PEM) Fud cell (PEM FC) model was developed and validated using experimental data from
127



Conclusions and Further Work

the 1.2kW Nexa power module FC. The performance of the model was studied and validated
for both steady state and transient state phenomena (transient response of the stack during
load changes). The aim is to obtain an accurate model based on the Nexa FC that could be
used for the devel opment and design of controllersin hybrid fuel cell electrical systems.

The model assumptions are discussed extensively as the theoretical equations are presented
and the model parameters were adjusted specifically for the 1.2kW Nexa stack. Simulation
results of the proposed model are compared with the experimental data and also validated.
The results show that the percentage error of the ssimulated model when calculated using
MRE does not exceed 4.1% for the full working process including the start-up sequence and

the transient phase.
The dynamic PEM FC Stack Modeling chapter is followed by a conclusion as follows:

One important consideration that should be taken into account when developing FCs systems,
is the equivalent internal resistance of the fuel cell stack which is different from the internal
resistance of fuel cell. In addition, the assumption of a constant stack temperature will not
provide accurate results in the case of a Nexa ™ module power module. Thus, the stack

temperature should be also considered.

It is valued to design new strategies for controlling the excess oxygen ratio. One starting
point that could be applied is real-time processing and the advantage of real time neural
network estimator can be used.

In the control strategy chapter, after a complete system simulation model was developed that
consists of a Proton Exchange Membrane hybrid FC system, aircraft model and neurd
network based controller. The system was integrated in one simulation environment to run in
real time and meet the desired power at different phases of flight and optimal level of

efficiency.

The control strategy implemented in order to achieve the best system performance by
managing the power in aflexible way between each source is described in details. The design
and implementation of a classical PI controller, with anti-windup was the first step and was
presented in this chapter. When a Pl controller is used to control such a system, an anti-
windup loop has to be added to this controller to ensure that the system do not go into an

open loop. This PI controller was then tested in both simulation and hardware-in-the-loop and
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had acceptable performance. However, due to the nonlinearities in the system a more
advanced controller Artificial Neural Networks controller (ANN) was developed to provide
more responsive and stable performance. Since ANN uses the relationship between input and
output which can be measured from the system rather than using the mathematical model of
the system to obtain solutions. Similarly the ANN controller was tested in both simulation and
hardware-in-the-loop. Results obtained clearly show that the ANN controller provided a more
responsive, stable and reliable control system and kept the system’ s operation at optimal level

and efficiency.

In Chapter 7, three case studies were used to validate and assess the performance of the
hybrid system: the first case study assumes the battery is at full charge; the second case study
takes the other extreme i.e. worst case scenario when the battery is not charged; and the final
test scenario takes into account the external factors, in particular, wind speed and direction is

applied and consider their impact on different phases of flight.

In all cases the FC act as the main power source for the PiperCub J3 aircraft model. The tests
were carried-out in both simulation and hardware-in-the-loop. Result of each case was
presented and discussed. The experimental results confirm the validity of the proposed
control strategy in the studied topology. The output voltage stays always constant, even when
a high power demand is forced on the system. Calculated here is the desired aircraft power at
different phases of flight, including worst case scenario as well as the influence of externa
factorsin addition to the fuel (hydrogen) needed for each case.

Finally a comparison between Fuzzy Logic and ANN controller performance was carried out.
The purpose of this test is to assess the performance of the NNC controller with another
advanced controller. From these analysis and discussions the following conclusion can be
made:

From a control point of view, the proposed ANN control strategy allows for managing the
energy in the eectrical hybrid power system in al cases that were applied. The ANN
controller in both simulation and hardware-in-the-loop clearly show significant enhancement
of the performance and improves the overall stability of the hybrid system. The ANN
controller demonstrated a slight, around 1% improvement over the Fuzzy Logic controller in
terms of efficiency and fuel consumption. This gives the fact that the Neura Network

controller is more robust than the classical controller in such systems.
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The external factors are highly important parameters that should be considered when
developing energy management system for UAVs. This is increasing the system’s efficiency

aimed at maximising the flight duration while minimising power and fuel consumption.

The proposed control strategy can be taken as a good choice for the specific application.
Furthermore, it could be applied to other topologies with different types of energy sources

such as wind turbine or solar panel in an electrical hybrid power system.
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8.1 FutureWork

There are a number of issues that were been tackled due to time constraints or were outside
the scope of this work. Some of them can improve the overall system fidelity and the
Technology Readiness Level (TRL).

The possible future works that may be accomplished are:

The FC hybrid system designed in this thesis is based on existing technology and most of the
components have been designed for integration into a wide variety of automotive and
stationary power generation applications. In these applications weight is not a big issue,
however, in the UAVs design, size and weight are critical parameters. It would be useful to
study weight saving methods for designing and manufacturing hybrid system components

specifically for aviation application.

In this thesis the matter of hydrogen storage has not been considered. It would be useful for
aviation application to consider the issues related to various types of hydrogen storage,
temperatures and pressures, and metal hydrides within the limited space available in an

arframe.

Although a high fidelity Six Degree of Freedom aircraft model was linked to a higher level
energy management system that takes into account external factors such as wind speeds, wind
direction. However, optima path planning has not considered uncertain environmental
conditions (turbulence wind, vertical wind) which are highly important for the UAVs to
increase their efficiency by minimising power and fuel consumption while maximising flight
endurance. It would be more realistic if power requirements from the full flight are studied
for manoeuvre and turbulence cases. Optimising trajectory and path planning may help in the

design integration and optimisation of FC hybrid power systems on board an aircraft.
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strong robustness over whole load range in the case of ligle
variation Due to high module structure, FC system can be
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Membrane (PEM) FC has been drawing more atemtion due
to its low operating ®mperature, esse of start-up and shus-
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The most important task of this paper was to identify the
dynamic parformance of each state and charscerize relevant
transient resporse © variable lad

T vt
[ SR

V. RESULTS ANDDBCUSSION

To track changes in output parameters and other factors
these values are veated as & function of time and then plaited.

ineernally transferred parasitic load from the external battery
1o the FC stack. As well an external load relsy conwrd signal
was sent to connect the FC to e extiernal load. Due to this
transmission the FC shocked up, it's the current increase
with overshoat due to air pump fast demand, and the wlmge
decresse with undershoot as shown in Fig 4

e
-,

[ e & d“:l;) = = o+

Fipred Tmamet msponses of the stck outps aarment (A )& witage (V)
in stt ap smte

The air flow rate goes up proportionally to satisfy the FC
consumption. On the other hand, the membranes are still dry
without enough water content at the beginning of a low load
operation. An spprogriste flow rate benefits water uptake and
transpart in the membrane FCs [36]. Contrarily, the cooling
fan voltage drops to 35% =0 s © regulawe the FC smck
temperature. In reality, as shown in Fig. 7 that the sack
temperature does not change immedistely. Hence, even for &
higher current level in the following running of the system,
the cooling fan voltage is ill kept constandy at 35%.

145



on Mech

A gﬂlra

hniem iy

a

=
Ll

Figme 3 Asrflow rate & suming- up tae (sipmn)

L A -
= N deE
%m | 3 ;” ",_ -~
o i H
= |
Fid | ™
in 1 “hrmaaety | o8
% = i

Figwet Theawr pump md ool ing fn voltage in the St up stme

5]

Bk b 0

3 .
¥ 3 o i bl o

L.
s i
Fgwe7 Suc eopasaeinthe samng op Tae

B Transent response in the shut-down seque nce

In shut-down mode, the 5V start signal removed from the
FC stack and the external load relay was open to kolate the
FC stack from the load. Since the FC sufficiendly operated
longer than 5 -minute, then the shu-down sequence
continued ©© remove residual product warer from the snode
and cathode channels using the air pump and hydrogen purge
valve

The wansient responses during the shut-down smies are
ilustraed in Fig & 9, 10 and 11. The shut-down begin from
419 second, the current drogs to 1 58A within | second
while the stack voltage increases to 42 V. In this period a
438 seconds, the control board internally transferred parasitic
load from the FC stack back the external battery, which
cause current small undershoot and volage amall overshoot
From 447 seconds, the current drops almost to z2ero while the
stack valtage increase gradually witil reaches the OCV value
of 46 V in ide smte, and remove residual product
wakr from the anode and cathode flow channels using the air
pump and hydrogen purge valve as shown in Fig. &

The air flow rate incresse from 20 spm to 59 dpm in the
period from 438 © 482 second than drops to zero as shown
inFig. 10 At452 second, the voltage of the cooling fan falk
fram 35 % to zero, lster on at 482 sconds, the sir pump
drops sharply © zero as shown in Fig 11. Upon shut-down
sequence, the stack tempersture enters a decline phase but
drops quite gendly as illustrates in Fig. 9.
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C.  Transient respanse in the step-up load states

The resuks of this test describe the yansient respanses of
FC parameters (smck cwrrent, sick volmge air pump
voltage ... etc) during sep-up load varistion as shown in Fig
12, 13, 14, 15and 16. The current increases from 10 © 40 A,
the stack voltage decline fram 35 to 30V and the interval
value was 10A. The maxinmum power of 1.2 kW occurs after
919 seconds as the cumrent keeps stsble &t 40A. When the
current increase, the frequency of purge valve operstion also
increases in order to prevent waker flooding in the anode
chamel and snode gas diffision lyer, he imerval between
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purge valve open and closed & about 96 seconds in the low-
curent region of around 10A, and became 30 secands in the
high-current region at 40A, which demonstrate the purging
mechanism depend on the feedback of the FC dynamic
behaviour as shown in Fig. 15 and 16

The ‘red circle in Fig. 12 is focusing on stack wollage
undershoot and current overshoot phenomena that occurs
when the current transiendy increases fram 20A to 30A. The
curent overshoot possibility & elevard for two ressons:
First, & that different operating condition leads to disparate
wakr satwration level particularly after a long course of
rnning. The second, is bath the humidified waer and
product water akter the membrane wettsbility. The wolmge
undershoot because of an unexpected load action causes
temporary dehydration due to electo-osmotic drag on the
amnde side, and sir feeding starvation on the cathode side.
The membrane resisance jumps and inevimbly leads © a
sharp drop of cell vokage [3].
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valve operation that helps to remove water from the anode
chamel During nomal FC operstion, Hquid wamer
condenses and sccunmistes becauss of dead-end
configuration of the FC anode side. Before the purge valve
opens, the stack voltage experiences a digit decline process
fram 312 o approximately 31.76V due to water flooding
An immediste performance enhsncement afier he purge
valve open can be seen st the sharp vollge incresse The
purge valve status values are ‘1" when the valve is open and
0" when the valve is closed as shown in Fig. 16.

Py b

Ja " - L - -

Figre 16 Purge valhwe st dorng constant load (0 = vaive dosed | =
vahe open)

LD Transient respanse under irreguar load variarian
The msin objective of this et is to stuly the effects of
temperature and air flow rate supplied by the air pump on the
FC stack dynamic performance. In the test the FC supply
power 10 ivegular load variation over a longer course;
experimental resuls are presented in Fig. 17, 18 and 19. The
temperature commonly exisss during the FC operation in the
ﬁmdmmﬂmmnm_
disipation. PEM FC stack temperature comtinuwusly changes
with the load curent. However, the tempersture direcdy
affects the rae of chemical reacions and the transpart of
water and reacents. Thus, operations under too-low or too-
high emperatwes in reality 5 always mot recommended
except for extreme circumstance such as sub-zero application
B6]. where it can be regulaed by proper thermal control
The stack ®mperature response is following the load changes
in & similar way © that of the current increase or decresse.
However, changing slowly withowt overshoot or undershoot
as illstrated in Fig. 18
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Figare 17 Tmnsient responses of the stack output aarment (A) and volmge
(V) asymmeraal load vamnon

Fig. 19 presenss the air pump and cooling fan voltages of
the Nexa FC, it can be seen that the air pump flow rate
changes direcdy tracking the dynamic trend of cument
fluctustion without any delsy. However, the decrease in the
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VL CoNOLUSIONS

The sim of this smdy was to investiga®e the dynsmic
performance of a PEM FC stack. To reach this goal, a set of

different operations conditions such as start-up, shut-down,
and step-up and iregular load variation.

The control board internally transferred parssitic load
fram the external battery to the FC stack &t stat-up Due to
this transmission the FC shocked up, if's the current increase
with overshoat due to air pump fast demand, and the wolage
decrease with undershoot. In shut-down sequences comtrol
board internally transferred parasitic load from the FC smck
back the extmal batery, which camse curent small
undershoot and voltage srall overshoot

When the curvent transiently increases fram 20A to 304,
a cument overshoot can be observed in the system responses
due to two factors. The first factor i that different opersting
condiion results in disparate waker saturstion level
particularly after a long course of uming The second factor
is that both the humidified water and product water alter the
membrane wettability. Since temporary dehydration due to
eectro-cemotic drag on the anode side and asir feeding
starvation on the cathode side, a vokage undershoot was
observed at the same Gime.

| and Elecwrical Technology (ICMET 2010y

With the current increasing, the frequency of purge valve
operation also increases in order to prevent water floading in
the anode channel and anode gas diffision kyer. The ime
interval between purge valve open and closed is about 96 and
30 seconds in the case of the low-current region of around

10A and 40A, respectively.

The stack tempersture quickly responses © the load
current without observation of overshootundershoot. The air
flow ako follows #e same step-up rhythm to the cumrent
increasing trend. The cooling fan is constant at 35% at the
beginning and steps up when the load curent and stack
temperature increase.
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Abstract

A dynamic electrochemical simulation model of Proton
Exchsnge Membrane (PEM) fuel cell (FC) is proposed m
this paper and validated using experimental data from a
1.2kW Nexa power module fuelcell Two reduction
assumptons were made and discussed broadly along with
mwm Tlnntlnsunlyﬁmsed
upumnﬂmmmhﬂnﬁhmh
start-up, shut-down, step-up load and mregular load vanaton
The results of those tests are used to validate the physical
and mumenical charactenistics of the proposed model The
steady-state and transient-state phenomens are also
considered to analyze the system performance at differemt
conditions; such as load current, pressure of reactant gases,
temperatare and stack voltage.

Results obtained from the simmlation show that the
ohn\dm“nhuﬂ_41%hhﬁil-mg

In addition. it could be attained that the proposed model can
predict the elecmical response of the PEM FC stack under
steady-state as well as in the tansient state conditions. The
#im s to obtain an accurate model based on a 1 2kW Nexa
fuel-cell that could be used for the development and design
of controllers in hybnid fuel cell electrical systems.

Keywords- PEM FC, Modeling and Simulation; Dynamic; Fuel
Cells; Transient response

L INTRODUCTION

mmmdmmmm
for a vanety of applications have significantly increased in
the last two decades. There are several types of fiel cells,
usually classified by their operating temperature and the type
of electrolyte they use. Researchers and companies are
mmmﬂﬂhmnhdq.uh

further and have commercially available
solutions that are economically viable as an altermative to

fossil fuelled power systems [1]. The development of the

In this paper work is based on Proton Exchange
Membrane fuel cells (PEM FC).Due to the high electrical
efficiency and lower operating temperature, the PEM FC is
one of the most promising systems 10 employ in sefospace,

»”

automotive and stationary applications as a replacement for
the traditional systems [2-5] It offers high power density,
zero emission, fast start-up and relisble source of power at a
relatively low cost [6]. There are oumber of PEM FC models
that have been developed in the past. The earlier models on
PEM FC presented by Farhat [7] and Yan, et al [8] offered
sn empirical polanzation curve based on the calculated

coafficiente T'I-uﬂi-l!-u-lmrm:ﬂvﬂ-

! parameters
to measure since the FC performance is charactensed by its

Although several studies on fuel cell are based
nhmm[l&m,:mﬂlx&s}h

phenomens are
included [13]. w%nll[ulldz'hllg,aal{lﬂlmn
taken these transient stte into consideration and
ﬂ:caedulhhddmmumhﬂnm
way, some other PEM FC models have also proposed i [16-
18], which are focused on a nmiti dimensional smdy. In all
these models the effects of gas diffusion layer on PEM FC
performance is studied and evaluated.

maammacmmw

mndoﬁnuml—mmdofﬂ:mm
systems for both steady-state and oansient-swmte phenomens
In this paper the emphasis is on the model validation. The
remaining part of this paper is orgamized as follows: The test
tools of the design are presented in section II, The modelling
of the PEM FC is detailed with its mathematical equations
are derived in section Il The results and discussion are
presented in section IV, and the model performance and
validstion are given m section IIV followed by the
Conclusion
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IL TESTTOOLS

In this paper the experimental data were obtained from
Nexa (1.2kW) PEM FC module The module comsist of a
Ballard stack with 46 cells set in series and other awxiliary
subsystems including hydrogen system, oxidant air system,
cooling system. electronic control system and safety system
with sensors and micToprocessors mtegrated on board The
schematic diagram of this FC system is shown in Fig. 1.

The dry hydrogen is supplied by hi

cylinder, while the oxdant air 1s supplied by an air pump and

bunidified in 3 amidity exchanger before entening the FC
stack 50 as to maintain water saturation of the membrane A
cooling fan at the base of the umit is utilised to blow air
mmmmnmmh

acquisiion (DAQ) wmit 15 supphed faclimting stams
mﬂﬁhmww:;uwﬂa

interface. Lastly, the system is commected to an electromic
load, to simmlate a vanable power demand

areky
v durge

R UL
e

SIMPC Cisch
A

wprngen smi
Trmrzeaene

Filashyy Mden or W

Figure 1. Nexa™ Sysmes Schessatic

Ol PEM FC MODELLING

In the literamure as mentioned previously several models
have been proposed to model the fuel cell stack. Colleen [10]
introduced electrochemical simmlstion model of PEM FC.

El-Sharkh et al [11] introduced 2 dynamic model for a
stand-alone PEM FC power plant for residential applications.
Those models were used as the basis and were modified to
model and sinmlate the Nexa PEM FC stack as follows:

A Fluid-dynamics equations and modelling assumptions

The fluid-dynamics model used is shown in Fig. 2 and
the details of the model derrvations are given below. In order
to sumplify the model the mdified air is assumed as an
oxidant and the dry air will be equalled to that of the
stmosphenic sir and the dry hydrogen is fed into the anode
channe] The mifrogen exchange is neglected since it is an

ﬁ%ﬂmuh flow of gas through a
valve with its partial pressure can be expressed as [11]:

kyy = 2 (o
kngo = 522 @2
gy =5 ®

For the hydrogen the derivative of the partial pressure can
be calculated using the perfect gas equation as follows:

%Pll'!— {M. ay —a, ) 4
mmmump flows in the gas
diffusion layer (GDL) and the load current at the steady
state can be computed as follows [20]:

For the hydrogen consumption in the anode side 1s

o, = E=2kri s}
For the oxygen consumption in the cathode side is
o0 = = 4k 6

The amount of water produced in the electrochemical
reacton is calculated using stoiclmometric ratio:
= Nel
qHyo = 5= n
In transient state there is a delay between the change in the
flow of fuel and oxidant The following relationships are

used to represent the delay effects [20]:
l‘.“:' = #—Nm {8}
t,““ = &—Hm 9}

Equations {4} and {5} can be rewritten in the (5) domain as:

P,,,:%(.j:—ztri) 10
Where:

= ey * ay
The partial pressures of water Py,,, and oxygen Fy,; can be
derived using equation {10}. For the water and oxygen time
CONSTAN'S Ty, and T, , respectively, both can be calculated
using the equation {11}.

The assumption 1s that no hquid water 1s camed by the inlet
air that enters the cathode channel since the membrane does
not allow the liquid water transport; rather it allows only gas
tramsport.
B Electrochemical equations and voltage calculation
The polarization curves for the PEM FC are described
in[10][11). Since all of the voltage losses had a (—**) sizn
in fromt of each of the aquations, the actual FC voltage is the
addition of the following four terms; the Nernst voltage (E)
in terms of gas molarities, the voltage losses in activation
overvoltage ( V), ohmic overvoltage (Vi) and Mass
Transport Losses (V).
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momumdm@nwmm
of current

Due to the open circuit voltage, the activation
overvoltage (V,.) will decrease as the current delivered by
the stack increases. As the current depsity gets higher at a
later step, the ohmic losses (Vym) Will also increase. They
are derived from the membrane resistance to move the
protons and from the electrical resistance of the electrodes to
move the electrons. Thus the need of moving electrons and
1o split and shape chemical relationships is required when the
current densiry get higher.

Fig 11 illustrates the stack output power as a function of
current density. The electric power deliverad by the stack s
equals to the product of the stack voltage (V) and the
current drawn (i) as given in equations {19} and (20}
Where the current imput (i) is taken from the experimental
measurements.

As can be observed, the responses of the model match
well with the expenmental data Note that there is no peak
output power ocowrs, because the fuel cell does not go mto
the concentration region
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Figm §  FC voltage drops comerbations s 2 function of currnt demsity

The last type of losses is the mass tramsport or
concentration losses (V.,..). This loss takes place m both
low and high temperature finel cells, bowever, it is omly
prevalent at high cmrent densities [21] Usually in the case
of the Nexa system this ocomrs when we reach or shightly
exceed the maximum rated output power. This is due to the
effect of losing a hizh concentration of either oxygen or
bydrogen at the cathode or anode sides, respectively. In
other words this occurs when the fuel cell is using oxygen or
hydrogen at a rate quicker than it can be supplied Despite
the fact that the last drop has been modelled based on
equation {16}, such high current values are not usual as they
can cause quick degradation of the cells membranes .

Thmdanhﬂnmhnsﬁns!inm

voltage, producing the polarization curve as shown
previously in Fig 8.

Fig. 10 shows the flow mate of hydrogen and Oxygen
from the sinmlation model during the system start up and
normal operation stages. It can be seen that by increasing the
load curvent from 1 to 46 A in steps of 0.1A it takes around
275 seconds for the system to reach the steady state and for
the flow rate that react to become steady.
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Figum 10. Hydrogen and oxygen Sow that react during weady-stats test

Poswrr | Wallm )

-3

[T l‘l L ;! .‘3 ﬂ.ﬁ l‘.l [5°] o4
Cument danalty (A oo ?)

Fugare 11, Power curve (Gross Power) darmg ssady-stam et

B. Transient response
The results shown in Fig. 12 describe the tramsient
mdﬁxm(ﬂm-ﬂsﬂd

voltage) during step-up and step-down load variation
uhﬁsﬂlmlhhshhmofﬂl
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Based on our observations, 3 Dew parameters extraction
method is given in Table 1, some of which are obtained
experimentally.

TABLEL  PEMPC MODEL PARAMETERS
R
96487
¥ ]
171315
1213
1
0.16
110
46
1 0.50
Qrz Molar flow of hydrogen (kumol 5 ") 1.5186
qoy Molar flow of oxygen (kmols ') 0.8930
a Transfer coefficient 05
ol  Amplification constant 0.005
io Exchange Current Density (A/'cm®) 1
iL  Limiting cument density (A/co®) 0418
Gf  Gibbs function in liquid form (J/mel) -228170
k Constant k used in mass transport 10
ky; Hydrogen valve molar constant (kmol s 'atm)  1.0124
koz Oxygen valve molar constant (kumol s™'atm) 0.893
Kyp Water valve molar constant (kmol 5™'atm) 0.00057
Vea  Volume of the anode channe] (m”) 7.59<10°*
Van Volume of the cathode chammel (m”) 7.50<10"
_kr __ Modelling constant kumol s 'A L1927

IV. RESULTS AND DISCUSSION

As discussed earlier, the Nexa foel cell stack has been
modelled The Simmlink confiruration odeld=
(extrapolation) solver method with fixed step size of 0.0002s
was used in this model The mputs to the model are the fuel
(oxygen, and hydrogen) and the operating emvironment
(ambient temperature and relative humidity) The stack
outpurs are the fuel cell stack voltage, current delivered by
the stack and the water produced by the chemical rescnon.

The whole process is consists of sinmistng the model by
applying the real system inputs and comparng those with the
experimental results In order to accomplish this, the
following two tests were conducted: (i) Constant load (to
investigate the equivalent internal resistance and to analyze

the steady-state effects) (1) Varisble load (1o analyze the
transitory effects). To snalyze the track changes in the output
parameters and other factors, the output values are treated as
2 function of time so as to capmure any changes in these
parameters while plomng.

A Steady-Stare

The steady-state charactenstics of FC were obtained by
increasing the load current from 1 to 46 A in steps of 0.14.
In ths test the stack curent was measwred directly, the
measured data were used to validate the model and a
companson graph of this expenmental voltage and simmilated
voltage as a function of tme is shown in Fig. 6. The voltage
delivered by the stack is validated by plotting the curves
between the present voltage of the cell and the current
density, i—l(Aun") The voltage values corresponding

hh“hﬂ-ﬁmh“ﬂhﬂwﬁmdﬂ_

T (8}

Figms 6. Stack voltage (V) duzing smady-stats test

|

ﬂh ﬂ" ﬂ.ﬁ l‘.’ l= o3

Figure 7. Stack cument (A cm®) versus stack voltags (V) dering smady-
sats et

A FC polarization curve that carresponds to the 1. 2kW
stack is shown in Fig 8
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momumdm@nwmm
of current

Due to the open circuit voltage, the activation
overvoltage (V,.) will decrease as the current delivered by
the stack increases. As the current depsity gets higher at a
later step, the ohmic losses (Vym) Will also increase. They
are derived from the membrane resistance to move the
protons and from the electrical resistance of the electrodes to
move the electrons. Thus the need of moving electrons and
1o split and shape chemical relationships is required when the
current densiry get higher.

Fig 11 illustrates the stack output power as a function of
current density. The electric power deliverad by the stack s
equals to the product of the stack voltage (V) and the
current drawn (i) as given in equations {19} and (20}
Where the current imput (i) is taken from the experimental
measurements.

As can be observed, the responses of the model match
well with the expenmental data Note that there is no peak
output power ocowrs, because the fuel cell does not go mto
the concentration region

s

al
S
-

a3} Ve
o
Af—E T T I EE T —aE

Crmast dundirs (4 o ™
Figm §  FC voltage drops comerbations s 2 function of currnt demsity

The last type of losses is the mass tramsport or
concentration losses (V.,..). This loss takes place m both
low and high temperature finel cells, bowever, it is omly
prevalent at high cmrent densities [21] Usually in the case
of the Nexa system this ocomrs when we reach or shightly
exceed the maximum rated output power. This is due to the
effect of losing a hizh concentration of either oxygen or
bydrogen at the cathode or anode sides, respectively. In
other words this occurs when the fuel cell is using oxygen or
hydrogen at a rate quicker than it can be supplied Despite
the fact that the last drop has been modelled based on
equation {16}, such high current values are not usual as they
can cause quick degradation of the cells membranes .

Thmdanhﬂnmhnsﬁns!inm

voltage, producing the polarization curve as shown
previously in Fig 8.

Fig. 10 shows the flow mate of hydrogen and Oxygen
from the sinmlation model during the system start up and
normal operation stages. It can be seen that by increasing the
load curvent from 1 to 46 A in steps of 0.1A it takes around
275 seconds for the system to reach the steady state and for
the flow rate that react to become steady.

- A

g & (g e e e bl

Figum 10. Hydrogen and oxygen Sow that react during weady-stats test

Poswrr | Wallm )

-3

[T l‘l L ;! .‘3 ﬂ.ﬁ l‘.l [5°] o4
Cument danalty (A oo ?)

Fugare 11, Power curve (Gross Power) darmg ssady-stam et

B. Transient response
The results shown in Fig. 12 describe the tramsient
mdﬁxm(ﬂm-ﬂsﬂd

voltage) during step-up and step-down load variation
uhﬁsﬂlmlhhshhmofﬂl

Fumd Coll Bimak Volinge (V)
¥
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Iy dgen b Cm g b Bl rmeln e 1

Figare 13. Hydrogen and oxygen Sow that react during trmsient -state test

V. MODEL VALIDATION

To check how large the validity of this model is,
mmmmunmbm
and results with those obtamed from the

Furthermore, the simmulation of al 2kW stack model
considering the effect of the imternal resistance under a
vanety of load vanations.

Simmlation results show that the models can predict the
electrical response of the PEM fuel-cell stack under steady-
state as well as transient conditions. Based on the obtained
simmilation results, it is observed that the relative error is less
than 4.5% for the full working process including the start-up
sequence snd the transient phase of this proposed model.

This could be explained by the following three remarks:

® Temperature: fiel cell stack temperature has an effect
on foel cell performsnce; smce temperature changes
affect the gas pressure inside both the cathode and
anode As the temperature incresse, it increases the
voltage at every curent stage Therefore, the assumption
of a constant stack temperature would result in
infroducing some ermrors in the case of a Nexa power
module [23].

* Amount of condensed water: the ligmd water,
decreases the gas diffusion layer surface, as a result
there will be a drops in voltage and fisel cell efficiency,

® Variation of partial pressures: Vanstions of the
voltage obtained by the fuel cells. Since the pressume of
any of these gases increases, the voltage raises for every
current stage. Due to the dead-end design of the fuel cell
remains almost comstant Hence, the oxygen partial
pressure is more varisble during the power demand
changes, since it depends on swalisry equpment
dynamics.

For more details of the validation of the model accuracy,

another emmor smdy has been presented here using the mean
relative error (MRE) as follows:

MRE(®) = 100 x%x:_,l‘i;l,‘lq ey

mmnmmdmmm)mtw
represent the I and soomisted dats
respectively. Employing equation {21}, hﬂﬂ'cﬂ:ﬁm
is applied to the dynamic respomses of the stack voltage
dunng both steady state and wansit state Consequently, the
relative mean errors of the parameters obtained are 4. 5% and
3.9%, respectively.

VL CoONCLUSIONS

dynamic electrochemical sinmistion of Proton
mm(PEM]MaI(FC)mﬂn
presented in this paper. In order to demonstrate the acouracy
of the proposed model an experimental wvalidstion was
carmied out using the experimental data from a commercial
1.2EW Nexa power module The performance of the model
is stadied and validated for both smdy state and transient
state phenomena (rancent response of the stack durme load
changes).

The model assumptions are discussed extensively, as the
theoretical equanons are presented and the model parameters
have been adjusted specifically for a 1.2kW Nexs stack.
Sumulation results of the proposed model are compared with
the experimentsl dats and also verified uwsing MRE
calculstion The results show that the percentage error of the
results does not exceed 4.5% for the full working process

VIL LIST OF SYMBOLS

Proton Exchange Membrane

FC Fuel cell

Ky Hydrogen valve molar constant (kmol s atm)
Water valve molar constant (kmol s ' atm)
koz Oxygen valve molar constant (kmol s~ atm)
n Molar flow of hydrogen (kmol s ™)

Molar flow of water (kmol s )

Qo2 Mnl-ﬂu"fmsmﬁmlg;‘)

qu;  Hydrogen imput flow (kmol s™")

q*  Hydrogen output flow (kmol s*)

9 Hydrogen flow that reacts (kmols™)

Pya Hﬂmmﬂmm

TH20 Water time constant (s)

Toz Oxygen time constant (s)

Mg Molar mass of hydrogen (kg kmol s™*)
My,  Molar mass of water (kg kmol 57

T Fuel flow delay (s)

Te Oxidant flow delay (s)

Mg, Molar mass of oxygen (kg kmol s™)
Van Volume of the anode channel (m’*)
Vea Volume of the cathode channel (m”")
R Universal gas constant (J kmol ' K)

154




Zing | Hydrogen & Fuel Cell Conference 2011

Coz Oxygen concentration (0.21%)

Te Temperature in degrees C*

Tk Temperature m k

T Stack Temperatre (k)

No Number of FCs in the stack

i Stack current (A/cm®)

I Cell current (A/cm’

F Faraday's constant

kr constant = No/4F (kmol s™'A)
Vo DC output voltage of FC stack

S power delivered by the stack (w)

E Nemst volage (V)

5 5 domam

r Stack internal resistance (/cm”)

Vout Output voltage of the power module (V)
'A Open-circuit voltage of the power module (V)
fre Output current of the power moduie (A)

Tz Hydrogen time constant (s)
Toa Oxyp time constant (5)

Tu20

E Nemst voltage (V)
b Constant of Tafel
Voamie Over potential due to ohmic loss (V)
Vo Activation over potential (V)
Veone Concentration over potential (V)
A Area of cell (cm®)
No Number of cells
a Transfer coefficient
al Amplification constant
io Exchange Current Density (A/cm®)
il Limiting current density (A/co’)
Gf Gibbs function in liquid form (J/mol)
k Constant k used in mass transport
ki Hydrogen valve constant (kmol s™'atm)
ko2 Oxygen valve constant (kmol 5™ atm)
ko  Water valve constant (kmol s atm)
GDL  Gas diffusion layer
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9.2 Nexa Power System Module Specifications

Outputs

Water

Maximum flow rate of product Ho, at rated power as both liquid and vapour < 870 ml/hour

Heat

approximately 1650 watts of waste heat are generated by the fuel cell system

Inputs

Maximum H, fuel consumption at Rated Power

<18.5 SLPM

Maximum air consumption at rated power.

approximately 90 slpm

Hydrogen Inlet

Pressure PH» 70to 1720 kPa(g)
Fuel inlet supply temperature 5t080°C
Maximum H, fuel flow rate at maximum <20.0 slpm
power during anode purging

Pressure Relief Valve Setting 2400 kPa(g)

Connection

45° flared tube fitting (male) for 1/4” OD tubing

Process Air Inlet

Pressure

Approximately Atmospheric

Maximum air consumption at rated power.

approximately 90 slpm

Process Air Outlet

Composition

Oxygen-depleted air

Maximum alowable flow restriction on outlet
connection, measured as pressure drop to ambient

3.44 kPa (0.5 psi) at 100 SLPM, 55°C

Temperature

< 55 °C; depends on the FC stack operating
temperature

Flow

<90 slpm

Entrained Product Water

870 mL/hour maximum at rated power

Air Outlet Connection

Outer diameter of oxidant air outlet tube is 16 mm OD

Cooling Air Inlet

Composition Ambient air
Pressure Atmospheric
Flow 3600 slpm maximum

Cooling Air Outlet

Composition

Ambient air

Coolant Outlet Restriction

Maximum Allowable Pressure Drop or Back-pressure
0.35 kPa (1.4 inches of water) at maximum cooling air
flow rate.

Cooling air outlet temperature

~ 17 Ceabove ambient at rated load and operating
temperature

Flow Rate

Maximum required cooling air flow rate 3600 slpm
(140 scfm)
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9.3 Basic Installation of a Nexa™ Power Modulein theLab

BALLARD

RS 436232 ocrial communication

3V starvstop signal

=~ wallwade ale

cortrol line 123V 200 mA

coolant alr out

ocontrel Inc 136V 600 mA

hydrogen lank 0.7-17 barg

lomd plun

Figure 9.1 Basic installation of aNexa™ power modulein the lab
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9.4 TheMain Screen of the Nexa Software L ab
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Figure 9.2 The main screen of the Nexa software
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9.5 TheNexaTM Module I nterfaces

c) Process
Air Inlet

a) Hydrogen
b) Hydrogen Inlet
Pressure Relief
Vent Port -

Cell Voltage
Monitor

f) Cooling
Air Qutlet

&) Cooling
Air Inlet

Figure 9.3 The Nexa™
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9.6 Specificationsof the WP18-12 L ead Acid Battery

&
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L Ml LT

RECHARGEABLE
SEALED LEAD ACID BATTERY

Revision 3.3
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Discnargs Tima

WP18-12IE

pecifications

Mominal Voltage [V) 12y
Mominal Capacity
2Chourrate (0848  Io 10.50W ) 1BAh
10hourrate | 1.8A to 10.50W ) 1T7.1Ah
Shour rate ( 3.084 o 10.20W ) 15:34hK
1C | 18A to  BAOV | 12840
3G [ 344 to BLEDV | 2.18AR
Weight 6.233kg{13.62Lbs.)
Internal Resistance {at 1HKHz) 10mi?
Maximum Discharge Current for
30 seconds 3304
Maximum Discharge Current for
5 seconds : T20A
Ciperating Temperature Range
Charge DC{32°F} to 400 (1047F)
Discharge “I5C8°F) to SO [122T)
Siorage “150467F) to 400 (14F)

Charge Retention (shelf Iife} at 20°C (83'F)

1 manth g2
3 month By
g manth BD

Charging Methods at Z5°C{7TF)
Cycle use:
Charging Woltage 4.4 o 15.0V
Maximum Chargeng Current © 544
Standby use :

Float Charging Violtage 15.50 1o 13.80W

Life expectancy -

Cycle Use @

100% depth of discharge 225 cycles
80% depth of discharge 250 cycles
50% depth of discharge 750 cycles

Standby Use © A~Gyears

Case Material ABS

{Cption ¢ 94-HB & 84V-0 fiame relardant case|

=

Terminal Fa

Bl BR SR 54 S Kung Long Batteries Industrial Co., Lid,

RETEUT=EGE N0, &5 TIU-L] 3 ROAD KANTOU CITY TAIWAN TEL: +BBS-40-2254777 =B FAX: «B86-40-2253607
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Table 9-1 Specifications of the WP18-12 |ead acid battery

Chemistry Lead Acid

Voltage 12

Capecity 18000 mAh/ 18.00 Ah
Rating 216 Whr

Cdll 6 cells

Connector NB

Length 7.13inch/18.11cm
Width 3.03inch/7.70 cm
Height 6.57 inch / 16.69 cm
Color Gray

Weight 1261b/5.72Kg
Warranty 1Year

UPC Code 880487207785

9.7 Thedynamic model of the Piper Cub J3 aircraft

The dynamic model of the aircraft includes the Aerodynamic Forces and Moments, Electrical

Engine Model, Total Forces and Moments, Equations of Motion Block and Mass and Inertia.

AeroControk
W AzroContrals
. b B . Cosf P Coef
controls EngContrak | ArDensity -
P
+|vels aldyn b o Forces — Foress
. | Rates Euly-—--—b
.‘H A b Euler
. ! aﬁ G- P W indVel _ =D5 N —
Wi ! ;. o P WiindRstes VelW
transfom] fo Aerodynamic Forces Rates + h-@
body axes and Moments »| Frophloments e
L} —¥c D)
Vel PropFarces 7y Moments = Moments NED_pos —— "ﬁ‘.Jl
NED_pos
t————P AiDensity  Frophoments
PG
P tote | NED_vell———»(2)
Total Forcesand moments NED_vel
CPp—
L)
Hhss s ) Ab
Inertia 'P
|5AAtmosphers Model e ocu —'.‘_._p
TK) e
a(m/s) ’—| a ug
ﬁ b im) | o€
P Pe) o= '\|
DA
h ZNED
o (lgim’)

Figure 9.4 Piper J-3 Cub 40 simulation model - aircraft dynamics
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9.8 High Leve of theHybrid System Simulation M odel
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9.9 DC Engine Test

Table 9-2 DC Engine Test

Throttle command (%) Amps Voltage RPM
34.48276 0.42 27 1581.011
37.93103 0.75 27 1647.728
41.37931 1.2 27 1738.704
44.82759 1.69 27 1837.767
48.27586 2.23 27 1946.939
51.72414 2.85 27 2072.285
55.17241 3.6 27 2223.912
58.62069 4.6 27 2426.082
62.06897 5.9 27 2688.903
65.51724 7.3 27 2971.941
68.96552 9.1 27 3335.847
70.68966 10.1 27 3538.017
72.41379 10.9 27 3699.753
74.13793 12.3 27 3982.791
75.86207 13.5 27 4225.395
77.58621 143 27 4387.131
79.31034 15.6 27 4649.952
81.03448 17.1 27 4953.207
82.75862 18.8 27 5296.896
84.48276 20.5 27 5640.585

86.2069 22 27 5943.84
87.93103 24 27 6348.18
89.65517 25.3 27 6611.001
91.37931 27.7 27 7096.209
93.10345 29.3 27 7419.681
94.82759 31.5 27 7864.455
96.55172 33.9 27 8349.663
98.27586 36.5 27 8875.305

100 38.6 27 9299.862
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9.10 Specifications of the XM 5050CA— 8 Brushless M otor

DualSky X-MOTOR XM5050CA-8 1250W X-Motor Brushless Motor - 575KV is designed
specifically for airplanes requiring.

Motor Name Weight Efficiency  Power Amperage Motor Constant

XM5050CA-8
(brushless)

2859 84% 1250 W 60A for 15s 575 rpm/V

9.11 Electronic Load Specifications

An electronic load type EL-1500 manufactured by Zentro Elektrik is recommended to be

used for generating characteristic curves for the fuel cell systems.

Table 9-3 Electronic Load Specifications

Power L oad L oad L oad Weight Model
(W) voltage current resistance (Kg) number
(V) (A) (W)
1500 1-75 1-100 0.02-10k 12 ELA1500/75/100D

9.12 DAQ Card’s Specifications

The data acquisition system (DAQ) manufactured by Nationa Instruments, high speed PCI-
6259 with M-Series multifunction board.

Table 9-4 DAQ card' s specifications

Family Bus Analog Al Analog AO M ax AO Digital  Correlated
Inputs Resolution Outputs Resolution  Update Range 1/0 (clocked)
(bits) Rate V) DIO
(MS/s)
NI PCI 32 16 4 16 2.8 +10 48 32,upto
6259 +5 10 MHz
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9.13 Electrical Current Sensor Specifications

Sensors specification and electrical characteristics
Table 9-5 Electrical Current Sensor Specifications

Supply voltage, Vs +4.5t0 +10VDC
Supply current 10 mA max
Output current 2 mA max
Offset voltage, Vo (sensed | = 0A) Vs/2+2%

Output voltage, Vois proportiona to Vs

Temperature error Null or gain 0.3%/ °C
Response time 3 Sec
Linearity (Full scale) 1%
Accuracy (Full scale) +2%
A.C. Hysteresis error 0.5%
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9.14 DC/DC Converters Modelling and Simulation

This section will give an overview of the DC/DC converter developed by S. Aldhaher [37] to
be used in this work. The converter was used to connect the batteries to the system. An
introduction and a brief description of power converters based on switched-mode operation
were reviewed and presented here. Mathematical analysis was performed on a simple
converter topology to derive the equations that govern the operation of converters.

9.14.1 Principle of Operation

Switched Mode Converters convert one DC voltage level to up or down level by storing
energy from the input power source in a temporary storage for instance capacitors or
inductors, afterward discharging the stored energy at different level to the output load. Power
MOSFETS and power transistors switches are used to achieve the storing and discharging of
the energy. The output voltage level is controlled by the duty cycle (switching time) and
frequency of the switches. Higher switching frequencies supply steady and low ripple output.
It is mostly limited to the highest switching frequency of the switches and components used

[38]. Figure 9.5 shows an example of aswitching signal.

The duty cycle D isequd to:

b Ton__ _Tm
Ton + Togr  Ts {9.1}
Vi)
A
Vg
>
Ton 7'“/7, 7-0ff

Figure 9.5 Switching Signal

Where T, is the time at which the signal is zero or low, T, is the time at which the signal

ishigh and T is the time of the switching signal.
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9.14.2 Buck Converters

The basic circuit configuration used in Step-down or Chopper or Buck converter is shown in
Figure 9.6. The output voltage of the converter is continuously lower than the input voltage

and can never go above it. The circuit consists of the flowing:

- Aninductor (L) which is operates as the energy storage element in which energy is
stored in the shape of a magnetic field.

- A MOSFET transistor (S) which controls the charging of energy in the inductor.

- A diode (D;) that controls the energy discharging of the inductor.

- A capacitor (C) that smooth’s the output voltage, decreases the voltage ripples and
allows the voltage at the load to be regular.

- A loadthat isrepresented as aresistor (Ry)).

- Theinput voltage source (V;).

A switching signal or a square-wave is applied to the gate termina of the MOSFET switch
that controls the (On) and (Of f) states of the switch. The output voltage is relative to the
duty cycle of the switching signal [39].

L

s lL)

Vgs

+ +

Vi Ap o= RL§ Vo

/1

Figure 9.6 Circuit representing a step-down converter

There are two operating modes:

- Continuous Current Mode (CCM): in this mode the inductor current and the energy
stored never reaches zero during the whole switching cycle.

- Discontinuous Current Mode (DCM): here in this mode, the current and energy stored
will go down to zero at some time in the switching cycle resulting in high current

ripple values.

The inductance of the inductor, the values of the switching signal frequency and the value of

the load decide the operating mode of the converter.
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It is preferred to get the output voltage equation as function of the duty cycle of the switching
signal. To simplify the calculation, the circuit below shows the same converter but with the
MOSFET and diode substituted by ideal switches. The value of the capacitance is considered
big enough to keep the output voltage constant. The analysis of the circuit is based on
transient analysis where the current and voltage relation will be derived in one switching

cycle as shown in Figure 9.5.

L
Is I;_m
+ VL -
+ ¢ - +
vV, T Vd; C 1~ RL§ Vo
o 4 .

Figure 9.7 Step-down converter circuit substituted with ideal switches
e Fromt=0tot=T,,
In this period the switching signal will cause the switch that represents the MOSFET to be in
the On position connecting the circuit to the input voltage as well as alowing it to charge the
inductor and store energy in the form of a magnetic field. The current will flow from the

voltage source through the inductor to the load and back to the source. The diode must be in

the Of f position asit is reverse biased.
The voltage across the inductor in this period is equal to [40] .

al,(t)

Vi=Vi—Vo=1L— {9.2}
The current through the inductor based on the above equation is equal to:
1 Ton 1 Ton
1,(T,,) = ZJ v,.dt + 1,(0) = ZJ (V, = Vy).dt +1, (0)
0 0
V,—=V).T {9.3}
— ( L O) OTL_I_IL(O)

L

Where I, (0) is current through the inductor at the start of the switching cycle.

The entire increase in energy stored in the inductor during thistimeis set to be equal:
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1 1
AE,, = E-L- (AL)? = E-L- [I(TOn)Z - IL(O)Z] {9.4}

e Fromt=T,, to t =T;:

Throughout this time the switching signal is small causing the MOSFET to be in the Of f
position, separating the circuit from the input voltage source. This will cause the magnetic
field stored in the inductor from the previous period to discharge its energy to the load. The
diodeisforward biased and is represented now as closed switch.

The voltage across the inductor is:

dl,(t)
Vi=-W=L—0p¢ {9.5}

Based on the above equation the current through the inductor is equal to:

1% 1%
W)= [ Vider L) = [ Vode 41, ()
Ton Ton
V,.(Ts — Ton) Vo.(Tors) {96}
= = 2 r +1,(T,,) = %Off‘l’IL(Ton)
Replacing egn. {9.3}into egn. { 9.6}
~Vo- (Torr) | (Vi =Vo).Ton
I(Ty) = i + 7 +1,(0) {9.7}
The reduce in energy stored in the inductor is given by:
1 2 1 2 2
AEofr = E-L- (ALL)* = E-IL-[I(TOn) — 1,(T)“] {9.8}

Assume that the converter is operating in steady state condition; the increase in energy in the
first time on the switching cycle is equal to the decrease in energy discharged from the
inductor [38].

AEy, = AE
on off {9.9}
Replacing egn. {9.4} and {9.8} into the above egn. resultsin
1 2 2 1 2 2
E-L- [ (Ton)* — 1(0)°] = E-L- L (Ton)* — 1.(T5)“] {9.10}

To simplify the above equation. It can now be written as given in {9.11}
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IL(TS) =1,(0) {9.11)

The current at the beginning of the switching cycle is equal to the current at the end of the
switching cycle.

Replacing egn. {9.7} into the above egn.

_Vo-(TOff)_I_ Vi =V5).Ton

I L +1,(0) = 1,(0) {9.12}
The above equation can be smplified to
(Vi - Vo)-Ton = V;)-TOff {9-13}
That reduced to
E — TOn — TOn =D
Vi Ton+Togr  Ts {9.14}

Lastly, the output voltage equation for step-down converter is equal to

o= DV {9.15)

Based on the egn. {9.15} the maximum output voltage of the converter is equal to the input
voltage V; where D = 1, and the minimum output is equal to zero voltagewhen D = 0. The
above equation shows that the output voltage is only proportional to the duty cycle in spite of
the load, although the output will dlightly depend on the value of the load as well as other
parameters for example the capacitor, the internal resistances of the inductor and the switch,
in addition to the voltage drop across MOSFET, the diode and the frequency of the switching
signal.

9.14.3 Boost Converters

Another basic circuit configuration used is the Step-up or Chopper or Boost converter shown
in Figure 9.8. The output voltage of the converter is continualy larger than the input voltage

source.
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Figure 9.8 Step-up converter

Basically the circuit is very similar to the step-down converter, it consists of the same
components, a MOSFET switch, an inductor for energy storage and a diode to control the

charging and discharging of the inductor.

It is preferred to get the output voltage equation as function of the duty cycle of the switching
frequency. Once more, it is assumed that the converter is operating in CCM. Figure 9.9 shows
the same configuration but with the MOSFET and diode substituted by ideal switches. The
value of the capacitance is considered big enough to keep the value of the output voltage
constant. Similar to the step-down converter, the analysis of this circuit is based on transient

analysis, where the current and voltage relation will be derived in one switching cycle.
e Fromt=0tot=T,,

In this period the switching signa is high and will cause the MOSFET to be in the On
position, thus the voltage source will charge and store energy in the inductor. The current will
flow from the voltage source to the inductor and then through the switch and back to the
source; here is no current will flow to the load from the source as the On position of the
MOSFET will form a short circuit path for the current. The voltage across the inductor is

equal to:

al;(t)

L {9.16}

V.=V, =L
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Figure 9.9 Boost converter circuit replaced with ideal switches

Based on the above equation, the current through the inductor is equal to:

1 (Ton 1 (Ton Vi.Top
1,(T,) =Zj v, .dt + 1,(0) =Z] Vi.dt +1, (0) = L) {917}
0 0
In this time, the total increase in energy stored in the inductor is:
1 2 1 2 2
AE,, = E-L- (A" = E'L' [1L(Ton)* — 1,(0)] {9.18}

e Fromt=T,,tot=T;:

the switching signal cause the MOSFET to be in the Off position and the inductor will release
the energy to the load through the diode. The voltage across the inductor is:

dl, (t
V,=V,—-V, =L A0 {9.19}
dt
The current at the end of the cycle is equa to:
1 (% 1 (%
IL(TS) = Zf V,.dt + IL(Ton) = Z Vi = V). dt +1, (Ton)
TOTL TOTL {9.20}
Vi—V,). (T, — T V. —=V,). (T
— ( i o) 2 N ON) +IL(Ton) — ( i oz ( Off) +IL(Ton)

Replacing egn. {9.17} into egn. {9.20}
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Vi = V). (Toss) N Vi Ton

I(Ty) = ) T+ 1,.(0) {9.21}
And the reduction in energy stored in the inductor is:
1 , 1 , ,
AEopy = 5-L.(AL)* = = L. [IL(Ton)* = IL(T9)°] {9.22}

Assume that the converter is operating in steady state condition; the increase in energy in the
first time of the switching cycle is equal to the decrease in energy released from the inductor.
Based on egn. {9.11}, both the inductor current at the beginning and at the end of the

switching cycleis equal.

1,(Ty) = 1,(0) {9.23}

Replacing egn. {9.21} into the above egn.

Vi = Vo). (Togr) N Vi. Ty

- T =+ 1,(0) = 1,(0) {9.24}

Simplifying the above egn. resultsin:

Again this reduces to:
V, TonsT, T. 1
o OO TS {9.26}
Vi Toff To;g 1—-D

Lastly, the output voltage equation for a step-up converter is.

From the above equation the output voltage ranges from V; when D = 0, to infinity when

D = 1. But the maximum output voltage that can be achieved from the converter is limited to
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the highest power evaluations of the MOSFET and diode used, with the internal resistances of

the switch, the capacitor and the inductor.

9.14.4 Bidirectional Converters

The aim of using aDC/DC bi-directional converter in this project is to be able to control both
charging and discharging of the 36 Vbattery pack. The step-down and step-up converters are
unidirectional converters, they only alow power to flow in one direction through the
converter. In order to get a bidirectional converter, the previous circuits of the step-down and
step-up converters are merged into one circuit as shown in [37,41]. Based on step-down and
step-up converters circuits shown in Figure 9.6 and Figure 9.8, it can be seen that the two
circuits are extremely similar. The diode in the step-down converter is replaced by MOSFET
in the step-up converter and, the MOSFET switch in the step-down converter is replaced by a
diode in the step-up converter.

After combing the two circuits of both the step-down and the step-up converters, the
bidirectional converter is formed as shown in Figure 9.10 consisting of two diodes, two

MOSFET switches and a single inductor.

The circuit so obtained has two terminas; low voltage V; terminal and high voltage Vy
terminal. If the converter is to be operated as a step-down converter, then the high voltage
termina must be connected to a voltage source and the low voltage termina must be
connected to the load while applying the PWM switching signal to the MOSFET S,. If itisto
be operated otherwise, then the high voltage terminal must be connected to a voltage source
and the low voltage terminal must be connected to the load while applying the PWM
switching signal to the MOSFET S;.

L P

|"'| Di1
o O

s, (LY.
+ Vgs+ +
VL A< . AD, C~ Vi
Vgs _
o | o)

Figure 9.10 Bidirectional DC/DC converter
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9.14.5 DC/DC Bidirectional Capability

The power converter must be able to operate either a step-up or a step-down converter. For
step-up converter, the converter must be able to convert the input voltage into a higher output
voltage; for instance if there is alow power required then the converter can operate as a step
up converter allowing batteries to be charged. For step-down converter, the converter must be
able to convert the input voltage into a lower output voltage. For instance if more power is
demanded, then the converter will operate as step down converter to allow the batteries to
deliver more power to the load. In addition the bidirectional converter must have a constant

output voltage with minimum overshoots and ripple.

9.14.6 Power Regulation

The power regulation must have the ability to set the amount of current from or to any source
that is connected to it. Also it alows several sources to share a load with the capability of
controlling the amount of power each source will contribute to the load. For instance the
converter can control how much charging current that can flow into the batteries and to
control aso the amount of current that a battery can provide to a load connected. These

setting are determined by the controller.

In this project the requirement is to distribute an electronic load between a PEM FC system
and 36 V batteries, the current delivered by each source can be controlled and changed while
the load is active. The methods used for the current to share a load between severa
converters require a controller to regulate the output voltage of each converter to obtain the
desired current level to be contributed to the load as explained in [37]. Figure 9.11 shows a
similar circuit to the DC-DC converter that act as an independent power regulator module; it
is based on PWM and the sharing ratio between the batteries and fuel cell is set and controlled
by changing the duty cycle of the PWM signal.

ML
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Figure 9.11 Power regulator

The above configuration circuit allows each source to supply power to the load for an exact
period of time decided by the switching times of the two MOSFET switches S; and S,, the
capacitors and inductors are used asfilters to allow steady current to flow from both sources.
For instance if the batteries is required to supply 30% of the power and the fuel cell is
required to provide 70% of the power then a PWM signal with a 30%, 70% duty cycle must
be applied to the switch S, and S, respectively and must be opposite to each; if the PWM
signal to S, islow then the PWM signal applied to S; must be high and vice versaas givenin
Figure 9.12. The two diodes are used to protect and to stop current flow from one power

source to the other.

DT

Figure 9.12 Switching signals

To begin with, the analysis of this circuit is based on transient analysis where the relations
between the power and current delivered from both sources as a function of the duty cycle
will be obtained. Also, assuming that the inductors and the capacitors are to be very large.
Figure 9.13 shows the same circuit but with the inductors and capacitors removed and also
with the replacement of the MOSFET switches with ideal switches.

11 i2

B

S 2

“Q > QO

Figure 9.13 Power regulator circuit replaced with ideal switches

Beginning with the first power source V; the instantaneous current i; can be calculated as

flowing:
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— 5;0<t<sD.T
i1=

0 ; D.T <t <T

The average current is equal to:

j —1fT' dt—lfD'TV1 cl1:+1fT0dt—D'V1
Mavg =% | M-S =T ) RYTTL TR,

And the average power delivered from V; is equad to:

] D.Vl2
Plavg = Vlavg- ligvg = R
L

For the second power source V, the instantaneous current i, is calculated as follows:

0 ;0<t<D.T

V2

— ;DT <t<T
R,

The average current is equal to:

j —1fT' dt—lfD.TOdt+1fT V2 gr= LDV
lZavg—t Olz. —TO . TD.TRL. = RL

And the average power delivered from V, isequal to:

] (1-D). sz
P2avg = VZavg-lZavg = R—L

The full power supplied to the load is:

D.Vlz + (1 - D).sz

P, = Pigyg + Pagyg =
L lavg 2avg RL RL

If V; = V, =V, then egn. reducesto
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VZ
Oy {9.35)

Also the average voltage across the load and the voltage V are equal; otherwise the voltage

will vary between V,and V, .

9.14.7 DC/DC Converter Controller

The controller must be able to set the required voltage to be achieved from the converter at
both terminals. Normally, alower voltage is set at one terminal and a high voltageis set at the
second terminal. These voltages must be kept constant with minimum fluctuations over the
full power variety of the bidirectional converter irrespective of any transients and changes

that might occur in the sources.

As discussed in section 9.14.2 from both equations {9.15} and {9.27} for step-down and
step-up converter, respectively it can be noticed that the output voltage of the converter is
controlled by the duty cycle of the switching frequency; the output voltage will follow the
duty cycle in either ways i.e. decrease or increase with respect to the input voltage of the
source. For the converter, in order to set the required output voltage and to keep it constant
against any rapid changes, load transients and any variations in the input voltage of the

source, a controller is necessary.

Based on [38] there are two common ways of controlling systems for switched mode power
supplies; current mode control CMC and voltage mode control VMC. In CMC the output
current and voltage are sampled and compared to a reference signa and error produced is
used to control the duty cycle, while in VMC the output voltage from the converter is sampled
and compared to a reference signal where an error signa is produced and is used to control
the duty cycle of the switching signal that is applied to the MOSFET switches. In this project
VMC will be used for the controller.

Figure 9.14 illustrates the components of a commonly used VCM controller, the converter
output voltage V,,,. is measured and compared to the reference voltage V,..r and an error
signal e is generated. The error signa is amplified and stated as well as is applied to a
comparator. Then the error signa is compared by the comparator with a saw tooth signd
from a signal generator to generate the PWM signal that will drive the output voltage of the

converter to the required value. Figure 9.15 shows the PWM signal obtained.
178



Vre ‘

? ¥ e

A 4
\ 4

Controller + PWM %
out

DC/DC converter
Saturation -
‘ Comparator

Sawtooth Gen.

Figure 9.14 VMC controller
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Figure 9.15 PWM signal

Finally, the proposed DC/DC converter was modelled in Matlab/Simulink by using the
SimPowerSystems library. After getting initial simulations from each circuit and obtaining
satisfactory results, they were integrated together according to the planned system. The
output voltage of the fuel cell was regulated by using DC/DC step down converter, which
gives a constant output voltage of 27V. A simple PID controller was used to control the

output voltage.

179



9.14.8 The Equations of Motion

’The equations of motion of an aeroplane are the foundation on which the whole framework
of flight dynamics is built and provide the essential key to a proper understanding of flying
and handling qualities’[35]. At their smplest, the EoM can describe small perturbation
motion about trim only. While at their most complex they can be totaly descriptive
embodying aeroelastic effects, dynamic stability, atmospheric disturbances, control system
dynamic and static stability simultaneously for a given aeroplane configuration. The EoM
allow the rather intangible description of flying and handling qualities to be related to control
parameters and quantifiable stability, which in turn might be related identifiable aerodynamic

characteristics of the airframe.

For initial studies the theory of small perturbation is applied to equations to enhance their
functional visibility and to see their analytical solation. Y et, for more advanced applications,
the fully descriptive non-linear form of the equations may be retained. In this case the
equations are very hard to solve anaytically and recourse would be made to computer

simulation techniques to effect a numerical solution [35].

The fully coupled linearised small equations of motion for an aircraft, referred to wind axes,
in which all assumed non-negligible derivatives are retained and which include the height
perturbation variable h may be written as, [35]. The perturbation variables shown in Figure
9.16 and summarised in Table 9-6.
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Table 9-6 Summary of motion variables

Trimmed equilibrium Perturbed
Aircraft axis (0)4 oy 0z (0 oy 0z
Force 0 0 0 X Y Z
Moment 0 0 0 L M N
Linear velocity U, v, w, U Vv W
Angular velocity 0 0 0 p q r
Attitude 0 0, 0 ¢ 0 Y
Roll
X U Gt
—
X
Pitcl i
itch - Lp, ¢
.V,V,v ; Q\"aw
v M. g, 8 $
N Z W Wow
Figure 9.16 motion variables notation

Mx(t) = A’x(t) + B'u (t) {9.36}
Where, the state vector is given by,

X')=[uwqbhvpr ¢yl {9.37}
and, the vector is given by,

u'@®=[nté] {9.38}

Clearly, since the longitudinal-lateral-directional coupling derivatives are all assumed to be
negligibly small, the longitudinal and lateral-directional group of equations of motion my be
separated and treated quite independently. Note that this assumption and treatment of the
equations may only be applied safely when the perturbation motion referred to is genuinely
small.

The matrices in the state equation {9.36} are defined below. The mass matrix is denoted M,
the state is denoted A’ and the input matrix is denoted B'.
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X, X Y. Y,
] Z, Z, . L L,
1= ° ° an 5 = ° °
M, M, N, N,
0 0 0 0
|0 0| |0 0|

In the above equation the engine thrust perturbation denoted t and it is assumed that the
resultant vector lies in the aircraft plane of symmetry such that the lateral-directiona thrust

derivativesare zeroi.e.,

Y =L =N_=0 {9.39)

The use of thrust perturbation variable t rather than throttle lever angle perturbation variable
e in the above formulation of equations of motion facilitates the introduction of the engine
dynamics as shown in thrust and engine dynamics paragraph below. However, it does mean

that the derivatives must be appropriately defined in this instance.

e Theheight equation

The height equation is readily obtained by transforming the velocity components referred to
aircraft axes through the Euler angles into earth axes. If the velocity components in aircraft
axes ae U,Vand W and the corsponding velocity components in earth axes are
Ug, Vg and Wy then, resolving through the Euler angles, 8 and ¢ it may be establish that,

cosysinfsing cosiysinf cos ¢

[UE] siny cos 6 —siny cos ¢ +siny cos ¢ U
| |
= i i i ' i 9.40
[ Vg | sin cos 6 sinysinfsing cosy sin Hlsm olly| {940}
l J + cos cos ¢p —cosy sing
Wg w
—sin 6 cos 8 sin ¢ cos 0 cos ¢

Now initially the aircraft is assumed to be in trimmed flight such that the aircraft such the
flight axes and earth are coincident and in these circumstances the steady Euler angles are all
zero. In perturbed flight ¥, 6 and ¢ represent the aircraft attitude perturbations and the
aircraft velocity components may be written,
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wW=W,+w
Thus, using the small angle approximation the equation {9.40} may be written,
[Ue] [l 0¢—-Y 606—Yqu
[ ]

|ve l=|y 1+yog 1,09—(]5“]/] {9.41}

Wx -0 ) 1 1tw

The small perturbation height equation follows directly since,

h= —Wg=0U,—w {9.42}
when products and squares of small quantities are ignored.

e Thrust and engine dynamics

The engine thrust perturbation t has axial components t,, T, and 1, , and if the perpendicular

from the engine thrust line to the origin of the aircraft axes has components (x,, y. and z,)
then,

X =1, L 7=V, - 277,
y 1 9.43
Y. =1, M, 7 =XT,—XT, {9.43}
Zr =7, N‘r T= ZeTy A

Since Ty, T, and T, are all functions of T and the engine thrust line geometry, the derivatives

all functions of engine installation geometry only.

For the purposes of stability and control analysis is common practice to approximate the
dynamics of aturbojet to asimple first order lag with time constant T, which is usually of the
order of a few seconds. The engine control transfer function, expressed in terms of small
perturbation variables, may by written,

184



T(s) k.

9.44
e(s) (1+sT,) { }

where ¢ represents throttle lever angle. The corresponding equation of motion assuming zero

initial conditions may be written,

T t(t) = kee(t) —7(0) {9.45}

e Decoupled longitudinal motion

The upper left hand sub-matrix of the left side of equation {9.36} aways has an inverse thus,
separating the longitudinal equation from the matrix equation {9.36} and including the
engine dynamics equation {9.45} leadsto,

Mx(t) = A'x(t) + B'u (t) {9.46)

where,

x()T=[uwq6 h 1]

{9.47}
u(®)’ =[n €]

The matrices are defined as follows

‘m 0 0O 00 0
0 (m—iwj -z, 000
M- |0 -M, (ly-lqu 00 0
0o 0 0 10 0
0 0 0 01 0
0 o 0O 00 T|
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X, X, X, -mg 0 X, X, 0
z, Z, (Zq+rnuej 0 0 Zz in 0
A= M, M, M, o oM | B=[M 0
0 0 1 0 0 O 0 0
0o -1 0 U, 0 0 0 0
0 0 0 0 0 -1] | 0 Kk

In the above matrices the first three rows represent aircraft dynamics, the next two rows

represent aircraft geometry and the last row represents the engine dynamics.

e Theclassical longitudinal models

Since the engine dynamics do not influence the small perturbation stability of the aircraft and
observing that height does not influence any other state variable, then equations {9.46} may
be simplified by deleting the appropriate rows and columns.

Further, it may be assumed that, in the first instance, the acceleration derivation

i_ Z and M ~arenegligibly small, and hence may also be omitted from equations { 9.46} .
w q q

The simplified longitudinal equations may thus be written,

m 0 O o[u]
0 m 0 Oftwj_
0 -M, I, O[qJ_
lo 0 0 1f[l6
- {9.48}
Xe X, 0 —Mary] X, X,
z, Z, |Z,+mu 0 S |7
oz, (Zemu) o lw], |2 ZH
M, M M, o || M, M, |tz
u w 0
0 0 1 0 0 0

The equation of motion may be obtained in the standard state variable format by multiplying
equation {9.48} by the inverse of the mass matrix M. the equations of motion are then

expressed in terms of normalized, or concise, dimensiona derivatives as follows,
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[a]l [x x, o -gllul [x, x|
WI_|2Z Z, (Zq+Ue) 0 W+ z, z 1
q m, m, m, 0 |lqg m, m ||, {9.49}
0 0O O 1 (O | ) 0O O
where, the concise derivative are given by,

_xu _é _ZOuMW_i_Mu
YT AT M= m, I,
X _Z 2 M,
" m ZW_m M= mi, l,

z Z.M, M
xq:O zq:_q m, = g W+M Ue g

m ml, Iy Iy
X:ﬁ Z:ﬁ rnu:Zr]MW_i_ﬂ
m 7T m ml, l,
Xz _Zm, M,
X m ° m M ml, l,

Note that the derivative M , is usually small enough to be regarded as a correction term in the

above expressions for the concise derivatives.

e Decoupled lateral-directional motion

The lower right hand sub-matrix of the left hand side of equation {9.36} aways has an
inverse thus, separation the latera-directional equations out from the matrix equation {9.36}
leads to,

Mx(t) = A’x(t) + B'u (t) {9.50}

where,

x()'=vpr ¢l
{9.51}
ut)" =1[¢ ¢
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The matrices are defined as follows

M= 0 —(lxz+|\ip) (lz—r\]fj 00

0 0 0 10

0 0 0 01
Yv Yp (Yr - muej mg 0 Yg Y4
I_Qv I:p I_or 0 O L. L

A= o B=|_ B .

N, N, N, 0 0 N, N,
0o 1 0 0 0 0 0
0 0 1 0 0 | 0 0

In the above matrices the first three rows represent aircraft dynamics; the next two rows
represent aircraft geometry.

e Theclassical lateral modes

With reference to equations {9.9} observe that yaw attitude v does not influence any other
state variable then, equations {9.9} may be simplified by deleting the last two rows and
column in the M and A’ matrices. Further, it may be assumed that, in the first instance, the
acceleration derivatives I_Op,Np,LO,. and I\OI,. and inertia product I, are negligibly small, and

hence may also be omitted from equations {9.9}. As for longitudinal equations, the
simplified longitudinal equations {9.9} may be pre-multiplied be the inverse of the mass

matrix M to obtain the ssimplified equation of motion in state variable format.

The equations are the expressed in terms of concise dimensional derivatives as follows,

188



[v] [v. v, (v-Uo) gl[v] [y yJE
p [, b [, ollp P
= +
r l n, n, n, Of]r n. n {9.52}
) 0 1 1 0]l ¢ 0 O
where, the concise derivative are given by,

Yov XOP Xr Xif XC
YW=— Yo=— V=7 Ye=—7 Yo=—

m m m m m

L, Lp L L. L,
== I,=—= | == |,=—= | ==

I, I, I, I .

o o o I\] N°

Note that if any of the acceleration derivatives and the inertia product are not negligible then
the definitions of the concise derivatives must be altered to suit. It is also found that the
derivatives y,y: are negligible and these may be omitted from equations of motion in the

interests of smplicity. The lateral-directional state matrix may therefore be written,

I
Alat I Y P
n n n

v p r

[yv y, (v,-U,) g]
| o

0

0o 1 1 oJ
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9.15 Rulebase of the Fuzzy L ogic controller

© 00 N O 0o b~ W N P

W WRNNNDNNDNDNNNDNDIERIERIEPRERPRER R P P PP
P O © 0 N o 00 R WN P O © 0 N o 0 W N B O

IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF

Current demand is 5A
Current demand is 5A
Current demand is 5A
Current demand is 5A
Current demand is 5A
Current demand is10A
Current demand is 10A
Current demand is 10A
Current demand is 10A
Current demand is 10A
Current demand is 15A
Current demand is 15A
Current demand is 15A
Current demand is 15A
Current demand is 15A
Current demand is 20A
Current demand is 20A
Current demand is 20A
Current demand is 20A
Current demand is 20A
Current demand is 25A
Current demand is 25A
Current demand is 25A
Current demand is 25A
Current demand is 25A
Current demand is 30A
Current demand is 30A
Current demand is 30A
Current demand is 30A
Current demand is 30A
Current demand is 35A

AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
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SOCisS1
SOCisS2
SOCisS3
SOCisA
SOCis S5
SOCisS1
SOCisS2
SOCisS3
SOCisA
SOCisSb
SOCisS1
SOCis S2
SOCisS3
SOCisA
SOCisSb
SOCisS1
SOCis S2
SOCisS3
SOCisHA
SOCis S5
SOCisS1
SOCisS2
SOCisS3
SOCisA
SOCis S5
SOCisS1
SOCisS2
SOCisS3
SOCisA
SOCis S5
SOCisS1

THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN

Output isHBC
Output isHBC
Output isHBC
OutputisMBC
Output isLBC
Output isHBC
Output isHBC
OutputisMBC
OutputisMBC
Output isLBC
Output isLBC
Output isLBC
Output isZB
Output isZB
Output isLBC
Output isZB
Output isLBD
Output isMBD
Output isMBD1
Output isMBD1
Output isZB
Output isLBD
Output isMBD
Output isMBD2
Output isMBD2
Output isLBD
Output isMBD
Output isMBD1
Output isHBD2
Output isHBD
Output isMBD



32
33

35
36
37
38
39
40

IF
IF
IF
IF
IF
IF
IF
IF
IF

Current demand is 35A
Current demand is 35A
Current demand is 35A
Current demand is 35A
Current demand is 40A
Current demand is 40A
Current demand is 40A
Current demand is 40A
Current demand is 40A

AND
AND
AND
AND
AND
AND
AND
AND
AND
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SOCisS2
SOCisS3
SOCis4
SOCisS5
SOCisS1
SOCisS2
SOCisS3
SOCis4
SOCisS5

THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN

Output isHBD1
Output isHBD2
Output isHBD
Output isHBD
Output isHBD1
Output isHBD2
Output isHBD
Output isHBD
Output isHBD



