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Abstract

The term Hybrid Vehicle as defined by the Unitedtiblas is a vehicle with 2
different energy converters and 2 different enestgyage systems for the purpose of
propulsion. The Hybridization of renewable energyrses to create cleaner and more
efficient solutions for vehicular transport hasdda the design of various modular
technologies in which the traditional Internal Camtion Engine (ICE) driven by
petrol is combined with the an alternative energyree in the drive train. Hybrid
designs exist, such as the Serial, Parallel, Coedbithrough the road, Two Mode,
Micro and Mild, Full and Plug in Hybrids.

In this thesis, a prototype of the serial hybriglcélic drive was designed to investigate
the capability of combining a Hydrogen fuel celtdnthium lon Battery Power Pack
to power a DC Motor using an embedded MSP430 Muawatroller to digitally
control the Battery charging program. Basicallye #ystem is a standalone battery
charger combined with a DC motor, in which the DGton is driven only by the Li-
lon Battery Pack while it is charged by the Hydmodeiel Cell. This hybrid electric
drive system was designed at the Greenspace Rbddgdrogen Labs using the

Heliocentris FC-50 PEM Fuel Cell to provide poweicharge the Li-lon Battery.

A complete analysis of the loading effect of th€ Dhotor on the battery pack was
done as observations were made on the charge sclthdje states. An investigation
into the variation of the DC motor speeds over eopeof time (also known as a
Drive Cycle) was executed. These Drive cycles ve¢se generated to understand the
impact of starts and stops as well as the impatiteotharging program on the battery
over a period of time, as a steady energy sourdessspated as it drives a load. Since
this is a Prototypical Drive System, the basic prtips of the drive train were
measured and analyzed, such as the Mechanical PGwegue, Motor Speeds,
Efficiency and Loading effect on the motor as dityeles were emulated.

The specific objective of this work is thereforevigrify the efficacy of the embedded
MSP430 microcontroller to digitally control the e¢ga program for the Li-lon Battery

pack when the DC motor is mobile and stationary pravide peak power directly



from the Li-lon Battery pack (while it is chargeg the PEM Fuel Cell) as it drives
the motor over a specified time period.

The next 4 sections of this thesis will cover tiberature review of the current hybrid
electric drive systems and more importantly theenirserial drive systems available
and prototypes in the market; this will be followlegdmethods and materials, which is
the storyline of the research endeavour at thedggir labs at Greenspace Research
involving the design, build and test phases ofdifierent modules of this prototype;
followed by Results and Discussion of the data meduby the National Instruments
Labview Signal Express Program and tachometer memsunts of varying speeds
over the different drive cycles as well as the gsialof this data; Finally, conclusions
will be made and recommendations regarding futtmgrovements on this prototype
will be proposed.
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1.0Introduction

The first decade of the 2Tentury saw the crash of crude oil prices asiiafpd from a
peak of 144.95 USD to 38.12 USD (i.e. Brent Crusbe figure 1). All this happening
within a period of 6 months, when there were spaauis of even higher prices and the
ushering in of an era of economical growth for Dreveloping economies in the far East

and abroad.
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Figure 1 Brent Crude Oil Prices per Barrel [1]

In the movie, A Crude Awakening-The Oil Crash [Bhergy Analysts and major players
in the Oil Industry such as Matthew Simmons, Dr.li€&ampbell (author of The

Coming Oil Crisis) and Terry Lynn Karl support ttieeory that, we are moving from an
era of cheap abundant energy to an era of scardetha@et expensive energy, while at
the same time making ourselves dependent on sotreresly unstable regimes in some

nasty parts of the world.

According to Dr. Colin Campbell, the crude oil neses that were formed briefly over

geological time have been used up over 2 centufies.fact that oil reserves today are
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guestionable in terms of meeting the needs of #mahd of developing countries like
China and India leads to an inescapable realigt, Emergy Supply from Crude Oil is no
longer sustainable and we can no longer continuelyosolely on this source of energy.
The last major oil discoveries occurred between7/iB869 in the Alaskan North Slope,
Siberia, Siberia and the North Sea. Since thent mbbghe major crude oil producing

nations have peaked and are producing significaesty than they did 3 decades ago.

Transport forms a huge component of the demandcfode oil and the threat of
unsustainable crude oil supplies has led to theridigation of renewable energy sources
to create cleaner and more efficient solutionsviehmicular transport. Various modular
technologies exist, in which the traditional In@nCombustion Engine (ICE) driven by
petrol is combined with an alternative energy seurcthe drive train. Hybrid designs,
such as the Serial, Parallel, Combined, throughrolael, Two Mode, Micro and Mild,
Full and Plug in Hybrids are currently being deye&d, tested and even commercialised.
In this thesis, a prototype of the serial hybridotlic drive was designed to investigate
the capability of combining a Hydrogen fuel celbddthium lon Battery Power Pack to
power a DC Motor using an embedded MSP430 Micrdrotiar to control the Battery
charging program. Basically, the system is a stam@abattery charger combined with a
DC motor, in which the DC motor is driven only bhetLi-lon Battery Pack while it is
charged by the Hydrogen Fuel Cell. This hybrid gledrive system was designed at the
Greenspace Research-Hydrogen Labs using the Heliccd-C-50 PEM Fuel Cell to

provide power to charge the Li-lon Battery.

A complete analysis of the loading effect of th€ Bhotor on the battery pack was done
as observations were made on the charge and digchtates. An investigation into the
variation of the DC motor speeds over a periodiroet(also known as a Drive Cycle)

was executed. These Drive cycles were also genketatenderstand the impact of starts
and stops as well as the impact of the chargingrpro on the battery over a period of
time, as a steady energy source is dissipated aBivés a load. Since this is a

Prototypical Drive System, the basic propertiestha drive train were measured and
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analyzed, such as the Mechanical Power, Torquepigpeeds, Efficiency and Loading

effect on the motor as drive cycles were emulated.

The specific objectives of this work are thereftoeverify the efficacy of the embedded
MSP430 microcontroller to charge the Li-lon Battpack when the DC motor is mobile
and stationary, and understand the limits of théhiBattery pack as it drives the motor

over a specified time period.

The next 4 sections of this thesis will cover therature review of the current hybrid
electric drive systems and more importantly theenitrserial drive systems available and
prototypes in the market; this will be followed byethods and materials, which is the
storyline of the research endeavour at the hydrolgdss at Greenspace Research
involving the design, build and test phases of diiterent modules of this prototype;
followed by Results and Discussion of the data meduby the National Instruments
Labview Signal Express Program and tachometer measunts of varying speeds over
the different drive cycles as well as the analgéithis data; Finally, conclusions will be
made and recommendations regarding future impromtsmen this prototype will be

proposed.

2.0 Literature Review

2.1 The PEM Fuel Cell

The Polymer Electrolyte Membrane Fuel Cell or PnoExchange Membrane Fuel Cell
has a proton conducting membrane as the electroljies electrolytic membrane is
interposed between two platinum electrodes to entsiter electrochemical reactions at
the electrodes. The electrode backing is Tefloneztband acts as a water proof and
diffusion path for the Platinum catalyst to guaesntaster reaction rates. In Figure 2, the
Anodic reactions release protons which diffuse dbio the polymer electrolytic
membrane to the cathode where they react with Oxygean exothermic reaction to

produce water. The electrons are conducted bydchdeaerating an electric current.
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Figure 2 PEM Fuel Cell [3]

The Electrochemical reactions at both electrodeshown below
Anode:H, = 2H® + 2e~

Cathodez 0, + 2H* + 2e~ = H,0

The PEM Fuel Cell operates with Hydrogen as thenary fuel at relatively low

temperatures giving them quicker start up timesraadicing exposure to thermal stress,
thereby increasing their lifetimes.

However, they are currently designed with Platin@atalysts which make them
expensive and susceptible to catalytic poisonioghf€0,. Therefore, a clean Hydrogen

gas supply must be guaranteed or a reformer madust be coupled with the supply to
ensure that th€0, component is reduced.

Due to above mentioned ability to start up at l@mperatures, PEM fuel cells have
become a staple for transport applications. Thep &lave a much more favourable
Power to Weight Ratio enabling portability and gased range of operation. However,

the drawback lies in the hydrogen storage as Hyirdms a very low energy density and
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a very low volumetric capacity (0.03Kg/L at 700bag well This implies that for a
transport application, Hydrogen storage space Wwidlve a very high priority as
compromises to the system design with respect ighivbave to be made to enable the
vehicle compete over the same distance as thel ge&ited vehicles, due to the huge

storage space required. [4]

2.1.1 Heliocentris Instructor-FC 50

The Heliocentris is a Power Supply Unit that haBEaM Fuel Cell. This power supply
unit was deployed for this project. In figure 3eté are 6 components that make up the
system. Five of which are on the main panel andther is an external Data Acquisition
Unit.

Figure 3 The Heliocentris Instructor [5]

The FC50 is the fuel cell stack, which is fuellgddaseous Hydrogen from the Hydrogen
supply cartridge and Oxygen from the fan intakeL&D displays read out the cell
temperature, output voltage, load current, hydraggeshconsumption rate and fan control.

There are 10 cells in the stack that can produoexdmum power of 50W at 5VDC.
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The EL200 on the main panel is the electronic Idatlas a potentiometer that enables

resistance values to be dialled in to create diffecharacteristic curves.

The VC100 is a DC-DC voltage converter which pregica stable 12V supply voltage
for applications such as Battery charging. It pdeg a stable 12V supply for the TL10
which is a traffic light and part of the experim&nipackage for the Heliocentris

Instructor.

Hydrogen Supply Option 2 is the metal hydride ggeraartridge with quick coupler and
single stage regulator. This provided the hydrogewessary for the experiments at
10bar.

2.2 Lithium lon Batteries

2.2.1 Origins

In the search for a lighter power pack for portablectronic equipment the Nickel
Cadmium battery seemed to be the most suitablé tetil970s when the Lithium-lon
batteries made it to the scene and since thenhiresy competed with the Ni-Cd batteries

and are the most popular solution in the market.

Research for power solutions utilising Lithium mdtahich is the lightest of all metals)
began in 1912 under G.N. Lewis and continued urfi®1, when SONY Corporation
commercialised the first Li-lon Battery [6].

2.2.2 Advantages

It has twice the energy density of the Ni-Cd badterwith each cell having a high

voltage of 3.6V. This allows for single cell bajtatesigns as is available in cell phone
batteries.

16



It does not suffer from the memory effect and hasmmal self discharge compared to its

competitors. It is also low maintenance as it dosneed a periodic discharge.

2.2.3 Disadvantages

It is fragile and charge regimes must be controldinternal protection circuits or

microcontrollers to very accurate voltage ceilinfsmperature must be regulated as well
during charge cycles. It tends to fail after 3 gednut there are certain models that have
survived for 5 years. The metal Lithium is alsoaadrdous substance and transportation

is controlled.

2.2.4 Charging the Li-lon battery

A battery charger was designed for this projecis Bystem which is based roughly on
the Texas Instrument Li-lon Battery Charger Solutimplements the constant voltage

charging process.

The constant voltage charging process is the fastethod utilised today in charging
systems. It utilises a set voltage which is heldstant while the state of charge of the
battery will determine how much current will flowef]. Figure 4, shows the constant
voltage process which was implemented with the MB®IF2132 microcontroller. This

process was executed with the microcontroller sen@i 50% duty cycle Pulse width

modulated signal to the Li-lon battery power paaking the above named process.
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Figure 4 Constant Voltage Charge program for a 3.ifMum lon Battery [8]

It is very important to note that as soon as thebaattains maximum voltage that the
current begins to drop as the electrical energpimes converted to thermal energy. This
is where the charge controllers are useful sudih@solution that was designed for this

project using the MSP430F2132 microcontroller.

It is also important to note that a safe timing moet can be employed, in which the
battery charging process is timed and terminatedmwthe time for a full recharge has

expired.

2.2.5 Varta Li-lon Battery Design

Due to the fact that it is the alkaline metal witle smallest molecular weight and it has a
standard potential equilibrium of -3.045V, it isvary suitable material for negative
electrodes which provide very high energy storagpacity. However, it can only be
combined with organic electrolytes or molten sakisa result of its electro negativity and
the electrodes in a Li-lon battery dissolve duriigcharging and are reformed during the
charge process. This leads to the formation ofiluithdendrites which can short circuit

the electrochemical cell structure [8].
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Figure 5a Basic Principle of the Lithium lon Bater

In Figure 5a, a process known as Intercalation cauring the discharging process
(during which no real chemical combination of thHeemical elements occurs in this
process). The products of intercalation are comgsuaf Lithium combined with
Graphite (basically Lithium ions interspersed béndayers of graphite). During the
discharge process the Li-lons are released wheletreins are absorbed or released at the
same time as seen in this reaction:

xALi* 4+ xAe+ C, = Li C,

In this reversible reaction, for every 6 carbomatox Lithium ions are absorbed during
the charge process. As the reaction proceeds im diotctions the electrode potential
remains constant.

At the positive electrode intercalation compountidanganese Oxides are formed as a
result of the charge and discharge process repessbg the reversible reaction below:
LiMn,0, = Li,_ _Mn,0, + xAe + + xALi*
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In the above equation adsorption means the actassns discharged (going from right to
left) while Lithium lons are released during theaading process. If both electrodes are
combined in a cell the Lithium ions migrate betwdeth electrodes as shown in figure
5, this eliminates the problem of high solubility #he Li-lons are highly soluble during
the above reversible reactions. The Carbon and Blaese Oxides host grids at the
electrodes remain unaltered, creating the abthitgarform constant discharge and charge

cycles without significant cell degradation.

The Lithium lon battery has an Energy density o@Wh/kg and can operate at room

temperature [9].

Below is a diagram of the 3.7V Li-lon battery theds deployed for this project. A very
important subcomponent of this battery is its okiarge and over-discharge protection
system (component 6 of figure 5b) which in subsatebapters will manifest in data
collected during discharge and charge cycles gatmaver the course of this project.
This protection system protects the system to amobnvarge voltage ceiling of 4.35V +/-
0.025V (with a delay/resume period of 0.4 to 2séesoat the 4.1V mark) and an over-
discharge voltage floor of 2.3V +/- 0.08V (with aelay/resume period of
40/200milliseconds at the 2.8V +/- 0.1V mark). WMt hour rating of the Li-lon battery
shown in figure 5b is 7.3Wh.

T Siack wire (AWG 25 UL 1061)

-3 Disled nomex
2 Soiger tag
Kapton fape [2x)
T Kapion pe
e
=—10 Red wire [AWG 23 UL 1051) +

11 Sumitue (2x)
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Figure 5b Varta Lithium ion battery with Protecti@mrcuit Module [10]

2.3 Direct Current Motors
2.3.1 Description

They are devices that transform electrical eneogyéchanical energy. They can possess
a definite torque-speed characteristic or a higllgable one, meaning that they must be
adapted to the load they are supposed to driviggune 6, when a DC motor is connected
to a DC source a torque is produced as a resuthefcurrent flowing through the
armature which is immersed in the magnetic fielereby causing the armature to rotate.
A counter-electromotive force is developed in th@ature as it cuts the magnetic field.

This CEMF is expressed in the following equation

E,=Zn /60

Figure 6 CEMF in a DC motor [11]

Where Z is a constant that depends on the numberrd of the armature and the type of

winding; n is the speed of rotation of the motod anis the flux per pole. The net voltage
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acting on the armature in Figure & — E,). The armature current is limited by the

resistance in the armature. Therefore;

| =(E., — E,)/R....when the armature is mobile.

And

| =(E.)R.ccccvnnnnnnn when it is stationary, because @EMF is zero as no voltage is

induced.

As soon as the armature starts rotatE)gapproacheg, leading to a decrease in the

armature current, this leads to a speed decreasse\¢r, the motor accelerates to a

definite maximum speed. At no lo&H is slightly less thaB,. It is important to note that

they cannot be equal as this will cause the matdralt. As the speed decreases, the net
voltage increases with the current and the moteegdpwill cease to fall when the torque

developed by the armature current is equal todad torque.
2.3.2 Mechanical Power

This property of a DC Motor depends on two othepamtiant properties, the rotational
speed and torque of the DC motor. Where they dageckby the equation:

P = nT/9.55

The mechanical power is derived from the Power Segppo the armature, which is the
product of the supply voltage multiplied by the atore current as expressed in the

equation below:
P, =E,1I

Applying Kirchhoff's Voltage Law to Figure 6 and ganding the relationship;

P, = (E,1+ IRY)
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Thus, the Mechanical PowerPis= E, I is the electrical power converted to mechanical

power. The second term represents heat losseswindresistance and hysteresis in the

armature.
2.3.3 Mechanical Torque

The Mechanical Torque is inversely proportionathe speed of the rotating motor and
directly proportional to the mechanical power. Timsans it is also directly proportional
to the product of the flux and number of conductamghe armature. See the expression
below:

T = Z©/(6.28) =9.55P/n
This property originates as a result of the CEMRhmnarmature that enables it to rotate.
2.3.4 Speed of Rotation

The speed of rotation is directly proportional toe tsupply voltage as will be
demonstrated in subsequent chapters. There iswaignal difference in the IR drop as a
result of the armature resistance when the motaresiérom no load to full load. This

meang,, the Armature voltage can be replaced vithin this equation:

Ey=Zn /60

Therefore,E.= Zn /60 and the speed of the motor is:
n=60E, / Z

2.3.5 Mechanical Efficiency

All known energy transfers involve losses. For niae$ that have rotating parts these

losses are known as mechanical losses. They asetdwendage, brush friction and can
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be minimised by optimising the design of the consacfaces and utilizing better cooling

fans and air flow control systems in the machineshag.

The Efficiency of a DC motor is the ratio of thesfid output power to the input power as

expressed in the equation below:
Efficiency,n = Po/Pi

[11]

2.4Electric Drive Technologies

Four major motor drives are currently in servicelay They are the Brushed DC,
Permanent Magnet (PM) Brushless DC (BLDC), InductiiM) and Switched
Reluctance (SRM) Motor Drives.

Brushed DC motor drives have the ability to achibigh torque at low speed and are
well suited for traction equipment. However theye augged and bulky with low
efficiency and are expensive to maintain. The preseof brushes and commutators

reduces the motor speed and adds to their oveeadihtv

IM drives are simple, less expensive and operateostile environments. They do not
have brushes and so their speeds are higher tedrtished DC motor drive. They have
expensive controllers and a limit to the Torque wnaas Breakdown Torque (i.e. the
torque at critical speed, at which any attemptgerate the motor at maximum current

will cause a stall) that limits extended constgreration.

PM BLDC motor drives have higher efficiencies amivpr densities. This is due to the
fact that the presence of the permanent magneinglies the need for electrical energy to

produce magnetic poles. Their speeds and effi@snival the competition by 3-4 times.
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They are expensive due to the cost of magneticrrabnd the field strength tends to
weaken over time due to the production of a stiatd component.

SRM are new and gaining popularity because of themplicity in terms of design,
operation and control. They also have outstandnguie-speed characteristics and unlike
the IM drives can operate over extended periodsonktant power. Due to its low rotor
inertia and simple design, it has a higher faukremce. It also has good IR reduction
measures as there are no magnetic sources to imysteresis. However, they can be
noisy and suffer from torque ripple (Selection dédfic Motor Drives for Electric
Vehicles) [12].

2.4.1 Electric Drive Hybridisation

The term Hybrid Vehicle as defined by the Unitedidlas is a vehicle with 2 different

energy converters and 2 different energy storagéesis for the purpose of propulsion.
There are three basic architectures of vehicleedtiain hybridisation: Series Hybrid,

Parallel Hybrid and Series-Parallel Drive TrainsCambined Drive Train.

2.4.2 Serial Hybrid Drive

In the Series or Serial hybrid drive, the combustengine directly drives an electric
generator instead of the wheels. The electric geéoerthen charges the battery pack
which drives an electric motor that propels theigleh This is the case in the prototype
designed for this project. The only differencehattthe combustion engine is replaced
with a hydrogen PEM fuel cell. There is no mechahimk between the PEM fuel cell
and the motor allowing maximization of the energysity of the fuel cell and efficient
dispatch of energy for start and stop situationsa real motor vehicle, the serial hybrid
implementation with internal combustion engine (J@&ust have the energy pass from
the generator to the motor. During extended drilledosses accumulate as a result of
this electrical transmission making it less effintiéhan conventional transmission. Figure
7 shows the series hybridisation of the two powans (i.e. Battery and ICE). The GM
Volt which will be available in 2020 is an examplethe Serial Hybrid.
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Figure 7 Serial Hybridization of Battery and ICEW&w trains [13]

In figure 7, VSI 1 and 2 are voltage source invarighich invert the DC voltage signal
from the battery to provide AC Voltage to the EMadd 2 which are Electric Motors.

Please, observe the serial arrangement of the poawes by following the black arrow.
2.4.3 Parallel Hybrid Drives

The Parallel Hybridization system involves the cegtion of both powertrains alongside
each other to the mechanical transmission systeadayl, they are designed by
combining the large generator with the motor tdaep the starter motor and alternator.
A larger battery than the conventional 12V batteryised to store energy so that other
accessories can be powered more efficiently regssdbf the speed of the motor. In
Figure 8, the power trains are coupled by a diffead gear which allows the input speed

to be controlled.
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Figure 8 Parallel Hybridization of the ICE and bagtpowertrains [13]

This coupling allows for the ability to choose tth@minant part of the drive train, be it

the ICE or the battery or both. The Toyota Priug good example of the parallel hybrid.
2.4.4 Combined Hybrid Drives

Combined or Series-Parallel Hybridization involvlesth features of the serial and
parallel drive trains. They utilize power split des that control the path of power from
the two powertrains. This allows for decouplingtioé ICE power or the primary power
from the driver controls. Typically, the combinegbhd will have a smaller more
efficient engine than the ICE that will allow it geenerate maximum torque at low rpm
during stall conditions and acceleration from s#ditid Figure 9 is a combined Hybrid
which possesses a planetary gear unit with Ring()Sun (S) gears and a Catrrier (C) —
see figure 10. It is observed that the system ishmmore complicated and expensive as
the different drive trains can be coupled and dptliby the planetary gear system via
the DC bus. Observe that the electric motor sha@smmon shaft with the transmission

shaft and all three machines are connected togeidéne carrier in figure 9.
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Figure 9 Series-parallel or combined hybridization

Figure 10 Planetary Gear System: T and Omega memprdorques and Correspondent

speeds in the electric motors and the differentpmments of the planetary gear unit.
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Other Hybridization technologies exist, such adlgh the road hybrids which have
independent powertrains that operate on separdés.aXhe ICE and Electric motor
combine power when more power is needed and thetCiB powertrain is disconnected
to allow the electric powertrain kick in. RegenaratBraking allows for battery charging
and the system uses the energy more efficientlthéen 4 wheel drive configuration
because energy from the ICE is activated only duheavy traction. Otherwise, the

electric motors in the electric powertrain provtdsction.

There is also the two mode technology which Daindecurrently deploying. GM and
BMW use an electric continuously variable transioiss allowing their vehicles to
operate at high efficiencies and economise fueigusi four fixed ratios gear system. It
has improved torque speed characteristics as # oétbe implementation of the electric

continuously variable transmission.

Full Hybrids can either run on the ICE alone or Hatery system or both such as the
Toyota Prius. When the battery can be connectédetmational grid it is called a Plug in
Hybrid Electric Vehicle.

There are also varying degrees of hybridizationictvimange from micro to mild. The
difference lies in the presence of large startetomnsoin both conventional vehicles and
the ability to cleanly engage and disengage thenenduring starts, cruise and stop

conditions. [14]
2.5 MSP430F2132 Mixed Signal Microcontroller
2.5.1 Description

It is an ultra low power (i.e. Active mode-250uA2¥; Standby mode-0.7uA; Off-mode-
0.1uA) microcontroller for portable applicationg. Has 2 built in 16bit timers with
capture compare registers to register events, ditl@nalogue to Digital Converter
(ADC) with integrated reference and data transtartller that can operate in 5 low

power modes. It has a unique 16bit RISC (i.e. tiséruction set for the chip architecture
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allows for word and byte data assignments to tkieeesn 16-bit registers, there are 51 of
these instructions that operate at 62.5ns cycle)tand a Basic Clock Module that can be
configured for frequencies up to 16MHz. There aBepihs on the micro controller a
shown in figure 11. These input and output (I/Qjspprovide digital and analogue access
to the internal devices on the chip and to perighdevices like the tuning fork or

resonator for high frequency applications.[14]
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Figure 11 1/O Pins

The system architecture of the MSP430F2132 hasiuctions and 7 addressing modes
that allow for programming in assembly and C. Paagning for this project was done in
assembly. The architecture is orthogonal allowmgtfie same instructions to be used in

all the addressing modes. The architecture is shovigure 12.
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Figure 12 MSP430 CPU Architecture

In Figure 12, the first register is the programreun which points to the next instruction
to be executed in the source code and is incremdne2, 4 or 6 depending on the
number of bytes for that instruction. The Stacknpai is used to store return address of
subroutine calls and interrupts during the executibsource code to enable a logical and
correct return to the program execution when subres are called. The status register
contains status bits that are set or cleared a#igtes, zero sum, overflow or negative
operations are executed. It also has the Genemlbl&rit for maskable interrupts, the
CPU off bit, the Oscillator off bit and the systasfock generator bits to turn of the

clocking and oscillator systems. The constant genes generate 6 commonly used
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constants without requiring additional code. Thest ket of registers are general purpose
registers used for data transfer, index valuespamuters. They can be accessed by the 27

core instructions in either byte (8 bit) or wordit) format.
2.5.2 Operating Modes

There is one active mode of operation for the M®F2332 and 5 Low Power Modes
(LPM) for controlling the events in the source codliis is so that power is efficiently
consumed and data movement is controlled effegtiegd in a timely manner. The
battery charger in this project was programmedperate at low power mode 0, during
which the CPU is disabled and the Auxiliary clockCLK) and Sub-Main Clock
(SMCLK) remain active while the Main Clock (MCLK$ idisabled. All the Low Power
Modes have the CPU disabled; However, LPM1 ha&\@EK and SMCLK active while
the MCLK is disabled. The Digitally Controlled Okator (DCO) remains active if it is
used in the active mode, else it is disabled. LRMd2 CPU, MCLK, SMCLK disabled
while the DCO and ACLK stay active. LPM3 has DCRW; SMCLK and MCLK
disabled while the ACLK remains active. In LPM4| #de clocks and oscillators are
disabled. Below is a diagram showing all the opegamodes available for the Basic

clock.
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Figure 13 Operating Modes of the MSP430F2132
2.5.3 Digital Input and Output

The MSP430F2132 has eight digital I1/O ports that isad and written to. They appear
as pins on the PCB (Printed Circuit Board) can dsoconfigured for input, output,
direction, Pull-up/Pull down Resistor Enable, FumttSelection, Interrupt flag and
Interrupt enable capability. Only Pins 1 and 2 hiterrupt Capabilities, they share the

other capabilities with the other pins.
2.5.4 Timers

Timer A (TA) was used in this project for the timeltarge routine. In figure 14, the 16bit
counter (TAR) has 3 capture/compare (TACCRO, 1lre®jisters and generates pulse
width modulated (PWM) signals which can be outputhe digital output pins. It can

also provide interval timing as well to enable thescution of timed events. It also has
interrupt capabilities as well, enabling an intptrwhen there is an overflow condition in

any of the capture compare registers.
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2.5.5 Analogue to Digital Converter (ADC)

The 10bit ADC supports fast A/D conversions Theitl®bre converts analogue input to
10bit digital representation which is stored in KiBC10MEM register. This is done by
using two programmable/selectable voltage leveR€nd VR-) to define the upper and

lower limits of the converted value which in thisoect is the voltage signal of the
Lithium lon-Battery pack. The process is controlleg the ADC10CTL registers that
possess control bits for configuring the A/D corsi@n. This process must be clocked
effectively and the ADC10CLK provides the samplpgyiod which is sourced from the
ADC100SC, MCLK, SMCLK or ACLK. Figure 15, shows ti® Bit ADC. It also has
sample select control ADC10SSEL, Reference gernerBiata Transfer Control (DTC)

S0 as to guarantee automatic data conversion witbBUW intervention.
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Figure 15 10bit ADC [15]

3.0 Methods and Materials

Inspiration for this project was drawn from the @exnstrument Li-lon battery charger
solution and the project was nicknamed volITRONe KVYRON is a Japanese cartoon
series | watched as a child. Voltron is formed byién robots. Once the Lions are

integrated, they form a gigantic robot that defeth@suniverse from its enemies).
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The system design process in this project is moduilais means, the system is divided
into modules which are designed, built and testephately. Once their viability is
confirmed, they are integrated to form the hybiectical serial drive system that was
designed for this project.

3.1 System Architecture and Modular Design
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Figure 17a Schematic of the Hybrid Electric Selale

On a more serious note, Figure 17a shows the etectcircuit of the system that was
designed. It is very important to note that thistegn was designed from cheap
components, except the Heliocentris FC50 whichnisgpensive system. In the figure
above, the MSP430F2132 provides a pulse that #@¥@duty cycle via P1.1 which is
one of the digital input/output pins described ire tliterature review. This enables
efficient dispatch of the fuel cell power duringetbhharging program. Furthermore, the
pulse width modulated signal passes through thé& lboaverter which acts like a low
pass filter and if the frequency is higher than ¢hbe off frequency (which is 1.2kHz for
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this circuit) of the Inductor and capacitor on baek end of the buck inverter, the voltage
of the capacitor is held constant and is equalht rmean input voltage to the buck
converter. Only 1 channel is monitored by the ngordgroller program, AO. This channel

is directly connected to the positive terminal lué battery and the ADC interrupt service
routine was written to detect voltages as low 8/@nd as high as 1.45V. At the 1.45V
level the battery has charged ending the intenroptine and starting a terminate charge
subroutine. Thereby, stopping all the timers ardADC sampling process. This will be

shown in subsequent subsections of this chapter.

The hybrid serial drive system consists of 5 maindules. They are: the Data
Acquisition module, Microcontroller Module, Voltaggegulator and Power Module, DC
Induction Motor Electric Drive and the PEM Hydrogeunel Cell System as shown in the
block diagram in figure 17b.
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T I ND ERTER
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TACHOMETER DC MOTOR
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Figure 17b Block Diagram of Hybrid Electrical Séfaive System (aka voITRONe)
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The Microcontroller Module is composed of an Alieare Laptop PC equipped with a
dual core AMD Athlon computer which runs the IAR leedded workbench Integrated
Development Environment on which the Microcontrmolé®urce code was developed,
tested and deployed. This module also includes NMf&P430F2132 Mixed signal
Microcontroller which provides the Pulse Width Mdabed Pulsed Voltage signal to the
Lithium lon Battery pack and acquires its voltaggal for A/D conversion. It is in this

module that the Sourcecode is downloaded to the4d68P2132 and executed.

The Data Acquisition Module (see figure 18) is mageof basically my laptop which is
an acer Extensa 5220 with an intel Celeron processod a Buffalo HDD with 300GB
capacity. The National Instruments Labview Progkarmawn as Signal Express runs the
Data Acquisition Task. It collects data from 4 atres via the NI USB 6088 DAQ, which
has 8 (12bit) inputs that can sample (digital amél@yue) data streams at 10Kilo
Samples per second: The Voltage signal from thiohibattery, the current signal from
the Li-lon battery, the Voltage signal from the Ifgell and the digital pulses generated
by the pulse width modulation module. There is @tachometer attached to the system
to measure the motor’s speed.

|

(-
&
Mationa Instrumetfls Signal Express [ Digital Pulses from the PWM module

v
)
A

DATA STORAGE UNIT

Li-lon Battery current

NI USE 6088 ~—
Li-lon Battery Voltage

FC50 PEM Fuel Cell Violtage

Figure 18 Data Acquisition Module
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In figure 19, a panel of the data acquired durirmtp@ge program is played back showing
the four different channels that were sampled uigiclg timestamps and signal behaviour
over the period of the program. Please, observé&@®é duty cycle signal at the bottom
part of the panel. This is evidence of the micracalers ability to pulse Port 1.1 and

create the PWM input of power from the FC50 PEM &@@ll. The signal has some noise,
which is acceptable because the circuit was builtaobreadboard and other devices
sharing the board such as the electronic contral 'wiom the Heliocentris and the

computers could have generated some noise.

Figure 19 NI-Signal Express Data Playback of champgram.

The voltage regulator module and power module wapldmented with the 1.5A
Adjustable Output Positive Voltage regulator, knoasithe LM317 or NCV317. It can
provide voltage outputs up to 37V. It has 3 terfsrzand two 1Kohm resistors were used

to adjust the voltage supply (VCC) to the Microgotier to provide the precise voltage
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output. Figure 20, shows the configuration that wased in the serial hybrid system
designed for this project.

Figure 20 Voltage Regulation Module.

The DC Electric Drive Module is composed of theldm battery, the DC motor and the
switch gear for loading the motor to simulate difa drive cycles. From figure 17b, the
system is loaded with a 1.20hm-300W resistor tavdraore current from the battery to
emulate different inclines if the motor was depldye turn the wheels of a tire.

3.1.1 MSP430 Microcontroller Battery Charger Progmae Design Environment

One major endeavour during this project was togieaibattery charger controlled by the
MSP430F2132.This was achieved by writing a progianthe IAR systems IDE to
efficiently deliver power from the FC50 to the \aiti-ion batteries using pulse width
modulation from the MSP430 and the constant voltelgarging method. Below is a
block diagram of this system.
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Figure 20a Battery Charger Block diagram

The microcontroller programme was designed using IAR systems Embedded
Workbench IDE (Integrated Development Environmenthis IDE integrates the
following systems: a compiler, assembler, linkarilder, word editor, MS DOS utility
and a high level language debugger all managethdefficient project manager. It is a
very versatile IDE and can be used for developingjegts used by many of the
processors in the today’s market. This workbenehlzadeployed as a Flash Emulation
tool debugger or a Simulator. The assembler wad eseensively for this project to write
the source code because it uses the same mnenmmicsyntax as the TI MSP430
assembler allowing portability. This assembler ha€-Pre-processor, 255 significant
characters in symbol names, up to 65536 relocatdmenents per module and support
for complex expressions with external referencdse Tinker links Assembler source
code to the Compiler to produce machine code ferMi$P430 which is the object file
that is downloaded to the microcontroller. Aftee torogram has been written, it can be

built and then debugged [ref].

3.1.1a Charge control Algorithm

Figure 20a is a representation of the charge dlguriBasically, the program starts with
the initialisation of the Stack pointer to CSTACKowing access to memory locations
0x0002 to OXFFFD. Then the 10bit ADC is enabledda repeated multichannel sample
of channel A0 and do a sample and hold of the gm@woltage values from channel AO.
The Basic Clock is them set up using the low fregyeoscillator while the Master Clock

is set up to time the digitally controlled oscitiat
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The ADC core is then checked for activity, with 2D at Port 1.1 coming on if data is
streaming through AO. The RAM location for the sfpe of the voltage data values is
initialised to 0x200. The Basic timer which will hesed to do a safe time charge by
counting up to 30 minutes, which is the time fostationary charge with the DC motor
disconnected. The BCSETUP subroutine sets up TAner-count up and initialise the
registers that will store the minute and secondesl

Once this is all done the clock subroutine is etedtun LPMO and the count up (as
opposed to count down) is executed. Every timddbp is exited the voltage is checked
to see if the battery is charged. The CPU is tlwened off to conserve power and then
The LED on Port 1.1 is pulsed at a 50% duty cyalereate the PWM effect necessary to
effectively dispatch power from the FC50 PEM fuell.cThe frequency of the signal is
designed for 1.5 kHz if the crystal oscillator @oected to the MSP430F2132.

Also included are snap shots of the Source codeatch with the algorithm, See figure
20c.
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Figure 20b Flowchart showing the charge algorithm
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Figure 20c Battery charger source code

The ADC10 interrupt service routine is the softwacenstant voltage charge
implementation. Basically, the MSP430F2132 is caltait of LPMO and sampling is
stopped to check the current value acquired byABE€10. First we confirm that a
battery is connected by confirming that the voltagmal is between 0.3V and 1.5V. If
the signal is not within this range then the LEPatt 1.0 is lit.

The next loops are checks of the voltage value OnnAincreasing order from 0.85V to
1.42V to 1.45V. If the voltage check fails, the teys puts out a 50% duty cycle pulse
width modulated signal on Port 1.1.

Once the interrupt service routine for the ADC1@asnplete the mainloop is executed
again and the battery condition is checked to yehe battery is not fully charged. If it
is, then the terminate routine is jumped to, whbeetimers and ADC10 are stopped and

the PWM signal ceases. The microcontroller is tiedarned to LPMO.
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3.1.1b Sourcecode design, build and test

Figure 22 describes the Sourcecode design protésscontrol program was designed
using a modular design approach in which the differtasks such as pulse width
modulation, A/D conversion and timing were complietas modules. Therefore 3
modules were designed and tested. The ADC modutedeaigned first and tested to
read the signal from channel AO. This was checlkedding an LED on the breadboard,
which would light up once a repeated sampling ef¢channel has been done.

Figure 21 Pulse Width Modulation of Li-lon battergitage.

Once, this was done, the pulse width modulationuteodas designed to act as a switch
that turned on and off at Port 1.1. It was testdith wn LED and once the LED started
blinking, an oscilloscope was used to probe thaaitp confirm that a 50% duty cycle
signal was being produced. See figure 22, whidwshthe effect of the PWM signal on
the battery voltage. The safe timer was designedtmt up to 30 minutes using Timer A
as the clocking system with the Master Clock digvihe Digital Clocking Oscillator.
Finally, the three modules where then integrataditauilt to create the final program that

was tested and deployed for this project.
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Figure 22 Source Code Modular Design Process

3.2 Full System Integration

After the software was designed, it was tested fagh a TT1 EL302D Dual Power

Supply Unit, see figure 23. This was necessaryotdion that the system actually could
handle a stable DC power source and that the Eigyel behaviour from the electronic
circuit matched the characteristics required, sagkhe 50% duty cycle signal which was
probed by the oscilloscope to ensure that it wasadlg a pulsed signal that was output at
the correct port. Figure 24 shows the digital sgtiof the Dual Power Supply that were

used for the initial test.
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Figure 23 Initial Test Module with Dual Power Supflnit and Oscilloscope

In figure 24, the test module circuit that was daesd is in the middle while 2 different
Power supply settings on the left and right shogv\tbltage input to the MSP430F2132
which is 3.7V and the other voltage setting is ugedimulate the connection of a 4.2V

fully charged battery and a dead battery.
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Figure 24.Dual Power Supply and Initial circuitdyosving the Power Supply and Pulse

width Modulation Test Modules

Please note that the condition photographed ia fove-fully charged battery, that is why
the blue LED’s are lit.

3.2.2 Integration of Stand Alone System
One objective of the design process is to integraesystem so that it can standalone and
not receive power from the Dual Power Supply Umilis was achieved by connecting

the different modules in figure 17b in a serial foguration and including the Data

Acquisition Module as shown in figure 25.
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Figure 25 Fully Integrated Standalone system

Moving from left to right in figure 25, the blueptop is the Alienware PC from which
the control program was debugged and run. The selagiop runs the Signal Express
program for the Data Acquisition endeavour andestdhe data on the grey hard drive.
The NI USB 6088 is in the middle right behind th€ Dnotor and double blade fan
(which has one blade painted black). The Helioce®m€C50 and Hydrogen Supply panel
is behind the electronic circuit that contains plogver supply regulation system, the pulse
width module, the switch gear for the load and ¢neen Varta Li-lon battery. The
Oscilloscope shows a moving stream of the 50% dytte signal that charges the

battery.

3.3 Drive Cycle Emulation and Motor Load Design

This part of the system was designed to meet the fbjective of generating drive

cycles. The drive cycle was simulated using a stngwitch mechanism and a 1.2ohm
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resistor as a load. In figure 26, the switch me@rarconsists of two switches, J1 and J2.
J1 is used to connect the 10mwW DC motor to theohibattery. When J1 is closed and J2
is open, the fan is energized and the blades legiarn at maximum speed. When J1
and J2 are closed, the emulator simulates an isern@athe load on the system or a steep
incline in the real world. This draws more energyni the battery, simulating a sustained

increased drainage of the battery’s energy.

Figure 26 the Drive Cycle Emulator

The Drive Cycles that will be discussed in the nehdpter were generated by painting
one of the blades on the fan black and using a draeter to measure the number of
revolutions as the motor powered by a fully chargattery was run for a one hour
period. This drive cycle emulates the journey fr&ornoway bus stop to Port Ness
which is the red route on the map in figure 27 \Whiakes 1 hour to complete by bus over
26.1 miles. In chapter 4, the system will be scalpdand a complete analysis will be

done on this drive cycle.
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Figure 27 Stornoway-Port Ness Route

4.0 Results and Discussions

4.1 Charge Cycle Analysis

In chapter 2, the constant voltage charging methasl mentioned as the chosen method
for the battery charger system design. The resulthis chapter will demonstrate the
efficacy of this method as it was implemented dyirihe experimental procedures that
were carried out to test this prototype.

During the constant voltage charge process of thetaVLli-ion batteries, data was
collected from the Heliocentris and Varta Li-iontteay using the National Instruments
Labview Signal Express and played back. Figure28vs the data for the charge cycle

that was generated for a fully discharged battery.
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Figure 28 Charge cycle of the battery

In figure 28, the white line is the voltage of tRES0, while the red line represents the
voltage of the Li-lon battery. The y-axis is thdtage axis and the x-axis is the time in
seconds. It was observed that the charging pro¢esk only 44minutes (i.e.

2639seconds). This exposes the efficacy of thegenahat was designed for this system
as it employs pulse width modulation to efficienttgnsfer the power from the FC50 to
the Li-ion battery during the charge process. ltingportant to note that the battery
reaches its minimum discharge voltage level at \2.{& mentioned in the literature
review). At this voltage level the protection ciitckicks in and limits any further

discharge. Since the data log was terminated téeatothe charge cycle data, this
minimum discharge voltage level is only visible Subsequent data logs that will be

presented for the discharge cycles generated dtiisgxperiment.

Figure 29 is a much higher resolution of the vadtag the Li-lon battery charged over
the 43minute period by the constant voltage processolled by the MSP430F2132.
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Figure 29 Voltage of the Li-lon Battery during tbenstant voltage charge cycle

It was observed from the graph above that the geltaharacteristics matched the
constant voltage characteristics described initeeature review. This is a very important
checkpoint as it validates the battery chargergieand efficiency. The battery charges
up to its rated voltage, 3.7V. In subsequent sestithe protection circuit kicks in at the
maximum overcharge levels and maintains a plat@he. voltage signal might look

noisy, this is due to the resolution of the datguaed, which is 1000 samples per
second.

The voltage from the FC50 was also monitored on Nidabview Signal Express

platform. In figure 30, the FC50 supplies a relalyvconstant voltage and this voltage is
maintained throughout the constant voltage chargeess. This is another checkpoint as
the FC50 voltage profile should remain constantrduthe charge and discharge cycles

of the Li-lon battery. The average voltage of tl@&bB during this process was 7.75V.
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Figure 30 FC 50 voltage data during charge cycle

4.2 Discharge Cycle Analysis

The discharge cycle was generated in tandem wi¢h ditive cycles which will be

discussed in subsequent sections.

Figure 31 Discharge cycle of the battery showing®@@&nd Battery voltages
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Discharge of the battery was executed by switcbimghe 10mW fan to emulate a driven
motor and adding a 1.2 ohm resistor to the loaginwlate inclines and sloped terrains.

In figure 31, the voltage profiles for the FC50 dhd Varta battery were acquired via the
NI-Labview signal express platform showing the efffef the constant and varied loads
on the voltage profile during the drive cycle entiola. The FC50 is the white line, while

the battery is the red one.

Figure 32 Voltage of the Li-ion battery during cgarcycle
The Discharge cycle in figure 32 was generated avé8 minute period. The y-axis

represents the voltage signal, while the x-axisreggnts the time in seconds. The

discharge cycle is a representation of the driveecgmulated during the project.
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Figure 33 Initial loading of the battery to emulateped terrain

The steep voltage drops in figure 33 representodsrduring the discharge cycle that
emulate a change in the slope of the terrain tlmatldvresult in an increased load on the
battery. As mentioned in the previous chapter, Was accomplished by adding a 300W,
1.2 ohm resistor to the load. The first drop occlks86 minutes into the journey and is
sustained for 2 minutes and 2 minutes later theesapitage drop is initiated by
switching on the resistor load. As the discharg&iooes, the battery voltage level passes
the minimum over-discharge voltage level in fig8B This becomes apparent when the
load is increased by connecting the resistor. Agsas the load is increased, the motor

speed drops severely and the protection circuituleodecomes activated.

Figure 34 Over-discharge of the battery and prapdtircuit activation
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Any further increase in the load, results in delafyap to 40-200milliseconds, so that the
battery can charge quickly and drive the load. Tikigvident from the over-discharge
after loading the battery with the motor and resisin figure 34, the voltage signal

oscillates between a minimum of 0.6V and 2.95Vw#s observed that the battery’s
protection circuit takes on some occasions 30.84setonds to recharge back to 2.95V
before discharging again to 0.6V. At other timés, protection circuit takes longer, up to
60 milliseconds.

Figure 35 Short Stop and recharge

A 6 minute stop/start was executed to emulate ja stdBavras which is on the route of
the drive cycle that was generated. In figure 3 battery charged from 2.692V to
3.161V in 6.21minutes. This means that a short stopick up passengers (which is
within the 6 minute time window) results in a 17%crease in the state of charge
occurred. In a rural region like the Western Islediere sheep roam the hills and
sometimes get on the roads, this could translateinémum but essential recharge of the
battery pack. It was also observed that when tloet Stop occurred the recharge was
instantaneous. This is very important because diyede profiles such as urban profiles
would allow for quick recharge that will help kee¢pe battery from reaching the

minimum over-discharge voltage.
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Figure 36 Final discharge and end of drive cycle

In figure 36, right after the short stop at Bavras,the drive cycle emulation continues
there is an emulation of a change in the slopéeterrain. It occurs below the minimum
discharge voltage level and the protection cirb@tomes activated as is evident from
figure 37. The protection circuit causes a delaynee sequence for the charge and
discharge of the battery. In the next subsectibis, delay/resume will be discussed in

relevance to the motor speed.

Figure 37 Delay/Resume sequence for final discharge
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4.3 Drive Cycle Analysis

The Drive Cycle emulated for this project is knoasa rural drive cycle. This is due to
the location in which the drive cycle was generatgstbrnoway and the surrounding
towns in the Western Isles can be classified aal mith respect to the road and routes
for transport vehicles. In figure 38, the red rowtes emulated in the drive cycle that was

generated for this drive cycle.

Figure 38 Western Isles map and red route

To emulate this drive cycle in the lab, the DC matas run for 1 hour. During this time,

changes in the slope of the terrain were emulatettieare-entrant on the map before
Bavras, at Ballanthrushal, at Melbost and at N&#tson. The rest of the terrain on the
map looked flat and a real road trip on that rduben Stornoway to Port Ness proved
this, as well.

The Drive Cycle generated in figure 39 shows thegying speeds of the motor over a 57

minute period. As the terrain changes, the loadhenbattery changes; this is evident
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from the change in the motor speeds as an additioad of 1.2 ohms is added by

engaging the switch on the drive cycle emulatarusir

Figure 39 Drive Cycle Emulation for the journeyrfrd?ort Ness to Stornoway

The Drive cycle above will be compared to the digge cycle of the battery during the
emulation process. It was observed that the spédlaieomotor decreased at a constant
rate from 2836 rpm to 2804 rpm during the firsttpdrthe journey to Laxdale. At the re-
entrant before Bavras (at point A), an increasiéngradient of the terrain was emulated
by connecting the 1.2o0hm resistor to the batterijjenaintaining the connection to the
motor. This increase in the load on the battesvigent from the first steep voltage drop
in figure 40. The motor speed at this point de@eaharply from 2804 rpm to 2382rpm.
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Figure 40 Discharge cycle of battery during Driwgelé emulation shown in figure 39

A change back to flat terrain is emulated and asrotthange back to a steep slope is
sustained for 3.71minutes. This results in anotie@rease in the motor speed in figure
39, from 2765rpm to 2331rpm. A voltage drop of 3/26 3.5V occurs as the load on the
battery is sustained, discharging the battery ¢d3i level.

At Bavras, the motor is stopped and the batteajiesved to charge for 3 minutes. This is
the region below the C mark, where the motor sgeas to zero. The battery is observed

to charge from 3.45V to 3.75V as shown in figure 41

Figure 41.Short Stop at Bavras (region C of driyele)
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After the short stop the battery is loaded with thetor only. There is a sudden drop in
the voltage from 3.75 to 3.161 volts, this is agsult of the starting torque of the motor
which is highest as the motor transitions fromisted dynamic states. The voltage is
stabilized at 3.47V as the counter electromotivedan the armature and the battery
voltage gradually equalize. It must be noted thet hever happens, as the motor current
will be zero and the speed will become zero as.whllthe moment the load torque
equals the torque generated by the armature curréiné motor, the voltage stabilizes at
the 3.47V level.

At region D, a quick increase in the load is mddading to a discharge to OV, in figure
40. It is observed that the protection circuit daes get activated. More changes in the
slope of the terrain are emulated for in regionand F and the battery is discharged to

zero volts, both times.

As the battery discharges below the minimum ovecitrge level at 2.75V, the
protection circuit gets activated. In region G, #hape of the curve gradually approaches
infinity as a constant delay/resume sequence afgehand discharge occur. As the speed
of the motor falls below 2000 rpm, the motor speedillates with the voltage of the
battery as the protection circuit initiates thidagéesume sequence to prevent a full
over-discharge of the battery.

4.4 DC Motor Characteristics during Drive Cycle Emuation

The Mechanical Power, Torque and Efficiency weral@ated during the drive cycle
emulation.

Due to the fact that a small 20mW motor was depldige this project, an assumption
was made to the effect that all IR losses wereigibig as they would be very small
compared to the supply voltage.

This allowed the use of the supply voltage (Es)thar calculation of the mechanical
power, by equating it to the armature voltage (E0).

Therefore, mechanical power = (ES) |
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For this system the power curve will track the &g# curve of the discharge cycle in
figure 40.From Figure 42, which is the current thasses through a 1.2ohm resistor in
the drive cycle emulator. The maximum power diggigavhen the switch is closed is
8.26W.

Figure 42 Current data for 1.2ohm resistor (curvaiies were divided by 1000)

The Torque will also track the same curve in figde with the minimum torque of
0.03N.m occurring at the lowest speed of 1532 rpmd the maximum torque of
0.038N.m occurring at the highest speed of 2836ms is consistent with known DC
motor principles, as a higher torque must turnntedor’s shaft from a stationary position

until the torque from the load and the motor beceaeal.

The electrical efficiency of the system is a prdduofcall three components of the hybrid
drive system. The FC50 supplied a maximum poweb@N over the course of the
discharge cycle in figure 31. At its peak, the @ffincy of the FC50 is 63%. The Varta
batteries supplied a maximum power of 8.26W to @& motor (during emulation of

sloped terrain). The system efficiency at maximuperation is very low. This is as a
result of poor sizing of the system load. The syskfficiency as a product of the

hybridized energy sources is 10.4 %.
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5.0 Conclusions and Recommendations

5.1 Conclusions

Based on the results acquired during the courstisfproject, the hybrid serial drive
system can be effectively deployed with a Fuel aslithe primary energy source and a
Lithium lon Battery as the secondary energy souvdelle the MSP430F2132

microcontroller efficiently dispatches power to thegtery as it drives a motor.

One major achievement was the deployment of thiedyatharger, which was designed
from scratch in the labs and programmed to be ottt by the MSP430F2132. It took
less than 1 hour to charge a fully discharged batteits rated voltage of 3.7V.

Another key achievement was the ability to susgagonstant energy drive from the fuel
cell, enabling it to charge the battery only and aliver power directly to the primary
load. It is evident from the results that as losgtee primary energy source (i.e. the fuel
cell) does not expire, the secondary energy sofiueethe lithium ion battery) can drive
the motor. This is made possible by the employnwnthe constant voltage charge
method in the charge algorithm utilised by the M3B#2132, which delivers a pulse
width modulated signal from the hardware to enalffective dispatch of power to the
battery. The constant voltage charge method waseféctive and is the easiest method
for keeping the battery charged over the driveegrhulated. A 17% increase in the state
of charge was observed over a 6 minute period duaishort stop. In an urban setting
this could guarantee availability of battery powsrthere are more starts and stops in the

city, which would translate to more short periodsrecharging the battery.

The Protection Circuit Module (PCM) is a very imgamt component of the Lithium-ion
battery. This is where they surpass the Nickel Gagdmand Lead Acid solutions
because, the PCM helps to maintain the state ofgeharound 75%. This was very
essential for this prototype, because the motor keming even when the voltage dipped

close to the OV level. The PCM always initiated ealag/resume sequence of
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approximately 50 milliseconds to enable a tempocéiarge and discharge of the battery,
even though the motor speeds oscillated with #agience. However, no extra loading of

the system could be done as it would result inlestap of the motor.

Finally, it was concluded that appropriate sizifigggstem components would result in a
more efficient hybrid. If the system was scaledlinparly while maintaining the same
materials, the efficiency will increase and so whle energy density. However, an
increase in size will also result in an increasethe surface area as well as the
temperature of the working system. This means mollehave to be done to cool the

system effectively.

5.2 Limitations

The system was limited by the lack of a workingstay oscillator. This would have
ensured better pulse width modulation at a higregyuency, enabling the constant charge

process to occur faster and much more efficiently.

There was also a lack of proper sized motors. AWOmotor was used for this project.

5.3. Recommendations

An increase in the scale of the prototype for fetdesigns is very profitable as larger
loads ca be driven and the system could be pootedttansport vehicle. If this is done,
the design goal should be to drive 4 separate mqtowered by the battery while it is
charged by the fuel cell. A better control alganttshould be deployed, to control the
dispatch of energy from the battery.

A second or third array of lithium-ion batteriesnche deployed while using a load
dispatch system controlled by the MSP430F2132 arajuee an operating reserve. This
operating reserve will prevent the activation af #8CM, enabling a smoother discharge

and drive cycle. Stationary applications are algpmssibility, as the system has a battery
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charge incorporated to it. If an alternator is mpayated to the system, then it could keep

one array of batteries charged, while another adrasgs the primary load.

Research into speed control and efficiency optititieais very necessary as the speed

control component of this project is very rudimegpta

Regenerative Braking is also a major avenue fazaieh, as the start/stops can generate
reactive power which can be captured by electrial dayer capacitors or super-
capacitors. The use of flywheels can also be inya&&d in the effort to maximise

efficiency and improve the energy storage potewfizhe drive system.
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