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1 PROJECSJMMARY

The University of Western Australiads Renewa
initiative aimed at revolutionising personal transport. It is run by a team of staff and students
focussed on the relationship between transport andtérng sustainabilityThe fundamental

aim of this project is to build vehicles with zero emissions through the conversion of fossil

fuel powered engines and motors into units that are powered by renewable electrical energy,
through the implementation of grid connected sotargts.

Beginning in the second half of 2012, one such project under the REV umbrella has been the
REVSki project. An ordinary internal combustion engieé Ski is a large source of

emission and noise, therefore, the aim of this particular REV projectanstruct an electric

Jet Ski resulting in reduced sound pollution and, more importantly, eliminating emissions.

The Jet Ski, a Sedoo GTI130 purchased without a motor or fuel taekuires certain safety
systems to protettoth the user and the exyséve electrical components that are critical to
operation.

For the duratio of 2017, the end objective hbden to install a battery management system

to protect the batteries from being damaged by overcharging or by discharging too low.
Additionally, the wiring configuration of an existing insulation monitoring mochaebeen
reconfigured to work in conjunction with the battery management system, forming a safety
system for the user and electrical componeAtsoltmeter board containing 8 voltmeters

was used to record the voltage readings of the battery cells over the causseghkécharge

and discharge cycles. This was both to prove that the battery management system operated as
intendedand to observe whether voltage driftthé battery cells vas significant, which

would influence any suggestions on actions for future wdtie results that the team

acquired has shown that the BMS cuts power when the voltage of the cells reach the lower
and upper thresholds. The REVSki Safety System perfamexgaired, however the results

have drawn attention to the impact that cost has on the effectiveness of the project, with many
leftover batteries showing varying signs of damage and leftover capacity. The REVSKi

would benefit in future from the additimf temperature and water sensors into the safety
system and would greatly benefit from the replacement of all batteries installed prior to 2016

due to their damage.

i|Page



2 LETTER ORRANSMITTAL

Winthrop Professor John Dell

Dean

Faculty of Engineering, Computing and Mathematics
University of Western Australia

35 Stirling Highway

Crawley, WA, 6009

Dear Professor Dell

Jayden G. Dadleh
105 Marniyarra Loop
Baynton, WA, 6714

19%th November2017

I am pleased t o s uSafetyandBattary Managdmend $ystems withimdant | e d

Electric Personal Watercrafto , as part
Engineering.

Yours Sincerely

Jayden G. Dadleh
21300398

of

t he

requirement

i|lPage

for

t



3 ACKNOWLEDGEMENTS

|l would |ike to begin by thanking my supervi
throughout the course of my final year proje
has been heavily influential on raising the quality of work within the 8l&Vroject and

aiding the team in reaching all of the project deadlines.

For playing a huge part in making the project possible, whether that be procurement of
components through sponsorships, continued general assistance or open communication, |
would like to express my gratitude to the sponsors supporting the REV project and, in
particular, the REVSKi.

| would also like to thank Marcus Pham and Michael Stott for making themselves available in
answering any questions the team may have had and aidingimgsany issues that arose

throughout the year.

Finally, | would like to thank Mark Henderson and the team within the ECM Workshop for

providing technical insight and assistance when needed.

il Page



4 (QOONTENTS

N = (o] 1= Tox AR U2 1 = PPN i.
2 Letter Of TranSMILaL.........c.eiiiiiiii e i
3 ACKNOWIEAGEIMENLS......eiiiiiiiiiiiii e ettt e e e e e e e e e e e e e e e e e e aannnr e e e e e e s annnees lii
5 TaABIEOT FIQUIES.....ceeiiiiiiiiiei ettt e e e e s e e e e s s re e e e e e e aans V.
6 Table Of TADIES...... .o V.
T NOMENCIATUIE ...ttt e s et e e s e e e s anbe e e e s ans Vi
8 INEFOTUCTION. ...ttt e e et e st e s e e 1
8.1  Electric ¢hicles in a Maritime ENVIFONMENL ............oiiiiiiiieiiiiie e 2
8.2  Battery Protection within an Electric VENICle..............oovveiiiiiie s 3
8.3  Previous Project INStallatiQn..............uuiiiiiiiiiieiiiieiieceeee e 3

O LILEratUIrE REVIBW....ceiiiiiiieiiiet ettt ettt e s e e e st e e e e e s nne e 4
LS 25 R I =0 ] Y/ 4
9.1.1 Insulation MONITONNG DEVICE.........uuiiiiiiiiiiiiiiee et 4
9.1.2 Battery Management SYSIEM.......ccouiiiiiiiiiiiiieiee e 7
9.1.3 Design of Systems within the REVSKi.................... oo, 10
9.1.4  EXpected BENEiLS.....uuiiiiiiiiiiiieiieee e 13

10 L 070 ST S TP OO PP PP PPPPPPR 14
L0.1  CONSIAINTS. ..ceieiiiiiiieie ettt e e e e e e e e e e bbb e e e e e e e e asb e e e e e e e e s anbbneeeeeeeaanne 14
10.2  WIiring and INSTallation.............ooiiiiiiiiiiiiie e e e 14
10.2.1 Previous Wiring and Configuration.............ccccccceviiieiiiiii e, 14
10.2.2 Current Wiring and ConfiguratiQn...............eeeeeieeiiieiiiiiiiiiieeceeecee e, 16
TG T =TS 1 o TP PPPPPPPPPPN 24
11 TS U £SO SPPS 25
11.1  Interpretation Of RESUILS..........uuiiii e 27
12 (©70] o] 1151 o] o H PO PTPRPUPPPPP P 28
12,1 FULUIE WOK ... .ottt e e e e e e 28
13 RETEIEINCES. ...ttt e et e e e s st e e e e e e s eeeaeeas 29
14 Y o] o173 T [ OO PTP R POPPPPPPPPO 31
I R A o = o [ NSRS 31
14.2  APPENAIX Bhu.oooiiiiiiiiee et e e e e e e e e e e e e e e e e e e e 33
I B AN o o= o ) G PSSR 34

iv| Page



5 TABLE OFGURES

Figure 1. Million Metric tons of carbon per year. Note: From Glddedjonal and National Fossil

[ U I O @ 22 4 11T 0] T O 1 T 1
Figure 2. Annual Electric Car Stock. Note: From Global EV Outlook P@bMillion and Counting,
12 0 PP PP UPPPPPRPR 1
Figure 3. SeR00 GTI130the shell of the REVSKi.........cuvviiiiiiiiiieiicc e 2
Figure 4. 7S8P battery tube used within the REV.SKi...........uvviiiiiiiiiiiiieiiiiieee, 3
Figure 5. Photo of Bender IMD taken within the REVSKi laboratary....................coeee e 6
Figure 6. Earth electrode model and dimensions (Knight 2015)...........ccccceoiiiiiiiieieeiiiiiieeen 7
Figure 7. ZEVA BMMCU V1.0 (ZEVA 2017 ). ..uuiiiiiiiiiiiiiieee ettt ee e e e 8
Figure 8. ZEVA BMMS8 V1.6 (ZEVA 2017). N.B. REVSkiiBMM8e has been updated to v1.6..8
Figure 9. Recommended wiring diagram for a ZEVA BMM8 V1.5 (ZEVA.2017)........ccccvvvveeenn. 9
Figure 10. Recommended wiring diagram of the ZEVA BMMCU V1.0 (ZEVA.2Q17)............. 10
Figure 11. From Left to RighRing Crimp Connector (Oz Auto Electrics 2017), Spade Crimp
Connector (Alibaba 2017) and Circular Connector (Altronics 20L17)............cooeeeeiieeeececccnnnnns 11
Figure 12. Latching/Charging Bypass Circuit Wiring Diagram...............ccoceeeciiiiinnvnnnnninnnennne. 13
Figure 13. ell Battery Pack and PVC TuUbBING..........cccoiiiiiiiiiiieeeiiiiieeeee e 15
Figure 14. From Abovelrhe Sedoo GTI 130 usethe previous configuration and the present
CONFIGUIALION (YU LIU 201 7). ettt ettt e e st e e e e r e e e e e e eeeeeeas 15
Figure 15. Bender IR15204 IMD Recommended wiringadram (Bender 2016).............cc..ee.... 16
Figure 16. Basic Block Diagram of Proposed DeSign.........cueevveviiiiiiiiiiiiicee e, 17
Figure 17. Battery Configuration. N.B. Order of T1, 2 & 3 are not critical..............ccccceeeeeennne 18
Figure 18. PTC Resettable Fuses used within each battery pack (Altronics. 2017)............... 19
Figure 19. Voltmeter apparatus showing the 8 individual voltmeters (left) and the connector plugs
(o L TR PP EPPP PP 19
Figure 20. REV3Hectrical Schematic (Dadleh 2017)........cccocciviiiiiiiiiiiiieiieeeee e 21
Figure 21. Safety System Wiring Diagram (Dadleh 2017)........cccuveviiiiiiiiiiiiiiieeiiieeeee e 23
FIGQUIE 22. BMS ENCIOSUIE........uiiiiiiie ettt e e et e e e e s s e e e e e s e snnneeeeeas 24
Figure 23. Voltage recording after initial charge..................c. i, 27
Figure 24. Voltage readings after the first complete discharge............ccocciiiviiiiiiiiiiiienenne 27

6 TABIE OFTABLES

Table 1. ZEVA BMM8 Specifications. (ZEVA 2017) ........ooeieiiiiiiiiiiiiee e 8
Table 2. ZEVA BMMCU Connection list (ZEVA 20L7)........cooooviiieiiiee e, 9
Table 3. Initial Voltage Recording following first charge...........ccccoviiiiieeiie e 25
Table 4. Voltage recordings following thetficomplete discharge...........cccccceviiiiiiieeeeiiiiienee. 26

v|Page



7 NOMENCLATURE

DOD Depth of discharge

SOC State of charge

BMS Battery Management System
REV Renewable Energy Vehicle
A Amperes

\% Voltage

IMD Insulation Monitoring Device

vi| Page



8 INTRODUCTION

Global fossifuel carbon dioxide emissions has seen a steady increase alongside the

development of countries all over the globe, vaitier 400 billion metric tonnes of carbon

being released into the atmosphere since {Bbdlen, Marland & Andre2017[1]).

According to Boden, Marland and Andid$; with the increased consumption of fossil fuels,
approxi mately half of these e mkigarelpoesents has oc

the metric tons of carbon emissions per year.
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Figurel. Million Metric tons of carboiper year. Note: From Global, Regional and National FegellCO2 Emissions, 2017.
According to the Australian Department of the Environment and Erf28§yb [2]) transport

was responsi bl e for app rcarbondioaideerissieRDuef Aust
to this share, transport has become an area of focus for improvement, with research into

electric transportation on the rise as the stock of electric cars surpass 2 million as @52016

can be seen in Figure(B] International Energy Agen@017).

Figure 1 « Evolution of the global electric car stock, 2010-16
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numbers from official national statistics have been used, provided good consistency with sales evolutions.

Figure2. Annual Electric Car Stodlote: From Global EV Outlook 201 7wo Million and Counting, 2017.
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With theincreasingnterest in tle electrical vehicle market, The University of Western

Australia launched the Renewable Energy Vehicle (REV) Project in 2008. In particular,

| aunching a unique project in the form of th
watercraft, commonly cadll a jet skifo beconverted from an internal combustion engine

into an electrigpowered motor{he REV Projec2017). The REVSki is a SeBoo GTI

130hp model JeBki that can be seen in Figure 3.

Figure3. SeaDoo GTI130the shell of the REVSKi.

8.1 H.ECTRNEHICLES INMARITIMEENVIRONMENT

As can be imagined, a maritime environment is a dangerous location for electrical

components, with greater exposure to corrosion and the possibility of electrical faults and

shorts, as wels general water damagas the REVSki is measured at a length of 3.4m and

a watercraft, the electrical installation of the REV&ia required to satisfy the Australian

and New Zealand standard, Electrical InstallatioMarinas and boafs Boat Installations

(2014) which specifies the Arequirements for t

electrical systems in boatsthiaave a | ength of wup to 50m. 0o

Detailed by the above standard, it is requiteatall conductor connections shak within

enclosuresated to an IP 55 minimuiiClause 7.3.5tandards Australia 20L4It also states

that fna pr ot ect iicallydistomnect supply $ohha tirtuit ia the evem afta

fault between a live part and an exposed-ammentc ar r yi ng ¢ o Qldugec4i2i ve par
Standards Australia 2014n order to satisfy this particular clause of the standard, an

insulation monibring device had been previously implemented into the REVSKi, capable of

acting as the protective devjansuring the users safety, especially within the conductive
environment of water The operation of thienplementednsulation monitoring device will

be covered in a later section.
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8.2 BATTERMPROTECTION WITHINAECTRNEHICLE

Thebatteries used within the REVSki are Lithium Iron Phosphate (or LikeROparticular,
theHeadway 3812@3.2V 10Ahbattery cellsThese cells within thREVSkiare the most
expensive components sourced at $2@&0unit(EVWorks 2017). With 240 battery cells
configured in a 30 Series and 8 Parallel configuration, this exceeds all other electrical
components at a total of $6360, an example of a single batterycontaining 7 series and 8

parallel can be seen in Figure 4

Figured4. 7S8P battery tube used within the REVSki.

Due to this significant cost, it is imperative that the REf#lgsesses a system that is
capable of monitoring and managing the batteries and preventing damage to the cells that
could be caused by overcharging or over dischargligs system monitoring was also
employed to ensure that the batteries perform agisined, allowing the individual cell
voltages to be read and recorded, allowing further results to be determimedetails of the

battery management system will be explored in a later section.

8.3 PREVIOUBROJECINSTALLATION

The major issue to be redtifl was that of the previous wiring and installation of the safety
systemdbs el ectr i calpropdhnap ladtbreaeanss working dneprid? E V S k
to 2017,0ne of those having installed the insulation monitoring device. Conversely, the
previous team had not managed to completely install the battery management system, simply
installing the architecture but not completing the wiring to allow functionafitie BMS

The ultimate aim of an effective safety system for a jet ski requirsegiistems to be wired

in series with one another, this then requires that all individual mqodulels as the

insulation monitoring device and the BM8rmingthe safety gstem must beperating

within satishctory limitsbefore operationf the jet skiis able to commence.
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O LUTERATUHEEVIEW

9.1 THEORY

This section of the report will expand upon thisimation presented in Sectiorbg

providing an explanation of the compaotethat will form the safety system of the REV/SKki

the insulation monitoring device and battery management system. By presenting the
functionality of the individual components, the reader will be provided with a stronger
foundation to understand how tleesomponents will operate in the context of the REVSKi
itself. After an analysis of the literature pertaining to the safety system has been conducted,
this literature review will finish with the theory behind many of the decisions made
throughout the degh and construction phase of these components.

9.1.1 Insulation Monitoring Device

As the REVSki project is a proof of concept for the future of electric powered recreational
watercraft, one of the issues to overcome was that of safety for the user and satigfying
Australian standardslevant to electrical systems in a maritime environmémiplemented

by Joshua Knight, a previous REV3$&am member, many of the requirements set by the
standards have been met by Knightoés design,
reiterated for clarity(Knight 2015)

The REVSKi, as previously mentioned, containdafiery cells in serieg 8.2V percell,

resulting in a total system voltage of 96V. Thaestralian and New Zealand standard,

Electrical Installation$ Marinas and boafs Boat Installations, states that the scope covers
Adirect current systemsnothaexopediang B3I0@VdO
t he REVSki falls within this scope. The st a
automatically disconnect supply to the circuit in the event of a fault between a live part and

an exposed neaurrentcarryingc o n d u c t i Claese 4Btantlardé Auétralia 2014n

the event that an insulation failure occurs over a current carrying conductive part, such as

wire damage, and contact is made between this live part arcun@mnt carrying conductive

parts, a potective device must be used within the REVSki that is capable of cutting all

power.

The REVSki must also accommodate protection against direct contadiveilystems
through the use of enclosures. The Clause 7.1.1 of AS/NZS 3R0#Lspecifically sttes
that dAlive parts shal/l be protected against
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accordance with Clause 7.1.1. All exposed-ooment carrying parts shall be connected to

earth either via the protective conductor or by connection direatly t he hul | of a
The enclosures to be used, as previously menticad be rated t@ minimum ofiP 55 in
accordance with Clause 7.32tandards Australia 2014)

Finally, there is a requirement for the REVSKi to possess an earthingeéatider section

7 of AS/INZS 3004.2 0 1 4 . It states that nAthe protecti
earthing electrode that comprises a solid uncoated conductor having a contact area with the
water of at least 0.1 fa thickness of at least 5 mand a width of at least 20mm secured to

the outside of the hull in an area reserved for this purpose and located below tloatight

water | ine so that i1t i s 1 mmer sSaddardsnder al |
Australia 2014

As calculated byoshua Knight (2015), the protective device must be capable of detecting
earth faults of Al ess than 30mA. 0 The prote
implemented by Knight is a Bender Isometer IRB2064 Insulation Monitoring Device.

This device is capable of monitoring the resistance of the insulation between the current

carrying conductive parts and the REVSki earth and, if the resistance is above a level of
5000hm/volt, will provide an OK output wth should be capable of switching the 96V

circuit open or closed (Bender 2016). The following equations calculate the maximum

allowable fault current detectable by the Bender module.
w 0Y
w Ounnw
p OGumnm

P
UTT

O ca o

As the Bender module maximuraréh fault is a current of 2maA, it easily satisfies the 30mA

requirement. The Bender moduleedscan be seen below in Figure 5
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Figure5. Photo of Bender IMD taken within the REVSKi laboratory.

The Bender module is coupled with an earth electrode which ensures that any faults dissipate
to the surrounding water. The electrode was manufactured to satisfy the requirements of
Clause 7.1.2 of AS/NZS 30042014 while also being in a convenient pasiti This meant

that the electrode was in the form of a plate designed to be mounted to the cooling plate
located at the stern of the REVSKi, underneath the impeller. The scteratibe seen

below in Figure 6
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3

Figure6. Earth electrode model and dimensions (Knight 2015).

9.1.2 Battery Management System
While a battery management system might not currently be specified by any standards due to

the relatively new area of batterhe electric
utilization of the battery in the smart grid and EVs [electric vehicles] safe, reliable and

e f f i cRalkeimiEichicet al. 2013) A BMS is useful in the application of battery driven

electric vehicles as they serve to control the operational corslbicthe battery in order to

increase the lifetime of the battery cells while also guaranteeing safety (Rabhnet al.

2013).

In order to explain how the BMS operates within the REVSKi, it is important to first
introduce the models used as the fun@idy of BMS models can vary between
manufacturersThe setup used within the REVSki is a ZEVA Battery Management Master
Control Unit (BMMCU) V1.0 alongside four ZEVA BMM8 V1.5. hE BMMCU can be

seen in Figure While the BMM8 modules can be viewed ilgére 8 It is important to note
that ZEVA has updated the firmware of our v1.5 modules to that of v1.6, allowing the v1.6
manual to be followedThe v1.6 manual can be found in full if desired in Appendix A.
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Figure8. ZEVA BMM8 V1(@EVA 2017). N.REVSki BMM8 firmware has been updated to v1.6.

The BMM8 modules are units that monitor the voltage level within the battery pack it is
wired to. A single BMM8 icapable of monitoring two to eight battery cells in series and is
capable of taking action if any of the cells contain a voltage out of range (ZEVA 2017). The
specifications of the BMM8 can be seen below in Table 1.

Tablel. ZEVA BM8 Specifications. (ZEVA 2017)

Cell Capability 2-8 cells
Overvoltage Threshold 3.8V
UnderVoltage Threshold 2.5V
Sampling Rate 10 Hz
Dimensions 60x37x5 mm
Power Consumption 8.5 mA

The reasoning behind the use of a monitoring system used oellthes due to the
manufacturing tolerance between all battery cell$ batteries have a slight variation in
capacity and as such vary in speed in order to achieve a full charge or to reach a full
discharge (ZEVA 2017). By keepirtige limits between .8V and 3.8/, the life of the

batteries is prolonged as they will not be discharged too low and, in doing so, be damaged.
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As for the operation itself, the BMM8 effectively operates as a relay switch, when reading the
cell 6s voltages Imig theeswitch clodes allaving a smmarta flaw e
throughto the desired power switches (V& 2017). The recommended wiring installation,

as supplied by ZEVA2017), can be seen in Figuré&ow.

O zEVA 8-Cell Battery Monitor v1.3 (O

Reset Relay 012345678

o_% G 000000000 o
To other To other

modules - = modules or
or ground Enable Signal supervisor

AHBHBHRRE

Battery Pack (>8 cells)

Figure9. Recommendewiring diagram for a ZEVA BMM8 V1.5 (ZEVA 2017).

As the REVSKi consists of a 30 series battery pack, four BMM8 modules have been
implemented as they can be cascaded to accommodate the larger number of cells. The wiring
of the entire BMS system will be digssed in detail iGectionlOT Process

The ZEVA BMMCU is the unit that will receive the signal input from the BMM8 modules
and will either cut power or charging accordingly. The connections of the BMMCU have

been listed in Table 2 following drcan beeasily seen in Figure 10

Table2. ZEVA BMMCU Connection list (ZEVA 2017).

LVI Low Voltage Input Signal from battery cells

HVI High Voltage Input Signal from battery cells

RST Reset Switch Momentary switch to reset
MCU

DVE Drive Output Pulldown on drive contactor

CHG Charge Output Pulldown on charger relay

BUZ Warning Buzzer 12V warning buzzer

GND Chassis Ground

12V 12V Supply
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The recommended wiring diagram faetBMMCU can be seen in Figure &élow.

12V

HVI [NE BT 1NV
To Battery 0000000
Monitor Modules o Q [;' L
LV Slgnal'l—l

HV Signal —oﬁChassls
= Gnd
= Raset Keyed Buzzer
Switch 12V 1
_\ E: i Charge Door
— . ] Switch
Main Charge Enable

Contactor elay

Figurel0. Recommended wiring diagram of the ZEVA BMMCU V1.0 (ZEVA 2017).

The intended operation of the BMMCU is that the main contactor controls the main drive
function, in the case of the REVSki this means it must cut the power of thB@éie. The

charge enable relay, as the name suggests, must be capable of allowing the charger to operate
or shut down. When the battery cells are within the appropriate ranges, the relays will close,
allowing a signal to reach the LVI and HVI inpufstoe BMMCU, which will then supply an

output from the DVE and CHG outputs, closing any relays they may be connected to,

allowing the REVSKi to operate in water or charge if out of the water.

The benefit of the BMS is that of extending the lifetime oftiatery cells, through

preventing the capability of discharging below the threshold recommended by the battery
manufacturers. As stated by Headvayl.) the cu-off discharge voltage is 2V whidh

0.5V lower tharthe low voltage threshold determined by the ZEVA BMM8 V1.5. This

battery protection also happens to double as protection for thepusegnting overcharge of

the battery cells. When a lithium ion battery is overcharged, the additional energy greatly
increases the potential for thermal runaway which also has the potential to cause a fire if any
flammable materials or gases are exposed to this high temperature environment (Wu et al.
2015)

9.1.3 Design of Systems within the REVSki
In the design phase of tiBattery Management System and #ieng integration of the

Insulation Monitoring Device, it was important to keep many factors at the forefront of
designconsiderations. These factors included; satisfying any relevant standards, for example

the waterprobng of the electrical components, the robustness of components, the ability to
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bypass systems if undesirable side effects occurred and the ease at which one is able to access

all components within the REVSKi, either for removal, replacement or generakemaice.

9.1.3.1 Ease of Access and Disassembly

At the beginning of the project for 2017, one of the tasks undertaken by another team
member was to adjust the inside configuration of the REVSKi for better stability. In order to
complete this, the first step wassdisassemble all components of the REVSki bar the motor.
Whil st performing this task, it caassemblyo t he
For example, many of the components being soldered together in hard to reach locations
rather thanmplementing a simpler solution of connectors. Another example showed the lack
of foresight for removal, implementing 12 inch bolts which required the team to reach into
the REVSki and attempt the undo the nut locatietthe base of that 12 inch holthis lack of
consideration for future maintenance significantly impacts efficiency when works are to be
completed on the REVSKi.

In order to increase the efficiency and reduce the complexity of the inner components of the
REVSKi, the team decided to lige a modular architecture (Golfmann & Lamm2@gd5.

This allows not only easier disassembly, but allows for easier reconfiguration if future work
on the project is deemed necessarkiis change in design architaot was implemented in

the formof ring or spade crimp connectors and circular connectors. This change meant that
if a team member wishes to remove a component, they are able to simply unplug it from the
system, once the system has been isolated from the power source. Examples of the crimp

connectors and circular coactors can be seen in Figure 11

Figurell. From Left to RightRing Crimp Connector (Oz Auto Electrics 2017), Spade Crimp Connector (Alibaba 2017) and
Circular Connector (Altronics 2017).

One of theother changes was the use of nuts and bolts, as many of the nuts and bolts were
previously in extremely difficult to reach places, tapped threads were implemented and if

they were not possible, access to the nuts and bolts were made easier by locstioreaty.
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9.1.3.2 Waterproofing

One of the issues that must be considered with a modular design is that it may affect the
watertightness of the electrical components, therefore, it was critical that any adjustments
made satisfied the condition of an IP 55 or ab@img as specified by the Australian

standard; AS/NZS 30042014 Clause 7.3.2. To exceed this requirement, the team aimed for
a minimum IP rating for any components to be IP 65 or alfereen the Australian tdndard

AS 605292004 this means that the components will be completelytidigt completely

reducing the possibility of dust ingress. It also means that the components will be protected
from jets of water from any direction without harmful effects.mponents within the

REVSKi that possess this level of IP rating include; all enclosures, glands for wire
connections between enclosures and circular connectors.-giheednnector shown in

Figure 11is one of many used within the REVSki and is rateddRAdtronics 2017).

9.1.3.3 Relay vs. Microcontroller

As the safety system requires a signal to cut power or charging when certain conditions

occur, a smaller component is required that is capable of acting as the switch. There are two
parts with this ability;a el ay switch and a microcontroll er
thesis on Safety systems (2013), lessons learned from previous REV projects have shown that
relay switches are more reliable than microcontrollers. This potentially could be caused by
codingerrors, however, fathe simple use of receiving a signal in one and switching another,
arelay is preferred for their simplicity and robustness. No programming is required, reducing

the risk of failure from implementation. Based off of REV project nysteelays will be used

where possible.

9.1.3.4 LatchingCharging Bypasand Startup Circuit

As previously mentioned, the ZEVA BMMCU receives a low voltage input and a high

voltage input, where the low voltage input controls the drive output and the highevoltag

input controls the charge output. With the current setup, the LVI and HVI are wired in
parallel, meaning that whether the BMMS8 units are overcharged or overdischarged, both
outputs will be disabled at once. While simple in desighgbses the issubdt, when ra to

an overdischarged condition, the charger will not be able to operate as the charge output will
be shut off. In order to get around this a latching circuit has been designed. This circuit is
wired in a way that can bypass the BMS whenoan@ntary button is held down by a user.

For example, if the batteries are flat and the BMS is preventing charging, a user holds this

button for the first 10 seconds, allowing the charger to switchGmce the 10 seconds is
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over, the batteries will be afze the low voltage threshold and will charge as per usual. The
added benefit of this circuit is that it requires the user to push the momentary button
whenever charging is desired, this prevents the charger from switching on and off constantly
once it raches the full charge state. The wiring for the latching circuit can be seen in Figure
12 below.

Charge/rReIay Coilside BMMCU Charge Output

N

7
N
O O :
| e
) T

Viomentary Button

Figurel2. Latching/ChargingBypass Circuit Wiring Diagram

9.1.4 Expected Benefits

The expected benefits of correctly installing theulation Monitoring Device and Battery
Management Systems mainly targets safety, for the components themselves but more
importantly, for the user on the REVSKihe Battery Management System also has the
added benefit of cost reduction, by restrictirajtery operation to within safe operating limits
the possibility of battery damage by overdischarging is eliminated, which will increase the
time between battery replacements for the user, highly desirable considering the present
markets LiFeP@cell prices. Alternatively, this safety and cost benefit is achieved at the
expense of runtime; by limiting the battery operating limits, this also reduces the amount of
time a user is able to spend on the REVSki, although justified.
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10 PROCESS

10.1 GONSTRAINTS

The twomajor constraints that influenced the design of the safety system were cost and a
dimensional constraint. While the REVSki received sponsorship from many local

companies, the aim of the REVSki was not solely a proof of concept but an economically
viable poof of concept. Therefore any decisions made for the desgato be as cost

effective as possible, whether that meant reducing the number of components where possible
or effective procurement. The second constraint was due to the space availdelthasi

hull of the REVSKi. With the majority of space being occupied by the major components;
including the batteries, motor, motor controller and fuse box, any additional designs were to
be as space efficient as possible. This was due not only todukifito the REVSKki but to

allow space for maintenance of other components without reducing work efficiency.

10.2 WIRING ANINSTALLATION

10.2.1 Previous Wiring and Configuration

The previous configuration of the REVSki had the battery cells sealed in PVC tubes in a
configuration of 2x7cell tubes and 2x8ell tubes. An example of acell battery pack and

its tubing can be seen in Figure.1Bhe design had the major electrical components such as
the motor controller and fuse boxes positioned on a plate over thecatector toward the

stern of the REVSKi, the four battery packs were positioned towards the bow of the REVSki,
beneath the steering and front access hatch. The position of the battery packs so far forward
resulted in an extremely front heavy loadingmAadel that shows the previoasd current
configuration that has beeneated by a fellow REVSki member, Rain Yiu, can be seen in
Figure 14. The green line represents the approximate centre of mass of an3kEntele

the red lines represent thepaoximate centre of mass ofobaconfiguration for the REVSKi,

with the previous configuration being much closer to the bow than the proposed

configuration.
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Figureld. From Above The Sedoo GTI 130 used, the previous configuration and the present configuration (Yu Liu 2017).

The previous design positioned the ZEVA BMM8 modules for each battery pack sealed
within the pack, inside the tube spvhich can be easily viewed in Figure 15. While the
BMS modules were sealed away, the 2017 team found that the wiring outside of each
individual battery pack was not connected, nor was the ZEVA BMMCU module installed
anywhere on the REVSkin other wads, construction of the BMS had only begun in its
initial stages when the previous team had completed their projects.

The issue with the previous location of the BMS was that of accessibility. The BMM8
modules possess LED lights which blink at 1Hz whedeancharged and flash at 2Hz when
overcharged (ZEVA 2017). By sealing the BMM8 modules inside the battery tubes, a user is
unable to determine which batteries possess issues by astastraference, compounding
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this, any maintenance on the BMS woulduiee a complete disassembly of the REVSki, an

extremely inefficient use of maintenance time.

The Bender IMD was previously connected correctly as per the suggested wiring diagram
shown in Figure 15. All connections are wired as suggested except Pinds& @lata out
connection is not required for the planned use of the IMD. The concern of the Bender wiring,
however, was that as no other gmnents of the safety system wemplemented along with

the IMD, a modification to the existing wiring would be required to ensure that the IMD and
BMS would operate within a daisy chain configuration. This means that the system requires
both the IMD and BMS to be operating within shifeits for the drive or charge relays to

close. The wiring adjustments will be discussed in the following section.

i T 1- Connector XLA+
1 L Pin 142 L+ Line Voltage
T . 2- C_onnector ILA-I
Pin 1+2 L- Line Voltage
3 - Connector XK1A
o0 Pin1 KL 31 Chassis ground/
I electronic ground
) L Pin2  KL15 Supply voltage
\Z @ Pin3  KL31 Chassis ground
o Pin 4 Kl. 31 Chassis ground
(separate line)
Pin5 Mys  Data Out, PWM
Version V004 [high side)
Pin6 Mys  Data Qut, PWM
(low side)
Pin 7 n.c.
\@ @ Pin 8 OKns Status Output
My orlly on varants -3204 and -3210 [h|gh side)

Mg anily on vardant -3203

Figurel5. Bender IR158204 IMD Recommended wiring diagram (Bender 2016).

10.2.2 Current Wiring and Configuration
The objective for this year with regards to the safety system was to ensure that the BMS

system was completely wired up and integrated with the Bender IMD to act as the REVSKki
safety system. The basitsual aide showing tharchitecture of the proposedsign can be
seen in Figure 16. Due to the second 2017 objective, the configuration of the battery cells
changed from the previously mentioned 2x7 and 2x8 cell setup into-eeBxhd 2x3cell

setup. Due to now essentially containing 5 battery paasaléenge that needed to be
overcome was how to complete the BMS whilst only using the 4 BMM8 mothadewere
purchased prior to 2017
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Bender
IMD

Drive Relay

Battery Cells ZEVA BMMS8 ZEVA BMMCU

Charger Relay

Figurel6. Basic Block Diagram of Proposed Design.

10.2.2.1 BMS Configuration

The first target wat increase the ease of access to the BMM8 modules and in doing so,
increasing the efficiency of maintenance. In order to achieve this, the modular design

mentioned irSectior0.1.3.lwas i mpl ement ed, creating a 6BMS
positioned in an easier to access location. The BMS enclosure contains all four of the BMM8
modules, the BMMCU module and the appropriate relaystégrate the BMS and IMD into

a complete safetyystem as well as to operate as a latching and bypass circuit if required.

The wiring diagrams and explanation of the circuitry will be covereétkittion 1®2.2.4

The second target was to solve the issue of how to make use of the four BMM8 modules to
moritor the five individual battery packs. As the number of cells in series is identical, the
purchase of another BMM8 unit was not required and fortunately, the modularity design
allowed for an easier solution. Theeh 8cell tubes were each designatkdit own BMM8

unit for monitoring while the two-8ell tubes were to share a single unit between them.
Configuring the setup in this way, however, results in some rules that must be followed when
assembling the REVSki. The first is that the BMM8 unitstie wired up in series from

the O pin being the most negative cell up to a possibility of 8, which must contain the highest
potential. This means that the tw«@l battery packs must always be wired in series in the
same order, after every disassendoiyg reassembly, to ensure that none of the battery cells
would be shortircuited when plugged in to the BMMS8 unit. To overcome this issue, the
team has designated each battery tubing with a naming convention and diagram that is to be
followed at all tines. The battery configuration with the naming convention can be seen in
Figure 17. The second issue is that the pin designated as Pin 8 on the BMMS is the powered

pin and, if any number of cells less than 8 are used, then Pin 8 must be shorted tb the nex
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highest usedwhich in the case of the twecell batteries is Pin 6. This was completed

simply by soldering a wire between the two pins.

Bl || T1 T2 T3 || B2

L-—lh_-— e —-—

Figurel?. Battery Configuration. N.B. Order of T1, 2 & 3 are not critical.

10.2.2.2 Resettable lises

In order to protect the BMS modules monitoring the battery cells from the potential of any
shortcircuit, fuses must be used. ZEVA suggests that to protect the BMM8 units, if an inline
fuse is not used, a wire gauge of approximately AWG 26 shoulddmk(ZEVA 2017). A

wire gauge of AWG 26 approximates to a maximum amp rating as(P@#~erStream

2017) As the batteries would be sealed, it is undesirable to be required to disassemble the
REVSKi to replace any burnt out wiring if shaitcuits wereto occur. Keeping this in mind,

the teanthose to implemennline fuses.The next step was to make the informed decision

of whether to use a nenesettable fuse or a resettable fuse, formally known as a Positive
Temperature Coefficient (PTC) resettafilse. Following the same logic that led to the
decision of using fuses, it is not convenient for a team member to have to disassemble the
REVSKi to replace a fuse, a PTC fuse is much more convenient as it is capable of resetting on
its own if the shortircuit is removed. On the chance that the shiocuit is found within a
battery pack, a disassembly will be required anyway, however, with the resettable fuses this
is kept as the last resort. The PTC fuses used within the REVSki can be viewed iri8igure
The team also has a method of determining which particular cells possesscrshitre
voltmeter apparatus consisting of 8 voltmeters (one for each cell within a battery pack) was
created bya 2017 REVSki team member, Maximilian Jacob. The i@bpa will be described

in detail in the following section.
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Figurel8. PTC Resettable Fuses used within each battery pack (Altronics 2017).

10.2.2.3 Voltmeter Apparatus

While the REVSkiwould have a way to monitor the individual cell voltages and operate
accordingly, the team required some way of being able to read and record these readings.
Jacob created this test apparatus that is capébleowing the voltage readings of every cell
within an individual battery packWith the modular desigfocus of the BM$the connectors
that run from all battery packs to the centralised BMS enclosure can be disconnected and
connected to this apparatus, which will display the voltage readingsy tfedls do not show

a reading, then it can be asserted that a slvauit exists between that line and elsewhere.
The voltmeter apparatus can be seen in FigureAkScan be seen, there are three connectors
for the varying types of connectors runningm the battery packs. All-8ell batteries use

the same $in connector as they can be interchangeable, the-wetlSmust be in a specific
order and, in an effort to prevent the possibility of an incorrect connection and subsequent
shortcircuit, usea 5pin and 6pin connector respectively. The wiring diagram of the

voltmeter apparatus cdre viewed in Appendix B

[ e

Figurel9. Voltmeter apparatus showing the 8 individual voltmeters (left) and the connector plugs (right).
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10.2.2.4 Planned Wiring

In order to best explain the wiring that has been implemented in the REVSki, a diagram of

the wiring will be shown of both the entire REVSKki circuit and the safety system in separate
diagrams. First, the REVSKi circuit can be seen in FigdreNhat should be focussed on in
Figure 20 is the central dotted box containi
this O0Safety Systembé correspond with the 1inp
because the team desired the compt:etthin the safety system to be setintained, with

the BMMCU controlling all signalling to and from the safety system, allowing control of the
drive and charge rel ays. To aid in understa
scenario of the battg cells within safe operating limits should be considered. In this

situationand once the DDC converter supplies a 12V and ground supiblg drive and

charger signals are output as ground; on the charger side, this allows the double relay to

switch cbsed, and if the charger is plugged in, supplies a ground signal to the charger,

allowing the charger to switch on and operate. On the driver side, as long as the ignition

switch is turned on and the deadman switch p
Rel ayo wil|l close, allowing power to flow to
The motor controller then allows a signal to

REVSKi to operate.
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Figure20. REVSKi Electricachematic (Dadleh 2017).
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The safety system wiring diagram, as can be seen in Figure 21, shows all of the wiring from
the signal lines of the battery packs, until the input and output lines which could be seen
|l eaving the 06Saf et yre 2ylBets&faty®ystbnodiagrénocambd i n Fi

broken up into five smaller components including;

- Battery cells and their fuses

-  BMMS8 modules

-  BMMCU module

- Bender IMD module

- Charger bypasand starup circuit

To explain how the components work togefhnen all battery cells are operating within

limits, their relay switch closes, allowing a ground signal to input to the BMMCU. In order

to integrate the BMS and IMD together, the team has wired this BMMCU input line to a relay
switch that is powered byé IMD. From Figure 15 it is known that Pin 8 from the IMD is

the OK signal and according to the Bender IRB254 manual (2017), the output signal

when within range is 2V. Hence, for the BMMCU to receive any ground signal input, it
requires not only thBMM8 units to close their switches, it also requires that the IMD sends
an OK signal that can close the relay swit@ie Bender IR158204 nmanual can be found

in Appendix C The charger bypass circuit was previously explainéskeictiond.1.3.4.
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10.2.2.5 Enclosure and Implementation
The final component of the current REVSki safety system is the BMS enclosure itself. As

defined by AS/NZS 3004-2014 Clause 7.3.2, the minimummrding is at IP 55, however,

as mentioned isection9.1.3.2the team had decided to attain a rating of IP 65 or above. As
the safety system is vital to both the components and the user, it is important that the risk of
water ingress is minimised to the fullest degree. This resulted in the team purchasing an IP
65 rated enclosure which can be seen in Figure 22, along with the safety system. Itis
important to note that the IMD is within its original enclosure as seen in Figure 5, the only
modification required was to alter the OK signal output to lead to the &MBsure, then

wired as per Figure 21.

Figure22. BMS Enclosure.

10.3 TESTING
The final objective of this component of the REV§koject wado test the operation of the

safety system. The BMS will be the sole focus of the tessngis an almost copletely
new installation. The primary aim of the BMS testimgsto ensure that it operates as is
specified by the manual, cutting off operation &\3for overcharge and 2.5V for under

voltage.

This testing was achieved througltharge and discharge cycle, the voltmeter apparatus
would be used in conjunction with the BMS system to record the voltage levels of every cell

both before charge and after chardéis voltmeter apparatus and cyclic testing also has the

24| Page



added benefitfanonitoring the voltage drift within the batteries, where after a number of

cycles, a trend coulde determined if present and a qualitative analysis ddttery

capacity and quality coulde conducted. Any batteries that behave unddgifabthe

REVSki operation woulde detected by the voltmeter apparatus and action can be taken

accordingly.

11 RESULTS

Following the completion of the REVSKi, the testing could take place for all aspects,

including the BMS system, stability and general wiring changeanwg fault could occur.

For the BMS system, a charge was required under supervision to ensure that-trodtager

threshold operated as required. Once charging was completed, signified by the BMS cutting

the signal line to the charger and subsequettigping charging, the first voltage recording

took place.This recording can be seen in Table 3.

Table3. Initial Voltage Recording following first charge.

Allin (V)
T1
T2
T3
B1
B2

Cell 1
3.3
3.3
3.3
3.3
3.3

Cell 2
3.3
3.3
3.3
3.2
3.3

Cell 3
3.4
3.4
3.3
3.3
3.3

Cell 4
3.3
3.3
3.3

Cell5
3.3
3.3
3.3

Cell 6
3.2
3.2
3.2

Cell 7
3.3
3.3
3.3

Cell 8
3.3
3.3
3.3

An issue arose during the water testing of the REMBki BMS would consistently drop out

after a short period of time, approximately 40 seconds of full throttle then slowly decreasing

in time until it cut out after 3 seconds of ~10% throttle. The REVSki was then returned to the

lab where the discharge vayje recordings could take place. The second set of recordings

can be seen below in Table 4.
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Table4. Voltage recordings following the first complete discharge.

Allin (V)| Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Cell 7 Cell 8
T1 3.1 2.8 3.1 3.0 3.1 2.9 3.1 2.9
T2 3.0 2.9 3.0 3.0 3.1 2.9 2.1 3.1
T3 3.0 2.7 1.8 2.9 3.0 2.9 3.1 3.1
Bl 3.2 2.9 2.8

B2 3.0 2.7 3.0

As the funding of the REVSkiroject is a large constraint, with the expensive battery cells it
was impractical to replace all cells following the 2016 hiatus. The team attempted to
discover and remavall damaged batteries that Hastt capacity over the period of inactivity.
Unfortunately, two cells were missed, which can be seen highlighted within Table 4;
fortunately, it explained the reason as to why the BMS system seemed to be cutting off
prematurely. As the damaged cells; 7and T33, no longer had capacity, as soon as the
throttle of the REVSki was held down, the voltage of these cells would plummet toward the
low-voltage threshold of the BMM8 modules.

The damaged battery cells were consequently replaced and an attempt at charging again for
another test cycle began, unfortunately, another issue arose, with the team falsely mistaking
the current reading of the battery charger of OA for meaning that tleziésa were charged

and the BMS had cut charger input. In reality, it was found that the fuse protecting the
REVSKki batteries from any shectrcuit of the charger was blown; the previous team had not
installed a 30A fuse for the 25A input charger, rattieey had installed a 20A fuse.
Unfortunately, this prevented any additional cyclic tests from being conducted prior to the
hand in date of the final year project repdftom the information that had been collected, it
could be deducted that the BM§&s&eem had operated as required, cutting power for the first
charge cycle and cutting power for the water test, regardless of the damaged battery cells
tripping it much more often than to be expected. FgRBX 24 presentvisual

representation of Tagé 3 & 4 in the form ofiistograns.

26| Page



Voltage Reading of Each Cell within a Battery Pack@tasge
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Figure23. Voltage recording after initial charge.
Voltage Reading of Each Cell within a Battery Pack Post
Discharge
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Figure24. Voltage readings after the first complete discharge.

11.1 INTERPRETATIONFRESULTS

The histograms of Figures 23 & 24 draw attention to the distribution of the voltage levels of
each cell before and after the first cycle. It can be noted that after the first charge, the levels
of the battery cells are all within a desirable range of e#tuér, with the largest difference at
0.2V. However, after the first complete discharge, the balance of the battery cells seen in
Figure 24 are considerably more unruly, with the largest difference, not including the outliers,
at 0.5V. This shows thatmore funding could be attained, it would be worthwhile to replace

all old battery cells as they are damaged to varying degrees. Alternatively, an upgraded
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Battery Management System could be considered, one with the capabilities of active cell
balancingas well as monitoring, such as the ZEBMS12 (ZEVA 2017).

12 GONCLUSION

The REVSki team achieved the goal of implementing arost brand new BMS and
integratingit with a preexisting IMD to form the foundation of what will be the REVSKki

Safety §stem. Thdeeam was successful in achieving this by satisfying the relevant
standards by waterproofing the enclosures and circuitry. Also, some minor changes were
implemented that would make operation much easier for the user, such as the charger start
up/bypass hiion andmodificatiors of the REVSki includingthe centralised BMS enclosure

and access consideratighsoughouthe design phase.

12.1 FUTURBRNORK

Future work on the REVSks to focus on attaining operability, by obtaining and replacing a
new charge fuse that is the appropriate rating for the charger that isQuseg this has been
completed, more test cycles can be conducted to monitor the battery cells, the issis with t

is that cost is still a major factor for any work with respect to the batteries.

As the main operation of the REVSKi is complete, the focus shifts further into the auxiliary
systems, mainly that of the REVSki Safety System. With the foundation cempist

important that the safety system is completed by integrating temperature and water sensor
modules. While the temperature sensors and water level sensors have been previously
installed, they require a microprocessor to appropriately monitor antltcethe temperature
readings and water level readings within the battery tubes and REVSki hull respectively.
With the completion of the safety system, the REVSki team will be able to present a state of
the art project, proving that a cleaner, quieteraative can be achieved, all with the level of
safety that consumers come to expect from the internal combustion engine Jet Skis currently

in use.
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