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~uel for thought

lithium polymer battery system provided

A team at Imperial College London is amassing experience
in the design and construction of alternative-fuel race cars

WORDS BY DR GREGURY GFFEHR, HA N SHAM, BEN JAMIN SMITH, BILLY WU, AND ALEXANDER SCHEY,

IMPERIAL COLLEGE LONDOMN, LIK

9 Imperial Racing Green is a flagship
undergraduate teaching Project in
which students design, build and race
zero-cmission motorsport vehicles. In 2008
it imvalved 103 studenis and 33 academics
Irom eight 1!4_‘|=.1| iments

The project began in 2006 as a loose
coalitkon af undercraduwsie and postgraduale
students and a few stafl m Imperial College
in .'I."‘\-I'l'\-"n'-i' o an invitatecn from o |TI|||.I
Zero = a company set up to popularize
hydrogen [uel-cell technologies through

rr:~".~-|-[‘--:1 - .|'-L' |'I.:.'\I unversities from
around the world 1o compete in a new zero-
CIMVESS10: ‘.|'|1|.'r:‘|.'-|:|-*:':.='- Fi SCTHS |r'-'-'--1|"- g
hydrogen fuel cell-powered go-karts

By the summer ol 2007 the team had
managed to secure seed lunding [rom the
EnVision project at Imperial College to
build a prototvpe vehicle, IRGO, and pay
some students 1o build the vehicle over
the summer. The vehicle was powered
by a 1.2KM Ballard Nexa fuel cell sysiem
combined with a large (48Y, B00A, 1.3kWh)
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by REAP svatems and using Kolkam cells
rermanent magnet Lemco LEM 200 motors

SWole '.|.--\.'!.J {4} F'\"h M Cl Tl II rCal W :.".I.'l.'l_ .1!Il\_1

thie B % .-!'..1.-,;.,' Wit Lrp'. Lo & max miim ol
48V with a DC/DC converter regulating the
fuel cell 1o operate in constant power mode
= ellectively a range extender

Building a protolype was an immensely
5 .|L|.|.|.I :"Il.' I.':'A.F:"I.'rll.' T .i:'ll.j WLE Y U5 I.'I'.:i. Wh i'l.-l.'rl
designing and building the Formula Zero
competition vehicle, IRGOZ. This was
particularly true considering the unknown
aspects of much of the technology, and it
cnabled us (o |=|-|.'I'|‘.|.‘::. carly wihal w ould be
the most challenging aspects. The biggest
problem was the DOC/DC converter, as the
device used on 1RGO was designed as a
wiall-mounted statonary device, which
meant it was always unreliable. We knew

looking for the nght DODC converter for
IRGOZ should be 1op of the liss

The main powerirain components lor
IRGO2 consisted of a ||i:.'-.i|-'-;.3'r'::. i ”:..'l"‘-l
8. 5kW fuel-cell power module (FCPM), a
step-down DC/DC converter, two Maxwell
':I1“1] 484 Lig '-|'|q.'||'-:n.';ln'-r h mL-._ 1w mobop
controllers and two D brushed motors
The kart can |'.111-:1.1|'|1-.'1‘.:.|||.:.' ke desciibed
L | !”L'] I.I.'II ||.|.F'I.'| i JI'-\.H. (1441 ||"| hll '.I! L ||'|l.'
":\-'.:F"".'r\. 'II'| KOs 31 a5 a ';'l.'n"lj"'""u'uf':'fa CNCIRY
MoTage medium for ponwer from the fuel cell

Hydrogen is stored on board the kart in
a pressurized cylinder, and is transported
through a hydrogen feed system 1o the fuel
cell. The leed system conlains a pressune
regulator to step down the cylinder pressure
1o the required operating pressune of the (uel
cell. In order 1o protect the FC from overs
pressurization, three valves are in place after
ihe I-.'__L'_!.!'..:I:-'-." a manual shut-ofl valve, which
can be closed in the case of an emergency;
1 solenoid valve, which is activated by the
contiol Syslem, and a peliel valbve, which

will e the by .|r.-,_'|-.'11 in the case of over

pressurization, There is also an additional
manual valve in the system to purge the
system of hydrogen when needed

The fuel cell has its own balance of plant
Sy SleTm (air [liers, humidifiers, ;.h'l.'.:ll:,{
system). The eleciricity produced in the
{uel cell is passed through the step-down
DA comventer, which converts the
fuel-cell output voliage of 76V to the kan
operating vollage of 48V, The DL/ output
15 passed through LC hliers to smoath
the signal, and i then stored inthe two
parallel supercapacitor banks until the 48V
limit of the capacitons is reached, As the
supercapacitorn voltage reaches 46V the luel

cell begins 1o ramp down until The vostage
reaches 48Y, alter which it poes into standby
mode. As the throttle pedal is pushed down,
clecineny Hows [rom the supercapaciton 1o
the clectric motors via the motor controllers
Poseer 1= transmitied 1o the rear wheels
viz a chain and sprocket arrangement
The rear axle is split, which means that
||1q.‘|-.'|'-.'r.|.!|. ot conteod of the S o oF Lor ey
ol each rear wheel 13 ™ vidabale 1o -.'J".|:|:|'..:-.' the
vehicle dynamics. Currently a simple active
steering program is used, which works by
'..LL';:'|:; the steet i angle and r|1|,||||.E'-!§, Tt
1h|_' |1.-J.'|_'r |nP-|_|1 I|-1!".4_' ot er maoiod I'h:.' |
gain propotl ional to the angle, As a resuli
the outer wheel will spin faster than the
innet wheel, hence the kant can corner
more quickly. Another advantage of using
DC brushed motors i the ease with which
regenerative braking can be |r|1|1'|..;r:||_-r'.!|.'.,|:
Repenerative braking allows kinetic energy
1o be recovered by the motors while the
kart is decelerating. This recovered Kinetic
encrgy is then stored in the supercapacitors

ready for the next acceleration event
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The Risdsc.al SR8-based
Racing Green Endurance
EHﬁEIpl.ui-in EV supercar
i baing budlt by & leam
ol 10 sludents st imperial

Havange built a successiul entrant ot the
Formula Lero competition in 2008 and
2009, Racing Green turned its atltention o
analher ¢ h.1|t-.'r|.:.:r The well-known Formula
Student UK (F5) competition, which started
life a3 the Formula SAE (FSAE) event in
the USA and has since spread around the
LA ||!.J i i"-.;!..!l.'l-.:.:l.' L Ui sihies 16 F"r-\.“‘ll:l. g3
small ‘formula’-style race car to compete in
variows static amnd ..,|=_l namic events, This has
historically been a competition exclusively
for ICE powered cars, but in 2008 2 new
alternative-fuels category = Class 1A was
introduced for the UK event. This built on
the freedom in powertrain design permitted
by the Formiila Hybrd competinion in the
LISA, itsell a spin-oll FSAE-based series

inauguwrated in 2007
Starting in October 2007, Racing Green
embarked on a two-year plan to create a
vehicle 1o enter the competition as a design
in 2008 and azu a |.|"'|1'I'||-:|.'||."|,.Ir in 2008, The
design cond ept bor the car. IBGO3, waz based

n!.'--.-_ T4 powertrain

around a battery-fuel cell
syslem

The hinal powertrain system involved the
CTCathom O 3 |"1.".]'--*-k-.' Battery [rs kL -.E-.'--1-.;ﬂ edl
|||'.L
432 Kokam lithium-polymer cells providing
7. 5Wh at a voltage of ¢ 300V in a custom
support structure, Battery management
is provided by REAP Systems modular
BAMS that monitors individual cells and
communicales with the vehicle control
system via CAN. In series with the pack,
and acting as a range cxtender, is a 4kW
air-cooked Pearl hydrogen fuel cell, which

woiige with '!1-.'3:'- lrorm ABSL , CONELSNINE ¥l

15 stepped up from .73V (o the h.l.l:-u:::.'
i -'!I.1:.‘_-.' a2 DOSDC eonverter. Power
from the battery is supplied via analog
modor controllers 1o a Perm 1200 11KW
|'l:: MAnenl magnet L hromous molor
lor cach |‘||_'¢'| ”||' IFam 1IR/C i ialed the
nounting of the motors via waler-cooled
I'I'E_i[q_"\-_ which form a structural part of 1he
chassis

All the vehicle systems are controlled
through a National Instruments ¢ ompactRio
PAL, programmed through the use of
LabVIEW soltware. The control system
allows individual control of the motors
gither through open-loop current control
mosde, or in closed-loop velocity control
mode, 1aking throttle ['-n.'.l.||. posiiion and
sicering position as the driver imput, therchy
enabling the use of an electronic differential

Drive 10 each of the lour wheels is
transmitted via a motor [ace-mounted
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Meugart epicyclic reduction gearbox,
. 3 St i

through conventional CV potnts and hall

shalis 1o the hubs, Taking advaniage of the

. . %
modor position, inboard mechanical brake

2 i 9 i
I MOunicd GIrCCily Oon TN MOason S0

rechucing unsprung mass and reducing
the braking torque required. The other

; i
mechanical svstems are conventional

including unequal-lengih carbon-hiber

wishbones, with suspension provided

i i 1 b L
il =0 E =="=|.'--\.: % G I AT TR R 23
pushrod and rocker arrangement all round

Ultimanely the complexity of the vehicle

was it doeenlall, wath time runming oul i
E'l LY '.:':-\.' "\-'\.'E'Ii...l\. .ll\.!.'n.li.-.”l\. i I-\.:l\. the Tace
Altho l..'il there was the di APl ment ol
wele in the |!:. NI

1
W FS UK competition, tha

.""u 1§ l..!'-.l:!"'!. | L=

everl W The .
fcam was rewarded with the award lor the
most iInovativefellecive design

I:-\.'

|
‘8
summer B 22l the Car running as a tesibed

1 1 . iilillil'u': i I

o " 1 I 3
IR RCATTE Pk RS W] ;-\.l\. o Rapdd OVer

for luture development, anc
very important of kessons from the IRGO3
exercise have been learned. A batteryv-heavy
hybrid with FC range extender is not the
dution lor a teack vehicle. The small

range reguired in e H0-minute endurance

event of the competition does not merit the
i sebevity that the fuel cell bring
EXIra complcxiRy [Ral the fucl Coil DIngs
A : :
despite having a sysiem volumetric encrgy
luding FC bvdrosen cvlinedet
LR SN WIMCRACNE M, NYUIOECn Oy EnGens
i control svstem) of abowt 20% that

L
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IHU0E Farmuls Zera
[tedtl; and the first-
grener atson fuel cell
syslem lor IRGOS [Below|

N

N

ol
A

;

S,
.

- .
of Lhe altery LSl _|I":.\,! A Eravimeting
energy density of aboul 5086, This

e P ¥ b i mle | il v s ]
conhiguration 15 suitable lor a road vehicle,

Bt there are two better solutions for a

track car: either fully elecinc, or a huel cel
supcrcapaciton hybrid

e logmer will be used lor [RGOAs MNedstack, which will be hvbridized with
successor. [RGO4. which will enter Formula a large = upcrcapaciton hank. The balance
Siaclent in 2000011, 1RGO will use a of plant (BoP} for the Twel-cell system is
reconhgured IRGOY battery pack to integrate currenily being designed and built by the
further safety control svstemes. and will act undergraduate students, and 1% broken

the sole power source on the car. The down into three main areas: the air systems,
vehicke concepl em i = liciry, and hydrogen systems and cooling systems:

will strove to mi The comp eted svatem wall |'|--'.'.-.!-. roughly

COMIPREXILY of the car’s LLE L 2EW of net PO Crver the last academic
WS On ;'l.-'-hil:.:ll_-.'I 1 reliable vehicle that year a team of nine students designed and
CORCENLrAles &R ko [ ] ik Hral-Peneration fris '--::.:_'-r T T TET S
a race car. It will alza _r':.--.:.".. ¢ a pood [uel-cell svatem in q.'-.;':'.‘: months, and tested
mechanical base [vom which to evelve it successlully w ith an end-of-life stack
luture wehicles and return Lo the proven [he curtent air sysiem features an Eaton
el cell SUPETCAPIC o hvbnd powetirain W 24 Roots-ty pe furbocharger, which i
conbguration wsed m IRGO2. This B redd !'!. 1 +8Y LEN-200-] 2 '_'_. i h
albows the Tuel cell Bo run at its optimum chectric D motor capable of up to 11TRW,
clheiency point continuously, while the This is controlled with the use of a 4QD 300
supercapacitors allew the rapid power motor controller for an operating speed of
delivery to provide the rapid acceleration T ETl L TR |:. A pim The c mplex inlet
recjuired for racing, and robust accepiance of manilold bor the compressor was desigred
regencrative braking enerngy in Phe universiey and then outsourced 10 b
IRGOS, with a lurther developed laser siplered
poweriraim, will be the hilth vehicle to be For the air sicde humcibcation, a Perma
produced by the Imperial Racing Green Pure IFC-400-10 unit was goed. This recyeles
project It will Featare 1wo BkW [uel cell Lhe humad cathode exhawst £as 21 an
siacks |'|.-'.';-:‘.-_ d by Johnson Matthey and operaling temperature of aroninad B5%
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[he ]1':.'..!1-.1;.'.;'.". system has been destigned
with a recirculation loop o improve
hydrogen [uel economy with a Thomas
diaphragm pump, A custom-made water
separator unit has also been designed and
manufsctured with the dual purpose of heat
exchange and anode side humidihcation
Alter FEA -'.|||Li.|:=- i, thiis was condtiueed
[ a! |'-.-|:.‘ Fibomate 5 F:-|.|'-l|-. ¥ welded
in order 1o ensure the unit could handle
the operating pressures. A solenoid value
controfled |"§,' a L':l.l.l1_,' CY le AWM F"""""‘*I"-" a
means to purge inerl gascs thatl Cross Ovel
the cell membranes from the cathode side of
the stack, to improve cell performance

The cooling system uscs a 24V DC Ametek
fan mounied on a Honda Clvie Vo radiator
with a Jabsco centrifugal high-pressure
cyclone pump. The pump is controlled with
a SvRen 23A regenerative motor controdler
on a deionized water loop to maintain an
Operating lemperature o .1!151:~lh||11jlc|5 5%

The control of 1he BoP components is
achieved with a CompactRio (cRio) control
umnit using 3 LabyvIEW -Based program

The full fuel-cell system has 5o [
been successfully tested up to 3KW. Early
problems were encountered with the startup
of the stack and RCilumgd 1 he coolant fuid
up 1o e opcrating lemporature Future
development work includes replacing the
compressor with a lovw-pressure air blower
1o recluace parasitic losses, n':||u.|n1.;1’.'1r
weight of the rest of the system 50 25 to
make it more race locused, and looking at
ik I'll.':t'.l.'.' | t'.I.'J.l F'“.lr[lF'h [ !.'l.l.!-!l .I\-L' :\.l.'-!.'l.i BiCM I ':.
cooling, and the optimization of end platcs

In a spin-ofl project from Racing Green,

a team of 10 students have volunteered to
design, build and race a plug-in EV supercar
capable of navigating the Pan-American
Highway. From the most southerly city on
the planet, Ushuaia in Argentina, all the way
i Pruclhoe Bav on Alazka’s northern coast,
Racing Green Endurance will be traveling
the world's longest road, aiming o challenge
the E'u.'.|'-!|-. perceplion of EVs as slow,
unatiractive and ol limited range

Radical Sportscars is sponsoring the
propct -I'l:-.' | elfey |-.f|r'|.|.'I a Radical SR8, This iz an
impressive foundation for the team Lo design
a new electric powertrain oplimized to
rEAnaml e t"'.'-l..'r .i'l'l!.E MAXIMIEE l.'l‘l!.Jl.ll LI T

I:"I-.'u ¥ E:Il'!. LT |'|.|'- '|]1| \u'l'-l.'ill'l.j WD I'! s
AF 140 motors that will be custom-wound
1o operate within their optimum elficiency

band at cruising speed, thus eliminating the
need for a gearbox and giving the car a top
speed of 124mph, With 6530Nm and TORW
Irom each motor, and despite the car being

optimized for long-range cruising, it can sill

achieve an impressive 0-60mph acceleration
time of 6.3, Il the car was set up for racing,
however, that could be reduced 10 under 45
In order to control the motors and achieve
the moat Iroem WS Lwo motors on 3 :.|:'-I|1
rear axle, the car will incorporate two motor
drives [rom Rinehart Motion 3:'3. stems. These
ul:'.'.F!l.l.I drives can h.h:n.':-r Lp [ el |l."n."5-u.'\".
each, giving us plenty of power 10 achieve
our top speed and acceleration. The drives
5% Eli-: COTIMUnICale W '.:.II 1‘."!!.' 'n.L'II:I:.II ‘-.-r'..'I-.II
wnl =—a Mabonal Instruments € Ty 1Rio
= and this will keep the car stable under wet
road conditions by using a torque control
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IRGES race car ol
Foimida Studen?,
aurnersar 200

electronie differential. The drives will also
receive messages from the CANbus in the
car, and will reduce poaer unde |1|_;;h-
temperature conditions Lo protect the vehicle
from misuse. In addition, the CompactRio
can monitor the salety circuits in the car in
orcder T -.1i'-.|.|"-!-.' Ol OEF WEE 1 3 rl'n;':;‘_-.'r:'.*_.'

[I'If LT PN O L I'I'IH."'I.El.I.EJ.: r".IL.IrH. t"l.lll.l.
from Thunder Sky's lithium-iron phosphate
cells. With each cell delivering 100AR of
capagily, aned wath 169 cells on the vehicle,
the battery pack stores an impressive
55.8kWh of encrgy = even more than that
ol the curremt world leade . the Tesla, With
all the cells in the pack strung in series
to minimize 2R losses and 10 match the
motor voltages, the car requires a battery
management sysiem (BM3) in order 1o keep
all the colls balanced and sabe

RGE has icamed up with Frazer-MNash to
build a customized BMS for the car. 1t will
also monitor theoretical range, pre-charge
circuits, sabely contactors, emperature
and state of chatge of the w hobe pack while
LRI REEAL .'||.||'|.!.: '|"|'||-|'| |.||l.' TSl of [Ilh' "ul.'E'Iil. !L'
in order to optimize energy use lor the
various environments and drive cycles the
car will ||r'.1.!1,'l Tk

Losses are further minimized by removing
the meed lor a mechanical difl, two motors
E '-E";I.l L=l | .I:'A.IL' il IJ'-I.'I.i. |r|.--|.-.'-|-.! I..:||'| ol 'u."‘"
I [E" I'!I_].:I!:\.T'- -I'ta -:1r|'. T LY :!.' |||I.' '|'I.'E'.J|. |1.' "\-I'I-\."H.II.I.
achieve 1 3KWh/ I00km From battery to wheel,
giving it a range of nearly 248 miles =
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REGISTER ONLINE NOW FOR

Notorsport's greatest
business event

Trade only days 14 & 15 January 2010

In January 2010 Autosport International will celebrate 20 years of delivering unrivalled
business and networking opportunities for members of the motorsport and high-performance
engineering industry.

The show features over 700 exhibitors encompassing the total spectrum from concept design to
manufacture to finished component, making Autosport International Europe’s largest and most
varied motorsport trade show.

During the last 20 years, Autosport International has become the must-attend event for the
motorsport industry; make sure you don't miss out!

For further details on the show, and to register, please visit
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