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Racing 
green
A student engineering team at London’s Imperial 
College is accumulating extensive experience in the 
design and development of alternative fuel race cars

■ Imperial Racing Green is 
a fl agship undergraduate 
teaching project in which 
students design, build, and 
race zero-emission motorsport 
vehicles. In 2008 it involved 
103 students and 33 
academics from eight 
departments. 

The project began in 2006 
as a loose coalition of 
undergraduate and 
postgraduate students and a 
few staff at Imperial College 
in response to an invitation 
from Formula Zero – 
a company set up to 
popularize hydrogen fuel 
cell technologies through 
motorsport – asking 
universities from around the 
world to compete in a new 
zero-emissions international 
race series involving hydrogen 
fuel cell-powered go-karts.

By the summer of 2007 
the team had managed to 
secure seed funding from the 
EnVision project at Imperial 
College to build a prototype 
vehicle, IRG01, and pay some 
students to build the vehicle 
over the summer. The vehicle 
was powered by a 1.2kW 
Ballard Nexa fuel cell system 
combined with a large (48V, 
800A, 1.5kWh) lithium 
polymer battery system 
provided by REAP systems 
and using Kokam cells. 
Permanent magnet Lemco 
LEM200 motors were used to 
power each rear wheel, and 
the bus voltage was kept to a 
maximum of 48V with a DC/
DC converter regulating the 
fuel cell to operate in constant 
power mode – effectively a 
range extender. 

Building a prototype vehicle 
was an immensely valuable 
experience and very useful 
when designing and building 
the Formula Zero competition 
vehicle, IRG02. This was 
particularly true considering 
the unknown aspects of much 
of the technology, and it 
enabled us to identify early 
what would be the most 
challenging aspects. The 
biggest problem was the DC/
DC converter, as the device 
used on IRG01 was designed 
as a wall-mounted stationary 
device, which meant it was 
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which is activated by the control 
system; and a relief valve, which 
will purge the hydrogen 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 system (air 
filters, humidifiers, cooling 
system). The electricity 
produced in the fuel cell is 
passed through the step-down 
DC/DC converter, which 
converts the fuel cell output 
voltage of 76V to the kart 
operating voltage of 48V. The 
DC/DC output is passed 
through LC filters to smooth the 
signal, and is then stored in the 
two parallel supercapacitor 
banks until the 48V limit of the 
capacitors is reached. As the 
supercapacitor voltage reaches 
46V, the fuel cell begins to ramp 
down until the voltage reaches 
48V, after which it goes into 
standby mode. As the throttle 
pedal is pushed down, 
electricity flows from the 
supercapacitors to the electric 
motors via the motor controllers. 

Power is transmitted to the 
rear wheels via a chain and 
sprocket arrangement. The rear 
axle is split, which means that 
independent control of the 
speed or torque of each rear 
wheel is possible to optimize the 
vehicle dynamics. Currently a 
simple active steering program 
is used, which works by  
taking the steering angle and 
multiplying the power input  
to the outer motor by a gain 
proportional to the angle. As a 
result, the outer wheel will spin 
faster than the inner wheel, 
hence the kart can corner more 
quickly. Another advantage of 
using DC brushed motors is the 
ease with which regenerative 
braking can be implemented. 

‘formula’-style race car to 
compete in various static and 
dynamic events. This has 
historically been a competition 
exclusively for ICE-powered 
cars, but in 2008 a new 
alternative fuels category – Class 
1A – was introduced for the UK 
event. This built on the freedom 
in powertrain design permitted 
by the Formula Hybrid 
competition in the USA, itself  
a spin-off FSAE-based series 
inaugurated in 2007. 

Starting in October 2007, 
Racing Green embarked on a 
two-year plan to create a vehicle 
to enter the competition as a 
design in 2008 and as a 
complete car in 2009. The 
design concept for the car, 
IRG03, was based around  
a battery-fuel cell hybrid 
powertrain system. 

The final powertrain system 
involved the creation of a 
bespoke battery pack designed 
in-house with help from ABSL, 
consisting of 432 Kokam 
lithium-polymer cells providing 
7.5kWh at a voltage of c.300V 
in a custom support structure. 
Battery management is provided 
by REAP Systems modular BMS 
that monitors individual cells 
and communicates with the 
vehicle control system via CAN. 
In series with the pack, and 
acting as a range extender, is a 
4kW air-cooled Pearl hydrogen 
fuel cell, which is stepped up 
from c.75V to the battery 
voltage via a DC/DC converter. 

IRG02 getting ready to 
compete at Formula Zero 

The first-generation fuel cell system for 
the IRG05 (above). The IRG02 Formula  
Zero vehicle sits in the garage, waiting  
for further engineering tweaks (below)

“The kart was 
fundamentally a fuel 
cell supercapacitor 
hybrid with the 
supercapacitors 
acting as temporary 
energy storage  
for the power from 
the fuel cell”

Regenerative braking allows 
kinetic energy to be recovered 
by the motors while the kart is 
decelerating. This recovered 
kinetic energy is then stored in 
the supercapacitors ready for 
the next acceleration event.

Having built a successful 
entrant for the Formula Zero 
competition in 2008 and 2009, 
Racing Green turned its 
attention to another challenge. 
The well-known Formula 
Student UK (FS) competition, 
which started life as the 
Formula SAE (FSAE) event in 
the USA and has since spread 
around the world, challenges 
universities to produce a small 
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always unreliable. We knew 
looking for the right DC/DC 
converter for IRG02 should be 
top of the list. 

The main powertrain 
components for IRG02 
consisted of a Hydrogenics 
HyPM 8.5kW fuel cell power 
module (FCPM), a step-down 
DC/DC converter, two Maxwell 
165F 48V supercapacitor banks, 
two motor controllers and two 
DC brushed motors. The kart 
can fundamentally be described 
as a fuel cell supercapacitor 
hybrid, so the supercapacitors 
act as a temporary energy 
storage medium for power  
from the fuel cell. 

 Hydrogen is stored on board 
the kart in a pressurized 
cylinder, and is transported 
through a hydrogen feed system 
to the fuel cell. The feed system 
contains a pressure regulator to 
step down the cylinder pressure 
to the required operating 
pressure of the fuel cell. In order 
to protect the FC from over-
pressurization, three valves are 
in place after the regulator: a 
manual shut-off valve, which 
can be closed in the case of an 
emergency; a solenoid valve, 






