
E
ndurance racing is perhaps one of the few series where the 

crossover between ultra-high tech motorsport and the wider 

automotive industry is readily apparent. As both racecars 

and roadcars become increasingly sophisticated, electronic 

technologies continue to be refined in the search for greater efficiency 

and functionality; here though we’ll focus on new technology that has 

enabled improvements to be made and evaluated during the last word 

in endurance, the Le Mans 24 Hours.

Batteries
Unlike Formula One cars, Le Mans Prototype (LMP) machines have to 

be able to self-start more than once during an event, so they need a 

completely reliable starter battery solution. The presence of headlights 

and windscreen wipers, among other systems, also leads to much 

higher electrical ancillary loads. Although lithium ion batteries are the 

exciting technology in this field, most of the batteries used are lead 

acid, this being a technology that has become highly refined. 

There are three principal types of lead-acid battery available to 

competitors. Traditional ‘wet’ batteries using sulphuric acid electrolyte 

are a highly risky proposition, as acid leakage from an inverted or 

damaged battery is likely, making their use in a racecar undesirable. 

However, two evolutions of wet lead-acid batteries are readily available 

– absorbent glass mat (AGM) and gel-type batteries. Gel batteries 

suspend the acid electrolyte in a thixotropic gel, which is nearly solid 

when at rest but becomes less viscous when agitated or heated, so the 

likelihood of leakage increases. AGM batteries immobilise the electrolyte 
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Connections in 
hi-tech places
David Cooper reports on some of 
the key developments in electrical 
and electronic systems for Prototype 
endurance racecars

A current LMP carries a vast quantity of onboard electronics. Shown here 

is the engine bay wiring for a 2010 Audi R15+. (Lawrence Butcher)
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Lead-acid batteries are the mainstay for starter battery solutions (Courtesy of DMS Technologies)

FOCUS : ELECTRICS & ELECTRONICS

beneficial to install the battery in a location that does not experience 

temperature extremes, which affect its chemical behaviour. 

One last and exciting idea here for the future is the ‘structural 

battery’, under development by BAE Systems for the Lola-Drayson 

electric car. The ultimate aim is a type of carbon fibre that also 

serves as a battery, integrating the battery throughout the car, though 

at the present time its power density is very low, with significant 

development still needed to turn it into a practicable device.

Connectors
Motorsport connectors are largely taken for granted in modern wiring 

looms, what with their high reliability and low weight; however, it 

was only in the early 1990s that a specific motorsport connector 

was developed. Before then, top-end racing used military aerospace-

specification connectors, which although designed for extreme 

environments – and service lives measured in years rather than race 

weekends – did not necessarily meet the light weight requirements of 

Formula One. 

To address this, Deutsch Autosport modified a series of connectors 

that were being developed for the Eurofighter programme, which 

led to the company’s original AS range. These boasted the same 

military specification contact inserts but within a smaller and lighter 

aluminium body. The connectors were also designed to resist the 

higher levels of vibration in a racecar compared with their military 

counterparts, and were manufactured in sufficient volumes that high 

quality off-the-shelf availability became realistic.

These AS-spec connectors provide the main stream of electrical 

connection technology in LMP cars; while GT Am cars will mostly 

use them, some less extreme environments (within the cabin) will 

by placing glass fibre mats between the plates, containing just enough 

electrolyte that the plates become wetted. This results in a battery that 

is highly unlikely to leak in the event of damage, and may be installed 

in any orientation (although manufacturers still recommend against 

completely inverting the batteries). 

Lithium batteries can have a variety of chemistries, and the precise 

materials and chemistries is a highly active research area; however, 

the most popular at the moment appears to be lithium iron phosphate 

(LiFePO4). Although they do not exhibit the same ultimate specific 

energy capacity of other chemistries, their greater tolerance of adverse 

charge/discharge regimes and overcharging makes them a safer 

alternative at the present time. Other lithium battery chemistries can 

retain high energy levels and offer rapid energy release, but charge/

discharge regimes require intensive monitoring, and the supervisory 

electronics need further development, to ensure safe use.

Battery charging
When charging, all lead-acid batteries release small amounts 

of hazardous hydrogen and oxygen gases; in AGM batteries a 

recombination process is used to minimise this, by controlling internal 

pressure through the use of valves, (sometimes referred to as valve-

regulated lead-acid, or VRLA, batteries).

Battery charging for conventional lead-acid batteries is a largely 

understood science, with manufacturers specifying particular 

charging regimes to avoid over/undercharge and so maintain battery 

life and performance. For lithium batteries, however, the charging 

behaviour is very different. Normally an LMP car will run either one 

or two alternators providing between 14.2 and 14.7 V, while lithium 

batteries tend to be supplied with a specified charging limit of 14.4V. 

Comments from one manufacturer point towards concerns in the case 

of a failed ac-dc regulator, which then permits the alternator to provide 

more than the 14.4V limit; this potentially requires additional failsafe 

controls, such as electronic monitoring and shut down if an unsafe 

state is detected. The chance, however remote of a lithium fire also 

raises concerns over how to put one out, and the health implications 

of inhaling fumes from such a fire. These concerns are largely down to 

a lack of experience within the industry, a situation that will improve 

as the knowledge base for this technology grows.

Typical lead acid endurance racing batteries are far from 

lightweight, weighing up to 18-19 kg, and their placement within the 

car is often chosen to help optimise weight distribution. By contrast 

the weight of an electrically equivalent lithium battery is about 4 kg, 

but they are much more expensive, although if compared to the cost of 

reducing component weight across the car, the initially high price tag 

may seem more reasonable.

The installation of batteries is a big factor in their performance, and 

the performance of the car overall (given their large weight). Vibration 

and shock can cause internal connections between battery cells to 

crack and fail – this holds true for lithium batteries as well – so isolation 

from vibration is essential. Manufacturers typically recommend the 

use of a closed cell vibration-damping foam, to surround the battery 

and reduce the effects of vibration. The battery cables need to be 

installed correctly as well, to avoid stress/strain on the terminals, and it’s t
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perhaps use lower-spec automotive or industrial connectors. The sheer 

number of connections makes this a significant area where weight can 

accumulate on the car, with a typical LMP entry having more than 150 

mated pairs of connectors.

Construction-wise, a motorsport connector is typically formed 

from a robust black zinc-plated aluminium shell, which houses the 

connector inserts, and serves to protect the joint and positively retain 

the connector. Within the shell, a polymer insert – of either Ultem 

resin or Polyetherarylketone (PEAK) – serves to hold and align the 

electrical contacts, while fluro-silicone rubbers seal the interface 

against the ingress of any water or dust, up to IP67 specifications. The 

contacts are made from a copper-nickel based alloy which is gold 

plated to maximise electrical conductivity; because of the extreme 

vibration conditions the use of brass contacts is generally avoided.

Pull-out is prevented by the connectors’ design and assembly, 

with inserts being loaded from the front of the connector such that 

they cannot come away from the rear housing; a bayonet-type fitting 

then ensures that the housing itself is positively locked against its 

counterpart. Each contact is retained by four clips or tines, and contact 

retention is tested during assembly to verify that its installation is 

correct. The final step is to seal the connector to the cable with a boot 

and heat shrink, which not only serves as waterproofing but adds 

stiffness and strength to the cable to help prevent undue strain on the 

cable affecting the wiring in operation.

Installed correctly, a high-spec motorsport electrical connector is 

exceptionally tough, surviving extremely harsh conditions (particularly 

within the open LMP cars) without issue.

Application-specific connectors are also available, for example 

hermetically sealed bulkhead connectors for fuel tanks, using a glass/

metal seal to ensure complete sealing for fuel-level sensors or pump 

electronics.

Comments from one connector manufacturer indicate that for data 

connections where very fine gauge wire can be used, the future trend 

is likely to be towards a reduction in connector size, and therefore 

weight. In the other direction, the range of products available for high-

current solutions is likely to expand, to meet the growing needs of 

energy recovery systems and new electric vehicle series.

Headlights
One of the more obvious innovations on recent LMP cars are the 

headlights – required by ACO regulations, they are essential for night 

racing! Traditionally headlight technology has been derived largely 

from the roadcar sector, using high-intensity discharge (HID) lighting 

systems, but the development of LED technology is now playing out 

within the Le Mans arena. 

Although HID systems appear to have lightweight headlight units, 

it is the electrical driver systems or ballast units, providing the many 

thousands of volts needed for the bulb itself, that add to the weight, as 

well as the bulk and complexity of the heavy-gauge wiring that connects 

these units. Although a tried and tested technology, HID is not without its 

issues, with bulb failures due to vibration or shock possible. 

On the other hand, LED units are compact solid-state devices that 

show no particular susceptibility to vibration-induced failure. The 

absence of a ballast unit also means less packaging space is needed, and 

the simplified wiring connectors – typically a single three-pin Deutsch 

connector providing 12 V and ground – require only fine-gauge wiring.

The units have four components – an electronic driver, a cooling 

system, the LED unit itself (the actual diodes mounted on a chip) 

and the beam optics and housings. The electronic driver consists of a 

small printed circuit board that regulates the electrical supply to the 

LEDs, serving to maintain the required constant current of 2-3.5 A. 

A thermistor also provides overheating protection, scaling back the 

current in the event of excessive temperature (over 80 C).

Headlight cooling 
Regulating the temperature of the headlight units can be achieved 

either by active (with a fan and heat sink) or passive cooling (just a 

heat sink). While passive cooling appears to be the simpler solution, 

heat sinks can increase the weight of the units considerably, and the 

need for air to be ducted in to cool them increases the complexity of 

the installation.

 Active cooling on the other hand increases the complexity of the 

headlight unit itself, requiring a fan to be installed into the heat sink 

module, but gives a simpler solution overall, using smaller heat sinks 

and in general having fewer implications for their installation. Actively 

cooled units can also maintain cooling while the car is stationary, 

while passively cooled units are forced to reduce the light intensity 

to prevent overheating. While stationary cooling is only a minimal 

concern for a racecar, which spends the vast majority of its life in 

motion, it is certainly a problem for passenger cars, and will be a 
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Typical motorsport electrical connectors provide a range of configurations, with 

robust aluminium housings (Courtesy of Deutsch Autosport)
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factor in the technology’s adoption in that sector.

LEDs provide a directional light, unlike halogen or xenon-type 

automotive bulbs, which are omnidirectional; however, the light must 

now be managed to achieve its function – illuminating the racetrack! 

This can be done either by reflecting the light, as in a typical roadcar 

headlight, projecting the light through a lens, or a combination of 

both. 

LED units lend themselves particularly well to a projected solution, 

as the light is already collected and directional when emitted from 

the flat chip face of the diode, whereas reflectors are necessary to 

gather and direct the omnidirectional light produced by traditional 

bulbs. Also, the light source itself is ideal for projector lenses, with 

LEDs not only producing directional light, but having a constant 

intensity (a square wave if imagined in graph form) rather than a bright 

central core with more diffuse periphery. Projector lenses can then be 

designed to direct the light received into a precise pattern as desired. 

The lenses are moulded from optical glass and polished before being 

assembled over the LED units within a mounting bezel. The lenses 

are mounted as close as possible to the units – less than 1mm – for 

maximum light-gathering effect, requiring very precise assembly. The 

headlamp surround or bezel is typically produced by selective laser 

sintering (SLS), using carbon fibre-reinforced polyamide (nylon) as the 

material of choice for strength, stiffness, vibration and heat resistance. 

The use of SLS is ideal for the relatively small-batch volumes involved 

in Prototype racing, and also allows for complete customisation as 

far as mounting points are concerned. The final component is a cover 

of transparent polycarbonate to seal the unit against the ingress of 

moisture and dirt.

In terms of wattage, it is difficult for LEDs to compete with the 

efficiency of HID units, although they are largely comparable, with 

both technologies using 30-50 W per headlamp unit depending on the 

output desired. 

Where LEDs make the most difference though is in the 

characteristics of the light generated. Typical HID lighting patterns 

tend to provide good illumination at more than 20 m, but a short 

and comparatively dimmer ‘dead zone’ exists just in front of the car. 

This is a particular issue when tackling chicanes, where close-in 

illumination is vital. 

LED units address this through the design of the projection 

lenses and number of LED dies – the actual light-emitting 

semiconductor chips – and can generate either a close-in 

‘dipped’ beam, a ‘main’ beam or a long-range ‘spotlight’ 

beam depending on the unit. The dipped beam can achieve 

a wide, 120º field of view, providing a beam of up to  

30 m wide at up to 30 m ahead of the car, while main 

beam illuminates a wide area 30-100 m ahead. The high-

intensity spotlight beams provide a narrower light pattern, 

but at a range of up to 120 m. By using each of these units 

in concert, a more consistent pattern of illumination can be 

achieved, improving the functionality of the headlights.

The colour of LED lighting is also beneficial. At 5500 K, it is 

the nearest to plain white light or daylight, and so closer to the 

norm for the human eyes, potentially reducing driver fatigue.

LED lights can also use more standard reflector technology, but 

this is less controlled than pure projection optics, resulting in large 

amounts of glare, dazzling other racers as cars approach, whereas a 

more controlled and focused beam reduces this effect.

The electrical efficiency of LEDs is often hailed as an advantage, but 

given the high capacity of LMP batteries/charging systems, this is of a 

lower priority in the selection of LED lighting when compared to the 

functional improvements provided in the beam patterns and intensity.

LED lighting is developing rapidly, with new LED dies on the 

horizon (increasing from four dies per chip up to 12 or 24) providing 

a potentially smaller solution. As each chip requires its own projector 

lens, new units may be produced with only one or two chips rather 

than up to five, reducing weight and size. It is interesting to see the 

different approaches taken, with some cars using more conventional 

reflectors and others using units with multiple smaller projector lens 

assemblies. As ever in motorsport, presumably this will converge 

towards an agreed ‘optimal’ solution in the future, before feeding back 

into production car technology.

Little black boxes
A Le Mans car sports several innocuous-looking electronic control 

boxes, but under the hood so to speak are some very sophisticated 

systems. These can be divided into three broad categories – driver 

interface (steering wheel and dash), data loggers & control systems, 

and power management systems. The development of these systems 

focuses on a need for more flexible functionality, with the ability to 

process and communicate ever-larger volumes of data. As car systems 

become more complex, the number of sensors and the volume of data 

increases, particularly when adding in whole new subsystems such as 

hybrid powertrains, so the capacity of the management systems has to 

increase to meet this demand.

Driver interface
Driver interfaces have progressed significantly, with ‘Formula One-

style’ carbon fibre constructions now becoming the norm but with a 

few endurance racing-specific features. OLED (organic LED) displays 

can be used, providing a fully configurable dash on the steering wheel. 

The displays are customised to each driver, with the settings linked 

FOCUS : ELECTRICS & ELECTRONICS

Actively cooled projector-type LED headlight 

units (Courtesy of Racetech Harnessing
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sensors or via the onboard Controlled Area 

Network (CAN) bus system, using a generic 

loom that is then tailored to the particular 

team’s requirements (for example, differing 

powertrains require measurement of different 

parameters e.g. turbo or naturally aspirated, 

hybrid or conventional powertrain). 

The system records mandatory parameters such as boost pressures, 

hybrid energy release or cockpit temperatures, determined in 

collaboration with the ACO and, this year, with the FIA’s involvement. 

This data is encrypted to ensure confidentiality of each team’s data, 

before being written to a memory card that is exchanged at pit stops 

with one of two official data cards supplied to the teams. The recorded 

data is then uploaded to a secure server managed by Cosworth, and a 

matrix of the monitored parameters for all cars is then provided to the 

officials during an event.

Power management
In addition to the control electronics, a relatively new innovation is 

the use of power management units, which replace traditional fuse 

and relay boxes with a solid-state electronic solution. These allow all 

the powered electrical circuits on the car – from windscreen wipers 

to ignition coils or injectors – to be controlled via either direct switch 

inputs, from switch panels or the steering wheel, or CAN bus control 

from other ECUs. 

A typical unit has 64 output pins, each carrying up to 7.5 A, 

although software control allows the pins to be combined into ‘groups’ 

where higher current is required (such as 2 x 7.5 A = 15 A output). 

New units expected on the market soon provide preconfigured high-

current groups, simplifying loom design further and providing the 

potential for 24 V systems. Although groups can easily be customised, 

once the wiring loom is designed they normally remain fixed. 

For each group, the unit is able to monitor the current drawn, and 

it allows users to set both normal and surge current limits for each 

group. It can then monitor the number of times a circuit is tripped, 

along with the time between each trip event for each circuit, managing 

to the driver’s transponder ID, providing information to suit personal 

driver preference.

‘Dashboard’ systems have also improved, with membrane switch 

panels now available to competitors. These are generally lighter in 

weight than the equivalent number of mechanical switches, and again 

provide a more refined driver interface. Backlighting of the panels can 

vary for day/night racing, while alarms or status indications are given 

by a particular illumination of the relevant switch on the panel, which 

can be acknowledged by a single touch.

Data loggers and control systems
Behind these interfaces, however, a lot of the really clever work 

occurs within the electronic control and management systems. These 

provide the electronic ‘brain’, their greatest advantage being the 

ability now to accept customised programming in standard formats 

such as C++ or coded from MatLab Simulink. This allows very precise 

control of all aspects of the electronic systems, along with rapid 

control system prototyping and development for hybrid powertrain 

management strategies. 

The use of ‘Box Maths’, that is logic processing which occurs within 

the ECUs without outside intervention has also increased, where the 

control systems take information and apply a series of logic steps 

before informing the driver, or condensing a series of driver inputs 

into an automated process that require just one action from the 

driver. While telemetry systems provide full real-time data to the pits, 

the increasing use of Box Maths does reduce the driver’s workload, 

simplifying the quantity and structure of information, and presenting it 

in a format according to driver/team preference.

This box or ‘smart’ maths also provides functionality such as automated 

limp-home modes, identifying and communicating issues (based on a 

series of user-defined logic rules) and ensuring everything possible is 

done to avoid engine damage and return the car to the pit lane.

Future development of these systems is likely to 

continue down a similar route, with the ability to 

process and communicate increasing volumes of 

data. This will bring a need for increased telemetry 

bandwidth, along with off-load efficiency (larger 

file sizes, but same download time when connected 

in the pit lane). The onboard hardware will need to 

provide for higher-rate data logging and throughput, 

and probably an integrated capacity for live video 

transmission. 

Alongside the teams’ own data logging systems, 

an ACO-standard data logger (supplied by Cosworth) 

must also be installed. The system records or 

logs information from either directly connected 

New membrane switch technology helps to simplify driver interactions (Courtesy of Cosworth)

A typical power management unit, capable of controlling more than 

60 separate electrical connections (Courtesy of Cosworth)
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to convert the pressure exerted by the diaphragm into a voltage. Of 

particular interest to Le Mans racing is the ability of these sensors 

to operate continuously at temperatures of up to 150 C without any 

issues. There is also a growing need for high-pressure transducers: as 

engines move towards direct injection, sensors are now available that 

can measure up to 400 bar of dynamic pressure. 

Laser ride-height sensors have in the past been a relatively 

expensive proposition, but recent falls in their cost mean they are 

now widely available to all levels of endurance racing. A visible 

laser source is directed at the ground (or other target surface) 

and the reflection measured. Newer systems can survive ambient 

temperatures of up to 80 C (an increase from the 55 C maximum of 

previous systems), allowing their use in hot zones near the engine 

or gearbox. Currently measuring over distances up to 260 mm from 

their mounting location on the car to the ground, future devices are 

likely to extend this to 500 mm. They are the ideal tool for setting 

up suspension and aerodynamics, contributing directly to the 

performance of the car.

Conclusion
Electronic systems in endurance racing are expanding significantly in 

scope, taking on an ever-growing role in the overall operation of the 

cars and their subsystems. Exciting new systems are also appearing, 

such as efficient LED headlights and virtual rear-view mirrors, where a 

rearward-facing camera relays an improved rear-view image to a small 

LED screen. The most significant developments though are most likely 

to come in the area of hybrid powertrain electronics, particularly given 

their success this year at Le Mans. Control systems for integrating the 

conventional and alternative powertrains will need to become more 

refined though, while development of battery/capacitor technology is 

inevitably set to continue.
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their state within a predetermined number of automatic resets. This 

gives better information on the behaviour of circuits, and for fault 

finding or diagnosis. The use of a single power management unit also 

gives a simpler and lighter wiring loom, with all connections arriving 

at a few, larger connectors rather than multiple smaller ones.

Sensors 
A modern Prototype car is monitored by a vast number of sensors, 

recording all its vital metrics, from tyre temperatures and pressures 

to fuel levels and engine parameters. Many perform mandatory 

measurements for the ACO, such as boost pressure and cockpit 

temperature, while others are essential to the running of the car in 

terms of strategy and information. To examine each technology present 

in this area is beyond the scope of this article, but here is a brief 

insight into some of the more critical ones for Le Mans.

The reliable and accurate measurement of fuel tank content is vital 

to racing at Le Mans, with the ability to manage fuel consumption 

being paramount. While estimates of fuel consumption can be 

achieved via the ECU, by calculating use based on injector timings 

and fuel pressure, nothing compares of course to direct measurement 

of how much fuel remains within the tank. 

To date, the most accurate method of achieving this is through the 

use of solid-state capacitive sensors. These form a rod or probe made 

up of a series of conductive cells, which is inserted from the top of the 

fuel tank and reaches the bottom. The presence of liquid can then be 

measured by the effect of the fluid on the capacitance of the sensor 

cells, (the sensors require calibration though for the liquid they are to 

be used with, as each fluid has a different dielectric constant). 

The sensor elements are housed in a probe up to 1 m long, with 

the housing made from an appropriate material depending on the 

fluid – petrol or diesel, and budget, with the cheaper options using 

stainless steel or aluminium, then going through titanium, up to PEAK 

or carbon fibre-reinforced polymer if budgets allow. Capacitive sensors 

are accurate to 0.5% of the measured range, outputting a value which 

relates to the proportion of sensor which is immersed in fluid as a 

0-5 V analogue signal. Similar sensors are used for measuring water 

levels, engine oils, gearbox oil and so on, with most being provided 

with standard SAE mounting flanges, connectors and pre-loaded 

calibrations for various typical motorsports fluids.

Nowhere else is the precise real-time measurement of fuel level 

as important, especially given talk of the Audi hybrid cars having 

the potential to run one lap further per stint compared to their 

conventional counterparts. Those decisions on pit stop strategy 

can make or break an endurance race, and hinge on the exact 

measurement of fuel levels and consumption, as relayed to the driver 

and pit lane by the ECUs and logging systems discussed above.

Other sensor technologies of note are pressure transducers and laser 

ride-height sensors, with recent developments in these areas providing 

new capabilities in endurance racing.

Pressure transducers use a diaphragm as an interface between the 

fluid medium (air, oil, fuel and so on) and the electrical sensor. The 

electrical component of the sensor is usually derived from established 

technologies, using ceramics, thin film or semiconductor technology n

Typical endurance racing pressure sensors for various applications 

(Courtesy of KA Sensors)
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