
 
Full Toroidal CVT in a Kinetic Energy Recovery System  

 
Chris Brockbank BSc (Hons)  

Torotrak (Development) Ltd  
  

 
1. Introduction 
 

On the 28th July 2006, the President of the Federation Internationale L’Automobile (FIA) 

announced draft regulations for the recovery and reuse of energy on Formula 1 cars – in 

essence, promoting hybrid systems for application in Formula 1 racing. 

 

The announcement followed a number of discussions regarding the focus, direction and cost 

of technical development in F1 and the lack of relevance of these developments to 

mainstream automobile applications – particularly continued focus on engine design to 

increase the maximum engine speed beyond today’s 19,000 rpm level. The FIA firmly 

believe that motorsport, and F1 in particular, should provide excellent entertainment whilst 

directing technical developments targeted at the key issue of fuel efficiency in road cars.   

 

Hence the objectives of the rule changes were fivefold :-  

• to reduce the focus and spend on engine development   

• to maintain F1 as the pinnacle of motor sport  

• to improve the show  

• to improve cost effectiveness  

• to promote technology relevant to society  

 

The F1 Kinetic Energy Recovery System or KERS was subsequently confirmed for 

introduction for the 2009 season, specifying a system that can recover, store and reapply 

400 kJ of energy per lap to and from the vehicle at a maximum rate of 60 kW. In order to 

promote technical development, neither the type of system (be it electrical, mechanical, 

hydraulic, etc), the weight of the system nor the strategy for reapplication of the recovered 

energy have been defined. However, one suggestion is that the hybrid system should 

provide a “Push to Pass” boost system providing 60 kW of boost for 6.67 seconds per lap    

(= 400 kJ) with the obvious impact on overtaking potential. 

 



F1 Kinetic Energy Recovery SystemF1 Kinetic Energy Recovery System

Introduction for 2009 season

Electrical or mechanical (flywheel) systems suggested
– Storage capacity – 400 kJ (originally 240 kJ)
– Power capability – 60 kW
– Weight limit – none (originally 20 kg)

No limitations of applications per lap
– 400 kJ = 60 kW for 6.67 seconds
– “Push to Pass”

Potential for higher power recovery in the future 

– 2011 draft specifications – 200 kW KERS

Other motorsport applications (e.g. Le Mans 2009)

 

Fig. 1 F1 Kinetic Energy Recovery System 

 

The 400 kJ / 60 kW specification can be viewed as a surprisingly low power and energy 

recovery requirement given the quantity of energy dissipated by an F1 car under braking. 

However, when one recognises that the existing engine remains unchanged, delivering well 

in excess of 550 kW, then the safety implications of an additional power boost of greater than 

60 kW are clear.   

The 400 kJ / 60 kW specification will remain for the 2010 F1 season and discussions 

regarding downsizing the engine and running a higher specification KERS of circa 200 kW is 

under discussion for subsequent seasons. In addition, the system is also being discussed in 

other areas of motorsport including Sportscar racing & DTM. 

 

2. KERS System Requirements 

A Formula 1 car has similar requirements from a hybrid system as a road car – both vehicles 

require a rapid recovery of energy from the vehicle inertia, high efficiency in the transfer of 

the energy to and from the storage medium, high efficiency of the storage medium itself, 

delivered with high energy density in a small package with low weight. 

 

However, one area that differs from hybrid road cars is the magnitude of the change in the 

“State of Charge” of the storage medium on a race car – whereas road cars may strive to 



maintain a battery state of charge at 90 or even 95 % to maximise battery life, a race car will 

charge and discharge the storage medium as much as possible due to the nature of racing. 

This can have a dramatic impact on the performance of battery based hybrid with potentially 

significant degradation of the operational efficiency of the storage medium over the race. 

Having reviewed the various hybrid systems currently applied to road vehicles, an interesting 

solution to the request for hybrid drive for a number of F1 teams is a mechanical solution 

comprising a mechanical storage medium of a flywheel connected via a variable drive to the 

vehicle driveline. All other solutions, from the ‘standard’ electrical systems to high pressure 

storage systems, suffer with weight, package, cost, performance degradation and / or overall 

efficiency issues. 

Flywheel energy storage systems are not a new concept; Torotrak demonstrated a flywheel 

kinetic energy storage system in a bus in the 1980’s. However, concerns existed regarding 

the safe containment of the flywheel energy, inhibiting development and mainstream 

application. The FIA initiative has successfully kick-started technical developments in this 

area resulting is technical solutions to the previously viewed issues. 

 

3. Mechanical KERS 

To deliver a functional system to the F1 community, a partnership of three companies was 

generated comprising :- 

• Flybrid Systems LLP – an independent, innovative engineering company F1 

Engineers who are the KERS system suppliers, developing mechanical hybrid 

technology including the flywheel for application in Motorsport and Automotive 

markets,  

• Xtrac – a specialist transmission supplier to the motorsport, aerospace and 

automotive sectors &  

• Torotrak – the CVT technology supplier. 

 



Mechanical KERS Mechanical KERS –– Collaborating CompaniesCollaborating Companies

System Supplier & Developer

CVT Manufacturer

CVT Technology Supplier

 

Fig. 2 Mechanical KERS Partners 

 The mechanical KERS comprises a flywheel as the energy storage device and a Torotrak 

variable drive transferring energy to and from the flywheel. As the system is, by definition, 

active in discrete events, the system is connected into the driveline via a clutch. 
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Fig. 3 KERS Configuration 



The KERS needs to be connected in to the driveline, ideally close to the final drive of the 

vehicle in order to maximise the power flow efficiency and hence the following initial concept 

resulted :- 

F1 Mechanical KERS F1 Mechanical KERS –– Initial ConceptInitial Concept

 

Fig.4 Mechanical KERS – Initial Concept 

4. KERS Flywheel Specification 

The Flybrid Systems flywheel for the 2009 F1 season comprises a carbon filament wrapped 

round a steel hub. Weighing in at circa 5kg with a diameter of 200mm and a length of 

100mm, the flywheel spins at high speeds with an operating speed range of 64,500 rpm to 

32,250 rpm and hence operates in a very low vacuum of 1 X 10-7 bar. Sealing is of course 

critical to maintain the vacuum and Flybrid Systems have developed and patented a hermetic 

seal – a key to success for the flywheel design. 

The flywheel has an overall energy storage capacity of circa 580 kJ. 

Safety is of course a primary concern and hence the flywheel is enclosed in a metal housing 

that has already been successfully performance and crash tested. 

Total system weight for the flywheel, housing gear drives and CVT is less than 25kg. 

 

(Information reproduced courtesy of Flybrid Systems LLP) 

 



CVT variator Flywheel

Control system

Key ComponentsKey Components

Reproduced courtesy of Flybrid Systems LLC
 

Fig.5 Formula 1 KERS Components 

5. KERS Transmission System 

To control and fully optimise the flywheel operation, a torque controlled variable drive system 

is required to transfer energy to and from the flywheel storage medium irrespective of the 

speeds of the driveline of the flywheel. In addition, the transmission system needs to be 

robust, lightweight and in a small package. The Torotrak full-toroidal traction drive system 

satisfies these requirements with the familiar twin cavity Variator design utilising the 

previously described “compact lever” roller control system. 



Compact Lever VariatorCompact Lever Variator

 

Fig.6 Compact Lever Variator 

 

Compact Lever ArrangementCompact Lever Arrangement

 

Fig.7 Compact Lever Arrangement 

The calculation process for defining the specification of the Torotrak Variator for the F1 

KERS application is identical to the process for a main drive transmission – the key factors 

influencing the specification are the maximum contact stress, the  number of stress cycles at 

each stress level (durability) and the roller temperature. 



The Variator was modelled using Torotrak Matlab Simulink based System Design Tool (SDT) 

with various parameters modified such as roller diameter, number of rollers, Variator ratio 

spread, compactness ratio, conformity ratio etc. 

The resulting contact stresses, temperatures and Variator efficiencies were compared 

together with the package requirements to determine the final specification. 

3 rollers per cavity as baseline

2 rollers per cavity are possible
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Fig.8 Variator Power Capacity Calculations 

Hence, for the F1 KERS, the following specification resulted :- 

• Ratio spread = 6  

• Twin cavity, 3 disc / 6 roller design  

• Roller diameter ~ 55mm   

• Disc diameter ~ 103mm  

• Compactness ratio = 1.18   

• Lever roller control design  

• Disc & roller weight ~2.7 kg  

• CVT weight ~5 kg  

• Using current materials, fluids and design rules 

 

The last point is rather important – at this stage, we are using the existing “automotive” 

specification traction fluid rather than a F1 specific fluid. Hence, the fluid has the low 

temperature properties required for mainstream automotive applications which is well 

outside of the F1 requirements; without the need for extreme low temperature operation, 

a specific F1 fluid will have a significantly higher traction coefficient requiring lower 



clamping loads, lower contact stresses in the contact resulting in higher efficiencies and 

potential downsizing of the Variable drive unit.  Therefore, the follow KERS CVT results :-  

Formula 1 KERS CVTFormula 1 KERS CVT

 

Fig.9 KERS Transmission Unit 

 

Reproduced courtesy of Flybrid Systems LLP
 

Fig.10 F1 KERS – CVT & Flywheel 



6. Road Car Applications 

One of the original motives for encouraging hybrid systems in F1 was the desire to develop 

technologies with applicable benefits to mainstream automotive products.  

Hence Torotrak and our partners are now investigating the benefits and specification of the 

mechanical KERS to a variety of road car applications over a number of driving cycles.   

The same benefits of the mechanical hybrid system over the electric hybrid system as 

identified in the Formula 1 application apply to road car applications namely :- 

• efficiency,  

• package 

• cost and 

• lack of performance degradation 

Starting with efficiency, to store recovered energy a battery based electric hybrid system 

converts mechanical energy into electrical energy, may undertake a DC to AC conversion 

and then converts the electrical energy to chemical energy in a battery. To reapply the 

energy to the driveline, the above energy conversions are repeated. The result is a circa 31% 

to 34% round trip efficiency. 

The mechanical hybrid system stores the energy mechanically in a rotating flywheel so 

eliminating the various energy conversions and providing a far more efficient system with 

measured overall round trip efficiencies of >70% measured – twice as efficient as an electric 

system. 

The further advantage of eliminating the various energy conversions, together with the high 

energy density of the flywheel energy storage medium and the full toroidal variable drive 

system, is a significant reduction in the system packaging requirements. 

Overall, the mechanical hybrid provides twice the efficiency of an electric hybrid with half the 

weight, half the volume and an estimated quarter of the system costs. 

 



Hybrid Systems ComparisonHybrid Systems Comparison

Electric Hybrid
– Mechanical to electric (29%)
– AC to DC (9%)
– DC to chemical (10% + 0.003% per minute)
– Overall round tip efficiency ~ 34%

Mechanical Hybrid
– Gear transmission losses (1.5% per gear pair)
– CVT transmission losses (8%)  
– Parasitic losses due to oil pumps (1 kW) 
– Flywheel storage losses (2% per minute)
– Overall round trip efficiency ~ 70%

Prius Electric Hybrid = 85 kg and large volume 

Mechanical Hybrid = ½ weight, ½ the volume, ¼ cost
Reproduced courtesy of Flybrid Systems LLC

 

Fig.11 Comparison of Hybrid Systems 

Regarding energy efficiency and fuel economy, starting with the F1 specification of 400 kJ at 

a rate of 60 kW, even allowing for a zero initial “state of charge” of the flywheel (due to the 

current requirements to “soak” the vehicle for 24 hours before testing), the mechanical hybrid 

system provides a significant energy saving over a range of test cycles with over 30% 

reduction in energy usage from the engine resulting in certain applications. Open items for 

determining the fuel economy benefit for a specific application include the “state of charge”, 

the required energy storage, power rating and flywheel drag and efficiency, etc. 

 



Early modelling completed by Torotrak

Energy benefits : 5 – 33% varying with application & cycle

Further benefits demonstrated by Flybrid Systems LLC

Fuel Economy ModellingFuel Economy Modelling

 

Fig.12 Fuel Economy Modelling 

A key item currently under investigation is the range of options for the system layout. In the 

Formula 1 application, the Torotrak variable drive is arranged as a CVT with a ratio spread of 

6. This provides a ratio spread of 2 on the flywheel and 3 on the connection to the driveline. 

This is ideal for certain applications (for example performance cars and diesel engined light 

duty commercial vehicles) but a wider ratio spread is required for other vehicle applications. 

Once example shown in Figure 13 is a shunted design which uses an epicyclic gear set to 

provide a ratio spread of 12. 

Drive Line ModelDrive Line Model

 

Fig.13 Example Road Car Mechanical Hybrid Arrangement 



Regarding performance, basic modelling of a vehicle with a 200 kW engine with a vehicle 

weight of 1800 kg utilising a 60 kW KERS with an increased energy storage of 1MJ clearly 

demonstrates the performance benefit of an additional 60 kW. 
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Fig. 14 Performance Modelling 

Full pedal acceleration is improved by :-   

• 13% 0 to 100 kph  

• 24% 0 to 160 kph  

• 29% 50 to 70 mph  

In addition, “Tip In” performance will improve due to the extra power compensating for engine 

dynamics & engine acceleration during shifts.  

The potentials for engine downsizing, so providing fuel economy and efficiency 

improvements, whilst maintaining vehicle performance are apparent.   

The specification, performance, energy benefit and fuel economy improvements will be 

developed over the following months.  



7. Summary  

A mechanical hybrid has been realised providing 400kJ at 60kW for introduction in the 2009 

Formula 1 race season. The system comprises a mechanical flywheel as the storage 

medium and a Torotrak full-toroidal traction drive system as the transmission.  

The transmission is based upon Torotrak’s standard automotive specification of materials & 

traction fluids and utilises a 5kg, 55mm roller diameter variator.  

Road car applications of the mechanical hybrid are being developed as the energy, fuel 

economy, efficiency and performance attributes as well as the critical package, weight and 

cost benefits are clear. 
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