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Abstract

Vehicle braking in non-electrified rail systems wastes energy. Advanced flywheel technology presents a way to capture

and reuse this braking energy to improve vehicle efficiency and so reduce the operating costs and environmental impact

of diesel trains. This paper highlights the suitability of flywheels for rail vehicle applications, and proposes a novel

mechanical transmission system to apply regenerative braking using a flywheel energy storage device. A computational

model is used to illustrate the operation and potential benefits of the energy storage system.
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1. Introduction

There is increasing pressure in the rail industry to reduce

vehicle emissions and energy consumption in order to cut

costs and reduce greenhouse gas emissions and air pollut-

ants. While trains perform well in comparison with other

modes of transport [1], in non-electrified systems there is a

major loss of energy during braking, where the kinetic

energy of the vehicle is dissipated. In the UK, where

around 40% of the total passenger rail energy consump-

tion is due to diesel powered vehicles [2] the problems of

harnessing braking energy are becoming more critical as a

result of potential reductions in oil supply, increasing costs

of fuel and more stringent regulations regarding vehicle

emissions. This paper demonstrates how flywheels may

offer a solution for reducing energy consumption by

enabling regenerative braking using onboard energy stor-

age.

2. Flywheel Technology as a Solution

In situations where regional trains are diesel powered,

there is a strong case for developing systems to capture,

store and reuse braking energy that would otherwise be

dissipated, while not adding significantly to the weight,

complexity and cost of the vehicle. The proposal here is to

do this by introducing hybrid power-trains, which have

more than one power source (typically an internal combus-

tion engine and battery storage).

Hybrid vehicles have been developed in the automotive

industry, with positive results. In these cases batteries com-

pliment diesel/petrol cars and have become the most estab-

lished technology as these systems often focus on reducing

fuel consumption during low speed urban driving where

power is limited. These electrical systems are however

expensive, and batteries suffer from deterioration in per-

formance over their limited lifetime.

In fact, hybridisation of rail vehicles presents different

problems, relating to factors such as the operating speed,

station spacing, vehicle lifecycle and weight. On most

routes the regularity of station spacing means that the

vehicle has often achieved a high speed before braking is

initiated. This results in large power flows (often consider-

ably larger than the installed engine power capacity) which

must be handled by the regenerative braking system. The

intensive operation of rail vehicles during their lifespan of

30~40 years also means that a robust and durable system

is required.

This is why modern flywheel technologies offer a poten-

tial solution for rail applications; they can accept high

power flows, have long operational life, and have perfor-

mance that is not dependent on the age, temperature or

history of the device. This technology has already shown

promising results for vehicle applications [3,4].
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In a comparison of different energy storage devices (Fig. 1)

the energy that can be extracted from a fully charged device at

constant power demand is used to construct a Ragone plot

[5,6]. Electro-chemical batteries, capacitors (electrolytic and

recent developments in super-capacitor technology), and

advanced flywheels are shown in comparison to each other.

These flywheels use light-weight rotors constructed from high

strength composite materials which rotate at high speed

(10,000 to 100,000 revolutions per minute) in a vacuum envi-

ronment to minimise aerodynamic losses. This type of fly-

wheel development has been demonstrated previously in

several research programs [7,8]. 

In Fig. 1 the diagonal characteristic lines represent the

minimum time in which the energy can be extracted from

a fully charged device. These characteristic lines can be

used to plot the range of typical rail vehicle braking times

on Fig. 1 (with upper and lower limits representing inter-

city and metro type services respectively). Currently bat-

teries and super-capacitor devices provide the energy and

power capacity required to store the braking energy of the

vehicle. Flywheels however can meet these requirements

with the highest specific energy and power, and therefore

with the lowest mass, as seen above in Fig. 1.

In a qualitative comparison of energy and power capac-

ity (Table 1) advanced high speed flywheels offer a com-

promise between the high specific energy of batteries and

the high specific power of super-capacitors. The reason for

the good specific energy of flywheels is due to the high

strength of the composite materials used in the rotor. This

allows very high rotational speeds to be achieved, result-

ing in high kinetic energy per unit mass. The rate at which

energy can be supplied to or extracted from the flywheel is

limited only by the transmission system used, rather than

the device itself, which is beneficial for high power appli-

cations.

Although current data show that flywheels meet the

energy and power requirements for a hybrid rail system,

successful implementation will depend on a range of addi-

tional factors including:

• Safety, cost, reliability and lifespan of system components

• Efficiency of regeneration

• System requirements of storage device (e.g. cooling,

power control)

• Ease of integration with conventional vehicle platform

and power-train

• Aims of power-train control strategy

The method used to transfer power to and from the fly-

wheel will influence all of these factors and is therefore an

important consideration. The implications of different

transmission options are discussed in detail below.

3. Implications: Options for Flywheel 
Transmissions

In order to realise the benefits of flywheel energy stor-

age, an efficient and robust transmission system is required

to transfer energy between the vehicle and flywheel. The

transmission must be able to control the power flow across

the full range of flywheel and vehicle speed ratios. There

are two recognised ways of achieving this; an electrical or

a mechanical transmission can be used.

3.1 Electrical Flywheel Transmissions

By combining the flywheel rotor and a motor/generator

in an integrated unit, flywheel energy storage can be

applied to vehicles equipped with a diesel-electric power-

train. There are however a number of drawbacks to this

option:

• The power to the flywheel is limited by the capacity of

the electrical machines, resulting in limited regeneration

• The flywheel unit has increased complexity due to the

integration of the electrical machine

• The necessary control electronics and auxiliary sys-

tems add considerable bulk to the system; the total weight

of the energy storage unit developed for the ‘Ultra Low

Emission Vehicle’ [3] is 1000 kg, less than 40% of which

is the flywheel motor/generator unit (including vacuum/

safety containment and cardanic suspension)

A fundamental issue with this system is that it can only

Fig. 1 Ragone plot of energy storage devices

Table 1 Qualitative comparison of energy storage devices

Device Energy Power

Batteries High Low

Super-capacitors Low High

Advanced flywheels Medium Unlimited
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be used with diesel-electric vehicles. This is a particular

problem in the UK where the large majority of regional

diesel vehicles currently use hydrodynamic transmissions,

making the electrical flywheel option unsuitable.

3.2 Mechanical Flywheel Transmissions

Mechanical flywheel transmissions have been proposed

which use a power-split arrangement of continuously vari-

able transmission (CVT) and planetary gear-set (PGS) to

achieve the required infinitely variable transmission ratio

[4]. Careful design allows the power through the CVT to

be less than the total transmitted power across a range of

operating conditions; the overall transmission efficiency is

then higher than the corresponding CVT efficiency (which

is typically 70~95% [9]). This type of transmission also

has its limitations;

• Power recirculation can occur, leading to large power

flows in the CVT and PGS, and resulting in low overall

efficiency 

• The availability of CVT’s for this type of intensive,

high power application in rail vehicles is limited

• The reliability and durability of the CVT components

would have to be well proven before such a system could

be implemented

Mechanical transmissions do however have the advan-

tage of allowing flywheel energy storage to be imple-

mented with any type of primary vehicle transmission, and

are therefore an attractive option for integration with new

or existing vehicles.

4. An innovative Flywheel System

The current research proposes a novel flywheel trans-

mission concept which uses a PGS and a secondary energy

storage system (SESS) to transfer energy between the

vehicle and flywheel. The transmission avoids the prob-

lems of a CVT, while the SESS can make use of estab-

lished electrical or hydraulic technology. The way in

which it operates can be explained by considering the

characteristics of the PGS, as described below, and how

the SESS is used to control this.

4.1 Planetary Gear Set Characteristics

A PGS consisting of a sun, ring and planet carrier as

shown in Fig. 2 can operate as a 2 degree of freedom system.

The PGS allows the necessary variation in speed ratio

between the transmission input and output as described by

the following equations. The characteristic ratios of the

PGS, A and B, are defined in equation (1); these are the

gear ratios that are obtained when the rotational speed is

zero at the sun and ring respectively. The kinematic rela-

tionship governing the PGS is defined in equation (2) and

the ideal torque relationship in equation (3). Fig. 2 illus-

trates the kinematic relationship by plotting the sun speed

at x=A and ring speed at x =−B; the point at which a

straight line between these points crosses x =0 then defines

the speed of the carrier. The subscripts S, R and C refer to

the sun, ring and carrier branches of the PGS respectively. 

, 

(where NS/R=no. of teeth on sun/ring gear) (1)

(2)

(3)

By connecting the flywheel to the sun gear of the PGS

and the vehicle to the planet carrier it is possible to con-

trol the power flow between them by applying an appro-

priate torque at the ring gear. Fig. 4 shows the case where

flywheel powered vehicle acceleration is achieved by

applying a positive control torque at the ring. The effect on

the speed of the three branches of the PGS during this pro-

cess can be seen in Fig. 3. The speed of the ring gear

changes from negative to positive as the flywheel (sun)

speed decreases and the vehicle (carrier) speed increases.
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Fig. 2 Elements of a planetary gear set

Fig. 3 Schematic illustration of the PGS kinematic relationship
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Providing the necessary positive control torque to acceler-

ate the vehicle causes power to flow out of the ring while

the speed is negative, before flowing into the ring once the

speed becomes positive.

4.2 Secondary Energy Storage System

As explained, the characteristics of the PGS provide a

simple mechanical means of transferring energy between

the vehicle and flywheel. However, a control mechanism

is required at the ring. The SESS is proposed as a means

of controlling the power delivered to the vehicle by draw-

ing energy out of the ring into a secondary energy storage

device when the ring speed is negative, before returning

this energy once the rotational speed at the ring becomes

positive. Braking of the vehicle is achieved by applying a

negative torque at the ring, reversing the direction of the

power flow and again charging and discharging the sec-

ondary storage device. A secondary energy storage sys-

tem (SESS) is therefore required, consisting of a reversible

‘motor’ able to rotate in both directions and a suitable

energy storage device. If the SESS is only used to control

the flywheel, there is a significant increase in transmission

weight with no increase in the regenerative braking energy

storage capacity. This drawback can be eliminated by

including an additional gear (labelled 1 in Fig. 5) in the

transmission to connect the SESS directly to the vehicle.

To accelerate the vehicle from stationary with both the fly-

wheel and the SESS fully charged, gear 1 is initially

engaged and the vehicle is powered by the SESS until

depleted. The gear is then shifted from 1 to 2 and the

SESS provides the necessary control torque at the ring of

the PGS, storing energy while the ring speed is negative

before returning it to the ring when the speed becomes

positive. Once the SESS is again depleted, the system can

no longer provide energy to the vehicle.

The SESS could be implemented using electrical or

hydraulic equipment. Ongoing research is investigating the

application of a simple hydraulic system through detailed

computational modelling and experimental testing. Ini-

tially however, the SESS can be considered as a generic

device capable of receiving and delivering the required

power at the ring, and the operation of the system can be

illustrated using a simple model of the vehicle and PGS

kinematics.

5. Computational Model

In order to investigate the operational performance and

constraints of the proposed system, a vehicle computa-

tional model was created using the Matlab/Simulink pro-

gramming environment. Typical vehicle parameters (mass,

power, resistance, etc) for a UK 3-car regional diesel-

Fig. 4 Illustration of power flow in the PGS during flywheel discharge (with flywheel connected to sun, vehicle to planet carrier)

Fig. 5 Schematic illustration of proposed transmission layout
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hydrodynamic train were used in the analysis. To clearly

illustrate the operation of the flywheel transmission sys-

tem the PGS and SESS components were initially

assumed to be ideal with no energy losses; further model-

ling was then performed to investigate the effect of these

losses on the transmission efficiency A simple drive cycle

was used to characterise the regenerative braking system.

The controlling torque applied at the ring of the PGS was

specified in order to reproduce the maximum acceleration

performance of a conventional vehicle. 

5.1 Vehicle Parameters

The vehicle model was created using the data in Table 2.

The ‘Armstrong and Swift’ equations [10] were used to

obtain approximate resistance coefficients (A, B and C)

for the ‘Davis Equation’ (defined in Equation 4), where R

and v are the vehicle resistance (kN) and speed (m/s)

respectively.

(4)

5.2 Flywheel Parameters

In order to implement a computational model of the fly-

wheel system, the inertia and maximum rotational speed of

the flywheel must be specified. This was achieved by scal-

ing the design of an existing high-speed, wound carbon

fibre flywheel (Fig. 6) developed at Imperial College Lon-

don [7]. 

The kinetic energy and inertia of the flywheel (assum-

ing a simplified, cylindrical geometry) are defined accord-

ing to the standard equations;

(4)

Where  and 

When a geometrical scaling factor, λ, is applied to the

dimensions of the original flywheel and the maximum rim

speed is kept constant, it can be seen that;

and (5)

A maximum energy storage capacity of 50MJ has been

chosen for the following analysis in order to accelerate the

vehicle to around half its maximum speed. This was felt to

be a reasonable compromise between capturing a signifi-

cant amount of braking energy, and limiting the weight and

volume of the system. Assuming that two counter-rotating

flywheels are mounted in each car, the specifications for a

single flywheel can be found using the above equations.

Table 3 shows the design data for the original flywheel [7]

and the scaled version for rail applications. It should be

noted that scaling the rotor in this way does not affect the

specific energy of the flywheel. The total inertia and maxi-

mum rotational speed of the flywheel used in the computa-

tional model are 11 kgm2 and 3000 rad/s respectively. 
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Table 2 Vehicle parameters for typical UK regional diesel train

Vehicle Parameters

Mass 133.7 tonnes

Equivalent rotational mass 13.4 tonnes

Installed power 945 kW

Final drive ratio 2.6

Wheel radius 0.4 m

Davis equation coefficients

A [kN / (m/s)2] 0.00899

B [kN / (m/s)] 0.0396

C [kN] 0.984

Fig. 6 High-speed composite flywheel developed at Imperial 

College London [7]

Table 3 Properties of existing high-speed composite flywheel 

and scaled version for rail use

Rotor property
Flywheel version Units

Existing Scaled

Energy capacity 1.6 8.3 MJ

Rotor mass 9.3 48.6 kg

Length 362 627 mm

Outer Diameter 258 446 mm

Inner Diameter 202 349 mm

Flywheel assembly inertia 0.12 1.83 kg m2

Max. rim speed 674 674 m/s

Max. rotational speed 50,000 28,800 rpm
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As the following analysis was performed in order to

investigate the operation of the proposed transmission sys-

tem, the losses associated with the flywheel were

neglected. In reality these losses will be significant (due to

aerodynamic drag on the rotor and frictional loses in the

bearings and seals) and will be included in future detailed

modelling of the flywheel system.

6. Results

Results from the flywheel computational model are

shown in Figs. 7 and 8 for a simple drive cycle. The

regions described as A1/2 and B1/2 refer to acceleration

and braking in the respective gear (as defined in Fig. 4).

Initial acceleration is provided by the SESS. By using an

appropriately geared PGS, the flywheel is then continu-

ously discharged to 25% of its maximum kinetic energy

while the SESS first receives and then delivers energy at

the ring. Once this is fully discharged the system is no

longer able to deliver power to the vehicle. At this point in

the drive cycle regenerative braking is enabled by applying

a negative torque at the ring. The drive cycle specifies a

moderately high constant vehicle deceleration of 0.5 m/s2.

The SESS is again charged and discharged, reaccelerating

the flywheel, and braking the vehicle. Final vehicle brak-

ing is performed by the SESS.

6.1 Consideration of Transmission Component

Efficiencies

The results presented in Figs. 7 and 8 assume no losses

in the transmission components. This is unrealistic, and the

effect of the component losses must be considered in order

to investigate the overall efficiency of the transmission

system. These losses can be estimated by applying con-

stant efficiency values for the PGS and SESS to the com-

putational model. An example of this is shown in Fig. 9,

where the analysis was performed using a constant PGS

efficiency of 95% and a SESS round trip efficiency 75%.

The effect of these losses in the transmission components

is to reduce the amount of energy transferred from the fly-

Fig. 7 Performance of flywheel with SESS control; a) vehicle and flywheel speed, b) vehicle acceleration

Fig. 8 Performance of flywheel with SESS control; a) power flow at vehicle, SESS and flywheel, b) kinetic energy of vehicle and 

flywheel, and energy stored in SESS
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wheel to the vehicle during acceleration, and reduce the

amount of energy recovered during braking. 

The efficiency of the flywheel transmission was calcu-

lated during acceleration (ηdischarge) and regenerative brak-

ing (ηcharge) as shown below, where WDres is the work

done against vehicle resistance during either acceleration

or braking.

(6)

(7)

This analysis was repeated for PGS and SESS efficien-

cies ranging from 60 to 100 percent. Fig. 10 shows the

resulting overall discharge efficiency for the proposed fly-

wheel transmission.

It can be seen in Fig. 10 that the PGS efficiency has a

dominant effect on the overall transmission efficiency due

to the high power flow through the PGS during flywheel

operation. The actual efficiency of the PGS is a function of

the speeds of the three branches (sun, ring and carrier) and

of the power being transmitted. Experimental testing of a

PGS performed by Mantriota and Pennestri [11] suggests

that an efficiency of 90 to 95 percent is realistic for high

power operation (i.e. greater than half the maximum

power). The efficiency of the SESS is less critical, but still

has a significant effect on the overall transmission effi-

ciency. In an experimental investigation of a simple

hydraulic energy storage system (which essentially meets

the requirements of the SESS) by Pourmovahed et. al. [12,

13], typical round trip efficiencies of 70 to 80 percent were

observed.

Applying these values for PGS and SESS efficiency to

the results of the simple analysis shown in Fig. 10 sug-

gests that a discharge efficiency in the region of 80 to 90

percent can be achieved (similar to the typical operating

efficiency of an electrical traction motor). This high trans-

mission efficiency, combined with the good power and

energy density of flywheel devices shows the potential for

implementing effective regenerative braking systems.

7. Discussion of Results

The paper presents two sets of results. An initial analysis

illustrates the operation of the proposed flywheel transmis-

sion system assuming ideal component efficiencies. The

results of this initial computational analysis show that the

flywheel can be controlled using a simple PGS gearbox

and a SESS with a relatively small energy storage capacity.

This avoids the need for complex and expensive CVT

based transmissions. By storing around 84% of the total

energy in the flywheel, the benefits of high specific energy

and specific power can be achieved with a relatively sim-

ple transmission. The second set of results investigates the

potential overall transmission efficiency by applying repre-

sentative efficiency values for the PGS and SESS. An over-

all transmission discharge efficiency in the region of 80 to

90 percent is predicted for realistic operation.

A consideration in the development of the transmission

system is the type of energy storage device used in the

SESS. In Fig. 8, the power in the SESS is seen to be less

than the vehicle power, especially during regenerative

braking. The ratio of maximum energy capacity to power

capacity of the SESS gives a necessary characteristic dis-

charge time of around 10 seconds for the storage device;

options for suitable systems therefore include:

• An electrical system consisting of a motor/generator

with a super-capacitor or integrated flywheel-motor/gener-

ator storage device

ηdisch earg

KEveh WDres accel( )+∆

KEfw ESESS∆+∆
-------------------------------------------------- 87.3 %= =

ηcharng

KEfw ESESS∆+∆

KEveh WDres braking( )–∆
------------------------------------------------------ 91.2 %= =

Fig. 9 Kinetic energy of vehicle and flywheel, and energy 

stored in SESS assuming constant PGS and SESS efficiencies

Fig. 10 Discharge efficiency of proposed flywheel 

transmission as a function of constant PGS and SESS 

component efficiencies
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• A hydraulic system consisting of a variable displace-

ment pump/motor with a hydro-pneumatic accumulator

Although the specific energy of the SESS device is likely

to be lower than that of the primary flywheel, it is only

required to store 16% of the total energy and should allow

a relatively low overall system weight to be achieved. The

proposed system therefore combines the advantages of

advanced flywheel devices with mature electric or hydrau-

lic control technology. The benefit is that this enables a

potentially robust, low-cost and efficient solution for reduc-

ing the fuel consumption of rail vehicles. 

8. Conclusions

This research has shown that advanced high speed fly-

wheel devices can be designed to provide the specific

energy and power required to enable regenerative braking

in rail vehicles. In order to prove how this can be

achieved, an innovative transmission system incorporating

a secondary energy storage device has been described, and

its operation illustrated using a simple computational

model. Initial results suggest transmission charge and dis-

charge efficiencies of 80 to 90 percent could be achieved

in realistic operation. As a result, it is argued that this type

of system can provide a simple, robust and economical

means of reducing fuel consumption and engine emis-

sions for diesel powered rail vehicles. Research is continu-

ing to develop a more detailed component based

computational model of the proposed system, supported

by small-scale experimental testing. This will allow a

more detailed calculation of the potential benefits of the

system for a range of real-world applications and duty

cycles.
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