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Abstract

One way to reduce the carbon dioxide emissions of heavy vehicles is to install regenerative braking systems. These
capture the kinetic energy of the vehicle during braking and store it, in order to feed it back into the drivetrain during
acceleration. It is not clear, however, which of the many available technologies should be used to implement this regen-
erative braking.

This report explores the different possible energy capture and storage technologies for regenerative braking, includ-
ing electrical, kinetic, hydraulic and compressed air. The basic systems are plotted on a selection chart, and an optimal
selection methodology is used to aid in the selection of the lightest and smallest system for regenerative braking.

The results of this comparison and selection show that hydraulic energy storage is likely to be 33% smaller and 20%
lighter than the closest electrical counterparts and is therefore a logical selection for regenerative braking on the trailers

of heavy goods vehicles.
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Introduction

In 2008, road transport was responsible for 23% of the
UK’s carbon dioxide (CO,) emissions' and transport
fuels accounted for 67% of the UK’s oil demand.” Heavy
goods vehicles (HGVs) travelled 28.7 X 10°km; 16% of
these were on urban roads.> At least 3.6 X 10° t of CO,
were produced by HGVs in urban areas in 2008.%*

A study conducted by Odhams et al.” concluded that
urban delivery would be up to 25% more fuel efficient
with articulated trucks than with rigid trucks, and up
to an additional 20-30% more fuel efficient if these
articulated trucks featured regenerative braking
(depending on the drive cycle). (This is primarily due to
the increased freight capacity of an articulated vehicle,
which leads to a higher ratio of payload mass to unla-
den mass of the vehicle. In addition, the aerodynamic
drag per unit mass of payload is lower for an articu-
lated vehicle than for a rigid vehicle.)

Other emissions studies have shown up to 30%
increase in fuel economy for hybrid vehicles.” ' Thus a
very effective way to reduce the emissions from HGVs
in urban delivery would be to use articulated HGVs
with regenerative braking in the place of traditional

rigid vehicles. These measures are more effective than
others available (Table 1). Such vehicles may need to
incorporate steered axles on the trailer so as to have
sufficient manoeuvrability.°

To make use of such a regenerative braking system,
and to provide an acceptable braking performance for
the HGV, the system must be fitted to all axles on the
vehicle; otherwise insufficient tyre friction is available to
stop the vehicle. In this analysis it is assumed that the sys-
tem can be segmented, with the trailer and tractor having
different and self-sufficient regenerative braking systems.

Several different technologies can be used to imple-
ment hybridisation and each of these is discussed in
turn in the second section. Companies such as Volvo
have made electric hybrid tractor units,”® Eaton makes
both electric and hydraulic hybrid propulsion systems
for heavy vehicles,” '""'*!* and Permo-Drive (an
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Table I. Comparison of fuel usage reduction measures.

Table 2. Sources of energy storage specifications.

Fuel usage reduction ~ Approximate Reference

measure reduction (%) in

the fuel consumption

per freight task®
Articulated vehicles 25 Odhams et al.’
Regenerative braking 20 Odhams et al.’
Stop—start hybrid 7 Baker et al.'?
Aerodynamic 7 Baker et al.'?

improvements

Tyre improvements 7 Baker et al.'?
Engine efficiency 3 Baker et al.'?
improvements

*Relative to the baseline tractor—semitrailer.

Australian company) makes a hydraulic hybrid drive
for heavy vehicles.'*'® This paper will focus on regen-
erative braking on the trailer, as there are several sys-
tems already developed (see above) for a driven vehicle.

Each technology has advantages and disadvantages.
No thorough comparison of hybrid technologies is
available in the current literature, and so this paper
aims to establish which technology is best for imple-
mentation of regenerative braking on the trailer of an
articulated urban delivery vehicle.

Component technologies

Existing technologies for regenerative braking include
electric, kinetic (e.g. flywheels) and hydraulic energy
storage. Details of these technologies were gathered
from manufacturers’ data sheets; these sources are
included in Table 2 and Table 3. The main comparison
metrics used in this paper are the specific energy, the
specific maximum power, the volumetric energy and
the volumetric maximum power, where a specific prop-
erty is defined as the amount of that property per unit
mass, and a volumetric property is the amount of that
property per unit volume.

Electric hybrids

Background. In an electric hybrid vehicle, energy is nor-
mally stored either in a battery or in an electric double-
layer capacitor (often known as an ‘ultra-capacitor’).>
A battery stores energy chemically, whereas a capacitor
(or ultra-capacitor) stores energy through charge separa-
tion. Batteries tend to have high specific energies, while
capacitors have comparatively higher specific powers
and lower specific energies.’®>” These devices are used
to store energy recovered from regenerative braking or
to store any extra power generated by the vehicle’s
powerplant. Electric motor—generators are used as the
transformers between the rotational motion and the
electrical energy. Several manufacturers, including
Volvo, use this technology for hybrid heavy vehicles.””

Storage device Information source

Battery A123 Systems
ANR26650MIA"7
Panasonic
CGAI03450A'®
CGR26650A"°
Energizer
NH12-850%°
NH50-2500°'
NH22-175%
Oak Ridge National Laborator
Toyota Prius battery pack®***
Tesla Motors Inc.
Tesla battery pac
Continental Automotive®
LF4-60
ELF2-60
ELFI-I
Maxwell Technologies Inc.
BCAP0350%
BMOD0063>’
BCAP3000%°
HYDAC GmbH?*'
10 | bladder
50 | bladder
0.6 | diaphragm
Eaton Hydraulics Corporation®
A2 50 578
A2 50 I5G
A2 30 060
A2 30578
ATK Space Systems Inc.
Titanium-lined pressure vessels
ULEV-TAP 2 project®”
IEEE review of flywheels®®
Research by Hoppie®’

k25,26
7

Ultra-capacitor

Metal accumulator

2

Composite
accumulator
Flywheel

33-36

Elastomer

Batteries. Batteries are often operated in a small fraction
of their total energy storage range (some only between
55% and 60% of the state of charge (SOC)’®) because
of large excursions from optimal charging and dischar-
ging efficiencies, and also to prolong the service life of
the battery. As a result, numerous methods for manag-
ing the SOC of the batteries have been suggested.>® ¢

Data describing several commercially available
‘state-of-the-art’ electrical energy storage devices were
collected (see Table 2), and the relevant comparison
metrics (specific and volumetric powers and specific
and volumetric energies) were calculated.

The faster a battery is discharged, the greater the
energy dissipated across the internal resistance, and
therefore the lower the energy available at the terminals
of the battery.®® An example discharge curve is given in
Figure 1. Consequently, the energy storage of each bat-
tery was calculated from data given in the product data
sheet at a discharge rating of ‘0.5C” which corresponds
to a 2h discharge time. This means that, if a battery is
rated at 125mA h, the discharge curve corresponding
to 62.5mA 1is used to calculate the total energy stored.
The 0.5C rating was used as it is normally a good point
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Table 3. Sources of actuator specifications.

Actuation device Information source

Electric motor—generator Oak Ridge National Laboratory
Toyota Prius electric
motor—generator?>?*

UQM Technologies Inc.
Powerphase 75
Powerphase 100!
Powerphase |50%?

Moog Motors®
Moog BN42 53IP
Moog BN23-28EU
Moog D326 HT

Bosch Rexroth Ltd
Bosch 24 V 1.7 kw*
Bosch 12V 1.6 kW*

Bosch Rexroth Ltd**
Rexroth A4VSG 40
Rexroth A4VSG 180
Rexroth A4VSG 750
AA4 CSG 250
AA4 CSG 750

Eaton Hydraulics Corporation48
ADUO04I
ADUO062

Novel rolling traction cvT?

NASA review of CVTs>

Next-generation toroidal CVT®'

Parker Hydraulics®>*3
P1V-BJOOC0600
P1V-B510A0060
P1V-B900B0080
P1V-B900BO160
PIV-A360A0600
PIV-A160A0900

Parker Pneumatics®
P1V-P007A02200
PIV-PO12A01800
P1V-P023A01500

Hydraulic pump—motor

CvT

Air-powered motors

CVT: continuously variable transmission.

on the discharge curve of most rechargeable batteries,
corresponding to a nominal 2 h discharge time. This is
a generous concession to batteries, especially in regen-
erative braking systems, as the charge and discharge
times can be much faster (of the order of seconds rather
than hours).

As discussed above, electric hybrid systems often use
a narrow band of the battery’s total SOC range in
order to prolong the battery life and to avoid inefficient
charging and discharging regimes.’**” These values
vary widely, with some academic studies using a range
of only 10% of the SOC,”® while other academic stud-
ies use a range of up to 60% of the SOC.®®%’ This
information is not available from manufacturers. A
representative factor of 50% of the SOC was applied to
the energy storage capacities quoted in or calculated
from the batteries’ data sheets.

In existing commercial hybrid electric vehicles the
battery packs are formed by combining many small
single-cell batteries. For example the battery pack in

3
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Figure |. Discharge curves for an energizer NH22-175.22
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10°
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Figure 2. Storage device comparison chart: specific properties.

the Tesla Roadster uses 6831 batteries, each slightly
larger than an AA battery and with a nominal voltage
of 3.7V,>>2% and the Toyota Prius uses 28 battery mod-
ules each with a nominal voltage of 7.2V.”°

These battery packs require cooling (and heating) in
order to keep them at an optimal temperature for oper-
ation. Additionally they require complex inter-cell
energy management in order to spread the load across
the cells.”> These complications add to the mass and
complexity of an electrical hybrid.

The specific energies and specific powers of a
number of suitable batteries'” " are plotted in Figure
2. The volumetric energies and powers are plotted in
Figure 3.

Downloaded from pid.sagepub.com at PENNSYLVANIA STATE UNIV on March 5, 2016


http://pid.sagepub.com/

Proc IMechE Part D: | Automobile Engineering 0(0)

Volumetric Energy (MJ/mJ)

o

Batteries

Steel Accumulators
Ultra-capacitors
Composite Accumulators

oOP* DO

1 02 T L L
10° 10° 10
Volumetric Power(kw/m3)

Figure 3. Storage device comparison chart: volumetric
properties.

Ultra-capacitors. Data for ultra-capacitors are generally
given in the manufacturer’s data sheets; alternatively
the stored energy U can be calculated using U = 1C12,
where C is the capacitance of the ultra-capacitor and V'
is the voltage across its terminals. Ultra-capacitors suf-
fer from similar SOC concerns to batteries, primarily
because of the difficulty of extracting energy from them
at low voltages. Only 75% of the energy stored in an
ultra-capacitor is used;*®”! therefore, a factor of 75%
was applied to the energy storage capacities quoted in
the ultra-capacitors’ data sheets. The properties of
several ultra-capacitors from Maxwell Technologies
Inc.?® 3% are plotted in Figure 2 and Figure 3.

Batteries and ultra-capacitors are sometimes com-
bined in order to take advantage of the benefits of each
of them.’®>”-"2 The ultra-capacitor is used to serve large
power demands, and the battery to store larger quanti-
ties of electrical energy. The two devices are joined by a
d.c.-to-d.c. converter and complex power electronics.

When a battery and an ultra-capacitor are joined
together, it is possible to calculate the properties of the
combination when the fraction x of energy E, stored by
the ultra-capacitor is varied in relation to the amount
of energy FEj stored in the battery according to

E

E::x (1)

The total energy E,; stored by the combination is then
E,=E,+ E,
= Ep(1 + x) (2)

The specific energy of a battery—ultra-capacitor combi-
nation ¢, is then given by

_ Byl +x)
B m, + my
_ el +x)
1 + xep/e, (3)

€y
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Figure 4. The effect of varying the energy fraction on a
battery—ultra-capacitor combination.

where ¢, and ¢, are the specific energies (energy per
unit mass) of the battery and the ultra-capacitor respec-
tively, and m, and my, are the masses of the ultra-
capacitor and the battery respectively.

The specific power (power per unit mass) ¢, of the
combination is governed by the power E, of the ultra-
capacitor, as these can accept higher power rates than
batteries, and is given by

E,
my + my,

éu
1+ ey/epx (4)

é[:

An illustration of the results of a battery—ultra-capaci-
tor combination (in this case, using the battery from a
Toyota Prius and a Maxwell BCAP3000 ultra-capaci-
tor) is shown in Figure 4, where the x axis is the frac-
tion x discussed above. Figure 4 shows that, as the
capacity of the ultra-capacitor is increased to equal that
of the battery (towards the right of the x axis), the spe-
cific power of the combination increases, but the spe-
cific energy decreases. The optimal point in this range
depends on the nature of the application, and the rela-
tive importance of the specific energy compared with
the specific power.

Kinetic hybrids

Kinetic hybrids store energy in the form of Kkinetic
energy using flywheels and a continuously variable
transmission (CVT) to transfer energy between the fly-
wheel and the drivetrain. Defining a system as purely
electric or purely kinetic can be misleading, especially if
the drivetrain is electrical but the energy is stored in a
flywheel rather than a battery or ultra-capacitor. This
storage method is typically called a ‘flywheel battery’.

The energy E that a flywheel stores is related to the
rotational speed w of the flywheel and the rotational
inertia J of the flywheel according to

1
Ey= EJC‘)Z (5)
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To maximise Ey it is desirable to spin the flywheel as
fast as the limits of the material will allow. The top
speed w4 s limited by the fracture stress o, of the
material. Equating the centrifugal stress at the centre of
a spinning disc to the failure stress gives an expression
for the maximum speed in terms of the density p and
the radius R of the flywheel”® according to

wmaxz = % (6)
Modern composite materials have a high specific ulti-
mate strength oy/p MPa/m’/kg, which allows much
higher rotational speeds and therefore higher stored
energy.”* Consequently, flywheels have become more
popular as a means of storing energy.

In order to minimise losses from windage (the effect
of the aerodynamic drag on the rotating surface of the
flywheel), the flywheels are often housed in a vacuum.
In order to stop mechanical losses through friction,
high-energy flywheels may use electromagnetic bearings
in the place of traditional roller bearings.”

In 1988, Vint and Gilmore’® designed and built a pro-
totype bus that coupled hydraulics with a flywheel stor-
age system and predicted a fuel saving of around 20%
for a suburban cycle. Instead of using a CVT or electric
motor—generator to speed up and/or to slow down the
flywheel, a variable-displacement hydraulic pump-motor
was used. This final design was expected to have a pay-
back period of between 4 years and 10 years.

In 1997 a study by Wicks and Donnelly’’ suggested
that an idealised mechanical flywheel could give poten-
tial fuel savings of up to 59% for a city bus. This calcu-
lation used an average in-service drive cycle for the bus.

For the 2009 Formula One racing season the
Fédération Internationale de I'’Automobile’® allowed
teams to add kinetic energy recovery systems (KERSs)
to their cars. The Williams Formula One team”**" devel-
oped an innovative flywheel concept for this purpose, in
which the rotor of the flywheel is built from a magneti-
cally doped composite. This enables the flywheel to act
as both an energy storage device and an integrated
motor—generator. Other companies such as Bosch and
Flybrid Systems Inc. have designed CVT-based flywheels
for Formula One.®'%? A flywheel KERS has yet to be
used in a Formula One championship race. (KERSs
were only available to teams in the 2009 Formula One
season, and the only systems that were used in cham-
pionship races were those which used batteries.)

The data on the flywheels from the work of Henning
et al.>” and Hebner et al.*® are plotted in Figure 2 and
Figure 3.

Hydraulic hybrids

In hydraulic accumulators, energy is stored in the com-
pression of a gas (usually nitrogen) by hydraulic fluid.
The fluid is separated from the gas by a bladder, a dia-
phragm or a piston. As fluid is pumped into one side of
the accumulator, the gas is compressed.™?

Hydraulic hybrid vehicles use two hydraulic accu-
mulators: one at a high pressure and one at a low pres-
sure. During regenerative braking, a hydraulic pump—
motor takes torque from the wheels or drivetrain and
pumps fluid from the low-pressure accumulator to the
high-pressure accumulator. To remove this energy from
the system the pump-motor is used as a motor, trans-
ferring fluid from the high-pressure accumulator to the
low-pressure accumulator and producing a torque.
Eaton'* and Permo-Drive'® use embodiments of this
technology for implementing a regenerative braking
system on hybrid heavy vehicles.

The energy stored E,.. in an accumulator can be cal-
culated assuming adiabatic compression of the nitrogen®*
from

1—rt

Y
E =\p ~—Tv @
acc comp y _ l

Patm(rv - 1) vcomp (7)
where P, is the pressure of the gas in its compressed
state, r, is the volumetric compression ratio, vy is the
adiabatic index (approximately 1.4 for nitrogen), P,
is the atmospheric pressure and v, is the volume of
the gas in its compressed state.

Adiabatic compression is more representative of the
process inside an accumulator than isothermal compres-
sion is, as the temperature of the working fluid (nitrogen)
will increase during the compression process.® Heat can
be lost through the walls of the accumulator, but thermal
insulation on the ‘gas side’ (i.e. the part of the vessel in
contact with the gas) can reduce these losses.*® Both
Pourmovahed and Otis®®> and Wu et al.*® clearly demon-
strated that using thermal insulation foam on the gas side
of the accumulator (in order to minimise thermal losses)
reduced the losses in the accumulator dramatically.

The specific energy (energy per unit mass) of hydrau-
lic systems depends strongly on the mass of the accu-
mulators. Conventional accumulators are made from
steel; however, pressure vessels for transport operations
are increasingly made from lighter composite materials,
and this option was considered worthy of investigation.
Both composite pressure vessels and ultra-capacitors
are emerging technologies, and only one manufacturer
could be found for each.

The instantaneous power flow into or out of the
accumulator is E,.. = PQ where P is the pressure and
0 is the flow rate. Both the pressure and the flow rate
vary non-linearly during a typical stop. Consequently,
the average power was calculated from half the maxi-
mum flow multipliedd by the pressure halfway through
the range of pressures according to

P max + P, min

2
_ Qmax P 1+ Pmin/Pmax
- B max B

L+1/r
= ma‘chaxip
O ) 4

Eavg = qug
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Eavg = Qmameax% (9)
where Em,g is the average power of the accumulator and
1, is the pressure ratio of the accumulator (the ratio of
the maximum working pressure to the minimum work-
ing pressure).

For a stop with a constant braking torque, it is clear
that the average power dissipated by the vehicle is half
the maximum, because the decrease in the rotational
speed of the wheels is linear. It is less obvious that the
average accumulator power is half the maximum flow
rate multiplied by the average pressure in the accumu-
lator. However, this has been confirmed as a valid
assumption by comparing the average powers from
equation (9) with those obtained from a mathematical
model of the thermodynamics of the accumulator.®’

The benefits of hydraulic energy storage in a series
hydraulic hybrid were investigated in 1985 by Wu et al.®¢
It was concluded that the efficiencies of the hydraulic
components were ‘key to the system’s fuel efficiency’,
and that a 1360 kg car might attain 60 miles/gal over the
US Federal Urban Drive Cycle. A practical investigation
(i.e. charging and discharging the accumulator) by
Pourmovahed et al.®®® suggests that the ‘round-trip’
efficiencies in a hydraulic regenerative braking system
may vary between 61% and 89% on a simple stop—start
test. This efficiency depends heavily on the angle of the
swash plate in the hydraulic pump-motor.

In hydraulic pump-motors, the hydraulic fluid is
used to rotate components either through restriction of
the flow (as in a gear pump) or by actuation of the pis-
tons by the hydraulic fluid (as in a swash plate pump).

Variable pump-motors are typically based on the
swash plate and piston principle; altering the angle of
the swash plate changes the net displacement of each of
the pistons over a full cycle. This in turn changes the
amount of torque provided by the motor, or the
amount of fluid delivered by the pump.

At low rotational speeds (below 500 r/min) the effi-
ciencies of variable pump-motors become low.”® This
means that, in order to use them to drive vehicle wheels
efficiently, they need to be geared through a ratio of
approximately 1:8. Using product data sheets it was
estimated that, even if pump—motors are engaged for
low-speed take-off (0—8 miles/h or 0—3.6m/s), then the
additional losses would amount to 5% of the stored
energy. Therefore the system can be run at low speeds
with small losses, and multiple gear ratios (in order to
‘step up’ the low-speed operating points) should not be
needed. If these losses are too high, then the pump—
motor could be idled for this inefficient part of the cycle
and engaged at an appropriate speed.

Artemis Intelligent Power has converted a BMW 5
series sedan into a series hydraulic hybrid using their
patented digital displacement pumps.’’** This hybrid
used approximately 34% less fuel on the US Combined
Drive Cycle than the original unmodified BMW 5 series
does.

A series hybrid suggested by Innas BV uses an inter-
nal combustion engine to drive a fixed-displacement
pump, which then drives an innovative ‘hydraulic trans-
former’ to pump fluid from one accumulator to the
other.”* %> Another hydraulic transformer then acts as
a CVT between the accumulators and the fixed-
displacement wheel motors. This configuration removes
the mechanical drivetrain completely®® and so provides
the torque directly to the wheels.

Hydraulic systems have also had limited use in deliv-
ery vehicles; Wu et al.”® simulated a parallel hydraulic
regenerative braking system and quoted fuel economy
increases of 28-47% on the Federal Urban Drive
Schedule (FUDS) drive cycle, and UPS are currently
testing a small fleet of hydraulic hybrids in the USA.%’
Additionally, a study by Filipi et al.”® showed fuel
economy improvements of 32% for a parallel 6 X6
medium tactical truck over a custom-designed drive
cycle. However, a study by Toulson”suggested that,
for smaller road vehicles, fuel savings of only 7-10%
are achievable over the Urban Dynamometer Drive
Schedule and the Supplemental Federal Test Procedure
(both American drive cycles).

The specific energies and powers for steel accumula-
tors’*? and for composite accumulators®®>® are
plotted in Figure 2. The volumetric powers and ener-
gies are plotted in Figure 3.

Other technologies

Other technologies such as elastomeric and compressed
air energy storage were also explored. Elastomeric
regenerative braking was studied by Hoppie®® in 1983.
He investigated the viability of using elastomers to
store energy when coupled with a clutch. However, the
system was not able to provide a variable torque and so
would require coupling to a CVT. In addition, the volu-
metric energy of the elastomer was 0.29 kW h/m?, less
than that of a lithium-ion battery. Data points corre-
sponding to the estimated properties of Hoppie’s
experimental set-up are included in Figure 3 and Figure
2. These properties were estimated using the average
density of elastomers and the estimated size of the final
experimental set-up.

A study by Wicks et al.'® proposed using air com-
pression as a means of regenerative braking. Heating
this air with the exhaust from the vehicle could double
the effectiveness of this technique; however, it is admit-
ted that the stopping time required for this heating is
longer than a typical stopping time. Other technologies
exist which use compressed air to provide the motive
force for the vehicle.'”" The properties for compressed-
air storage are plotted in Figures 2 and 3.

Note on efficiencies

Mechanical, electrical and hydraulic systems all have
high efficiencies of the order of 90-95%, but these
vary with the details of the design. Efficiencies are
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difficult to quantify without manufacturing and test-
ing the hardware. However, the differences between
systems are relatively small in comparison with the
other issues described above. Consequently, for com-
parison purposes, the inefficiencies in all systems
have been ignored.

System plotting and selection
Creating and plotting plausible solutions

A regenerative braking system must combine an energy
storage device with an actuator and, in order to com-
pare these systems, a method was needed to specify
each system. This was achieved by a power-matching
argument: the power of the actuator was matched with
the power of the energy storage device. Power matching
of components implies that the storage device will be
able to accept energy at the rate at which the actuator
can supply it during braking, and vice versa under
acceleration.

The specific power ¢, of energy storage and the
specific power ¢, of the actuators (motors) are calcu-
lated from

o= LB
myg
oL
T my, (10)

where E, is the power of the energy storage, E, is the
power of the actuator and my and m, are the masses of
the storage and actuator respectively.

It is necessary to have sufficient storage to accept all
the power developed by the actuator. This can be
achieved by matching their powers according to

Es:Ea

ey = €,y

(11)

In order to find the specific power ¢é; of the entire sys-
tem, the power of the system which is given by
E, = E, = E; is divided by its mass m, according to

ealMy
m, + my

E _  émy

12
m; m, + mg ( )

(In this case the mass of the system is taken to be the
mass of the storage system plus the mass of the actua-
tor. This does not take into account the mass of the
piping and pipe fittings (hydraulics) or the mass of the
power electronics (electrical) as this would require an
in-depth specification. It does, however, take account
of the fluid in the hydraulic system.) Using equation
(11) this gives

1 e,

T Ve + /e 1+ 6/

(13)

é

In a similar fashion the specific energy e, of the system
can be obtained from

_E _ €s

- & 14
m, 1+ é/é (14)

€y
From equation (13), it is clear that the specific power of
the system is increased if the specific power of either the
storage device or the actuator is increased. Increasing the
specific power of either component decreases its mass for
a specified duty and consequently decreases the mass of
the system. From equation (14) it is clear that, as the spe-
cific energy of the storage device is increased, so is the
specific energy of the system, for the same reason.
Equations similar to equations (13) and (14) can be
obtained for volumetric power ¢, and volumetric energy
é; according to

} ea

e = 71 T éa/és (15)
8
‘T T 6/, (16)

An important assumption in this analysis is that the
hydraulic motor, air motor and electric motor are
geared using one stage and therefore do not require an
additional gearbox or CVT. It is also assumed that this
one stage is sufficient to overcome any angular velocity
constraints and that the actuator can be decoupled
from the wheels if necessary (e.g. to prevent the actua-
tor from going over its maximum angular velocity). If a
full gearbox were required, then the mass of this gear-
box would have to be included in the analysis. Based
on the analysis in the second section and existing sys-
tems such as the Volvo delivery truck”® and the Eaton
hydraulic hybrid vehicle,"* this assumption is consid-
ered to be reasonable. By definition, the kinetic and
elastomeric energy storage methods require a CVT in
order to transmit the torque from the flywheel to the
wheels. In this case the ‘actuator’ for a kinetic system
was taken to be the CVT, and account was taken of the
driveshaft used for the torque transmission.

Implicit in this calculation is the idea that existing stor-
age and actuation devices may not be exactly the correct
size for the particular application. However, it is assumed
that existing commercial devices can be scaled up or
down while maintaining the same specific and volumetric
energies and specific and volumetric powers. This may
not be precisely true but is thought to be a reasonable
approximation since the devices included in the analysis
were all in a reasonable size range for this application.

MATLAB was used to create a matrix of all possible
power-matched combinations of components (one
energy storage device with one actuation device), keep-
ing the systems entirely hydraulic, entirely electric or
entirely kinetic. (Air motors were power matched with
accumulators, and elastomeric storage was power
matched with a CVT.) These combinations were plotted
on axes where each point on the chart corresponds to a
plausible solution in the technology space. Each chart
combines two decision metrics; either specific or volu-
metric properties, with energy on the y axis and with
power on the x axis. These charts are shown in Figures
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5 and 6, with ovals showing rough technology group-
ings. (Note that no kinetic (flywheel-CVT) systems are
shown in Figures 6 and 8 because volume data were not
available for CVTs.*1)

The curves in Figures 5, 6, 7 and 8 correspond to
battery—ultra-capacitor combinations, with the para-
meter x varying from 0.1 to 1. These curves demon-
strate how the presence of the ultra-capacitor can
increase the specific and volumetric powers of the com-
bination at the expense of decreased specific and volu-
metric energies.

It is often the case that systems look as though they
are grouped along a curve or are close together. This is
especially evident in Figure 6. These groupings corre-
spond to a specific energy storage device coupled with
a number of different actuators.

Selection criteria

In general, it is desirable to minimise the mass and
volume of the system for any given power or energy
specification (towards the top right-hand corner of

Electrical Systems
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Figure 5. System selection chart: specific properties.
CVT: continuously variable transmission.
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Figure 6. System selection chart: volumetric properties.

each of the charts in Figures 7 and 8). However, it is
not clear exactly where on these charts the best solu-
tions for this particular application lie.

In order to minimise the mass of the system it is nec-
essary to size the components so that the design is
‘balanced’, i.e. it is not over-designed for either the
power or the energy requirement. This can be achieved
by ensuring that the system mass m, , needed to meet
the maximum power demand is equal to the system
mass m, , needed to meet the energy storage demand as
given by

My p = My e (17)
Using equation (10) this becomes
Eax — E?v ( 1 8)
et €t
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where E? is the energy to be stored (the vehicle’s kinetic
energy at the beginning of the stop), ¢, and ¢, are the
specific energy storage and the maximum specific power
respectively of the regenerative braking system and
Ejnax is the maximum power dissipated by the decelerat-
ing vehicle.

If the mass of the vehicle is m,, its initial velocity is v;
and the demanded deceleration is a, , then

1

EY = —m,v? (19)
2

Emax = Mydqv; (20)

Substituting equations (19) and (20) into equation (18)
gives

Vi .
=1 21
€ 2ad € ( )

Equation (21) is plotted in Figure 5 for an initial vehi-
cle speed v; = 30 miles/h = 13.4m/s and various values
of ay. This gives a set of parallel lines of slope 1 on the
log—log graph.

A similar derivation applies for the volumetric energy
and power (energy and power per unit volume). In this
case the system volumes needed to meet the energy and
power requirements must be equated and the result is

- Vi oz

2y (22)

A set of lines corresponding to equation (22) with an
initial vehicle speed v; = 30 miles/h = 13.4m/s and vari-
ous values of a, is plotted in Figure 6.

In both Figure 7 and Figure 8 the most desirable sys-
tem is the lightest or the smallest system, while still ful-
filling the required criteria: power matching, storing the
energy from the stop and accepting the energy at the
rate demanded by the desired deceleration rate.

Figures 7 and 8 show the best-performing systems
from Figures 5 and 6, this time plotted on linear scales.
This means that the lines corresponding to equation
(21) and equation (22) now have different gradients.

Use of the selection line

The selection line enables a rigorous definition of the
best point in the technology space by representing the
direct trade-off between each of the properties on the x
and y axes. The best system on one of these charts for,
say, a 0.15g stop is that furthest along the 0.15 g selec-
tion line, towards the top right corner of the chart.
Systems that do not lie on a selection line are only as
good as equivalent systems located by ‘projecting’ their
position on to the line. For example, in Figure 7, for a
0.15g stop the system labelled A is only as good as a
system located at point B. This is because the mass of
the system needed to absorb the power at B is signifi-
cantly greater than the mass needed to store the energy
for the system at A. Therefore, if the mass were chosen
to store the necessary energy, the system would be too

small to accept the full power; i.e. the system is ‘over-
specified’ for energy; its specific energy performance is
better than it needs to be for a 0.15 g stop.

Similarly the system located at position C in Figure 7
is no better than the system located at D. The system at
C is over-specified for power. In order to store sufficient
energy it would need to have a higher mass than is nec-
essary to absorb the power.

The best-performing system in Figure 7, i.e. the low-
est mass system for, say, a 0.15g stop, is the hydraulic
system with a composite accumulator, located at A.
The nearest electrical system, at E, is a combination
battery—ultra-capacitor system with a battery—ultra-
capacitor fraction of x = 0.75. This system would hav a
mass of 26% more for the same duty. The closest single
storage type of electric system (an ultra-capacitor sys-
tem) at point F would have a mass of 77% more than
the hydraulic system at A. In fact, the system at A is
best for all decelerations less than 0.4¢. However, for a
0.4g or 0.5g stop, the hydraulic system at G would be
best. The closest competing system to the hydraulic sys-
tem at A is the kinetic system at point H. This would
have a performance equivalent to a system at I and
would be 17% heavier than the hydraulic system at A.

An alternative way to view this is by moving the cor-
ner of the selection area defined by the lines which meet
at a right angle on the selection line. For example, in
Figure 8, if the corner is moved up past the best combi-
nation electrical system at point J (x = 0.75) on the
selection line, this system will no longer be within the
selection area, but many hydraulic systems will be.
Thus the hydraulic systems are the better choice.
The hydraulic system at point K would have a 33%
lower volume than the nearest equivalent electrical
system at J.

These charts show that hydraulic regenerative brak-
ing systems are preferable to electric or kinetic systems
when specific and volumetric properties are used as the
decision metrics. Hydraulic systems are up to 33%
smaller and 20% lighter than the nearest equivalent
electrical systems.

Further considerations

While this paper has focused on the practical considera-
tions of the size and mass of a regenerative braking sys-
tem for the trailer of an HGV, there are several other
factors to be considered when selecting a technology.
These include (but are not limited to) cost; controllabil-
ity, packaging and duty cycle. Each of these will be
briefly discussed below.

System costs, safety and durability

Cost is a significant factor to take into account when
designing and building a regenerative braking system,
especially for urban delivery vehicles. The profit mar-
gins in freight transport are low (typically 2-3%) and
so a project has to have a short payback period
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(typically 6-8 months). Hydraulic systems have a sig-
nificantly lower cost than electrical or kinetic alterna-
tives because of their simplicity and small number of
components, most of which are available ‘off the shelf’
at low cost. Hydraulic systems have been in widespread
use for many decades, and many of the processes and
parts are as simple and cost effective as possible. They
use readily available low-cost materials.

Wear within hydraulic systems is low, provided that
standard precautions are taken to keep the hydraulic
fluid clean. Oil leaks are rare in properly designed sys-
tems. There are risks associated with the storage of
pressurised hydraulic fluid. ‘Flow fuses’ and pressure-
relief valves can be used to mitigate the risks posed by
a system failure.

Analogous risks and safety precautions exist for
kinetic and electrical systems. Electrical systems use
high voltages (typically around 300V) and high cur-
rents to drive the electric machines. These voltages must
be properly managed with fuses and controller logic in
order to minimise the risk of electric shock. The battery
packs must also be closely managed in order to ensure
that each battery stays within its recommended limits.
These risks can be managed with a sufficiently well-
designed battery pack and controller.

Kinetic energy storage also poses a risk. If a flywheel
delaminates (the outer part separates from the inner
part), then there is a risk that high-velocity particles
injure a bystander. Covering a flywheel in a blast shield
can help to reduce the risk that this occurs; however, it
adds substantially to the mass of the system.

The durability of each of the systems is an ongoing
area of research. Hydraulic systems are likely to be very
durable; seal changes in the motors and filtering—
degassing of the fluid are likely to be the main in-
service requirements for longevity. Electric systems are
perhaps more durable; however, the battery pack will
have to be replaced regularly (usually after 3 years). In
kinetic systems, the main problem is wear in the bear-
ings on the flywheel due to the high rotational speeds.

Controllability

Several aspects of the controllability of a hydraulic
regenerative braking system have been discussed in a
previous paper,'® which concludes that variable-
displacement pump-motors are the best choice for
ensuring controllability of the hydraulic regenerative
braking system. However, with appropriate design
trade-offs, fixed-displacement pumps could also be
used. These are smaller and simpler and cost less than
variable-displacement pumps.

Packaging

As this regenerative braking system is envisaged for
installation on an HGV, packaging is not as constrictive
as it may be in a passenger car. There is a large amount
of room underneath the trailer of an HGV, where the

under-run guards are currently placed. However, it is
still better to choose a regenerative braking system
which occupies minimal volume, as a larger system may
have to take up space within the cargo area of the HGV.

This system is designed for urban delivery cycles and
so it is unlikely that the vehicle will be ‘massed out’ (at
its maximum tare mass); it is far more likely to be
‘cubed out’ (volumetrically filled). The additional mass
of the regenerative braking system will increase the
total mass of the vehicle but may not impact upon the
carrying capacity of the vehicle. However, if the regen-
erative braking system is too heavy, it will start to
reduce the amount of freight that the vehicle can carry,
making the system less beneficial.

Hydraulic pump-motors can be manufactured as in-
wheel units, meaning that no drivetrain needs to be
installed, further lowering the relative mass added by the
hydraulic regenerative braking system. In-wheel units
such as the Poclain MFE-08 series'® can freewheel
when not in use, removing the need for a clutch. If an
electric motor were to be used for this application, the
motor would have to be mounted in-board, with a drive-
train linking the motor to the wheels, with all the added
complication of the differential and mechanical linkages.

Both the flexibility with the mass and the flexibility
with the positioning of the regenerative braking system
mean that the solutions for an urban HGV are not
necessarily the same as those for a traditional passenger
vehicle.

Duty cycle

Urban HGVs are often single-purpose vehicles, and
therefore their duty cycles can be well characterised.
For example, it is simpler to design a representative
duty cycle for a refuse truck than for a ‘typical’ passen-
ger car. This makes it easier to design a regenerative
braking system that operates within these parameters
and also makes it easier to optimise this design.

As this paper is concerned with urban HGVs under-
going typical cycles such as delivery and refuse collec-
tion, the simple cycle described in the third section
above is sufficient for selection in this context. If this
technology were to be developed for a different duty
cycle (e.g. an extra-urban cycle involving hills), then it is
likely that a different selection line would be used, and
this would alter the components selected for the task.

Conclusions

A systematic methodology was devised for optimal
selection of regenerative braking systems for HGVs in
urban environments. This involves power matching
between actuator and energy storage, as well as balan-
cing the power and energy performance requirements
for particular stopping parameters.

Hydraulic systems present the best solution for
regenerative braking of HGVs, because hey have their
better specific power and specific energy than electrical
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or kinetic systems do. Hydraulic systems are likely to
be 20% lighter and 33% smaller than competing elec-
trical technologies and 16% lighter than a flywheel-
based system. In addition to these quantitative mea-
sures, a hydraulic system is competitive on cost and
packaging for the chosen urban duty cycle.

The next step in this research is to create a computer
model of a hydraulic regenerative braking system and,
using the existing model of the Cambridge Vehicle
Dynamics Consortium HGV, to predict the system’s
possible fuel savings over a simple stop-start cycle.
This model will then be run over several standard drive
cycles to characterise further the possible fuel savings
of this regenerative braking system. Should the benefits
prove sufficient, a prototype system will be developed
to test the concept.
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Appendix

Notation

ag demanded acceleration

C capacitance

ep specific energy of a battery

e specific energy of the total system

ey specific energy of an ultra-capacitor

éq specific power of an actuator

és specific power of energy storage

é specific power of the total system

éy specific power of an ultra-capacitor

e volumetric energy of energy storage

¢ volumetric energy of the total system

é4 volumetric power of an actuator

é, volumetric power of the total system

E,. energy storage of an accumulator

E, energy storage of a battery

Ey energy storage of a flywheel

L

5]

max

>

< 0q

my p

my

m,

P

Patm
comp

P
Pmax
P

min

0
gzavg
Qmax
p

Iy

R

U

Vi
Vcomp
V

X

Y
p
o
1)

wmax

energy storage of the total system
energy storage of an ultra-capacitor
initial kinetic energy of the vehicle
power of an actuator

power of an accumulator

average power of an accumulator
maximum power

power of energy storage

power of the total system

power of an ultra-capacitor
acceleration due to gravity
rotational inertia

mass of an actuator

mass of a battery

total mass of energy storage

mass of the total system

mass of the total system when specified to
meet the energy requirement

mass of the total system when specified to
meet the power requirement

mass of an ultra-capacitor

mass of the vehicle

pressure

atmospheric pressure

pressure in the compressed state
maximum pressure

minimum pressure

flow rate

average flow rate

maximum flow rate

pressure ratio

volume ratio

radius

stored energy

initial velocity

volume in the compressed state
voltage

ratio of the ultra-capacitor energy storage
to the battery energy storage

adiabatic index

density

fracture stress

rotational speed
maximum rotational speed
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