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Abstract

The Advanced Lead Acid Battery Consortium has been researching into VRLA batteries since 1992,

initially for electric vehicle (EV) applications, where it achieved significant life extension in deep cycle

duty. More recently it has focussed its work on hybrid electric vehicle (HEV) applications where the

battery has to operate in High-Rate Partial State-of-Charge (HRPSoC) conditions. Whereas in EV

operation failure occurs in the positive plate, in HEV duty, failure is due to negative plate sulfation,

resulting in rapid loss of capacity. Ways of overcoming this have been investigated successfully and the

ALABC is undertaking vehicle demonstration programmes to publicise this work.
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1 Introduction

In a hybrid electric vehicle, the battery has to be
maintained in a partial state-of-charge (PSoC) so
that it can both accept regenerative charging and
also deliver power to assist in propulsion of the
vehicle without the battery becoming over-
charged or over-discharged. In this type of
application, the failure mode of the lead-acid
battery occurs in the negative plate and is due to
a progressive build up of lead sulfate in the
negative active material. This gradually leads to
a loss of capacity and hence the ability to provide
power when needed.

Therefore ALABC research activity has
concentrated on ways of avoiding this
degradation of the negative plate.  These
included:
e Periodic conditioning of the battery i.e.
routinely bringing it up to full state-of-
charge.

e Proper battery management to keep high
voltage strings in balance.

e Improved grid design to enhance charge
acceptance and discharge ability.

e Modifications to the negative plate
chemistry and, more specifically, the
addition of carbon to the negative active
material.

All this work has been very successful and has
resulted in very significant lifetime and
performance improvements to the lead-acid battery
in this application. Only recently however has the
key role of carbon in the negative plate begun to be
appreciated even if it is not yet fully understood.
Successful laboratory demonstration of
significantly improved performance has resulted in
the Advanced Lead Acid Battery Consortium
committing not inconsiderable funds towards
demonstrating these batteries in vehicles. The
objectives in undertaking this demonstration
programme can be described as follows:
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e To evaluate the performance of the new
generation of advanced lead-acid batteries in
extended and representative duty.

e To build an in-depth understanding of the
hybrid application.

e To develop the system solution that will be
required by the OEMs

e To raise awareness of the significantly more
cost-efficient energy storage option provided
by advanced lead-acid batteries.

The success of these tests in Honda Insights is
described in this paper together with details of
the conversion of a current Honda Civic to
operate with an Effpower bipolar lead-acid
battery.

2 The Insight Programmes

2.1 The RHOLAB Project

This project has been previously reported [1],
[2] and in essence involved the development of a
novel, spirally-wound 2V cell based on a Hawker
Cyclon 8Ah cell to serve as the building block
for a 144V HEV battery. These cells were
mounted into specially designed 36V modules
with full monitoring of voltage, current and
temperature and controlled in such a way that
each cell could be individually conditioned as
necessary. At the time of conception of this
project, the ALABC work on negative plate
chemistry had not reached the state where the
concept of conditioning could be abandoned.
Figure 1 shows the four modules fitted in the
vehicle.

Figure 1: Rholab modules in the vehicle

After extensive shake down work to resolve
software issues in the battery management
system and to integrate it with the Honda
electronics, the vehicle was then ready for its
extended road test at Millbrook Proving Ground
in the UK. This started in August 2006 and after

a few problems with its associated electronics and
hardware, reached the intended target of 80,000
km on August 15™ 2007. As this was by this time
seen as very much a ‘generation 1’ battery
requiring periodic conditioning, the test was
terminated. During the test period there were
some minor battery pack issues, such as a relay
shorting and a cooling fan failure but, by and large,
the battery ran well despite not having been
produced with the now preferred negative plate
chemistry. As the trial went on, much was learnt
about the battery management system and the
integration into the vehicle electronics and the
whole system was engineered to become much
more reliable.

This concept of utilising an VRLA battery with a
battery management system, with routine
conditioning of the battery, is being utilised by
BMW in their EfficientDynamics Stop/Start
system [3].

2.2 The Effpower Project

The ALABC has used the expertise obtained in the
RHOLAB project to convert two other Insights
with state-of-the-art lead-acid batteries. One has
been converted by EffPower in Sweden, with the
assistance of Provector, and utilises a completely
new bipolar lead-acid battery. In this case the
battery was again fitted in four modules but
because of the efficiencies of the battery design,
was able to be fitted into the exact space utilised
by the NiMH battery (Figure 2).

Ficure 2: Effoower batterv in nlace

While this conversion has not been subjected to a
formal test programme as was done with the
RHOLAB battery, it is in regular road use in the
Gothenburg area of Sweden and some time ago
had covered over 30,000 km without any
problems.
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2.3 The UltraBattery Project

The UltraBattery is a completely novel design of
battery developed by the Commonwealth
Scientific and Industrial Research Organisation
(CSIRO) in Australia with the support of the
ALABC. The novelty lies in the design of the
negative plate which is part asymmetric super-
capacitor and part conventional plate (Figure 3).
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Figure 3: Schematic view of the UltraBattery

This gives the battery the ability to both deliver
and receive charge at very high rates as required
in an HEV battery. After some outstanding
laboratory testing which showed the battery
outperforming NiMH cells in HEV cycling tests
(Figure 4), a set of batteries was obtained from
their licensees Furukawa for road trials in an
Insight acquired for the purpose.
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Figure 4: UltraBattery Cycling v NiMH under the
EUCAR Power Assist Profile

Again the battery is relatively compact and was
fitted as 12 x 12V modules into the exact space
utilised by the 144V NiMH battery (Figure 5).
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Figure 5: The UltraBattery in place

It started testing at Millbrook in April 2007 and is
pictured in Figure 6 running with the RHOLAB
vehicle.

Figure 6: The RHOLAB (red) and UltraBattery
(blue) Insights under test at Millbrook

With the combination of having a ‘generation 2’
battery and updated electronics, this vehicle
performed outstandingly in its test — frequently
running a three shift day with very stable battery
voltages and temperature. In fact the vehicle
reached its initial target of 80,000 km a day later
than the RHOLAB car and without any
equalisation or conditioning of the battery being
carried out.

As a result of this performance, it was decided to
extend the test to 160,000 km — way beyond
normal warranty distance for the NiMH battery.
This milestone for advanced lead-acid batteries
was reached on January 15" 2008. Thus the
vehicle had covered the 160,000 km in barely 9
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months. Also, at the end of the test, the battery
had still not been equalised or conditioned.

2.3.1 The Test Cycle

As well as being equipped with the battery
management system, the vehicle has very
comprehensive data logging system, capturing
information on items such as module voltage,
current, state of charge and battery temperatures
as often as four times per second. Data is also
recorded from the vehicle’s on-board diagnostic
system (OBD) as well the Global Positioning
System (GPS). Thus as well as recording any
abnormalities in the data, it is possible to locate
the vehicle’s position and also how it was being
driven — by looking at throttle position, engine
rpm etc. By logging all this information, a
massive amount of data has been obtained on
how the battery behaves under the hybrid duty
cycle. The actual test cycle used is a proven
OEM motorway simulation driving cycle on the
Millbrook high speed bowl. This is capable of
moving the battery state-of-charge around as well
as putting on the miles quickly to keep testing
costs realistic. This test took place on the high
speed bowl at Millbrook and Figure 7 shows a
recorded GPS speed trace of the test.

Fig 17 GPS Speed MBLOG31.csv - 03/04/2007 - 20:07:54

Figure 7: A GPS speed plot

The data monitoring has also been such that it
has been easily possible to identify differences in
driver skills in adhering to the test cycle — or, on
occasions, where driver errors have resulted in
issues with the vehicle.

2.3.2 Typical Data

Figure 8 shows module maximum and minimum
voltages for each of the 12 modules plotted on
top of each other during a run. It can be seen that
the module voltages overlay each other well
indicating uniform operation.

Fig3 Module VoRagesMarklin MBLOG1 105 cov - I1OTR007 - 143317

Figure 8: Maximum and minimum module voltages
during a test

Figure 9 shows the maximum and minimum
currents plotted in the same way while Figure 10
shows the state of charge of each of the 12
modules during a run.
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Figure 9: Maximum and minimum currents plotted
during a test run. Assist currents are positive.

Fig 12 Module S0Cs MBLOG1106.cxv - JUOTROOT - 142317
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Figure 10: Variations in the state-of-charge of the
modules during a test run

It is quite surprising how uniformly these are
tracking as it is more common for batteries in a
string to diverge in SoC quite rapidly as was
discussed in the paper given to EET2007 [4] when
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the ISOTEST programme was presented. With
this trial of the UltraBattery, the modules were
within 1.5% of each other at the end of the test —
a truly remarkable result bearing in mind no
equalization of the batteries took place at all.

The paper given at EET2007 [4] looked at the
voltage v current plots for NiMH batteries as
against the lead-acid batteries used in the
RHOLAB modules. It was stated that a key
objective in replacing the NiMH battery is to
maintain a flat curve in these plots. This is
particularly important if the control software in
the vehicle’s Motor Control Module cannot be
modified, as in these projects, but also it is a
measure of system efficiency. The curve for the
standard Honda Insight NiMH battery recorded
on an emissions test is shown in Figure 11.

RHOLAB Henda Inskght emissions test with NIMH 12/11/2002

Figure 11: Voltage vs Current plot for a NiMH
battery

It is interesting to look at comparable plots for
the RHOLAB battery. When operated at a state-
of-charge of around 70%, the lead-acid battery
exhibits higher voltages and a higher apparent
impedance on charging as seen in Figure 12.

Fig 24 Vvl LOGTIA exv - 02012007 - 06:10:51

Figure 12: Voltage vs Current plot for the RHOLAB
battery at 70% SoC

It is undesirable if the voltage exceeds 2.5V per
cell for more than a few seconds at a time as this

can act to dry out the cell. However, when
operated at a rather lower state-of-charge the
RHOLAB cells have a characteristic which is very
like the NiMH battery with no undesirable voltage
peaks and a flat characteristic as seen in Figure 13.

Fig 28 Ve | LOGBAT.cov - 20123008 - 0T 41:67
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Figure 13: Voltage vs Current plot for the RHOLAB
battery at 50% SoC

As can be seen in Figure 14, the characteristic
curve for the UltraBattery is rather different in that
there are voltage peaks during the recharge events.
However, it is felt that one effect of the capacitive
negative plate is to make the battery less
susceptible to problems associated with these high
voltages such as dry out. The curve is very flat
over the rest of the current range, and on many
occasions at high charge currents, and is much
closer to NiMH behaviour than the -earlier
batteries.

Fig 15 Vsl MBLOG1106.cev - 31072007 - TIFK.

Figure 14: Voltage v Current plot for the UltraBattery at
about 65% SoC

The vehicle ran well during the testing and no
problems with the car during running were battery-
related. The overall fuel consumption during the
test was 4.73 1/100km — a fraction under 60 mpg.
It is not possible to relate this performance to the
vehicle with the NiMH battery because, when the
original RHOLAB car was investigated at
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Millbrook, it was to a different test cycle
reflecting the need to gather a wide range of data
in as short a period as possible.

3 Current Work

While the demonstrations of these three battery
types have clearly shown that advanced lead-acid
batteries are capable of the performance and life
required in this HEV application — this model
Insight is perhaps no longer seen as a current
vehicle platform. In the period during which
these tests were being carried out, NiMH
technology has moved on and the batteries have
been further optimized for power and are capable
of higher rates of charge and discharge than
experienced in the Insight.

The EALABC acquired during 2007 a new
Honda Civic Hybrid and this had a NiMH battery
of 158V 5.5Ah as compared with the 144V
6.5Ah in the Insights. The battery also fits
compactly in the space between the rear seat and
the luggage compartment. The initial
investigation showed the battery recording
extreme peak discharges of up to 130A (24C)
and charge currents of 80A (15C) (Figure 15) as
compared with the 15C and 8C recorded in the
Insight.
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—_ ,!._".J- e e e e e e

1! il il
Loyl il AR
|l'441'1||~if”?|'r]'_ WVl H..'_:L""‘ 7 ol —

[T

Figure 15: Current data recorded during hard
driving the Honda Civic

Figure 16: The Effpower bipolar battery
(right) in the Civic
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The vehicle was converted in Sweden to use an
Effpower bipolar battery (Figure 16). In order to
try and marry up with the Honda electronics, the
battery was fitted in two blocks — one of 72V and
the other of 86V — matching the 158V of the
original NiMH battery. This new battery has itself
have been improved from the one used in the
Insight discussed earlier to have its negative plate
formulation modified with additional carbon as a
result of ALABC research. As well as inhibiting
the formation of lead sulfate in HEV operation, it
also significantly enhances the ability of the
battery to deliver and accept charge at high rates.

After initial shake-down work the car started
testing at Millbrook at the beginning of March

MO GAD61207_1524 Speed

Figure 17: Speed plot of Civic test cycle

2008. It operated on a mix of aggressive high
speed and city course running as indicated by the
speed plot in Figure 17. The intention was to track
test the vehicle for 40,00km and in the meantime
to carry out extended testing on a smaller module
in the laboratory using a cycle derived from real
data gained on the track.

The battery management system on the Honda is
designed to protect the battery by limiting the
over-voltage of the battery during regenerative
charging. As NiMH is able to tolerate higher
levels of overcharge than a typical VRLA battery —
and it was not possible to adjust the Honda
electronics to reflect this - it was necessary to fit a
voltage clamp to try and limit the voltage of the
lead-acid battery to around 2.36V per cell.

The vehicle completed the planned 40,000 km but
there were signs of battery deterioration. There
had been two failures of the voltage clamp which
resulted in over-voltage of the battery. It was also
apparent that the temperature of the battery had
been considerably in excess of that planned and the
voltage clamp had not been programmed to allow
for this. As a result there was increased chemical
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activity in the battery leading to gassing at
elevated temperatures when the voltage limit
should have been lowered. It was also apparent
that the lower amount of cooling in the centre
cells of the modules aggravated these
temperature  problems. Tear-down results
confirmed dry-out and sulfation in the battery.

In the meantime testing continued of the
laboratory module and this completed cycling
equivalent to 160,000 km without any problems.
As a result of this successful test it has been
decided to repeat the vehicle trials. For this next
stage of the work, the voltage of the battery will
be increased slightly for greater efficiency and
less reliance on the voltage clamp, the battery
will be split into smaller units for improved
cooling and there will be improved temperature
monitoring and linkage to battery voltage
control.

Many of these problems result from having to
demonstrate these batteries in vehicles which
have electronics designed for different
chemistries but nevertheless, it has been shown
that advanced lead acid can perform very well in
this application. It should also be noted that the
ALABC has approved plans to try the
UltraBattery in a Honda Civic in another project
based in the USA.

4 Summary

Advanced lead-acid batteries have been shown to
be a low cost option for hybrid electric vehicles.
While it is always difficult to obtain definitive
cost comparisons because of commercial
sensitivities, some indications are occasionally
made available in conference papers. For
example, J. German in a paper given at AABC
08, indicated a NiMH battery price of $2,000
kWh [5]. At the same conference H. Takeshita
indicated ‘target’ prices for Li-Ion at $900 kWh
but not yet realised [6].

Predictive prices for an advanced lead-acid
battery of this size are in the region of $250-350
per kWh. Li-lon battery prices may ultimately
be lower than NIMH but the battery has to be
managed at the cell level for safety reasons
which add very complex electronics and cost.
The recent tests with the advanced lead-acid
batteries show this level of control not to be
necessary.

Recycling issues are also relevant in that over 90%
of lead-acid batteries are profitably recycled world
wide into raw materials capable of being re-used in
battery manufacture. This cannot be said to be true
of competing chemistries.

Another factor frequently held against lead-acid is
weight.  While lead-acid does have a lower
specific energy than both NIMH and Li-lon
batteries, its power density is very good. This
programme has already demonstrated that the
advanced lead-acid designs can be fitted into the
same space as the original NiMH batteries. The
same is also true of the Civic programme. What
should also be remembered is that because NiMH
batteries are notoriously bad in cold conditions it is
necessary to provide a 12V lead-acid battery, in
addition to the DC to DC converter, in order to
start the car in cold weather. With a lead-acid
HEV battery in place this secondary battery
probably becomes unnecessary, or at worst a small
back-up battery may be necessary for some loads.
With the removal of this battery and the
unnecessary starter motor, the weight impact of the
lead-acid HEV battery becomes almost neutral.

Thus the ALABC remains confident of the future
of lead-acid batteries in this environment and is
continuing its research and demonstration
programmes to ensure that there are a range of
different battery options available for the different
hybrid types. In this way the cost of hybrid
vehicles should reduce, making them more
attractive to the consumer, and hence help in the
fight to reduce emissions of greenhouse gases.
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