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Abstract

Electric vehicles offer an opportunity to greatly reduce the air pollution caused by the
transport sector in the UK. However, uptake of electric vehicles is limited, largely
due to the limited driving range and the expense of replacing aged batteries. This
thesis investigates the possibility of addressing these limitations by hybridising

battery-powered vehicles with supercapacitors.

A methodology for comparing optimisation strategies for a battery/supercapacitor
hybrid vehicle is presented. Such a comparison between optimisation strategies is
novel to the field of battery/supercapacitor electric vehicle research. Two
optimisation strategies are investigated: one to maximise the efficiency of the vehicle
and hence increase its range, and the second to minimise peak battery currents, with
the goal of increasing battery life. This analysis demonstrates that the most effective
hybridisation strategy for the Strathclyde vehicle is to minimise peak battery
currents, and a method for determining the optimal supercapacitor pack size for this

purpose is demonstrated.

The optimisation strategies are demonstrated using a novel power flow control
strategy, developed to be ‘tuneable’ to allow the investigation of the different options
for optimisation, e.g. increased yield (km travelled per kWh used) or reduced peak
battery currents. The simulations of this control strategy demonstrate that the
optimal points for maximising yield and for minimising peak battery currents are
typically not the same, and hence that the choice of optimisation strategy has a

significant impact on the effectiveness of a hybrid vehicle.

A novel battery model for use in the simulations of the hybrid system is also
presented. This model was created to provide an accurate simulation of the
Strathclyde electric vehicle’s battery pack while remaining simple to implement
within the framework of existing vehicle modelling software, i.e. ADVISOR. A
verification of the model is presented, and the novel battery model is shown to offer

improved performance to that of the standard ADVISOR battery models.
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1 Introduction

1.1 Electric Vehicles and the Environment

Road transport in the UK accounts for a substantial percentage of the country’s
emissions of greenhouse gases and other pollutants. For example, in 2006 road
transport was responsible for 21% of carbon dioxide emissions and was one of the
largest sources of particulate matter [1]. Furthermore, carbon emissions from
vehicles have remained relatively constant over the past fifteen years, as illustrated in
Figure 1.1, in spite of the fact that most other pollutants have dramatically decreased.
Carbon dioxide pollution is inherent to traditional vehicles, as it is a natural by-
product of fossil fuel combustion [2]. New technology is necessary to reduce carbon
emissions; this naturally leads one to consider electric vehicles, which have zero

emissions at point of use and which could be recharged by renewable electricity

sources.
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Figure 1.1: CO, emissions in the UK from different sectors since 1990 [1].

Electric vehicles (EVs) can also provide substantially higher well-to-wheel
efficiencies than are available from internal combustion engine (ICE) vehicles.

Calculations by the United States Department of Energy [3] give a well-to-wheel
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efficiency for light vehicles powered by petrol engines of just 11.4%, while diesel
vehicles fare slightly better at 15.6%. Most of the losses occur due to the
inefficiency of the combustion engines themselves, with a fuel tank-to-wheel
efficiency of 14.1% for the petrol car and 18.5% for the diesel. By contrast, batteries
and electric motors are highly efficient. Estimates of the overall efficiency of
battery-powered vehicles range from 70% to 86% [4-6], while the efficiency of
transmission and recharging is estimated to be between 80% and 92% [4-6]. Using
the most conservative of these estimates gives a plant-to-wheel efficiency of 56%.
This shows that EVs have the potential to far outperform the total efficiency of ICE
vehicles, depending on the electricity source used to recharge them. The largest fuel
source for electricity generation in the UK is natural gas; in 2007 it supplied 43% of
the country’s electricity [7]. The efficiency of obtaining electricity from natural gas
is approximately 55% [4], which gives the electric vehicle a well-to-wheel efficiency
of 30.8% - approximately double the efficiency of an ICE vehicle. Clearly, battery-

powered electric vehicles have a lot to offer.

1.2 The Current Electric Vehicle Market

A number of electric vehicles are already available for purchase, but their uptake has
been hindered by the necessity of trading vehicle performance for affordability, and
by the limited lifespan of the battery packs. For example, the high performance
Tesla Roadster could be purchased in America for a base price of $109,000 in early
2009, equivalent to about £77,000 [8]. The manufacturer advertises a driving range
of 220 miles per charge and a top speed of 125mph. By contrast, the Indian electric
vehicle REVA, which is available in the UK under the name ‘G-Wiz’, cost a much
more affordable £8000 [9]. This car has a peak range of 48 miles and a top speed of
50mph. The substantial discrepancy in price and performance between the Tesla and
the G-Wiz is largely due to the expense of installing a large battery pack that features
both high power capability and high energy storage. The Tesla Roadster features a
lithium-ion battery pack with a nominal voltage of 375V, a capacity of 53kWh and a
peak power capability of 200kW [10], while the G-Wiz uses flooded lead acid
batteries (as of 2010 a lithium-ion version is also available at twice the original price
— technical details of this pack are not known) with a nominal voltage of 48V and a

capacity of 9.6kWh, while the G-Wiz motor is rated for just 6kW [9].
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It is worth noting that both cars compare poorly with ICE vehicles of similar types.
For example, a person looking for a two-seater city vehicle such as the G-Wiz might
instead choose a Smart ForTwo, which has a base price of just £7000, a top speed of
90mph and a range of approximately 500 miles in urban conditions [11], plus like all
ICE vehicles it has the ability to be easily refuelled. A person in the market for a
sports car might choose a Lotus Elise, on which the chassis of the Tesla Roadster
was based. The Elise [12] has a base cost of $46,000, a range of 220-285 miles and a
top speed of at least 150mph. The 0 to 60mph time is 4.9s for the Elise, not quite as
impressive as the Roadster’s 3.9s [8], but upgrading to the Lotus Exige 240 will give
a 4.0s 0 to 60mph time, and at $66,000, its base price will still be less than 2/3 the
price of the Roadster.

Electric vehicles also suffer from the limited lifespan of the batteries. The lead-acid
batteries of the G-Wiz have an advertised battery life of two to three years [9]. The
pack costs £1895 to replace, and it is worth noting that the flooded-type batteries are
cheaper than modern valve-regulated lead acid (VRLA) batteries and require regular
topping up with de-ionised water. The Tesla Roadster’s lithium ion batteries are
expected to last somewhat longer, with an expected life of five or seven years,
depending on which part of the website one reads [8]. In 2009 Tesla Motors
announced that the battery pack cost approximately $36,000, or about £25,500. The
company encouraged customers to buy the replacement pack at the time of
purchasing the vehicle, in anticipation of the batteries’ failure some years down the

line, for a reduced price of $12,000.

Some electric car companies have addressed the battery life issue by leasing the
batteries rather than selling them as part of the car. While this would increase the
total cost for the customer, it would spread the cost out over several years in a
predictable fashion. For example, the Norwegian electric car company Think
suggested in 2007 that their vehicle would cost $15,000-$17,000 to buy, with the
battery leased at $100-$200 each month [13]. Nissan is considering a similar scheme

for its 2012 plug-in hybrid vehicles [14]. When the batteries become too old to be
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used in electric vehicles, they could be sold for continued use in stationary

applications [13, 14] or recycled, potentially at a profit [15].

Another option for battery leasing is to have a battery pack which when discharged
can be easily swapped out for a freshly charged pack. This could be performed at a
station equivalent to today’s petrol stations. Some such stations, built by the
company Better Place, are currently under construction in Hawaii as part of an
ambitious plan to make the islands independent of foreign oil [16]. For this to work
on a large scale, car companies will have to agree on a standardised battery pack. At

present, the Better Place stations can service only two makes of electric vehicle [16].

As these examples illustrate, currently available -electric vehicles offer an
uneconomic cost/performance trade-off.  Although electric vehicles offer the
possibility of cheaper refuelling (the G-Wiz is estimated to cost just 1p per mile to
refuel [9]) this is offset by the high cost of replacing the old batteries. It will be very
difficult for electric vehicles to break into the mass market without further

technological improvements that offer better value for money.

1.3 Supercapacitors: A Potential Solution

There are a number of possible ways to address the detrimental aspects of battery
electric vehicles. One option which has proved to be commercially viable is to
hybridise batteries with an ICE, as in the Toyota Prius and Honda Insight [17]. The
ICE provides increased range and power capability, but at the cost of continued air
pollution. Another alternative is to use a fuel cell vehicle. Fuel cells have the same
easy refuelling capability as do ICEs, while also creating no emissions at their point
of use except for water vapour [18, 19]. However, fuel cells have a typical electric
efficiency of less than 50% [18, 19], and furthermore would require an extensive
hydrogen infrastructure that does not currently exist. This is a serious weakness as in
the early stages of adoption, there will be nowhere to refuel the vehicles. Battery-
powered vehicles may be charged from standard outlets if necessary, and while a
major increase in EV usage would require upgrades to the grid, these may be

performed as needed without preventing early adoption of EVs [20].
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An alternative approach is to hybridise the batteries with a second energy storage
device which can deliver high power, thereby improving the performance of the
batteries while protecting them from damage and extending their lifespan. This is
the method chosen for further examination in this thesis, with a focus on
supercapacitors. These devices are a developing technology which are just

beginning to emerge on the market in transport applications.

Supercapacitors are an energy storage device that can deliver very high power
capability: about 10 times larger than that of batteries. Supercapacitors also have a
higher energy cycle efficiency - up to 98%, [21] while lead-acid batteries typically
have an efficiency of 82.5% and the much more expensive lithium ion batteries have
an energy cycle efficiency up to 90% [22]. These traits allow supercapacitors to
provide improved acceleration and to recapture energy from regenerative braking
more efficiently. They also degrade much more slowly, and if used in an electric
vehicle would have a lifetime of about 10 years [21]. However, the energy density of
supercapacitors is far below that of batteries, with even the most advanced
supercapacitors containing no more than 10Wh/kg [23]. This means that
supercapacitors cannot be used as the sole energy storage mechanism for an electric
vehicle, as the range would be unacceptably limited. A comparison of battery and

supercapacitor traits is presented in Table 1.1.

Supercapacitors acting as part of a hybrid vehicle system can provide high bursts of
power even when the vehicle’s battery capabilities have decreased due to a low state
of charge, maintaining the accelerative performance of the vehicle. Supercapacitors
can also protect the batteries from high currents, which can damage them [24-26], by
taking on the high power requirements of a vehicle. Therefore using supercapacitors
in a hybrid system with batteries can extend the batteries’ lifetime. This will be
beneficial if the cost of replacing the batteries is greater than the cost of the
additional supercapacitors and associated interface electronics.  The greater
efficiency of supercapacitors, along with their ability to accept high currents from
regenerative braking, can lead to an increase in overall vehicle efficiency and thereby

increase the driving range.
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Table 1.1: Battery and Supercapacitor Characteristics

Type Power Density | Energy Density Eff’cy Life (cycles) ~Cost’
(W/kg) (Wh/kg) (%) (USD/Wh)
S-Caps 100-10k [23] 1-10 [23] 85-98 [21] | 100k-500k [27] 10.3 [28]
Pb-Acid 80-300 [22] 25-30 [22] 82.5 [22] 500 [22] 0.5 [29]
NiMH 200-1500 [22] 60-70 [22] 70 [22] 1350 [22] 1.2 [29]
Li-ion 80-2000 [22] 60-150 [22] 90 [22] 1000 [22] >3.7 [29]

Alternatively, one can attempt to preserve vehicle functionality but reduce capital
costs by replacing some batteries with supercapacitors. This is possible if the
number of batteries necessary to meet the vehicle’s power requirements is larger than
the number needed to meet its energy requirements. In this case some batteries can
be replaced with supercapacitors. Again, this will be worthwhile only if the cost of

adding the supercapacitor pack is lower than the cost of the batteries it is replacing.

Supercapacitors may be used as part of a battery/supercapacitor hybrid system in an
electric vehicle for one or more of four possible purposes, as identified by the author:
1) to improve vehicle acceleration
2) to improve overall drive efficiency, increasing the driving range
3) to reduce lifecycle costs by extending the life of the batteries
4) to reduce capital costs by direct replacement of some batteries
This thesis will demonstrate that each of these purposes is to some extent exclusive

of the others, as reported in papers by the author [30, 31].

1.4 Thesis Contributions

This research has involved the modelling, hybrid energy strategy development and
scenario analysis of a battery/supercapacitor vehicle, based on a model of an existing
battery-powered electric vehicle at the University of Strathclyde. This vehicle is

made from an AC Cobra kit car (“the Cobra”, pictured in Figure 1.2), and is a low-

" The costs given in the table should only be used for general comparisons between devices and not as
a rigid indicator of price. The cost of energy storage devices is highly variable and depends not only
on the specific devices (which may be specialised for some aspect of performance such as power or
which may be a low-cost device with comparatively poor performance) but also on the price of
materials and the overall economic climate. For example, in early 2007 a 650F Maxwell
supercapacitor optimised for power cost £33.44/Wh, roughly equivalent at the time to $60.19/Wh.
This is far higher than the $10.30/Wh quoted as the average for all supercapacitors on the market,
including small, mass-produced devices for mobile applications. In 2009, after the credit crunch and
decline of the British pound, the cost of the 650F units increased to £58.56/Wh, or about $83.13/Wh.
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budget car suitable for urban commuting. It uses six 12-volt 70 Ah gel type VRLA
batteries from Hawker Genesis. The Cobra runs using a 9kW liquid-cooled

induction motor and has a top speed of about 40 mph, with a range of about 15 miles.

Figure 1.2: The Cobra, driven by the author and accompanied by some of the
Strathclyde SUPERGEN Energy Storage Consortium members.

A model of the Cobra’s energy storage system was created, based on the vehicle
simulation programme ADVISOR. ADVISOR was developed by the National
Renewable Energy Laboratory in Colorado and is now commercially available
through AVL [32]. The author modified the standard ADVISOR battery and
supercapacitor models, and inserted power electronics and power control elements,

to create the new hybrid energy storage system model.

The author’s final model involves three physical elements:
1) a novel battery model, which represents the vehicle’s batteries with an
error of less than 3%.
2) a simple supercapacitor model, which allows a wide variety of

commercial supercapacitors to be modelled, as well as theoretical devices.

7 of 248



This model was tested and validated using commercial supercapacitors
and found to have an error of less than 5%.
3) a power electronics architecture consisting of two half bridge DC/DC
converters, which were simulated separately to create efficiency maps.
The efficiency maps are used in the system model to allow fast, modular
simulations.
These physical elements are combined with a novel power flow control strategy

designed by the author to be tuneable for different optimisations.

Of the four possible purposes for hybridisation defined in section 1.3, two were
selected as being suitable for the Cobra and developed by the author, specifically
improving overall drive efficiency and reducing lifecycle costs. Both of these
attributes are highly important to a low-budget commuter vehicle, which should have
as large a range as possible given its relatively small battery pack, and which ideally
would not incur additional costs due to the necessity of replacing batteries. The
option to replace some batteries with supercapacitors was not investigated for the
Cobra, as a reduced battery pack size would excessively limit the range. The option
to increase the vehicle acceleration capability was also not investigated, as this is
currently limited by the installed motor power rather than being limited by the
battery capabilities. However, both costs and vehicle acceleration were considered in
the analysis. The costs of the supercapacitors and the associated electronics were
tracked to ensure that they were in keeping with the costs of the vehicle as a whole.
The vehicle acceleration capabilities were also monitored to determine if an
optimisation for efficiency or for battery life resulted in a decline in vehicle

performance.

The relationship of each of these variables and the trade-offs they require has been
analysed. This analysis is new to the field of battery/supercapacitor vehicle
development, as past vehicles have used a single, pre-chosen optimisation strategy
with no consideration or analysis of the relative merits of one optimisation strategy
over another. The analysis has been used to develop a novel hybrid control strategy,

which may be tuned to achieve different optimisations.
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This thesis therefore presents four aspects of novelty as accomplished by the author:
1) A methodology for comparing optimisation strategies for a
battery/supercapacitor hybrid vehicle. This consists of two elements: to
identify the most effective optimisation strategy for an electric vehicle, and
to identify the optimal supercapacitor pack size for that strategy from a
range of commercially available supercapacitor packs. The optimisation
methodology encompasses both technical attributes of the supercapacitors
(voltage, capacitance, and internal resistance) and the cost of the
supercapacitors; this ensures that the hybridisation is both technically

suitable and financially viable.

2) The application of this methodology to assess the hybridisation options for
the Cobra. The options to focus on maximising efficiency or to focus on
minimising peak battery currents are analysed and compared, and a
recommendation made for use in the Cobra, including the selection of a

suitable supercapacitor pack.

3) A novel control strategy for managing the power flow in the hybrid
system. This strategy was developed to allow the investigation of the
different options for optimisation, and thus has been created by the author
to be ‘tuneable’ to achieve different effects, e.g. increased yield (km
travelled per kWh drawn from the energy storage) or lower peak battery

currents.

4) A novel battery model for use in the simulations of the hybrid system.
This model was created by the author to provide an accurate simulation of
the Cobra battery pack behaviour, while remaining simple to implement
within the framework of the existing vehicle simulation program,
ADVISOR. The model provides improved accuracy compared to the
default models provided by ADVISOR, without introducing unnecessary

complexity.
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1.5 Thesis Review
This work was funded by the EPSRC initiative, SUPERGEN, and is a part of the

SUPERGEN Energy Storage Consortium’. This consortium involves research into
materials, modelling and applications for supercapacitors and lithium-ion batteries.
The role of this rsearch within the consortium was to provide information on the use
of supercapacitors in transport applications, with the objective of providing
specifications for supercapacitors optimised for use in an electric vehicle.

The remaining body of this thesis is divided into the following chapters:

e Chapter 2 presents control strategy optimisation options in further detail. It
provides a review of supercapacitors and batteries used in electric vehicles,
including aspects of control, past vehicles and control strategies, modelling
techniques and power electronics. It further describes ADVISOR and the
default ADVISOR models for batteries and supercapacitors.

e Chapter 3 describes the battery-powered Cobra, and verifies the battery model
developed by the author to accurately characterise the batteries in a modular
framework suitable for use in ADVISOR. It also discusses the use of
regenerative braking, and the development of the drive cycles used in the

simulations of the hybrid Cobra.

e Chapter 4 discusses the current supercapacitor market, including technical
specifications and cost of commercially available supercapacitors. It describes
the aspects of designing a battery/supercapacitor system using different
optimisation strategies, and the sizing methodology for each optimisation. It
also describes the development of the supercapacitor and power electronics
models, and their integration into a complete hybrid system model, including

the control strategy.

e Chapter 5 provides a comparison of the different optimisation schemes and

their cost effectiveness using commercially available supercapacitors. This

: Grant ref: EP/D031672/1. More information is available at www.energystorage.org.uk
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includes results optimised for each drive cycle as well as generalised results for
other drive cycles. The effects of battery SOC and of the availability of
regenerated energy from braking are also discussed, and lastly the effectiveness

of combining different optimisation strategies is investigated.

e Chapter 6 presents the thesis conclusions, supporting the author’s claims of
novel contributions to the field of battery/supercapacitor hybridisation for EV

applications. Finally, it suggests avenues for further work.
1.6 Publications

The following papers have been written based on the work presented in this thesis.

Journal Papers Submitted for Publication:

1) S IFletcher, F B Sillars, R C Carter, A J Cruden, M Mirzaeian, N E Hudson,

J A Parkinson, P J Hall, “The Effects of Temperature on the Performance of
Electrochemical Double Layer Capacitors”, submitted to the Journal of

Power Sources, February 2010.

2) P Hall, A Rennie, F Sillars, M Mirzaeian, R Carter, A Cruden, G Wilson, G
Shitta-Bey, S 1 Fletcher, “Energy storage in electrochemical capacitors:
Engineering materials to improve device performance”, submitted to the

Journal of Energy and Environmental Science, January 2010.

Journal Papers to be Submitted:

1) R Carter, F Sillars, A Cruden, P Hall, “Supercapacitor voltage measurement —
biased against applications?”, to be submitted to the Journal of Energy and

Environmental Science, Summer 2010.

Peer-Reviewed Conference Papers:

1) S I Fletcher, F B Sillars, R Carter, A Cruden, M Mirzaeian, N E Hudson, J

Parkinson, P J Hall, “The Effects of Temperature on the Performance of

Electrochemical Double Layer Capacitors.”, in the Proceedings of the
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Electrical Energy Storage Applications and Technologies Conference

(EESAT 2009), Seattle, Washington, October 2009.

2) R Carter, A Cruden, “Strategies for control of a battery/supercapacitor system
in an electric vehicle”, in the Proceedings of the International Symposium on
Power Electronics, Electrical Drives, Automation and Motion (SPEEDAM
2008), Ischia, Italy, June 2008, pp 727-732.

3) R Carter, A Cruden, “Strategies for maximising battery lifetime in a
battery/supercapacitor system for an electric vehicle”, in the Proceedings of
the 3rd European Ele-Drive Transportation Conference (EET-2008), Geneva,
Switzerland, March 2008, Session 3B - Batteries and Super Capacitors, CD-
ROM.

4) R Carter, A Cruden, “The effects of AC current on supercapacitor
performance”, in the Proceedings of the 234th National Meeting of the

American Chemical Society, Boston, MA, August 2007.

Poster Presentation:

1) R Carter, A Cruden, “Rating a supercapacitor bank for a
battery/supercapacitor electric vehicle”, EPSRC Energy Programme Meeting,

Oxford, UK, May 2008.
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2 The Use of Supercapacitors in Electric Vehicles

The limitations of battery electric vehicles are well-known, and some investigation
has already taken place into the potential for hybridising such vehicles with
supercapacitors. This chapter will review the different purposes which such a
hybridisation can serve, and some of the battery/supercapacitor vehicles which have
previously been built. The different aspects involved in battery/supercapacitor
hybridisation are considered, including the physical construction of the hybrid
system, and the modelling of the vehicle and the different energy storage elements.
This chapter will also indicate the gaps in the literature which require further

investigation.

2.1 Background

Electric vehicles which operate solely on batteries suffer limited performance due to
the low power density of batteries, which tend to have a specific power in the range
of 50-2000 W/kg [22]. Vehicles require high power to accelerate, hence the battery
must be capable of delivering high power bursts. If the vehicle is to make use of
regenerative braking, then the energy storage system must be capable of receiving
high power spikes as well. Furthermore, when batteries are exposed to high currents

their lifespan is reduced, decreasing the reliability of the vehicle.

Figure 2.1 shows the ECE-15 cycle, which was specified by the United Nations
Economic Commission for Europe (hence ‘ECE’) to assess the performance of
vehicles in Europe, including battery lifespan and emissions tests. From Figure 2.1 it
is clear that the maximum power for a small vehicle on this cycle is much higher
than the average power. This is the case for almost all drive cycles, and it suggests
that a high power system, such as a pack of supercapacitors, operating in conjunction
with the batteries would be a more effective system than batteries alone. The
supercapacitors would supply the peak power demands of the vehicle and receive the
power available from regenerative braking (indicated as a negative power in the
figure). The power demands on the batteries would be reduced; their limited power

density would no longer be a problem, and their reliability would be improved.
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Figure 2.1: Speed and Power of a small vehicle in the ECE-15 drive cycle — data

from ADVISOR. The red dashed line shows the average power for the cycle.

The simplest way to add a supercapacitor pack is to directly connect it electrically in

parallel to the battery pack, as in reference [33]. However, studies have shown that

far better results can be achieved by employing power electronics to control the

supercapacitors and batteries separately, in terms of increasing maximum power

output [34], reducing battery current [34, 35], and extracting useful energy from the

supercapacitors [35]. To design a hybrid system one must determine an appropriate

pack size, the best physical means of relating the two energy sources, and a control

strategy to determine when and to what extent each should be used. This, in turn,

requires the identification of the specific reasons for adding the supercapacitors.

Then the best method of hybridisation for the purpose can be determined.
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2.2 Elements of a Control Strategy

A new control strategy for a battery/supercapacitor vehicle can consider one or more
of the following elements:

1) to improve vehicle acceleration

2) to improve overall drive efficiency, increasing the driving range

3) to reduce lifecycle costs by extending the life of the batteries

4) to reduce capital costs by direct replacement of some batteries
These elements are inter-related and may work together or in opposition to each
other, as described in more detail below. The primary goal of a control strategy must
be identified in advance, otherwise the strategy will lack focus and may not achieve

any benefit at all.

2.2.1 Vehicle Acceleration

For a vehicle to have good acceleration, it must be capable of handling high power
demands. The high power capabilities can be limited by the motor, which will have
maximum voltage, current and power ratings, and may also have a minimum voltage
rating. The capabilities may also be limited by the battery, which will need to be
protected from high temperatures and high currents. As the battery state of charge
(SOC) decreases, its voltage also decreases while its resistance goes up. This further
reduces its power capabilities, because a lower current is needed to push the battery

voltage below the acceptable minimum limit.

Supercapacitors, by contrast, can supply very high power as listed in Table 1.1.
They are also not harmed by working at a low voltage as long as their voltage
polarity does not reverse. The supercapacitors can continue to supply high power
even when the battery SOC is low, as long as they can be recharged from
regenerative braking or low power recharges from the batteries. Using the
supercapacitors for acceleration can therefore maintain the vehicle performance even
when a low battery SOC or a somewhat aged battery pack has limited the batteries’

ability to supply power.
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2.2.2 Vehicle Range

The range of the vehicle is determined by two parameters: the total energy losses in
the system, and the total energy which can be withdrawn from the battery. The
former is down to the overall efficiency of the system, including the energy storage
systems, power electronics and motor, as well as losses due to friction and air
resistance. The latter may be influenced by the magnitude of battery currents.
Operation at high currents reduces the effective energy capacity of batteries — this

phenomenon is described by Peukert’s Law [36-38].

Peukert’s Law states that for a battery

C, = Cn(%jpl, (2-1)

where C, (Ah) is the nominal capacity, I, (A) is the discharge current which
corresponds to the nominal capacity, /; (A) is some other discharge current, C, (Ah)
is the apparent capacity at that current, and p is the Peukert coefficient. For a lead
acid battery p will typically be between 1 and 2 [38, 39]. This effect is caused by
diffusion rates in the pores in the battery’s active material [36]. When the battery is
discharged slowly, acid in the pores is replenished through diffusion. When the
battery is discharged quickly, only acid near the pore opening is replenished, while
the acid deeper in the pores is used up. When a region is depleted of acid, no more

reactions can take place in that region, limiting the available charge.

Peukert’s Law works well to describe the behavior of a flooded battery, but works
less well for modern valve-regulated lead acid (VRLA) batteries, such as those found
in the Cobra [36, 37]. VRLA batteries do not have a large reservoir of acid to
replenish the acid in the pores. Their discharge behaviour cannot be fully described
with a constant value of p; instead p tends to increase with higher discharge currents
[36, 37, 40]. This means that a VRLA battery will experience a more dramatic
reduction of capacity at high currents. After a discharge at high currents, some acid
will be replenished and the battery may subsequently be discharged further at a lower
rate [38]. Although there will still be a small net loss in capacity as the lead sulphate
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formed near the pore entrance will increase the resistance of the battery [36, 38],
using Peukert’s Law does not give an accurate picture of battery SOC in cases where

the current varies and the battery is rested in between uses.
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Figure 2.2: Speed and power of a small vehicle in an urban drive cycle developed at
the University of West Virginia and available from ADVISOR.

The second and more important factor in determining vehicle range is efficiency.
The efficiency of an electric vehicle is calculated using the yield, defined as the
kilowatt-hours used per kilometre travelled. Recapturing some of the vehicle’s
kinetic energy during braking is a good way to increase the overall vehicle
efficiency. High power spikes may be available from regenerative braking; this may
be seen in the drive cycles and power profiles in Figures 2.1 and 2.2. Figure 2.2
shows the power requirements of a small vehicle driving an urban cycle without

using its friction brakes. The cycle was developed at the University of West Virginia
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and is now available through ADVISOR. The profile shows that power spikes of
more than 10kW may be available if the full braking power is returned to the energy
storage. However, the full power may not be returned to the battery as the battery

charging currents must be limited to prevent out-gassing [41].

For example, the Hawker Genesis batteries used in the Cobra may not have a voltage
above 15.0V [40]. For an internal resistance of 0.03Q (a typical value for the
charging resistance) and an open circuit voltage of 12.5V, this gives a peak charging
current of 83.3A. There are six batteries in the Cobra, so this translates to a peak
regenerating power of 6*15%83.3 = 7.5kW. The actual peak power which it is
possible to absorb at any given time will vary depending on the batteries’ state of
charge. Nevertheless, it is clear that on some occasions it is impractical to recapture

all of the available regenerative braking power.

Supercapacitors, on the other hand, are capable of accepting charging currents of up
to a few thousand Amps [42]. Even a small pack of supercapacitors could accept the
full regenerative power, assuming they were not already fully charged. A strategy
optimised for efficiency should capture as much regenerated energy as possible. The
state of charge of the supercapacitors must be considered to ensure they are capable

of receiving the incoming energy.

Adding a supercapacitor to a battery-powered vehicle means also adding further
power electronics to relate the two power sources, and this will create additional
losses.  In particular, any power which is sent from the batteries to the
supercapacitors will undergo losses first within the batteries themselves, then from
the power electronics and finally from the internal losses in the supercapacitors. If
efficiency is to be a primary concern then this will limit the usefulness of the

supercapacitors.

2.2.3  Lifecycle Costs

Lead acid batteries such as those used in the Cobra have a lifetime of at most 500 full
cycles [22]. The number of years which a battery will last depends on a number of

factors including the frequency of use, depth of discharge, and the currents and
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temperatures to which it is subjected. In a battery-powered electric vehicle, it is the
latter two factors which can be controlled - high currents can cause high temperatures
as well as being damaging in and of themselves. A battery in an electric vehicle will
typically last about 3-5 years, depending on the type of battery used [8, 9, 21]. This
could potentially be extended, and if the battery needed to be replaced less frequently

then long-term costs would be reduced.

The battery costs may also be reduced by improving their mean time between
failures (MTBF). The MTBF describes the failure rate of batteries in the middle of
their lifecycle — in other words, how likely a battery is to fail before it reaches the
end of its life [43]. Some companies have suggested leasing electric and plug-in
hybrid vehicle batteries to consumers [13, 14], and a more reliable battery would be
less expensive to lease even if the battery life expectancy remained the same.
Reliable batteries are also essential for battery-swap stations like those being built by

Better Place [16].

Lead acid batteries in high power applications such as electric vehicles are primarily
damaged by a mechanism known as ‘sludging’ which is caused by high discharge
currents [24]. The positive plate of a lead acid battery consists of lead dioxide which
forms PbSO4 on discharge. This material is supported by a metal grid. High
discharge currents cause a dense layer of PbSO,4 to form near the surface of the
cathode grid [25, 26]. On recharge, the dioxide reforms on the surface of this layer,
away from the grid. Over repeated cycles, the mass moves away from the grid and
eventually electronic contact may be lost. This material may also collect at the edges

of the grid and cause a short circuit.

The rate of sludging depends highly on the peak currents applied to the battery. This
was confirmed by Papazov et. al. [44] using life cycle tests on the positive plates of
lead-acid batteries. The plates were tested with an electric vehicle drive cycle,
varying only the value of the peak current in the cycle and keeping all lower current
values the same. These tests suggested that the lifetime of the positive active mass

was directly proportional to the value of the peak current, although this could not be
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stated conclusively due to an insufficient number of test samples. The ageing of a
cathode in a test rig will not be exactly the same as the ageing of a positive plate
encased in a VRLA battery, as the construction of the battery will put pressure on the
plate and physically hold the active mass in place [26, 45]. However, this test
illustrates the importance of the maximum current value in determining battery

lifetime.

2.2.4 Capital Costs

In some systems there could be a reduction in the capital cost while maintaining the
same performance by substituting some of the batteries with supercapacitors -
although it would not be practical to substitute all the batteries with supercapacitors,
due to the supercapacitors’ insufficient energy density. In order for this strategy to
be effective, the cost of the supercapacitors plus their electronics and any further
installation costs must be less than the cost of the batteries being replaced. The final
capital cost relates to the design of the physical system. Capital costs can also be
reduced by choosing the smallest supercapacitors necessary. The option to replace
some batteries will not be explored with the Cobra, nor in this thesis. However, the
costs of the supercapacitors and electronics are very much in mind, and will be

discussed in more detail in Chapter 4.

2.3 Existing Vehicles

There are many ways a vehicle can be hybridised. Several commercially available
hybrids combine an electric motor and batteries with an internal combustion engine
(ICE) [17]. A variety of experimental hybrid vehicles exist; these may combine
batteries [46-48], supercapacitors [49, 50], flywheels [46], solar panels [48], ICEs
[50] or fuel cells [47, 49], among other possibilities. A few combine batteries with
supercapacitors, and these are of the most relevance to this thesis. The strategies for
other types of vehicle are not directly applicable as they must consider additional
constraints, for example a desire to conserve fuel or the need to convert between

electric and mechanical systems.
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2.3.1 Catholic University of Chile

A battery/supercapacitor pick-up truck was built at the Catholic University of Chile
[51-53]. A 300V (nominal voltage), 20F supercapacitor bank was added to a truck
powered with a 356V pack of 50Ah lead acid batteries [54]. These batteries were
later replaced with ZEBRA batteries containing 24kWh of energy [55]. Two control
strategies were devised for this vehicle, one a heuristic strategy and one that uses an
Artificial Neural Net (ANN) [53]. These strategies were both intended to increase
the efficiency of the system, with the heuristic strategy found to be 5% more
efficient, in terms of yield, than the truck using the battery alone in a specific urban

cycle, and the ANN-based strategy being 8.9% more efficient than the battery alone.

After the ZEBRA batteries were added, vehicle performance was also assessed.
Simulations showed that the acceleration of the vehicle would be improved [55].
Both lead acid batteries and ZEBRA batteries were expected to have a longer life
span when hybridised with the supercapacitors, but no actual life cycle tests were

performed to confirm this [51, 52, 55].

Using the heuristic strategy, the supercapacitor voltage was maintained at a level
determined by the vehicle speed and the battery state of charge. A lower speed
meant a higher voltage, anticipating an acceleration; likewise a high speed meant a
low voltage so the supercapacitors would be ready to accept energy from
regenerative braking. The voltage was also higher if the battery state of charge was
lower, and vice versa. The supercapacitors were charged or discharged via the
battery to maintain the correct voltage. This relationship of supercapacitor state of

charge to vehicle speed is shown in Figure 2.3.

21 of 248



Ultracapacitor Charge Curves (REF. CHARGE)

o)
Charge % Battery 40% DOD

and more

1

100
90

80
70

60

2l Battery 30% DOD

3 Battery 20% DOD

4 Battery 10% DOD

5 I Battery fully charged
40+

15
0

Vehicle Speed

Figure 2.3: Supercapacitor state of charge vs. vehicle speed, taken from [52]. DOD
means depth of discharge.

The ANN strategy [53] focused on the efficiency of the components, particularly the
DC/DC converter. It tried to calculate the means of achieving the minimum energy
expenditure at any time, and was somewhat more efficient than the heuristic method,

as this strategy could be more closely tailored to the demands of the vehicle.

2.3.2 EVermont

An American battery/supercapacitor vehicle was designed by a group called
EVermont and built by a consortium involving EVermont, Solectria Coporation and
others [56-59]. The lead-acid battery pack had a nominal voltage of 156V and a
capacity of 86.4Ah, while the supercapacitor pack had a voltage of 120 V and a total
capacitance of 47.5F. The supercapacitor voltage was controlled to be inversely
proportional to the vehicle speed, down to an unspecified minimum speed. Below
that the supercapacitor voltage was kept at maximum. The control strategy also
ensured that the battery voltage and supercapacitor current remained within specified
boundaries. The strategy seems to have been intended to optimise for several
variables simultaneously, namely efficiency, vehicle performance and battery

lifetime.
The vehicle’s performance with and without supercapacitors was compared [57].

The addition of supercapacitors was found to noticeably decrease the battery currents

in all situations. For example, on one drive test the battery-only vehicle experienced
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a peak battery current of about 240A, while the hybrid vehicle had a peak battery
current of only 140A. Similarly, an acceleration test showed battery currents reduce
from about 200A in the battery-only vehicle to about 150A in the hybrid. It also

allowed more energy to be extracted from the battery before performance fell off.

However, the supercapacitor did not always increase the range of the vehicle or the
efficiency of the system. This was heavily dependent on drive cycle. Efficiency was
more likely to be improved when the drive cycle had a lot of stops and starts; even
so, some urban drive cycles had a decrease in efficiency when the supercapacitors
were present, due to additional losses in the DC/DC converter. Even when more
energy was extracted from the battery, the vehicle range was not always increased as

the extra energy was lost due to low efficiency.

Battery lifetime tests were also performed by using two strings of 13 batteries each,
identical to the battery packs used in the vehicle [58]. The packs were cycled
repeatedly, with one pack subjected to a current profile recorded from the battery-
only vehicle, and the other receiving a current profile recorded from the hybrid
vehicle driving the same cycle. The batteries were recharged by identical charging
units. The hybrid current cycle had a peak current of about 150A; 29% lower than
that of the battery-only cycle, which was about 225A. Nevertheless, the lifetime
tests of the batteries showed that the battery life was not noticeably extended by the
addition of the supercapacitors [58]. Note also that a full assessment of battery life

and reliability is not possible given the small number of batteries used in the test.

2.3.3  Karlsruhe University

A Dbattery/supercapacitor van was built at Karlsruhe University in Germany [60].
The supercapacitor bank had a voltage of 241.5V and a capacitance of 14.8F. The
battery pack consisted of zinc-air batteries; two different models were tested, both
manufactured by ZOXY. This company appears to be defunct and data sheets for the
batteries are no longer available, thus the voltage and capacity of the battery packs is
not known. Zinc-air batteries have a very low specific power of no more than 10

W/kg, but a high specific energy of more than 100 Wh/kg.
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The control strategy called for the battery pack to output a constant current for as
long as the supercapacitor voltage was below a certain level, while the
supercapacitors handled any necessary deviations in power. The low power density
of the batteries meant that if the vehicle demanded power in excess of what the
supercapacitors could provide, then the battery pack was not capable of temporarily
increasing its power output. The research team stated that a higher power battery
would have enabled them to alter the control strategy based on vehicle speed, similar
to the strategy employed by the previous two groups. In this vehicle, the battery
could not be used alone due to its very low power capabilities. Thus the addition of
the supercapacitors could be seen as having the goal of decreasing the size of the
battery pack, which would have needed to be much larger had the supercapacitors
not been present. Due to the nature of the vehicle drive train, no direct comparison
could be made of the supercapacitor’s usefulness; the conclusion was simply that this

is a feasible system.

2.3.4 Cranfield University

At Cranfield University, a go-kart powered by a battery and supercapacitor system
has been built [61, 62]. The go-kart used a pack of 27Ah lead acid batteries with a
nominal voltage of 48V, and a supercapacitor pack with a voltage of 45V and a
capacitance of 58F. The control strategy is based on a modular structure with three
management shells: an Energy Management Shell handling long-term effects
(“strategy”), a Power Management Shell handling medium term effects (“policy”)
and a Power Electronics Shell handling short term actions (“process”). The Energy
Management Shell regulated the supercapacitor voltage by creating a reference state

using the following relation:
Euc + Ekin = Ka (2'2)

where E,. (J) is the energy stored in the supercapacitors, Eyi, (J) is the kinetic energy
of the vehicle, and K (J) is a constant. It then ensured that the supercapacitors would
trend toward the reference state by raising or lowering the maximum allowable
power from the battery. The Power Management Shell determined what power

should be drawn from the batteries and the supercapacitors at any given time. The
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load power was drawn from the battery up to the maximum allowable power (which
could have a range of values as dictated by the Energy Management Shell), and then
from the supercapacitors. Energy from regenerative braking was sent to the
supercapacitors only, and if this was not possible then friction brakes were used. The
batteries also charged the supercapacitors whenever the load power was less than the
average load power. Finally, the Power Electronics Shell controlled the switches that
caused the appropriate powers to be delivered. Simulations showed that the hybrid
go-kart was more efficient than the battery-only version, although the efficiencies

were not quantified. It was predicted that the battery life would also be extended.

2.3.5 National Science Council of Taiwan

A Dbattery/supercapacitor motorcycle was built by a consortium funded by the
National Science Council of Taiwan [63, 64]. The motorcycle had a ‘gearshift’
which changed the configuration of the batteries and the supercapacitors depending
on the speed of the vehicle. The four 12V, 15.6Ah lead-acid batteries could be
connected in parallel, in series, or with two parallel branches of two batteries. The
batteries were connected to a DC motor, which required low voltage and high
currents at start-up and vice versa at high speeds. There were eleven supercapacitors
of 1700F each, arranged in two groups of five with one standing alone — the specific
reasons for this configuration were not given. The supercapacitors could also be
connected in a variety of configurations at different voltages, and were connected to
the motor. If the supercapacitor pack voltage was higher than the battery voltage,
then it supplied all the current. Once the supercapacitor voltage dropped below that
of the batteries, then the battery pack supplied all current. The supercapacitors could
also be completely disconnected from the motor, and were recharged only by

regenerative braking.

This is a very complicated architecture, but it gave a good improvement to
efficiency. A set of test cycles showed that the hybrid system had a range 18.5%
greater than that of the batteries alone [63]. It was also speculated that the battery

life span would be increased, although this was not confirmed with life cycle tests.
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2.3.6 CR-ENEA

CR-ENEA refers to the Italian Governmental Agency for the Environment and
Alternative Energy — Electric Vehicle division. In conjunction with the University of
Rome and Semikron Italy, they developed a battery/supercapacitor vehicle and
entered it into the Formula ATA 2008 competition [33]. This vehicle used a single
pack of 6V, 180Ah lead-acid batteries with a total voltage of 48V, in parallel with
two supercapacitor packs, each with 48.6V peak voltage and 47F capacitance. Each
supercapacitor pack was connected to a different inverter and AC motor. The two
drive motors were rated at 4kW and the use of two motors was intended to increase

the overall reliability of the vehicle.

As the supercapacitors were directly connected to the batteries, the hybrid vehicle
could not have a deliberate control strategy to direct the power flow. Nevertheless,
the addition of the supercapacitors increased the acceleration of the vehicle, reducing
the time to go from Okm/h to 50km/h by 5 seconds [33]. They also improved the
overall efficiency of the vehicle by 11.1%. The researchers suggested that the

battery life would also be increased.

2.3.7 Educational Vehicles

Two different battery/supercapacitor vehicles have been built as educational projects
for undergraduate students: one at MIT [65] and another at the University of
Manchester [66]. Neither vehicle was assessed in a systematic way to determine the

benefits of battery/supercapacitor hybridisation.

2.3.8 Proposed Battery/Supercapacitor Vehicles

Several other groups have proposed control strategies to be used in
battery/supercapacitor vehicles [35, 67-69]. Two of these [35, 68] are described
qualitatively and are very similar: the supercapacitors should be fully charged prior
to acceleration, and during acceleration should handle the bulk of the power demand
while the battery current slowly rises. The battery should eventually take over any
steady current demand. One group [68] adds that the battery should send a small
current to the supercapacitors to make up for efficiency losses and maintain the

supercapacitor voltage. During braking, regenerated energy should be sent to the
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supercapacitors to protect the battery from high charging currents. This strategy did
not have a clearly stated purpose, but suggested that the strategy could be refined to
produce improved vehicle performance, battery lifetime and total efficiency. One
strategy [35] also specifies that during braking the supercapacitor should send a
small current to recharge the battery. The intent of this strategy was to protect the

batteries from damaging currents.

The strategy suggested by [69] is closely related to the two strategies described
above, but is more specific in the means by which the battery current is determined.
Here, the load is split into five components: accessories, rolling resistance,
aerodynamic drag, gravitational load and inertial load. Assuming that the first four
elements are slow-changing, while the inertial load is fast-changing, they provide
calculations to determine the inertial load while braking and accelerating and assign
that to the supercapacitors. Supercapacitor voltage is also maintained such that the
energy that the supercapacitors can accept is equal to the kinetic energy of the
vehicle; this is a lower-priority rule. The purpose of this strategy is to minimise
losses in the batteries, in the hope that reducing the stress on the batteries in this
manner will extend their life. The range of the vehicle was found in simulations to
be extended somewhat, but the researchers concluded that it was not by a sufficient
margin for the supercapacitors to be cost-effective if added for this reason alone [69].
Improved acceleration of the vehicle was considered and rejected as a suitable factor

for optimisation.

A fourth group [67] used two constraints to control the system: Pby.x (W), the
maximum power through the battery, and dPb/dty.x (W/s), the maximum rate of
change of the power through the battery. The qualitative aspects of this system were
much the same as the other three. This group simulated their system with a range of
values for the two constraints, and also tested the system with a fuel cell added to
provide a small constant power. The strategy was intended to increase the lifetime of
the batteries by minimising dPb/dt,,.x. Lifecycle tests were not performed on the
batteries, and the group concluded that further work was needed to fully optimise the

strategy and assess its benefits.
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2.3.9 Supercapacitor packs

Most attempts to size a supercapacitor pack for a hybrid system involve the use of a
specific cycle to optimise the sizing, or a somewhat arbitrary criterion to establish the

needs of the supercapacitors.

A simple control strategy for a battery/supercapacitor vehicle is to use the battery to
supply the mean power and the supercapacitor to supply or receive all the variations
in power. Such a strategy is suggested in [70]. The obvious problem with this
strategy is that every cycle will have a different average power, and it is impossible
to know in advance exactly when the supercapacitors will be needed to provide or
sink power. It also requires a large supercapacitor pack — a problem which [70]

acknowledges.

Other papers suggest specific goals which the supercapacitor pack is to achieve. For
example, the electric vehicle constructed by EVermont used a supercapacitor pack
designed to have sufficient power and energy to accelerate the vehicle from 12 to 50
miles per hour [71]; this calculation used the kinetic energy of the vehicle without
taking into account the losses in the drive train, nor those due to friction and air
resistance. The vehicle built at the Catholic University of Chile had a supercapacitor
pack which was intended to be able to accelerate the vehicle from 0 to 60 kilometres
per hour, followed by powering the car up a hill of 30 metres height [51]. Again, this
was calculated using kinetic and potential energy, neglecting losses. A
battery/supercapacitor/photovoltaic vehicle currently under construction at the
Polytechnic Institute of Coimbra, called ‘VEIL,” used a specific drive cycle to size
the components [72]. The battery power was first determined by calculating the
power needed for the vehicles maximum speed, including mechanical and electrical
losses. The supercapacitor power was then determined as the power needed to meet
the drive cycle’s initial acceleration, using the batteries and supercapacitors together.
The supercapacitors were also sized to have power and energy capabilities to receive
and store all the regenerative braking energy. The power needed to climb a 6° slope
was calculated, but treated as a battery requirement and not that of the

supercapacitors. A similar but more generic approach is given in [73]: to choose a
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constant power value for a specified time and determine the required supercapacitor
size from these values. Each of these methods is somewhat arbitrary in the choice of
criteria. In fact, the sizing method used in [71] was ultimately described in the same

paper as being unsuitable for the purpose.

Two sizing regimes were considered for the supercapacitors in the Cranfield
University vehicle [62]. The first was to consider the amount of energy that will be
available due to regenerative braking, and size the pack to be able to accept all of this
energy. The second is to analyse a drive cycle to determine the maximum interval of
discharge followed by the maximum interval of charge that the supercapacitors will
experience. This requires an a priori knowledge of the drive cycle, and furthermore
some advance knowledge of what the control strategy will be, although the details of
the control strategy will itself depend on the size of the supercapacitor pack. The
usefulness of the drive cycle analysis method will depend on how typical the chosen
drive cycle is for the vehicle in question. It is not clear which, if either, of these
methods was used to choose the supercapacitor pack ultimately used in the Cranfield

vehicle.

The chosen power electronics architecture also needs to be considered when sizing
the supercapacitor pack, as it will place limits on the operating voltage. For example,
one proposed battery/supercapacitor/ICE vehicle uses the supercapacitors to provide
the main bus voltage for the vehicle [74]. In other words, the supercapacitor voltage
is the same as the main DC voltage source for the motor controller. The
supercapacitor pack for this vehicle must be large enough to operate at the bus
voltage, which in this case is 600V DC. Alternatively, if the supercapacitors connect
to the bus via power electronics then, depending on the nature of the electronics, the
supercapacitor voltage will need to be maintained above or below the bus voltage.
This question was visited in the design of a fuel cell/supercapacitor vehicle described
in [75]. The supercapacitors in this vehicle were also constrained by size, as they
needed to be small enough to fit in the available space and to have minimal mass

[75]. In this case, a higher operating voltage was chosen to limit the currents.
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Another method of sizing is to analyse a sample drive cycle by frequency analysis as
in [76]. As with the drive cycle analysis method described in [62], the usefulness of
this method is determined by whether the chosen drive cycle is typical for the
vehicle. Finally, the vehicle can be modelled in different drive cycles using different
configurations of supercapacitor, as in [77]. This allows a verification of the chosen
pack, but limits the options to those actively tested. A more suitable pack size might

be overlooked.

2.4 Power Electronics

When using an active control strategy, there must be some physical means of
connecting the battery pack and the supercapacitor pack to each other and to the
main bus using a DC/DC converter. A survey of converter types for hybrid electric
vehicles was conducted by a group at the University of Arkansas [78]. They
surveyed the half-bridge, Cuk, and SEPIC/Luo configurations. These are shown in
Figure 2.4, with V1 and V2 representing the voltages at either end of the converters,
and the other labels indicating components within the converters. The researchers
concluded that the half-bridge type required the lowest current ratings for the
switches and a smaller inductor. They also found that the half-bridge converter had

the highest potential efficiency, having lower conduction and switching losses.
The actual efficiency of any converter depends on the details of the system, including

peak power, working voltages and permissible current and voltage ripples, so the

benefits of the different configurations are given as comparisons and not enumerated.
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Figure 2.4 (a) Half-bridge converter, (b) Cak converter, (c) SEPIC/Luo converter

Other architectures are possible, and a number of possibilities have been proposed
for use in fuel cell/supercapacitor vehicles. One architecture featured three
interleaved coupled-inductor boost converters, and achieved a high efficiency of
95.6% at full load [79]. A second option featured two inverter/rectifiers connected
with a high frequency transformer [80]. Two options were investigated for the low
voltage side of the converter: an L-type half-bridge converter and a full bridge
converter. The converter featuring an L-type half-bridge architecture had a peak
efficiency of 89% for discharging and 90% for charging, while the full-bridge
version’s efficiency was 94% for discharging and 95% for charging. Finally, a
bidirectional forward converter was studied in [81], however a value for the
converter efficiency was not given. These converters, pictured in Figure 2.5, are
efficient but also very complex and hence expensive, and are not well-established in
battery/supercapacitor literature. It was decided to focus on a simpler, more common

and cheaper architecture for the Cobra.
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For battery/supercapacitor vehicles, some form of half bridge converter is the most
commonly used architecture. The half-bridge DC/DC converter, shown in Figure
2.4a, is a two-quadrant converter — so called because the current can flow in two

directions, but the voltage is always positive. This is illustrated in Figure 2.6.

v AN

A Y

X X

Figure 2.6: The operating regions of a half-bridge DC/DC converter

To transfer power from V2 to V1, switch 1 is used and switch 2 is kept open. When

the converter is operated in this fashion,
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Vi =6V2, (2-3)

where 9, the duty cycle, is the fraction of time that the switch spends closed within
the switching period. For power flow from V1 to V2, switch 2 is used and switch 1

is kept open. In this case,
Vi = (1-0)V2. (2-4)

These equations are derived later in Appendix A. For now, it is sufficient to note
that because 6 must be between 0 and 1, V2 must always be higher than V1. Also
note that the capacitors, C1 and C2, will have the same voltage as V1 and V2. Their
purpose is to buffer the current from their respective ends of the converter, and they
are not essential to the converter. The operation of the half bridge converter is

illustrated in Figure 2.7.

The half-bridge converter is typically used with the supercapacitor in the V1 position
and either the battery pack or the DC bus as V2; for examples see references [35, 67,
82, 83]. This architecture is used in both the vehicle built in Chile [51, 52] and that
built by Solectria Corp [56, 57]. In these two cars, the battery pack is found at V2
and is used as the main DC bus for the motor drive, and the supercapacitor pack is at

V1.
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Figure 2.7 (a) Half bridge converter operating in first quadrant — power flow from
V2 to V1. (b) Half bridge converter operating in second quadrant — power flow
from V1 to V2.

It is also possible to use the supercapacitors on the V2 side of the converter: this was

done in a battery/supercapacitor test bench built at the University of Sheffield [84].
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In this case the supercapacitor also acts as the main bus to the motor. The test bench
features a half-bridge converter, using smoothing capacitors on both the battery and
supercapacitor sides. Two such converters were built, each testing a different type of
supercapacitor and battery. The converters use parallel switches to reduce the

current requirements of each switch and allow for high power through the converters.

Another option is to use neither energy storage element as the main bus. The MIT
vehicle used the supercapacitor pack in series with the battery half-bridge converter,

as shown in Figure 2.8.
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Figure 2.8: The power electronics configuration used in [65].

The Cranfield University go-kart used two half-bridge converters [61, 62], one for
the batteries and one for the supercapacitors, connecting both to the DC motor bus
(see Figure 2.9). The Karlsruhe University van also used this architecture [60]. The
two converters allow greater flexibility of battery and supercapacitor control, as the
energy storage elements do not need to have any particular voltages with respect to
each other. However, as both converters will create efficiency losses, using two

converters is inherently less efficient than using a single converter.
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Figure 2.9: Two half bridge converters as described in [61].
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Taking this a step further, the Coimbra-based VEIL vehicle is planned to have three
half-bridge converters [85]. The converters will connect three power sources to the
DC motor: batteries, supercapacitors and solar cells. Currently the VEIL vehicle
uses only batteries, and the converter boosts the 96V battery pack to the 600V
required by the motor. Another example of a proposed vehicle with three half-bridge
converters uses fuel cells, batteries and supercapacitors in the V1 position of each

converter, with the main bus at each V2 [86].

The choice of main bus voltage remains a topic of debate. If an energy storage
element is to provide the bus voltage, then the batteries are most commonly used
instead of the supercapacitors — and furthermore the bus voltage will be found on the
V2 side of the converter [35, 52, 67, 87]. Almost always, the input voltage required
by the motor is similar to or higher than the voltage of the energy storage systems.
This means that the motor must be found on the V2 side of the converter, unless an

additional set of power electronics is to be added.

The supercapacitor voltage varies based on the state of charge: a supercapacitor with
25% of the total available energy remaining will have an open circuit voltage that is
half the voltage it would have at full state of charge. But a battery’s voltage does not
vary as highly: at 25% SOC the open circuit voltage will typically be within 10% of
the voltage at 100% SOC. If the supercapacitors are located at V2 then they will
either need to have a much higher voltage than the batteries at V1 (so that even when
mostly depleted they exceed the battery voltage) or else they will need to be
prevented from discharging fully, thus rendering much of their stored energy

inaccessible.

However, researchers at the Illinois Institute of Technology argue that it is preferable
to use the supercapacitors as the main bus for a battery/supercapacitor system [88].
They reason that this allows the battery currents to be controlled and the stress on the
battery minimised.  This group went on to assess three power electronic

architectures. The first used batteries and supercapacitors in parallel, with a buck-
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boost converter connecting the paralleled energy storage systems to the motor. The
second used a buck-boost converter between the batteries and supercapacitors; due to
the wide voltage swings of the supercapacitors, an additional converter was used
between them and the motor bus. The third architecture used similar converters, one
each to connect the supercapacitors and the batteries to the bus. Their analysis found
that the third option was best for efficiency, flexibility and total power [88], with the
numerical value for each quantity unspecified as it would depend on the specific

equipment and power profile used.

2.5 Modelling a Vehicle

Most of the hybridisation options described in the previous sections were developed
with the help of simulations using vehicle models. There are several software

products that might be used to build a computer model of a vehicle.

This research uses a model based on the Advanced Vehicle Simulator (ADVISOR),
which runs using Matlab/Simulink. This software was developed by the NREL in
1994 and until 2003 it was made freely available for download. During that time,
ADVISOR was regularly updated. The final update performed by the NREL was in
2002, by which point the software had been downloaded approximately 5000 times
[89]. Licensing rights for ADVISOR were then sold to the company AVL
(www.avl.com), which expanded the capabilities of the software and released a

version for purchase in 2004.

ADVISOR is primarily a backward-facing simulator, with a forward-facing
component [90]. A backward-facing simulator starts by assuming a certain
performance from the vehicle, and then determines the demands that would be placed
on the various components to make that performance. By contrast, a forward-facing
simulator starts with an input from a driver, and then determines what performance

this would cause.
ADVISOR combines these elements by starting with a certain drive cycle which

specifies speed and road gradient over time and calculating the behaviour of the

individual components leading to this performance, as in a standard backward-facing
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simulator. However, it also incorporates a forward-facing element by placing limits
on the capabilities of the vehicle, and if the drive cycle demands a performance
beyond the car’s capabilities, then the simulator will flag a warning and will simulate

the vehicle performing as closely as possible to what was asked of it.

ADVISOR models vehicles using a specified drivetrain, and specifications for each
part of the drivetrain. A range of component specifications are provided, but custom
components can be added. The specification takes the form of two files: one an m-
file defining a range of parameters, and one a Simulink model tracing the power
through the component and recording appropriate variables, such as current, voltage,
power loss, etc. In this way an existing model can be used with altered parameters,
or an entirely new model substituted. Some components present a choice of model.
For instance, a supercapacitor is modelled as a simple resistor and capacitor in series,
but the resistance and capacitance may vary with respect to temperature plus either
SOC or applied current depending on the choice of model. Each component is
related to the other components by tracing power flow through the vehicle, so if a
certain power is needed to accelerate the vehicle then this demand can be traced
through the wheels, transmission, motor and energy storage, with efficiency losses at

each stage adding to the power demanded from subsequent stages.

Figure 2.10 shows an example of the component specification screen in ADVISOR
2002. To the left is a simple diagram of the vehicle, and below that a contour plot
showing the efficiency of the motor at different torques and speeds. Other contour
plots can be shown here as appropriate, for instance a vehicle with an internal
combustion engine could show the engine efficiency. To the right is a list of possible
drivetrain components. Those which are greyed out do not appear on this vehicle,
while those in black have drop-down menus to choose which model and which

parameters to use.
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Figure 2.10: A screen shot from ADVISOR 2002 showing the components of a

battery-powered electric vehicle.
Having defined a vehicle, the next step is to select a drive cycle. A wide range of
drive cycles are provided, including the standard emissions test cycles for America
and for the UK, and a selection of real-life cycles both urban and highway. Custom
drive cycles may also be added. The cycle defines the speed at which the vehicle
will (or should) travel at any given time, and some cycles also include changes in
road gradient. The behaviour of each component of the defined vehicle is
determined as it follows the cycle, and any failure to follow the cycle is flagged. The
researcher can then examine the state of the vehicle over time. Figure 2.11 shows a
sample result from such a simulation, using the battery car as defined in Figure 2.10.
The top plot shows the required speed of the vehicle along with the actual speed of
the vehicle. In this case the vehicle was capable of completing the cycle with no
problems, so these two lines appear as one. The next plot shows the state of charge
of the battery during vehicle operation. Below that is a plot showing the power
supplied by the battery at each stage of the journey. The final plot shows the power
losses in the battery.

38 of 248



40 T T T
— cyc_mph_r
— mpha
-S. 20+ -
£
o . |
0 50 100 150 200
o | — ess_soc_hist
= 1 _
ol
o
w
3|
1]
0.98 ' ' :
O 10" 50 100 150 200
i == ess_pwr_out_]_a
5
o 1 =
gl OF A_V ol
&
L3
-1 1 | L
10000 5.0 1C|)O 15|0 200
o — eSS_pwr Ioss_La
s _pwr_
8
LI - =
= 500
o}
o]
8 0 L 1 ]
0 50 100 150 200

Figure 2.11: A screenshot from ADVISOR 2002 showing the outputs for a battery
powered vehicle on a drive cycle which is defined in the top-most plot. The
remaining plots, from top to bottom, show the battery state of charge, the power
output of the battery and the power losses in the battery.

ADVISOR has been used to assess the effectiveness of supercapacitors in a range of
ICE hybrid vehicles [91] and in a fuel cell hybrid vehicle [92]. ADVISOR can also
receive new models for components if necessary — for example a fuel cell vehicle
was modelled in ADVISOR using a more advanced fuel cell model created by the
researchers themselves [93]. Another group updated ADVISOR’s regenerative
braking calculations for their model of a battery/ICE hybrid electric vehicle [94].
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ADVISOR models can also be used outside the ADVISOR framework, to be

combined with bespoke models created in Matlab/Simulink, as in the Cobra model.

Of particular interest to this review is an investigation by researchers at the Illinois
Institute of Technology, using ADVISOR to model a hybrid car including a battery
pack, supercapacitor pack and an internal combustion engine [21]. They first used
ADVISOR’s basic parallel hybrid drivetrain to model a vehicle with a battery pack
and ICE. They then modified this vehicle to include a supercapacitor pack and
related power electronics. The battery/ICE vehicle used 26 lead-acid batteries with a
capacity of 26Ah, and the battery/supercapacitor/ICE vehicle used 18 of the same
batteries. Different numbers of 2500F supercapacitors were used, and the capital
cost was calculated to be lower for the supercapacitor vehicle using up to 45
supercapacitors. However, the cost of the power electronics was not included. The
supercapacitors reduced the peak battery current by up to 50%, and the researchers
speculated that the battery life would be extended. The ADVISOR tests of grade-
ability and maximum speed were also used to assess the performance of the vehicles.
The performance remained approximately the same, with the battery/ICE vehicle
having slightly worse grade-ability and slightly better top speed. This illustrates both
the uses to which ADVISOR can be put, and that battery/supercapacitor systems in

HEVs as well as in pure EVs follow similar patterns of optimisation.

Other modelling options exist. A model for the vehicle built at Cranfield University
was created with the electromechanical modelling software SIMPLORER. The
National Instruments software LabVIEW has also been used to create a vehicle
model [95]. Some groups have even created bespoke software to further their
research. A group at the University of South Carolina created a virtual test bed
environment which could relate models from different languages (e.g. SPICE, ASCL
and SABER) for the different components of their vehicle [96].

The different vehicle models are all modular to some extent — the individual

components can be altered and their effects monitored. The following sections will

look at the different models available for supercapacitors and for batteries. The
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interplay of these energy storage elements remains at the heart of any control strategy

development for a hybrid vehicle.
2.6 Modelling Supercapacitors

2.6.1 The Physical Properties of Supercapacitors

Ordinary capacitors store energy as an electrical charge which has built up on a pair
of conducting plates separated by a gap containing an insulating material. The

energy stored in a capacitor is given by:
E=Ycr, (2-5)

where E is the energy (J), C is the capacitance (F) and V' is the voltage difference (V)
between the two plates. The capacitance can be determined if the physical properties

of the capacitor are known, using the relation:
C=¢, (2-6)

where ¢ is permittivity (F/m) of the insulator, 4 is the surface area (m?) of each plate,
and d is the distance (m) between the plates. Note that the voltage decreases sharply
as energy decreases, in contrast to batteries which maintain most of their peak

voltage. This is illustrated in Figure 2.12.

A supercapacitor works on the same principle as an ordinary capacitor.
Supercapacitors consist of charged electrodes placed in an electrolyte. Ions in the
electrolyte crowd against the electrode of opposite charge, and there is no electrical
conductance between the electrode and the electrolyte. The boundary of the
electrode and electrolyte therefore forms a kind of capacitor, and as they are so close
together - in the order of a few nanometres - and because the porous electrodes have
a surface area of a few thousand mz/g, a very high capacitance results [97]. The
energy stored in a supercapacitor is almost entirely due to this capacitance, with a

negligible contribution from chemical effects” [98].

" A closely related technology, the pseudocapacitor, stores energy in both electrical and chemical
forms. These devices are outwith the scope of this thesis.
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Figure 2.12: The relationship of voltage to energy for lead acid batteries and
capacitors. The lead acid battery data is from ADVISOR.

The electrolyte ions which are close to an oppositely-charged electrode move up
against it as they are attracted to the opposite charge. Ions which are further away
experience a different effect: they are attracted to the electrode, but repelled by the
layer of ions which has formed in front of it. Therefore, in the bulk of the electrolyte
the ions are fairly evenly distributed, although there is a small capacitance effect
from the diffuse ions near, but not immediately beside, the electrodes [99]. A rough

sketch of the ion distribution can be seen in Figure 2.13.
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Figure 2.13: Diagram of a supercapacitor.
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The porous structure of supercapacitors is worth investigating in further detail. A
simple model of an individual pore of a supercapacitor can be found by assuming
each pore to be an infinite cylinder [100]. In this case, it can be modelled as a
transmission line of capacitors and resistors. Figure 2.14 shows a model of a pore

proposed by [101].
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Figure 2.14: A model of a supercapacitor pore as proposed by [101].

These pores mean that the ‘history’ of the supercapacitor becomes important.
Consider Figure 2.15, which shows the behaviour of a pore as modelled in Figure
2.14 as it is steadily charged to 9V and then discharged to OV. The outermost
capacitor, C,, cycles along with the charging and discharging current, but the
innermost capacitor, C., is slowly rising. It takes 10-12 cycles to achieve a ‘steady-
state’ in which all the capacitors cycle in a regular fashion. Clearly the history of the
pore makes a difference to its internal state. In fact, a supercapacitor with a non-zero
initial voltage must be left in short circuit for as long as six weeks in order to ensure
that, upon removal of the short circuit, the measured voltage will rise to no more than
1% of the maximum voltage [102]. This is due to charge redistribution in the pores;
long after the outermost capacitors in the transmission line model have shed all their

charge, the deeper capacitors retain a charge. Similarly, if a capacitor is quickly
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charged to a certain voltage and then left in open circuit, a later measurement will
show a lower voltage, partly due to self-discharge, and partly due to the charge
migrating deeper into the pores. The pore model can be taken as the basis for a

model of the full capacitor [103].
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Figure 2.15: A pore charged with a steady current to 9V and then
discharged with a steady current to 0V. The coloured lines represent the
different capacitors in the model as follows: yellow — Ca, purple — Cb,
blue — Cc, red — Cd, green — Ce.

Supercapacitor modelling is further complicated by a relationship of charge to
potential [104, 105], which occurs because of interfacial tension between the
electrode and the electrolyte. Interfacial tension is an adhesive force between two
substances of different phases — it is the same effect which causes the capillary action
of water climbing a narrow glass tube. In a supercapacitor, interfacial tension means
that the electrolyte and the electrode tend to cling to each other. As the potential
across the capacitor terminals increases, the attraction between the electrode and
electrolyte also increases due to the increased density of charged ions in the
electrolyte and of opposite charges in the electrodes at the boundary between them.
This ensures better contact between the electrode and electrolyte, increasing surface

area, decreasing distance, and thereby increasing capacitance.
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2.6.2  Supercapacitor Models from Literature

A variety of supercapacitor models have been developed. A model may be
expressed as an equivalent circuit or as a mathematical equation which attempts to fit
the behaviour of a supercapacitor without relating it to a set of circuit elements.

Often a physical model has a mathematical approximation, and vice versa.

The simplest physical model is just an ordinary capacitor in series with a resistor, and
this is sufficient for some situations. More complex models focus on an arrangement
of capacitors and resistors, often with variable values, to more accurately characterise
the supercapacitor behaviour. Some models also include a small inductor in series
with the resistor/capacitor network [98, 102, 106-109], but as the inductance of a
supercapacitor is quite small, typically less than 50nH, others choose to neglect it

[99, 110, 111].

One of the earliest models was created at the University of Toronto [102, 104] in the
late 90s, using 470F and 1500F carbon-based supercapacitors. This is called the
‘three branch model’ although it is often used with only two branches, leaving out

the ‘long-term” branch (described below). It is depicted in Figure 2.16
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Figure 2.16: The three-branch model.

The first branch of the model consists of the resistor R; in series with parallel
capacitors Cj, and C;;*V,;. This is called the ‘immediate’ branch as it represents the
supercapacitor’s immediate response to a current, with a time constant in the order of
a few seconds. The variable capacitance represents the effect of interfacial tension as
discussed in section 2.6.1. The second branch, consisting of R4 and Cg, is called the

‘delayed’ branch; it represents the supercapacitor’s response in the order of a few
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minutes. Finally, R; and C; comprise the third, ‘long-term’ branch, used to describe
the supercapacitor’s response in the order of tens of minutes. This model also
includes a leakage resistor, Rjk, representing the self-discharge behaviour of the
supercapacitor. If necessary, further branches can be added to describe longer term
responses. The model was reported to have a very low error (not quantified) at
voltages higher than 40% of the peak voltage, but at lower voltages peak error rose to
10% [104]. The model’s creators speculated that the accuracy would be improved by
including variable capacitances in the second and third branches as well, however the

methods for determining these parameters were not specified.

Some closely related models have been developed by other groups. One [99] used a
transmission line of n branches, the first with a variable capacitance which is
associated with a look-up table relating capacitance to voltage. It is not clear what
value of n was used in the simulation. A mathematical expression for the
transmission line impedance was also calculated, although it was not used in
simulations. At the University of California, Davis, a 5-branch model with non-
variable capacitors was developed for use by the United States Department of Energy
[103]. This model was identical to the pore model shown in Figure 2.14, with the
addition of an inductor in series, and a parallel resistor to model self-discharge.
Unlike the two previous models, this was fitted to a set of impedance spectra to get
the parameter values. Finally, a group at the University of Bordeaux [107, 112]
created a transmission line model using a small inductance, resistance and
capacitance in series followed by four branches of identical resistors and capacitors.
The four identical branches featured variable capacitors to take into account the
voltage-dependence of the capacitance. None of these models have stated error

margins, so they cannot be compared directly.

A team at the University of South Carolina created a new model, based on the U.C.
Davis model, using non-variable capacitors and » branches, where n was determined
based on frequency [106]. At a given frequency the minimum number of branches
necessary for an error of no more than 1% were used — the lower the frequency, the

lower the number of branches. The values for the elements in each branch were
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calculated based on the number of branches used, as was the time step used in the

simulation. This sped up the simulations.

Some models focus on calculating the supercapacitor impedance numerically,
although they may also be associated with approximate physical models. At the
Aachen University of Technology [108, 109] a 1400F supercapacitor was modelled

as a resistor, an inductor and an impedance designated ‘Z,’ all in series, with

th(y/ j
z, _rco ( ]a)r)’ 2-7)
C.jot

where C (F) is the capacitance, @ (rad/s) is the angular frequency, and 7 (s) is a
modelling parameter found using a look-up table relating it to temperature and
voltage. This is known as a Warburg impedance. An equivalent circuit
approximating the impedance Z, was also developed, using resistors and capacitors
whose parameters were calculated using C and 7. This model was compared to a
supercapacitor in a dynamic load cycle and found to have a peak voltage error of
about 5%, and an error in energy efficiency calculations of 0.75%. This model was
developed for use in dynamic applications such as HEVs. Finally, the supercapacitor
manufacturing company cap-XX modelled the supercapacitors as a resistor followed

by a constant phase element [110], which has an impedance:

=1 2-8
2= Jrgjor 9

where T (s/Q) and p (dimensionless) are defining parameters of constant phase
elements; they are derived through a mathematical fit and do not correspond to

physical attributes. Error values were not given for this model.

2.6.3 Temperature and Age

Supercapacitor models may also include the effects of operating temperature and
age. Temperature effects include the ambient temperature around the supercapacitor
as well as the self-heating caused by current flow through the device. A temperature

which exceeds the upper bound of the supercapacitor can be very damaging to the
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electrolyte and should be strictly avoided; for an acetonitrile supercapacitor, the

maximum working temperature is about 60°C [112].

A team at the University of Franche-Comté [105] performed a study of the DC
behaviour of a 2700F and a 3700F supercapacitor over a temperature range of -40 to
40°C, using a two-branch equivalent circuit model of the form proposed in [102, 104]
and discussed above in its three-branch incarnation (Figure 2.16). They found that
the initial resistance (R;) decreases as temperature increases — the difference in the
resistance value at -25°C and at 25°C was 50%, with most of the variation occurring
at temperatures below 0°C. They modelled this as a third-degree polynomial; the
error for this model was less than 4%. They also found that the total initial
capacitance (Cjp) increased with temperature, with an increase of 21% as the
temperature rose from -35°C to 25°C. Meanwhile, the voltage-dependant part of the
capacitance (C;;) decreased by 17% across the same temperature range. These were
also modelled with third-degree polynomials, and again most of the variation
occurred at temperatures below 0°C. The same team developed an artificial neural
network model, including thermal effects, of the DC behaviour of the same types of
supercapacitors plus a 325F module [113]. More recently, this group developed a
full model of a supercapacitor involving impedance spectroscopy, voltage
dependence and temperature effects [114]. The comparative accuracy of these

models is unknown.

At the University of Bordeaux [112] a 2600F, 2.5V Maxwell supercapacitor was
subjected to cycles of constant current, 100A alternating with -100A. They chose to
disregard the differences in behaviour during charge and discharge and to analyse the
thermal situation as being equivalent to a constant current equalling the root-mean-
square of the cycled current. They found that the temperature at the terminals
increased by about 18°C after 40 minutes, and by about 22°C after 80 minutes (in
both cases from a starting temperature of 25°C). Based on this they developed a
thermal model (Figure 2.17), which describes how the temperature of a

supercapacitor changes when subjected to currents.
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Figure 2.17: A thermal model of a supercapacitor developed by [112].
Resistor-analogues have units of K/W and capacitor-analogues have
units of J/K.

The research team also performed impedance spectroscopy at a variety of ambient
temperatures. They found that the resistance of a supercapacitor is not affected by
temperature in the range of 25-60°C at any frequency, which does not contradict the
findings in [105] as they also found very little change in this region. The Bordeaux
team also confirmed that chemical effects are not involved in the thermal behaviour
of the supercapacitor. The effect of temperature on impedance spectroscopy was
also studied by a group working at the Paul Scherrer Institute in Switzerland,
together with Maxwell Technologies [115]; their findings match those of previous
groups: decreasing resistance and increasing capacitance with increasing

temperature.

Realistically, a supercapacitor in use in a vehicle will not be subjected to regular
current cycles, but to varying cycles depending on the demands of the vehicle. At
the Paul Scherrer Institute, researchers built a fuel cell car with power boosts
supplied by a bank of supercapacitors [49]. They created a power profile for the
supercapacitors based on a recorded drive cycle they made through the mountains,
and subjected a 12.5V supercapacitor module to the power profile for 40 minutes.
During this time the temperature of the module rose by 3.5°C with no cooling. In the
actual vehicle they used two 180V supercapacitor modules, cooled by fans. The
modules were placed in the vehicle and charged and discharged at a constant power

of 30kW. After 45 minutes the temperature rose by a maximum of 15°C. The
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cycling was stopped and the modules rested for 30 minutes, still cooled by the fans;

during this time the temperature dropped by 10°C.

Temperature also contributes to supercapacitor ageing. An Epcos product sheet
shows the relationship between ambient temperature, operating voltage and lifetime

(Figure 2.18).
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Figure 2.18: Supercapacitor lifetime vs. operating voltage and ambient
temperature[116]. *Note: the lifetime is shown up to 20 years, as
beyond this time fatigue of materials becomes significant.

Note that a typical supercapacitor with an operating voltage of 2.5V in an ambient

temperature of 25°C will have a lifetime of 10 years.

Supercapacitors do not rely on chemical reactions for their operation, and so they are
much less affected by age than batteries. Still, given enough time their performance
does degrade. Impedance spectroscopy tests performed at the University of
Bordeaux [112, 117] show that the resistance of a supercapacitor increases at all
frequencies as the supercapacitor ages, and the capacitance decreases at low

frequencies. They used a 2500F, 2.7V supercapacitor from Maxwell for these tests.

2.6.4 Modules

In an electric vehicle, supercapacitors will need to be combined in packs to increase
their effective voltage rating. If there are no charge balancing mechanisms in place,
the voltage might not be shared evenly between the supercapacitors and some will

overcharge due to small differences in the capacitances of the individual
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supercapacitors [109]. This problem is exacerbated over time as the different
voltages cause temperature differences in the individual supercapacitors, which in
turn lead to a greater divergence of voltage [118]. Overcharging causes a
supercapacitor’s electrolyte to decompose, so most modules use charge balancing

electronics to prevent this from occurring.

The charge balancing electronics can take many forms [108, 119]. A simple method
of charge balancing is to place resistors in parallel with the individual capacitors. As
this reduces efficiency, a better option is to use actively switched resistors instead of
passive resistors. The resistors are activated when the capacitors reach a certain
upper voltage, and are deactivated if the capacitors drop below a certain lower
voltage. However, energy is lost through the resistors when they are activated. Care
must be taken to ensure that the minimum amount of energy is lost, while also
ensuring that the equalising resistors are sufficient to prevent overcharge of all the
supercapacitors. Another method is to use Zener diodes, which will start conducting
current when the capacitors reach an upper voltage limit. This also causes energy
loss. Furthermore, Zener diodes have a temperature dependency which is an
important consideration in a vehicle environment. Finally, an active circuit involving
DC/DC converters can be used. This is more efficient than the other methods,

although it still involves losses; it is also very expensive.

Commercial charge balancing kits are available from Maxwell, and these were used
for this research. The physical construction of the charge-balancing kits is
proprietary information owned by Maxwell. However, it can be stated that they are
an active charge balancing mechanism which is not in the path of normal charging
and discharging currents. The kits can operate in temperatures up to 65°C, with a
leakage current of 50pA at 25°C and 100pnA at 50°C. The kits cost £50.40 for a pack

of 3, and one kit is needed for every two supercapacitors in a pack.
To model a module, one can model a set of supercapacitors connected in series, and

if necessary including an appropriate component to account for the losses in the

connecting electronics. The complexity of this method will depend on the
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complexity of the models for the individual supercapacitors. For example, at Auburn
University in Alabama a module of supercapacitors used to supply a constant power
load was modelled simply by a capacitor and a resistor in series [120, 121]. The
capacitance was determined from the equivalent of the nominal capacitances of the
component supercapacitors according to their electrical arrangement (which was not
specified) and the resistance modelled the combined resistances of the
supercapacitors and the connecting electronics. The supercapacitors were connected
to a DC/DC converter, which was modelled as having a constant efficiency. The
results worked well for high voltages, but as the supercapacitor voltage fell the actual
output increasingly deviated from the prediction, until finally the voltage fell below

the converter’s capabilities.

In general, this simple model is much better suited to constant power scenarios,
where the supercapacitors are discharged over a period of several seconds, than it is
to pulsed power situations such as those found in a vehicle [111]. However, the
Auburn University model was put to use by researchers at the University of Idaho for
modelling their ICE/supercapacitor hybrid vehicle, the Future Truck, in ADVISOR
[122]. One additional complexity was included: the capacitance of the individual
supercapacitors was found using a random number generator to create a uniform
distribution within the manufacturing tolerance of £10% of the rated capacitance.
This had the effect that the total capacitance varied slightly from simulation to
simulation. Simulations which calculated the supercapacitor voltage of the truck as it
was driven on a certain cycle showed significant discrepancies from the actual
voltage of the supercapacitors on test drives. This was attributed to an inaccurate

engine model.

The Aachen University team [108, 109] modelled modules for vehicles by
combining individual supercapacitors modelled with Warburg impedances (as
described in section 2.6.2) in series, and using a look-up table to account for the
losses in the balancing electronics. The U.C. Davis team also used their model to
describe modules in a vehicle [103], however it does not appear that the model was

altered for this purpose apart from the numerical values of the total capacitance and
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the voltage. It is not clear what charge balancing electronics, if any, were present in

this module.

2.6.5 Standard Supercapacitor Models Within ADVISOR

ADVISOR provides two supercapacitor models, which both take the same basic
form of a resistor and capacitor in series. The ‘Rint’ model uses look-up tables for
the resistance and capacitance, with the option to use different values corresponding
to state of charge and temperature. However, the default ‘Rint” model uses the same
value for R (0.206mQ) and capacitance (2.1Ah, or 5040F) at all SOCs and
temperatures. The ‘RC’ model also uses look-up tables for the resistance and
capacitance, but in this model the values correspond to different applied currents and
temperatures, rather than to different SOCs. The default values for the ‘RC’ model
are illustrated in Figure 2.19.
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Figure 2.19: The default values for internal resistance and capacitance for the
ADVISOR ‘RC’ supercapacitor model.

The RC model is purpose built based on a Maxwell 2500F capacitor from 2004, with
a peak rated voltage of 2.5V. The Rint model is drawn from the Rint battery model,
but with values appropriate for a generic S000F supercapacitor with a peak voltage of
3V (0.3V higher than commercially available S000F capacitors). The developers of
the ADVISOR software (NREL and AVL) do not offer a comparison of the accuracy
of these two models. However, the Rint model more strongly resembles actual
supercapacitor behaviour. As discussed in section 2.6.1, capacitance and state of

charge are strongly correlated, whereas capacitance and applied current are not [107].
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2.7 Modelling Batteries

2.7.1 The Physical Properties of Batteries

Batteries derive electrical energy from spontaneous chemical reactions occurring
between the electrodes and the electrolyte. The electrodes are made of metal and
when immersed in an appropriate electrolyte, the metal ions begin to dissolve into
the electrolyte while ions in the electrolyte will be deposited on the electrode. This
tendency is described by the system’s chemical potential. The difference in charge
between the electrode and the electrolyte is defined as the electrical potential. The
combination of these two effects is the electrochemical potential. At some point an
equilibrium will be reached when the rate of ions leaving the metal equals the rate of
ions being deposited on the metal. If two different electrodes in equilibrium with
their electrolytes are connected to each other by a voltmeter, a potential difference

between them will be measured.

For example, consider an electrode of lead dioxide (PbO;) placed in an electrolyte of
sulphuric acid (H2SOy), as in the case of the positive plate of a lead acid battery. The

interaction of the electrode and electrolyte will reach an equilibrium of the reaction:

PbO; +4H™+ SO43-+ 2e = PbS0y + 2H,0 (2-9)

at a potential of 1.685V. Now consider an electrode of lead (Pb) which is also in an
electrolyte of sulphuric acid, as in the case of the negative plate of a lead acid

battery. This will reach an equilibrium of the reaction:
Pb+ SD4E'¢PbSD4+2E' (2_10)

at a potential of -0.356V. There will therefore be a total potential difference of
2.041V between these two electrodes when placed in the same electrolyte. These
electrodes form a lead-acid battery cell — the PbO, forms the positive electrode, and
the Pb forms the negative electrode (see Figure 2.20). A number of lead acid battery
cells can be placed electrically in series within a single physical case to make a single
battery of higher voltage. Typically one extra negative plate will be added; a lead

acid battery of 12V nominal voltage will have six positive plates and seven negative
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plates, for a total voltage of 12.602V [123, 124]. The overall battery reaction when

discharging is:
Pb + PbO, + 2H,SO4 — 2PbSO,4 + 2H,0. (2-11)

When discharging, the lead in the negative electrode splits into positively charged
lead ions and free electrons, and the lead ions in turn combine with the SO42' to form
PbSO4. The electrons travel to the positive electrode, where they combine with the
PbO; and the hydrogen in the electrolyte to form lead ions and water — these lead
ions also combine with SO42' to form PbSO,. In this state the positive electrode is
called a cathode and the negative electrode is the anode. When charging, the
reactions run in reverse, and the negative electrode acts as the cathode (receiving

electrons) while the positive plate becomes the anode.

— e

Figure 2.20: A discharging lead acid battery.

There are many types of battery possible, using different combinations of metals and
electrolytes. A good candidate for a battery system should use a lightweight metal
that has a high equilibrium potential in its electrolyte. This is why lithium batteries
have a very good performance — not only is lithium a very light atom (atomic number
3, while lead has atomic number 82) but when placed in an aqueous solution it
produces a high potential of -3.045V. However, lithium is a highly reactive element
and must be treated with care. Lithium-ion cells may explode if overcharged [125],
which means that each individual cell must have voltage control and hence multiple

cells cannot be combined into a single casing [126]. Extra circuitry is needed to

55 of 248



combine the batteries into high-voltage units and to protect the batteries from failure,
which contributes to the high cost of lithium batteries. Another common battery type
uses nickel with other metals such as cobalt or manganese. These are also more
expensive than lead acid batteries, mostly due to the relatively low cost of lead. The
Strathclyde Cobra is a low-budget vehicle, and this is the main reason why it uses

lead acid batteries.

Lead acid batteries do have problems of their own. As the battery discharges, water
is created. When the battery is recharged, however, not all of the hydrogen and
oxygen recombines with the lead and sulphur to recreate the original state. Instead,
the water electrolytically breaks down and the separate hydrogen and oxygen gases
bubble up through the electrolyte and escape. For many years this problem meant
that lead acid batteries needed to be topped up with water periodically, or else the
electrolyte would dry up. This original type of lead acid battery is known as a
flooded battery. Approximately twenty years ago [45] a variant on the flooded
battery was invented which did not need additional water. This technology is today
called a valve-regulated lead acid battery (VRLA), but has also been known as a

sealed battery, a maintenance-free battery and a fully recombinant battery.

VRLA batteries use a separator made of gel or of matted glass fibres in between the
positive and negative plates [123]. A thin layer of electrolyte is in between the
separator and each plate, but unlike in a flooded battery the electrolyte does not
extend above or below the separator. The electrolyte is found in the pores of the
separator and when the battery is discharged the electrolyte is absorbed into the
electrodes. This removes the pool of electrolyte through which gas can bubble up
and escape, as in a flooded battery. VRLA batteries are therefore described as
‘electrolyte starved.” When the battery is recharging, the emitted gases instead travel
through the porous separator. Internal pressure is maintained to promote
homogeneous recombination of the gases with the lead and sulphur. However, if the
battery is recharged too aggressively, the pressure can rise to dangerous levels. In
this situation, valves on the battery release the excess gas. VRLA batteries are lower

maintenance than the original ‘flooded’ form of battery, and they are also safer
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because they do not contain an excess amount of acid which might spill. Therefore,

the Cobra uses VRLA batteries, balancing cost with safety.

2.7.2  Battery Models from Literature

Batteries may be modelled simply using an ideal voltage source in series with a
resistor. This is possible because the battery open circuit voltage does not change
much even when state of charge is very low — unlike supercapacitors which have a
great deal of voltage variation, as shown in Figure 2.12 and repeated for convenience
in Figure 2.21. The battery open circuit voltage is based on the equilibrium
potentials of its electrodes, and this varies very slowly. This model is suitable for
short-term modelling with a steady current. The model may be improved by varying

the internal resistance with respect to SOC, temperature, and/or current [127, 128].
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Figure 2.21: The relationship of voltage to energy for lead acid batteries and
capacitors. The lead acid battery data is from ADVISOR.

Another common model, known as the Thevenin model or Randle’s cell, is shown in
Figure 2.22. This model adds an additional RC block to the basic model,

representing the capacitance created between the parallel plates that form the battery
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electrodes, and the resistance between the plates and the electrolyte [128, 129]. In
the model’s basic form these values are all constant, however, they can be varied to
produce a more rigorous and detailed model. For example, one proposed model for a
lead acid battery [128] uses a Randle’s cell model as a starting point, but varies the
voltage with respect to SOC. The resistances also vary depending on whether the
battery is charging or discharging, and there is an additional self-discharge resistance
in parallel with the voltage source. A model created at the University of Strathclyde
builds on this by also varying the resistances with respect to SOC and proposing an
alternate calculation for the voltage [129]. Yet another variation on the Randle’s cell
model uses multiple RC-blocks and a ‘parastic reaction branch’ to represent gassing
of the electrolyte [130]. The Strathclyde model had a maximum error of less than

1% on discharge tests [129], but the errors of the other models were not enumerated.

—

Figure 2.22: Randle’s cell model for a battery.

The electrochemistry of the batteries can also be used as the basis for a model. For
example, a VRLA battery model developed at the Aachen University of Technology
uses the physical structure of the plates and electrolyte to form a mathematical
model. This model includes the changes in the structure as the battery charges and
discharges, the transport of electrolyte in the pores and of currents in the electrodes,
and currents travelling between the electrodes and the electrolyte [131]. The

accuracy of this model is not stated.

Another option is to use impedance spectroscopy to form a model of the battery.
One such model was developed in the labs of Korea Kumho Petrochemical [132].
Impedance spectroscopy data was used to develop a mathematical model of the
battery, which tests found to have an average error of less than 1%. The researchers

found that at high frequencies their model was superior to a basic model with resistor
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and capacitor, although they agreed closely between 20mHz and 1kHz. They tested
their model with various lithium-ion batteries and a NiMH battery, but not with a

lead-acid battery.

2.7.3 Ageing

As described in section 2.2.3, a battery pack used in an electric vehicle is expected to
last for 3-5 years before needing to be replaced, and one reason for combining them
with supercapacitors is to extend their lifetime. The major ageing processes which
occur in lead acid batteries are [25, 26, 45]:

-corrosion of the positive grid

-shedding or sludging of the positive mass

-formation of defects in the negative mass

-defects in the separator (affects only flooded batteries)

-loss of water (affects only VRLAS)
These processes are gradual ageing effects which occur throughout the lifetime of the
battery and degrade its performance. However they may lead to sudden catastrophic
failures by causing an internal short circuit. The extent to which each ageing process
occurs is dependent on a range of variables including charging and discharging
regimes and temperature, and they are also interdependent to an extent. Different
failure modes are more prevalent in flooded batteries and others in VRLA batteries.
The Cobra uses VRLAs with a gel separator, and so this review will focus on VRLA

ageing.

Corrosion of the positive grid (i.e. the current collector) is a major ageing process in

both flooded and VRLA batteries [26]. The corrosion reaction is [26]:
2B-PbO, + 2H,SO4 + Pb — a-PbO, + 2PbSO4 + 2H,0. (2-12)

The two different forms of PbO,, a and B, refer to different physical structures; the o
form is more compact, with slightly lower capacity per kg [133]. This corrosion
does not take place at the negative electrode because typically it is at a potential
below that at which the Pb/PbSO, reaction occurs spontaneously. When the battery

is discharging some corrosion occurs at the negative plate, but it reverses during
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charging. At the positive plate, corrosion is slowed by the formation of a layer of
PbO, and PbSO4 which covers the Pb and separates it from the sulphuric acid.
Corrosion is more severe in float applications and in car starter batteries, in which the
battery is often at a high state of charge [26]. Figure 2.23 shows the corroded
positive grid from a car starter battery after 5 years of service. Corrosion is also a
major factor in the degradation of deep cycling batteries such as would be found in
an electric vehicle [45]. Overcharging of the battery causes a particularly high rate
of corrosion [45]. Fast recharging can decrease the rate of corrosion by promoting
the formation of a protective dioxide layer [25]. High temperatures increase the rate
of corrosion as does low acidity [25, 26]. (That low acidity increases corrosion is
counter-intuitive, but it is an observed phenomenon and may be due to increased

solubility of the protective layer [26].)

Figure 2.23: A corroded positive plate from a car starter battery after 5
years of service [26].

Another major ageing process is the degradation of the positive active mass in a
process known as shedding or sludging. This occurs when the active material at the
positive plate ceases to adhere to the grid. Sludging affects flooded batteries far

more than VRLAs because the VRLA grids are compressed against the separator,
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which helps to physically hold the active mass in place [26, 45]. However it can still
affect VRLAs, particularly when the battery is subjected to frequent cycling [26].
For example, the starter battery in a city bus is subjected to frequent shallow
charge/discharge cycles, and sludging is a major cause of failure in these batteries.
Figure 2.24 shows the positive grid from a city bus starter battery after 6 months of

use.

Figure 2.24 The positive plate of a starter battery from a city bus,
showing severe sludging after 6 months of use [26].

Sludging is promoted by high rates of discharge [25, 26]. High currents cause a
dense layer of PbSO4 to form near the surface of the grid. On recharge, the dioxide
reforms on the surface of this layer, away from the grid. Over repeated cycles, the
mass moves away from the grid and eventually electronic contact may be lost. This
material may collect at the edges of the grid and cause a short circuit. The rate of
sludging is also increased by low temperatures and high acidity. Fast charging may

inhibit sludging, possibly by raising temperatures [26].
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The negative mass can cause failure of the batteries through a process called
‘sulphation.” This occurs when the lead sulphate (PbSO,), which is created when the
battery discharges, enters a hard crystalline state which resists recharging [25, 26,
45]. Sulphation is especially likely to occur when a battery is left standing for a long
time while discharged or partially charged; likewise a long, slow discharge can lead
to sulphation. High operating temperatures and high acidity will also increase
sulphation. In tall batteries, acid stratification can cause sulphation [26, 45]. Acid
becomes concentrated at the bottom of the battery, and when the battery charges the
top part becomes fully charged while the bottom part does not. This is particularly a
problem with flooded batteries and can be counteracted by deliberate gassing of the
battery, which churns up the electrolyte and remixes it. VRLA batteries are less
prone to sulphation [45] but it may occur if a patch dry of electrolyte forms in
between the separator and the negative plate [26]. This may be aggravated if oxygen

enters a faulty valve.

Another negative mass fault that can occur is called ‘leading through.” This can
occur in both flooded and VRLA batteries in a situation of over-discharge or
prolonged deep discharge [26, 45]. It occurs when lead sulphate precipitates into the
pores of the separator and then forms a dendrite of metallic lead when the battery is

recharged. This can cause a short circuit of the battery.

Flooded batteries can suffer from degradation of the separator, which is made of a
porous polymer [25, 45]. The purpose of the separator is to prevent short circuiting
of the positive and negative grids and to hold the active material in place. It may
suffer mechanical failure due to construction defects, which may be exacerbated by
persistently high temperature or the ingress of contaminants. VRLA batteries use a
glass mat or gel separator in place of the traditional polymer, and these are not

susceptible to this type of failure [45].
Finally, VRLA batteries can be affected by water loss [26, 45], which is not

considered an ageing effect in flooded batteries as proper maintenance of these

batteries includes topping up with water. This is more of a problem in cycled
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batteries rather than float batteries, and can also be exacerbated by overcharging or
excessively rapid charging. Water loss increases the acidity of the electrolyte, which

as discussed above contributes to sulphation and sludging [26].

2.7.4 Modelling Battery State of Health

The lifetime prediction of batteries is very complicated and involves many different
factors. Those models that do exist tend to focus on predicting the remaining life of
a battery which is regularly measured — in other words, they do not model a battery
throughout its life, but attempt to predict how much life is left in a physical battery
based on a few key measurements. For example, work performed at the University
of Sheffield used a mathematical model of a VRLA to determine SOC and state of
health (SOH) based on voltage measurements [134]. The model predicted the SOC
of a battery for a hybrid electric vehicle with a peak error 2%, and predicted the

capacity loss over time to within 4%.

There have been some attempts to model the lifetime of batteries based on simulated
cycles. One method of doing so is called ‘weighted Ah throughput’, which counts
the total Ah that have passed through the battery, and multiplies them by a factor that
depends on the conditions at the time — for example high temperature, high current,
etc. An example of such a model [135] uses the weighted Ah calculations to
estimate the degradation of the positive active mass and the formation of sulphate
crystals, to model the reduction in battery performance. This model was used for
flooded lead acid batteries in stationary applications, so acid stratification was also
considered. A numerical value for the error was not available. Another example of a
weighted Ah throughput model used depth of discharge and rate of discharge to
modify the Ah count for a NiCd battery [136]. This model was hindered by a lack of
data on how rate of discharge affects battery life, so the accuracy of the model could

not be calculated.

Other models include artificial neural networks [137] and equivalent circuit diagrams
[138]. These also suffer from a lack of data — especially the ANN which needs a
large amount of data to properly train the model [41]. A more successful model has

been developed using fuzzy logic. Fuzzy logic was used to model NiMH batteries,

63 of 248



allowing a determination of SOC and capacity without prior knowledge of the
battery’s charging history or age, using impedance measurements [139]. The battery
SOC was correctly modelled to within +5%, even after repeated cycling caused

available capacity to reduce by 20%.

In spite of the lack of details about modelling battery age, there is a consensus on the
most important factors. In high power applications, high discharge currents have the
biggest effect on battery lifetime [24]. These currents can directly contribute to
battery ageing by increasing the degradation of the positive active mass. However,
the construction of VRLA batteries limits the damage caused by sludging because
the active mass is firmly held in place. It remains to be seen whether preventing high
current spikes will have a sufficient effect on the sludging rate to noticeably improve
the battery lifetime. Sludging can cause short circuits, so it may be that the chance of
catastrophic failure of the batteries is reduced. Alternatively, high current spikes
could raise the temperature of the batteries; higher temperature is associated with a

lower rate of sludging, but a higher rate of corrosion and sulphation.

Tests which directly assess the impact of supercapacitors on battery life have been
mixed. For the EVermont vehicle discussed in section 2.3.2, the supercapacitors did
not substantially increase the battery life [58]. The current profiles used in these tests
showed approximately a 35% decrease in peak battery current for the hybrid system
as compared to the battery-only vehicle, from 225A to 150A. On the other hand, a
battery/supercapacitor test bench at the University of Hawaii did create a significant
reduction in battery currents when subjected to a cycle of pulses [140]. The batteries
alone received currents of over 100A, while the batteries in the hybrid system
experienced currents of no more than 20A — an 80% reduction. The supercapacitors
extended the life of their battery pack by 253%. A third study involving the positive
plates of experimental lead acid batteries also found that reducing peak battery
currents resulted in an increase to the life span of the plates [44]. This study found
the plate life extended by up to 50% for a current reduction of 33%, and life extended
by 137% for a current reduction of 83%.
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For the positive plate study, the life was reduced at high currents due to softening of
the positive active mass [44]. Unfortunately, neither the batteries from the
EVermont vehicle nor the batteries tested at the University of Hawaii were subjected
to a post-mortem after their lifetime testing, and so the ageing mechanisms in those
batteries are not known. The Hawaii batteries were also not traction batteries but
starter batteries for an ICE vehicle, and thus the life extension of EV batteries cannot

be directly extrapolated from these results.

2.7.5 Standard Battery Models Within ADVISOR

ADVISOR supplies four different battery models to choose from. The simplest
model is called ‘Rint’ and it models the battery as a voltage source and a resistor in
series. The voltage and resistance vary by SOC, with the option to vary by
temperature (although temperature-based variations to the characteristics are not
provided in the default model), and are determined by use of a look-up table. The
resistance also depends on whether the current is charging or discharging the battery.
The values for the charging and discharging resistances and the open circuit voltage
with respect to SOC are shown in Figure 2.25. This model was tested by NREL on a
range of battery types, including VRLA batteries. The primary weaknesses of the
Rint model, as identified by the NREL, are an overly strong voltage response to

loading, and the fact that the internal resistance does not vary with current [127].

A more complex model is called ‘RC’. This models the battery as a set of capacitors
and resistors whose values vary by SOC and by temperature, as shown in Figure
2.26. The main capacitance, Cb, is very large and represents the energy stored in the
battery. The secondary capacitance, Cc, has a much smaller value and represents
surface effects due to diffusion and chemical reactions. The NREL’s tests on
batteries using the Rint and RC models showed that the Rint model had a maximum
error of 12%, while the RC model had a maximum error of 4% [127]. The RC model
was tested with a lithium ion battery and with a NiMH battery.
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Figure 2.25: Charging and discharging resistances and open circuit voltage of
a 25Ah battery in the default ADVISOR ‘Rint’ lead-acid battery model.

Two ADVISOR models were developed for specific batteries. The first of these
models is called the ‘Fundamental Lead Acid Battery’ model, and was developed
based on the chemical reactions and material properties of a lead acid battery from
Optima. This model was found to have a peak voltage error of 3%. The second is a
neural network model created for a lead acid battery from Hawker Genesis. The
neural network model was trained with powers up to 1.2kW and at SOC of 0.27-0.74
[127], and had a peak voltage error of 5%. Unlike the other models, it does not

contain a thermal component.
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Figure 2.26: RC battery model from ADVISOR [127].
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For those models which include a thermal component, the temperature of the
batteries is calculated based on the heat that is generated due to the Coulombic losses
and internal resistance losses of the batteries, the thermal resistance of the battery
case, and the ambient air temperature. A fan may be used if the battery temperature

exceeds a set value.

A fifth battery model is described in literature as being under development, called the
‘PNGV’ model [127]; PNGV refers to the Partnership for a New Generation of
Vehicles, which operated as a consortium between the US government and various
car companies from 1993 to 2001. However, this model has not been implemented

in ADVISOR.

These models have been developed for simulating individual drive cycles, and their
primary purpose is to determine the performance of the vehicle over the course of the
cycle; in other words, they determine how much power the battery can supply at any
given time, based on the voltage and current limits. They are not suitable for
simulating the performance of the vehicle over several cycles with recharges in
between, because they do not track the state of health of the battery. This means
these models cannot be used to directly assess the benefits of a battery lifetime

extension strategy.

2.8 Chapter Summary

This work has identified four elements which may be used as the objective for a
control strategy for a battery/supercapacitor vehicle:

1) to improve vehicle acceleration

2) to improve overall drive efficiency, increasing the driving range

3) to reduce lifecycle costs by extending the life of the batteries

4) to reduce capital costs by direct replacement of some batteries

A number of battery/supercapacitor hybrid vehicles have been proposed and several
have been completed. Each of them attempted to optimise their control strategy for
one or more of the listed elements. A van built at Karlsruhe University in Germany

used the supercapacitors as a means to reduce the size of their battery pack, at the
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cost of flexibility of control [60]. Cranfield University [61, 62], the Catholic
University of Chile [51-53], and the National Science Council of Taiwan all chose to
optimise their vehicles for efficiency [63, 64]. These groups speculated that battery
life would be extended, but it was not used a specific criterion. Meanwhile a vehicle
proposed by researchers at the Norwegian University of Science and Technology
rejected efficiency as a criterion for optimisation and focused on battery life [69].
The Italian CR-ENEA car did not have a control strategy as such, since the
supercapacitors were connected in parallel with the batteries [33]. Nevertheless they
achieved increased efficiency and acceleration, while anticipating an increase in
battery life. In none of these cases was a battery lifecycle test possible. Finally, the
EVermont vehicle tried to achieve each of the first three options — improving
efficiency, acceleration and battery life. Their results were disappointing, and
lifecycle tests did not show a significant increase in battery life. Each of these
groups made a decision about optimisation and designed their hybrid vehicle using
models and assessments based on that decision, however the relative merits of

different optimisations were not investigated.

Supercapacitors are added to a battery EV to improve the vehicle in one or more of
the listed ways, and this should guide the design of the hybrid vehicle. If the
optimisation strategy is not well-defined in advance, the hybrid version of a vehicle
may not offer a significant advantage over the battery-only version. To achieve the
best results, it is important to analyse the potential benefits of the supercapacitors
before committing to a strategy and pack size. This requires a robust model of the

vehicle.

For this research, the Cobra model is based on the Advanced Vehicle Simulator,
(ADVISOR), developed at the National Renewable Energy Laboratory [90]. The
key elements for accurately modelling the Cobra are the batteries, supercapacitors
and the connecting power electronics. A variety of power electronics models were
investigated, with two half-bridge converters being chosen as offering the best
combination of flexibility and efficiency. A range of models for the two types of

energy storage device have also been investigated.
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Supercapacitors may be modelled simply with a resistor and capacitor in series. A
number of models take the form of some sort of ‘transmission line’, with several
branches of resistors and capacitors to reflect the porous nature of the electrodes [99,
103, 104, 106, 107]. Some of these models also account for the voltage dependence
of the capacitance [99, 104, 107] Other models do not have the transmission line
format, but focus on modelling the impedance of supercapacitors with a Warburg
impedance [108] or a constant phase element [110]. The thermal behaviour of
supercapacitors has also been modelled [105, 112, 113, 115], and the ageing effects
analysed [112, 116, 117].

ADVISOR supplies two supercapacitor models, both of which use a variable resistor
and variable capacitor in series. Such models are well suited for use in ADVISOR as
they allow the voltage and current for the supercapacitor to be easily calculated based
on the power demand information, and power demand is the variable which

ADVISOR uses to connect the different vehicle components.

Batteries may be modelled as an ideal voltage source and a resistor in series for the
simplest model. A commonly used model adds an RC-block to the voltage source
and resistor — this is known as a Thevenin model or Randle’s cell, and it may be used
with constant values for the circuit elements, or with values that vary by SOC [128,
129]. The batteries may also be modelled using a more complex physical model
[130] or a mathematical model [132]. As battery performance degrades significantly
over time, battery models have been created to track state of health, based on the
conditions experienced by the battery including current magnitude and ambient

temperature [128, 135, 136, 138].

There are four battery models in ADVISOR, three of which were provided with
default values suitable for lead acid batteries. These include a model using a variable
voltage source and variable resistor in series, a model based on calculations of the
chemical reactions in the battery, and a neural network model. As with the

supercapacitor models, a battery model based on a voltage source and resistor
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represents the most easily implemented in ADVISOR due to the ability to calculate
voltage and current without the need for recursive mathematics. However, the ‘Rint’
model has a high peak error of 12% [127], while the more complex ‘RC’ model
(which was not tested for lead-acid batteries by ADVISOR) also has a fairly high
peak error of 4%. The other two battery models are not suitable for use in the Cobra,
as the fundamental lead-acid battery model is created for a specific battery from

Optima, while the neural net model requires extensive scenario training.

Therefore, if the Cobra batteries are to be modelled in a default ADVISOR format,
they must either undergo extensive and time-consuming tests, or be used in a simpler
model which has high peak errors. The third option is to develop a simple yet more
accurate model, which is the option pursued by the author of this thesis. The
following section describes the battery-powered Cobra and the development of its

model.
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3 The Battery Cobra

The vehicle used in this research is an AC Cobra kit car, fitted with an electric drive
motor and a pack of lead acid batteries. The motor is a water-cooled AC induction
motor from MES-DEA and has a nominal power output of 9kW [141], and a peak
power output of 30kW [142]. It accepts a voltage of 0-400V and when acting as a
generator it can output a current of up to 110Agms [142]. The battery pack consists
of six 12V, 70Ah Hawker Genesis lead acid batteries connected in series [40]. As a
low power and low energy vehicle, it is suitable for urban commuting but not for
extended journeys or motorway travel. It is a low cost vehicle, and therefore the

added supercapacitor pack will need to be small and relatively inexpensive.

3.1 The Cobra Data Logger

The Cobra was tested with a data logger recording battery voltage, battery current
and vehicle speed, and pictured in Figure 3.1. The data was collected at 10Hz. Since
ADVISOR uses one second increments, the data was then averaged in sets of ten to
create the power and speed data to be used in the model. The Cobra batteries were
not tested under temperature control conditions, and so temperature effects were not

included in the modelling.

Figure 3.1: The Cobra data logger (reconfigured to measure a single 12V
battery, rather than the full 72V pack, hence the warning sticker).
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3.1.1 Voltage and Current

The voltage and current transducers used the same circuit board (the ‘“VT/CT’ board)
in the data logger. Both transducers were manufactured by LEM components, part
number LV 25-P for the voltage and number LA 125-P for the current. Both
transducers require an input voltage of £12V, however the auxiliary battery outputs
+12V. Therefore, a DC/DC converter was used to interface between the auxiliary
battery and the transducers, specifically type TEL 3-1222(NP) from Traco Power.
The voltage and current transducers were purchased by a fourth year student at
Strathclyde, Gordon Noble, who also designed the circuit in which they operated.
The transducers were later retested and some elements resized by the author of this
thesis. The final form of the circuit as used in the Cobra is shown in Figure 3.2 — in
this figure, connections to the DC/DC converter are labelled ‘D’, those to the voltage
transducer are labelled ‘V’ and pins out are labelled ‘P’. A photo of the circuit board

is shown in Figure 3.3.

Cr24 [mh]
O .
D - DC/DC Converter 1 1. 75000
Y- Yoltage Transducer 0.1uF 1uF — 1z W1
P - Fin Out —|_ —|_
& & a T2
o1z D12 1 |
chazziz ground W2
w3 D2 D023 P3 P10
O—C—0—0—( PP 12
to CT -Win
o O1uF —< 10uF
w5 P4 PS L3 040 D5 D22 P2
WT output O—O—0—0—0 DD C common
15000
o OA1uF . 10uF
F7¥ P2 P32
to CT +Win
180

Figure 3.2: Circuit diagram for the voltage and current transducer circuit board.

This circuit board was also used for measuring the voltage of the individual Cobra
batteries during discharge tests. This required recalibrating the voltage transducer by
removing the 7.5k resistor and replacing it with a 1.2kQ resistor. A warning notice

was placed on the data logger as a reminder of this change.
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Figure 3.3: The VI/CT board. The 150Q resistor is obscured by the blue voltage
transducer.

3.1.2 Speed

Speed information is provided by the Cobra motor controller in the form of two
square waves, each representing one phase of the Cobra motor. A frequency-to-
voltage (FTV) circuit designed by Mr Bob Baird was used to create a voltage output
from this signal. The Cobra motor speed is proportional to the vehicle speed, and
this relationship was determined by comparing the voltage output of the FTV circuit
with the rotational speed of the Cobra’s rear wheels as measured using a handheld
tachometer. The wheels have a circumference of 2.15m, thus 2.15*rps gives the

driving speed in meters per second, where 1m/s = 2.24mph.

The speed sensor was compared to the speedometer on the Cobra dashboard to

confirm the calculations. A picture of the FTV board is shown in Figure 3.4.
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Figure 3.4: The FTV speed sensor board.

3.1.3 Routing Board

The data logger routing board managed the power flow in the data logger. A power
switch was used to connect a 12V power source (usually the auxiliary battery) to the
DC/DC converter and thence to the transducers. A second switch triggered a relay
which in turn connected the traction battery pack to the 7.5k measurement resistor.
Each switch had an associated LED to indicate if it was on or off, and both the power
circuit and traction battery circuit were fused, with ratings of 500mA and 100mA
respectively. A picture of the routing board is shown in Figure 3.5.
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Figure 3.5: The data logger routing board.

3.1.4 Compact Reconfigurable Input/Output Device (cRIO)

The voltage outputs of the various transducers were read by a Compact
Reconfigurable Input/Ouput device, or cRIO, from National Instruments. The cRIO
consists of a Real Time (RT) control unit (part #9014) and a chassis (#9104) which
contains a Field Programmable Gate Array (FPGA) with 3 million gates. A wide
range of modules are available to be plugged in to the FPGA chassis, in this case an
Analogue Input module (#9205). Other modules are available for future
development and control of the vehicle, but they were not used in this research. The

cRIO is shown in Figure 3.6.

An FPGA is an array of programmable logic gates. The array offers true parallel
programming, with operation speeds of nanoseconds. This makes it a very fast and
precise control unit, albeit with limited memory. Meanwhile the Real Time
controller operates in microseconds and also features very accurate timing. The RT
unit may also be interfaced with a laptop; laptops do not offer accurate timing as they
must maintain multiple processes with no parallel computing capability (or limited

parallel computing if the laptop has a multi-core processor). The laptop must switch
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rapidly between programs including queries to the keyboard and mouse, which
prevents accurate time keeping if the time frame is in the order of milliseconds or
faster. However, laptops offer a convenient graphical interface to monitor the

operation of the cRIO.

Digital Input/Output

Analogue Input
Figure 3.6: The cRIO

The cRIO was programmed with LabView 8.6. The LabView program consisted of
three elements:

1) An FPGA program to read the data from the Analogue Input Module

2) An RT program to calibrate the data and save it to a memory stick

3) An optional laptop program to graph the data as it was collected.

The FPGA program read the data from the Analogue Input module at a rate of 10Hz.
This data was stored in a FIFO (‘first in, first out’) structure which could then be read
by the RT controller. Separating the data collection program from the data
manipulation program ensured that data collection would run at the precise speed

requested. The FPGA block diagram is shown in Figure 3.7.
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Figure 3.7: The FPGA data acquisition program, where data is read from the
Analogue Input module.

The RT program read the data that had been placed in the FIFO structure by the
FPGA program, calibrated the current and voltage data by multiplying it by an
appropriate factor, and saved it as a CSV file to a memory stick. The RT program
was also responsible for starting and stopping the FPGA program. This was
accomplished by using a ‘state machine’. The program began in the ‘Start’ state

(shown in Figure 3.8), checking the user switch to determine if it was on or off.

A+ user swikch éqé

Figure 3.8: The Start state for the RT program.

If the user switch was off, the program would shift to the ‘Stop’ state, and if it was
on, it would shift to the ‘Run’ state. The ‘Stop’ state ended the program, while the
‘Run’ state initialised the CSV file, started the FPGA program, and manipulated the
data. It also monitored the user switch — when this was turned off, or if an error

occurred, the FPGA program would be halted and the CSV file closed, then the
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program would shift to the ‘Stop’ state. Segments of the ‘Run’ state are shown in

Figures 3.9 and 3.10.

ITO0000000000000000000000000000000000000000000000000000000000T¢C

[Create & file on & USE stick]

Column headings
—
Time (s),Raw Grad 1 data,Raw Grad 2 data, Calibrated CT data, Calibrated YT data, Raw Speed data |
I'?;U:“
............. &
create file with column headings
N set next wriking point after the headings
[file name is based on the date and time. |
L
== I S P o+ = . —-—
bl _,,J' Reset Run A1 data,Start

FPiaA Target v Wait Unkil Done (F)
RIC0

[Cleat the FIFO and start the FPGA data acquisition. |

Figure 3.9: The initialisation stage of the Run state in the RT program, where the CSV
file is created and the FPGA program started.

Finally, the laptop program collected the data from the RT unit and displayed it in a
series of graphs. This allowed the data collection to be monitored while the Cobra
was on blocks, however the laptop was not used while the Cobra was on the road to
prevent damage or theft. The laptop program block diagram is shown in Figure 3.11,

and the front panel is shown in Figure 3.12.

Note that neither the RT program nor the FPGA program have graphical interfaces

on the front panel, as such interfaces can interfere with the timing of the program
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operation. The laptop program exists purely to provide a graphical interface if this is

required.
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Figure 3.10: The main body of the Run state in the RT program, where the data is
collected, calibrated and saved to file.

Figure 3.11: The laptop program reads the calibrated data from the array created in
the RT program.
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Figure 3.12: The front panel of the laptop program. All the data is plotted on its own
graph, with the units determined automatically by the program.

The cRIO was located in a secure box under the bonnet of the Cobra, to prevent

ingress of water.
3.2 Modelling the Cobra Battery Pack

3.2.1 Theory of Randle’s Cell Model

In order to investigate control of a battery/supercapacitor hybrid, an initial model of
the Cobra batteries was created by the author within the ADVISOR environment.
The model uses traction and accessory power demand information as inputs to the
battery model; this information was created from a range of drive cycles taken from
within ADVISOR or generated by the author while driving the Cobra around
Glasgow. The power demand information forms a request from the modelled battery
pack, which then calculates the current needed to supply the power. If the batteries
cannot supply the requested power while remaining within their voltage parameters,
they will instead supply the maximum power possible, and the discrepancy between

the requested and supplied power is noted.
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The ‘Rint’ model available as standard from ADVISOR was used as a starting point,
as it is a simple model already tested and validated on Hawker Genesis batteries at
NREL [127]. The Rint model uses a voltage source and resistor in series, with both
values varying with respect to SOC. The model starts with a requested power value,

P (W), which is related to voltage and current as:
P = Vieasl, (3-1)

where V.0 (V) is the voltage measured at the terminals and 7 (A) is the current. The
measured voltage is the open circuit voltage Voc (V) minus the voltage drop caused

by the internal resistance R () of the battery:
Vo =Voe —IR. (3-2)

Voc 1s determined by the state of charge of the battery, which in turn can be tracked
by counting the Ah extracted from the battery. Thus, power can be defined in terms

of current as:

P = (Voc-IR)I (3-3)
This can be rewritten to give a quadratic equation:

P = Vocl-FR (3-4)
FR-Vocl +P =0 (3-5)

Solving this quadratic equation gives one value for the current as:

2R . (3-6)

The alternative solution is:

Vo + Voo —4RP
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which is neglected; it results in much higher battery currents than those from
Equation 3-6, which would present the lower and therefore more easily achievable
steady-state solution. This must always be the case, as V¢ and the square root term

will always have positive values. Note also that if the power has a value such that:

2
VOC

4R

P> , (3-8)
then the solution is imaginary and the power cannot be supplied by the batteries.
Once the current is known, the measured voltage of the batteries can be determined

using Equation 3-2.

This approach does not take into account the dynamic response of the battery, which
is influenced by the capacitive effects of the battery plates. Correctly simulating this
behaviour is a particular strength of the Randle’s cell model, described in section
2.7.2 and shown in Figure 2.22. The figure is repeated here for convenience, as

Figure 3.13.

—

Figure 3.13: The Randle’s cell battery model.

The parallel RC-branch, shown in Figure 3.13 as R, and C,, is used to model this
capacitive behaviour. The voltages across the parallel resistor R, and capacitor C,

are:

Vi =g R

0

° (3-9)

(3-10)

initial

1 ¢,
mmzzzﬁ@m+V
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Vro and V¢, (V) are the respective voltages across the two elements, iz, and ic, (A)
are the respective currents, Vi, (V) is the voltage across the capacitor C, at the start
of whatever time period is under consideration, and 7 (s) is time. R, (Q2) and C, (F)
are the defining quantities for the resistor and capacitor shown in Figure 3.13. As the
elements are in parallel, they must have equal voltages, therefore equating 3-9 and 3-

10 and taking the derivative of both sides, gives:

VRO = iRoRo = VCO :CL iCodt+Vinitial (3_11)
d. .
e o 4 (3-12)
dt  C,
diRo
lCo =L,/
dt (3-13)

The sum of the currents in the capacitor and resistor must be equal to the current i(z)

in the battery.

RC, M i i)
dt (3-14)

If i(z) is a constant, /, then this differential equation can be solved with an exponent:

jny ()= 1+ Ke /% (3-15)

where K is a constant. The capacitor will start with a certain voltage Va1, Wwhich is

equal to Vz,(0) and V¢,(0). Therefore:
Viiia = Tz, (0)R, (3-16)

L.

Solving this gives the value for K:

i (0)= me% —I+K (3-17)
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K= I/miti% — § (3_18)

Thus the current on the resistor R, for a constant current discharge is:

i () =1+ (me% e /R (3-19)

If the battery is left to rest for some time after discharge, then the voltage on C,,
Vinitiai, Will drop 0. The form of this voltage decay can also be calculated from
equation 3-19 as the battery current / is 0:

V. . -9
thal e AOCU (3_20)

iRoResting (t) =
0

and from equation 3-11, the voltage on C, is described by the equation:

_t
v yooo ke (3-21)

— 0
CoResting — " initial e

The quantity R,C, is known as the time constant, and is typically represented by the
letter 7. When the time ¢ equals 7, then the voltage V¢, will have decreased to
approximately 36.8% of its initial value. When ¢ is equal to 5z, then the capacitor
will effectively be completely discharged, having dropped to less than 0.7% of Vi
Therefore, if the battery is discharged from a fully rested state such that Vi, = 0,

the current on the resistor R, during the discharge becomes:

ir, () =1(1- e%”c” ) (3-22)

while the battery voltage is:

V()= Voo —IR—IR,(1—¢ /%) (3-23)

3.2.2  Applicability of Randle’s Cell Model

To determine if the parallel branch R, and C, has a significant impact on the Cobra
batteries, the batteries were discharged individually across a bank of resistors. The

voltage and current information were recorded using the Cobra data logger, with the
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voltage sensor recalibrated to account for the fact that single batteries were being
measured instead of a pack of six. The details of the data logger are given in Section
3.1. The bank of resistors included three resistors of 3.1€2, one resistor of 1Q, and
one resistor of 0.5Q2, each in parallel and individually switched. This meant that the
discharge resistance could be varied depending on the setting of the switches. A
diagram of the experimental set-up and a photo of the resistor bank are shown in

Figure 3.14. Sample results are shown in Figure 3.15.

310 31{} 31{-} 1{} 020 05{-} Master Switch

N

EEEEEINY

(b)

Figure 3.14: a) A diagram of the experimental set-up for the battery discharge tests.
b) A photo of the resistor bank. The 0.2Q resistor was not used in the tests.

From equation 3-23, it can be seen that at time ¢ = 0, the /R, term goes to zero and
the initial voltage drop on the batteries is due solely to the resistance R. The
subsequent decay of the battery was fit using curve fitting software KaleidaGraph to
find R, and C, using equation 3-23 — a sample fit is shown in Figure 3.15. The
current was approximated to be a constant current, using the average value for the
first 100 seconds of the discharge. The actual current deviated from the average by
up to 3% in the first 10 seconds of the discharge, and by less than 1% thereafter. The
value for R was found using the initial voltage drop from the discharge together with
the initial measured current values. R was found to be similar for each battery, with
a typical value of 0.011Q. It did not vary substantially with SOC to below 30%.

SOC effects are described in greater detail in Section 3.2.3.
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Figure 3.15: Voltage and Current for a single Cobra battery discharged across a
resistor bank, with overall resistance of 0.51Q. The voltage has been fit with
Equation 3-23.

Each of the six batteries was tested individually at a range of currents and SOCs. No
battery was found to be significantly underperforming or outperforming the pack,
and as the battery pack is modelled in ADVISOR as a unit, it was not considered
necessary to identify minor differences in the individual battery parameters. The
battery test results were combined in order to identify the key parameters which
would have a significant impact on the overall pack performance and thus would

require additional study.
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Test results showed that the R, and C, terms were significant, and that R, varied
substantially based on the magnitude of the discharge current. This is the expected
behaviour of any battery, and is due to the charge transfer resistance of the
electrochemical reaction; the rate at which electrons take part in the reaction (the
charge transfer) is proportional to the current and this appears as a higher resistance
at lower currents [143]. The fitted values for R, and C, are shown in Figure 3.16.

Note that at low currents, R, can be more than four times the value of R.

Fitted R, and C, Values
+ R xCa
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Figure 3.16: Fitted values of Ro and Co for individual Cobra batteries being
discharged across a bank of resistors.

The fitted values for C, varied widely with no obvious trends: this is due to the low
impact on the value of V., due to variations in C, and hence the difficulty in
creating an accurate fit of this variable. Considering instead the time constant 1, as
shown in Figure 3.17, the relationship of the exponential term to the current
magnitude becomes apparent. This shows that the capacitive effects for the Cobra
batteries should not be ignored if good results are to be achieved. On the other hand,
recall that the current value is not known in advance for any ADVISOR-based
model, but must be determined based on the power demand information. To

interface with the ADVISOR-based model, a simple yet accurate battery model was
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required. The remainder of this section describes the development of the author’s

Cobra battery model.
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Figure 3.17: Fitted values for the time constant t for individual Cobra batteries
being discharged across a bank of resistors.

3.2.3  State of Charge

The Cobra battery pack was tested to determine the relationship of voltage to SOC.
The pack was tested in situ with the Cobra motor providing the load for discharge
tests. The rear section of the Cobra was jacked up and placed on blocks for this test,
allowing the rear wheels to spin freely, so a small discharge current could be applied
over a long period of time by means of the motor controller. Voltage and current
data were recorded at 10Hz using the data logger, then averaged in blocks of ten to
produce 1Hz data. The resulting current data fluctuated with a typical standard
deviation of 0.34A for each discharge, and the average current of each individual
discharge varied from 4.86A to 8.22A. The average current over all of the discharge

tests was 6.37A. Sample data from the discharge tests is shown in Figure 3.18.
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Figure 3.18: Sample voltage and current data from the Cobra battery pack
discharge tests performed with the Cobra motor acting as a load.

The SOC was determined using Ah counting, and a commercial battery charger from
EnerSys-Hawker was subsequently used to recharge the batteries. The battery
charger is a Lifeplus TC3 model configured to charge battery packs of 60V or 72V
nominal voltage [144], and the peak charging current has been measured as 55A. A
count of the Ah replaced during charging gave the value for the Coulombic

efficiency of the batteries, using:
Neoul = Ahout/ Ahin (3 '24)

where 1oy 18 the Coulombic efficiency, Ahy, is the count of the Amp-hours removed
from the battery in discharging, and Ah;, is the count of the Amp-hours delivered to
the batteries during charging. The pack’s Coulombic efficiency was measured as
91%; Coulombic efficiency refers to the batteries’ internal charging losses due to
some energy producing water vapour and corrosion instead of the desired reaction

[145].

The open circuit voltage decreases linearly with SOC down to below 20% SOC, as
shown in Figure 3.19. The open circuit voltage V,. was matched to SOC with a line
found using the least squares method available in Microsoft Excel. This gives the

equation:
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Voc=10SOC + 67.36 (3-25)

If the Cobra batteries are partially discharged, the SOC can be estimated from the

measured voltage using this equation.

Battery Open Circuit Voltage vs SOC
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Figure 3.19: The Cobra battery open circuit voltage with respect to state of
charge. The red line shows the ‘least squares’ fit to the data described in
Equation 3-25.

This voltage decrease is more rapid than for the default battery model provided in
ADVISOR. This is probably because of ageing effects in the Cobra batteries, which
were bought in 2002 and have been infrequently cycled. A comparison of the
ADVISOR battery voltage and that of the Cobra batteries is shown in Figure 3.20.
The ADVISOR batteries described by the figure, like the Cobra batteries, are
Hawker Genesis gel-type batteries, but with a capacity of 26Ah, while the Cobra
batteries have a capacity of 70Ah.
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Figure 3.20: The relationship of voltage to energy for healthy lead acid batteries and
for the seven year old Cobra batteries. The data for the healthy batteries is from
ADVISOR. Data for the Cobra is extrapolated from Equation 3-25.

As the Cobra batteries were not tested when purchased, it is not possible to compare
their original performance with their current performance. Had the batteries been
tested when purchased, the loss of performance in the Cobra batteries would be
categorised as a loss of capacity — i.e. a fixed reduction in voltage corresponds to a
fixed decrease in capacity, and a shorter discharge would be needed to accomplish
this reduction. This is the standard method of tracking ageing effects in batteries, but
is not possible here due to the lack of data for the batteries when new. Loss of
capacity is the natural result of most ageing processes discussed in section 2.7.3 —
sludging and corrosion reduce the amount of available active material on the positive

plates, while sulphation renders parts of the negative plates inactive.

3.2.4  Low State of Charge

During the discharge tests, the behaviour of the battery pack was fairly consistent
down to about 25% SOC, at which point the battery voltage began to drop
increasingly rapidly. The collapse of the voltage is illustrated in Figure 3.21,

together with the states of charge at each rest period, and the open circuit voltages
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predicted for each SOC using equation 3-25. At 31.3% and 26.5% SOC, the battery
pack reaches the predicted voltage. During the discharge to 21.8%, the voltage
begins to decline much more rapidly. During the rest period at 21.8%, the voltage
does not recover as expected — hence this data point was not used in calculating
equation 3-25. Finally, while discharging to 17.8% SOC the voltage collapses
dramatically before stabilising somewhat. At this point the batteries were left to sit
overnight, and as described in Section 3.2.3, the voltage then recovered to fit the

same voltage pattern as that of the higher SOCs.
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Figure 3.21: The voltage of the Cobra batteries during a discharge from 31.3% to
17.8% SOC. The voltage collapse at approximately 25% SOC indicates likely
failure of the Cobra if driven beyond this point.

This data indicates that the Cobra is likely to fail if driven below 25% SOC, creating
a hazard for the driver and for traffic in general. The battery model was therefore not

developed for this region.

3.2.5 The Voltage Drop

Thanks to the varying resistance, described as R, in the Randle’s cell model shown in
Figures 2.22 and 3.13, the resistance of the batteries varies substantially with current

magnitude. For example, consider a sample test of the battery pack, performed while
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the Cobra was on blocks to allow the wheels to spin freely. The current and voltage
of the batteries during these tests, recorded at a rate of 1Hz, are shown in Figure
3.22. This data was not recorded with the Cobra data logger, but with a voltage
probe from Testec (TT-SI 9002) with an attenuation of 1:20 and an accuracy of 2%
[146] and an AC/DC current clamp from Tenma (72-6174) with an attenuation of
1:100 and an accuracy of 2% + 2A [147]; the data was recorded by a Tektronix
oscilloscope (TDS 2024) [148].
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Figure 3.22: Current and voltage for the Cobra batteries during a test performed
with the Cobra on blocks.

The open circuit voltage for the batteries was measured as 74.77V at the end of each
test. The test removed a total of 0.61Ah from the batteries, which represents less
than 1% of the total battery charge and was not sufficient to change the open circuit
voltage by a measurable quantity. The apparent resistance of the batteries at each

one second time step was calculated using the equation:
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VOC - IRapp = Vmeas (3-26)

where [ is the current (A), R, is the apparent resistance () and Vs (V) is the
measured voltage. The apparent resistance during this test, as calculated using

equation 3-26 for each recorded data point, is shown in Figure 3.23.

Apparent R vs Current
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Figure 3.23: The apparent resistance of the Cobra batteries for different currents.
Charging currents are negative on this graph, and discharging currents are positive.

For an ideal battery, the apparent resistance should be a constant with respect to
current. However, for the real battery the apparent resistance looks more like an
exponential function with respect to current, as increasingly small currents do not
correspond to increasingly small differences in Voc and Vyes. In theory the
resistance might be modelled using a current-dependent equation, however in
practice using such an equation in a power-based model like ADVISOR creates
problems of recursion, and as discussed in Section 3.2 this is something to be

avoided if a simple model is to be created.

A more suitable equation for an ADVISOR-based model should focus on the voltage,
as in ADVISOR the battery voltage and power demand are used to find the battery
current. The capacitance effects in the battery, as modelled by the Randle’s Cell,

create a delay in the voltage recovery in the battery. The author asserts that if the
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battery is not left in open circuit then voltage recovery does not occur, and the
capacitance effects resemble a voltage suppression. This forms the basis for the
author’s battery model, which approximates the voltage suppression as a constant
voltage drop. This drop would be more significant at lower currents, accounting for
the apparent increase in resistance. Furthermore, if a charging current is briefly
applied the voltage drop is still evident, and this would create the apparent negative
resistance. By this approximation, the measured battery voltage V,.,s actually

follows the equation:

Voc = Virop — IR = Vyeas (3-27)
where V., 1s the constant voltage drop. This can be rearranged to give
Voc = Vieas = Virop + IR (3-28)

which in turn can be fit with a line to find the voltage drop and resistance. Figure
3.24 plots Voc -Viueas Vs. current for the same data set as that shown in Figure 3.23.
Figure 3.24 also shows a line of best fit, created in Excel using the least squares
method. The positive value of the y-intercept for this fit indicates the presence of a
constant voltage drop. An alternative fit, also created in Excel, is shown with the y-

intercept value forced to 0 to represent no voltage drop effect.

Using similar tests at a range of different states of charge, the typical voltage drop
has been found to be 1.5V, with an internal resistance of 0.06Q for the pack. These
values are suitable for SOC greater than 25%. The internal resistance translates to
0.01Q for each battery — slightly less than the value of 0.011Q found with the

discharge tests of the individual batteries described in Section 3.2.
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Figure 3.24: The relationship of V-V .. Vs. current for the Cobra batteries in the
same test as that shown in Figure 3.23. An alternate fit with the y-intercept forced
to 0 is also shown — this shows the model with the voltage drop not included.

When the batteries receive an extended charge from the EnerSys charger the voltage
behaviour is reversed, with a constant voltage rise added to the voltage rise caused by
the internal resistance. The constant voltage rise is indicated by a negative y-

intercept value for the best fit, as can be seen in Figure 3.25.

+ data Voc-Vmeas vs Current
— hest fit

Current

Figure 3.25: The relationship of V,-Vi.s Vs. current for the Cobra batteries
during a recharge
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However, during a drive, the short charges experienced by the batteries are not
enough to instigate this behaviour. Note that in Figure 3.24, the charging currents,
i.e. the negative currents, follow the same line with respect to Voc -Viness as do the
discharging currents. The model therefore does not include any sort of voltage rise
behaviour for the drive cycles, as this would greatly overestimate the battery voltage

during regenerative braking.

The power losses in the batteries, using the original Rint model from ADVISOR, are

calculated using the equation:
Pioss = R (3-29)

Piss (W) is the power lost at each time step, and this is used to calculate the total
energy lost and hence the efficiency of the batteries. For the new Cobra model, the
1.5V voltage drop is applied directly without being associated with a specific
resistance. However, there is a resistance involved — the current-dependent R, term,
which carries a current i, as described in Section 3.2. For this model, the losses

associated with the 1.5V voltage drop term are estimated using the equation
Pdroploss =1.51 (3-30)

This term is added to the losses calculated using equation 3-29 to find the total power

losses in the batteries for each simulation time step.

3.2.6 Voltage Recovery

After a battery has been subjected to a current, it takes some time for the voltage to
return to the open circuit value, due to the capacitance effects occurring between the
plates of the battery. For the author’s battery model, the capacitance effects were
approximated during discharge of the batteries as a constant voltage suppression.
When the batteries were at rest and during the brief charging periods experienced
during drive cycles, the capacitance effects were modelled with equation 3-21, using

values found in tests of the Cobra batteries.
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The voltage recovery of the Cobra batteries was assessed during the discharge tests
described in section 3.2.3. After each discharge the battery was left to rest, allowing
measurements of both the open circuit voltage and the voltage recovery behaviour.
For the values shown in Figure 3.19, ten minutes rest was sufficient for voltage
recovery for all but the last data point (with one data point unused because
insufficient time was left for recovery — see Section 3.2.4). This was confirmed at
SOCs of 66.2% and 48.5% by leaving the batteries overnight; additional voltage
recovery for the pack was only 0.01V in the first case, and 0.06V in the second. The
final data point, with an SOC of 17.8%, is taken from the voltage measurement on

the following day. Overnight voltage recovery for this point was 0.98V.

The data from each voltage recovery event was modelled as an exponential equation,
using the fitting function in the Kaleidagraph software. The voltage on C, was
assumed to be consistent for each test, as the tests involved similar currents (4.86A to
8.22A, with an average value of 6.37A, as stated in Section 3.2.3) and at steady state,
prior to disconnection of the load, Vi, 1s equal to iR, and R, is essentially constant
for a given value of i. Because the model uses a constant value of 1.5V for the
voltage drop, it was assumed that the recovery would begin from a value of 1.5V
below open circuit voltage. The time constant T was therefore the only variable that
was found using the fit. Average results for the fit were then used to created a

voltage recovery equation:

V.. =V,—15"% (3-31)

meas

where t is the time in seconds since a power with magnitude greater than 100W was
applied. The limit of I00W was chosen based on the accessory load of the Cobra,
which was typically about 17W when the inverter fan was not running, and typically
about 140W when the inverter fan was operational. The effect of the fan on the
battery voltage behaviour was noticeable in testing — when the Cobra was stationary
during a drive cycle, the battery voltage was found to remain in a suppressed state
when accessory power was high (e.g. the fan was operational), and to show recovery
behaviour when the accessory power was low. This behaviour is demonstrated in the

following section.
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3.3 Model Verification

The Cobra battery model combines accuracy with simplicity. By calculating the
voltage effects mathematically instead of with an equivalent circuit, the model slots
neatly into the existing structure of ADVISOR without the need for complex
calculations. The parameters are easy to obtain with a few tests. Specifically:
1) The relationship of voltage and SOC is determined through discharge
tests, using Ah-counting to determine SOC. Sufficient time must be left
for voltage recovery to accurately determine the resulting characteristic.
2) The relationship of current and voltage is modelled using a combination
of a constant resistance and constant voltage drop. This linear fit was
obtained by testing the Cobra at several speed ranges of the motor, to
create a range of currents and voltages.
3) The voltage recovery of the batteries is approximated using a single
exponential equation, found from the voltage recovery of the batteries

during the discharge tests.
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Figure 3.26: The basic structure of the author’s battery model in
Matlab/Simulink, which is based on the Rint model in ADVISOR. Blocks altered
by the author have been highlighted.

The model is implemented in Matlab/Simulink, using time steps of one second and
the discrete, fixed-step solver. This enables it to be used in ADVISOR and in the
ADVISOR-based hybrid model developed by the author. The overall
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Matlab/Simulink battery model is shown in Figure 3.26, with the blocks modified by
the author highlighted in blue. Specifically, the calculation of Voc has been
modified to include the voltage drop and voltage recovery effects, and the power
losses block has been updated to include losses associated with the voltage drop

term, using Equation 3-30.

A simplified flow chart of the model is shown in Figure 3.27. As shown in the flow
chart, the requested power is used to determine the open circuit voltage of the
battery. The values of V., Riy and SOC are then used to limit the power if necessary
to keep the battery and motor/controller voltages within prescribed limits, and to
ensure that the battery is not charged above 99.9% or discharged below 0.1% SOC.
The current and the measured voltage for the battery are then calculated, giving the
power delivered by the battery. The SOC of the battery is updated, and the losses are
calculated. If the SOC falls below 0.1%, the simulation is halted — this is the
boundary condition from the ADVISOR battery model. The Cobra battery model

was not developed below 25% SOC, however this condition was never reached in

simulations.
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Figure 3.27: The author’s battery model represented as a flow chart.
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Figure 3.28: Inside the “pack Voc, Rint” block in the author’s supercapacitor
battery model. This block implements the Vyg,,, effect and the voltage recovery
of the batteries.

In the “pack Voc, Rint” block, shown in more detail in Figure 3.28, the SOC is used
to find the actual open circuit voltage for the battery. The voltage is then modified
by subtracting the voltage drop for any power demand larger than 100W. The

voltage drop for a pack of N batteries is modelled as:
Virop = 1.5N/6 (3-32)

thus for the standard Cobra pack of six batteries, the voltage drop is 1.5V. If the
power demand is less than 100W, the voltage recovery equation 3-31 is used to
modify the battery voltage as it returns to the actual open circuit value. Again, to
allow different numbers of batteries to be modelled, the equation is modified to give:

V — VOC _ 1‘5N e—OAOZt

meas

(3-33)

The model also gives the option of modifying the open circuit voltage and pack
resistance by temperature; this option is available in the original ADVISOR model,

but temperature effects were not found to be necessary for the Cobra model. This is
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evidenced by the fact that error levels during drive cycles remained consistent

throughout each cycle, demonstrating that the battery performance was not changing.

The functions and variables depicted in Figure 3.28 are therefore as follows:

e VOC real (V) — Battery voltage indexed by SOC, based on Equation 3-25,
with the option to be indexed by temperature.

e ess module num — the number of batteries, N.

e Vdrop — the voltage drop 1.5N/6, shown in Equation 3-32.

e tau inv — the inverse of the voltage recovery time constant, 0.02s™!

e Fcn — the voltage recovery function shown in Equation 3-33.

e Rdis/Rchg — The internal resistance of the batteries — 0.01Q per battery
(becoming 0.06Q for a pack of 6). The model leaves the option for these
values to be indexed by SOC and/or by temperature.

The author’s battery model provides a simple approximation to the effects caused by
the capacitance of the battery plates. A more detailed model may be possible using a
Randle’s cell model with variable components, including a substantial current-based
variation, however the development of such a model was determined to be
unnecessary for simulating the Cobra. The simple model developed instead has
proved to provide a good correlation to the actual battery performance, offering
significant improvement to the models provided in ADVISOR. The peak error for
the new Cobra model is just 3.1% - less than a third of the error reported for the Rint
model by the ADVISOR creators, and also smaller than the 4% peak error reported
for the RC model [127]. This section describes the verification process for the Cobra

battery model.

3.3.1 Drive Cycles

Test results for several drive cycles for the Cobra were obtained by recording several
drives around Glasgow. Two routes were used. For short data collection the car was
driven around the nearby George Square, a distance of approximately 0.7 miles. A
longer cycle was obtained by driving the Cobra approximately 2.7 miles, parking it

for 10 minutes on Lomond Street and then returning. This longer cycle imitates a
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short city commute — the 10 minutes wait is sufficient for full voltage recovery. Both
routes are shown in Figure 3.29. Speed and power requirements for sample trips are

shown in Figures 3.30 and 3.31 respectively.
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Figure 3.29: A map of Glasgow (©2009 Google — Map data ©2009 Tele Atlas). The
pink line shows the long drive cycle which represents a city commute — the Cobra is
driven to the end of the route, left for 10 minutes and then driven back, for a round-
trip distance of 5.4 miles. The green line shows the short drive cycle, which allows a
quick test of the Cobra and is suitable for tests at a range of states of charge.
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Figure 3.30: Speed and power for a trip around George Square.
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Figure 3.31: Speed and power for a trip to Lomond Street.

The Cobra model has been compared to the basic ADVISOR Rint model using these
drive cycles. (No direct comparison is made to the ADVISOR RC model as the
relevant parameters were not known for the Cobra batteries or for similar lead-acid
batteries.) Example results are shown in Figures 3.32 and 3.33; in this test,

performed on July 27, 2009, the Cobra was driven to Lomond Street and back. The
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power information was used in the ADVISOR Rint model and in the new Cobra
model. Figure 3.32 shows the battery voltage during this trip, along with the
voltages predicted by the two models. The new model correctly shows the
significant voltage drop for low currents and the slow process of voltage recovery. It
also indicates the final voltage and SOC of the battery with an error of less than 1%.
The new model performed better when Peukert adjustments (discussed in Section
2.2.2) were not included in SOC calculations, and these are not included in the model

shown below.

Battery Voltage
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Figure 3.32: The actual battery voltage for a trip to Lomond Street and back,
together with battery voltages predicted for the trip using the original Rint
ADVISOR model and the newly developed Cobra model. Close-up sections of this
data are shown in Figures 3.34 and 3.35.

Figure 3.33 shows the error in the basic Rint ADVISOR model and in the new Cobra
model. For this cycle the Cobra model has errors of up to 3.1%, a significant
improvement on the ADVISOR model which has errors of up to 6.3%. Note that the
current and voltage errors mirror each other. This occurs because the model uses the
power information from the cycle — the model voltage and current, multiplied

together, will be equal to the actual power. Future examples will show only the
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battery voltage for ease of comparison — in each case an error in voltage will match a

similar error in current.
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Figure 3.33: The errors for the basic Rint ADVISOR model and the new Cobra

model for the battery voltage and current in the drive cycle shown in Figure 3.32.

Two other drive cycles were tested: the first was taken on July 22, 2009 and featured

two trips around George Square over 1636s, while the second was taken on August

4, 2009 and involved a trip to Lomond Street and back, followed by two trips around
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George Square, for a total time of 5318s. The other drive cycles tested showed
similar errors for the new model, with the peak errors of 2.3% to 3.1% respectively
for battery voltage. The average magnitude of the error for the three drive cycles
ranged from 0.5%-0.7%. At the end of each cycle the error in modelled and
measured SOC as calculated using Equation 3-25 was always less than 1%. The new

model always outperformed the standard ADVISOR Rint model.

3.3.2  Verification of Voltage Drop Term

The benefit to the model of the constant V., term is apparent with a closer study of
the drive cycle shown in Figure 3.32. Figure 3.34 shows the battery voltage for a
subset of Figure 3.32, from a time of 2400 seconds to 2700 seconds. The battery
voltage is modelled with the new Cobra model with and without the inclusion of the
constant Vgop. The chosen time frame includes an extended stop at a busy
intersection. During this time, there was a power drain of about 140W as the traction
batteries maintained the auxiliary battery voltage, while in turn the auxiliary battery
powered the motor inverter’s cooling fan as well as the various dashboard lights and
meters. The Vgrp term is needed to correctly show the decrease in voltage, which is
in excess of what would be expected from internal resistance alone. Note that the
battery voltage remains suppressed and shows minimal recovery behaviour during

this stop, which lasted for more than three minutes.
Another subset of Figure 3.32 is shown in Figure 3.35. This figure shows a section

that includes high currents — the peak current is 182.5A. The voltage drop model

offers a superior fit to the model without the Vo, term.
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Figure 3.34: The Cobra model with and without the Vdrop term, compared to the
actual voltage of the Cobra batteries for a subset of Figure 3.32.
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Figure 3.35: The Cobra model with and without the Vdrop term, compared to the
actual voltage of the Cobra batteries for a subset of Figure 3.32.
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The accuracy of the new model could not be achieved by neglecting the Vdrop term
and simply using a larger value for the internal resistance. Consider Figure 3.36,
which compares the complete Cobra model with a new model featuring no voltage
drop and with the internal resistance increased from 0.06Q to 0.07Q for the pack.
The figure displays the same data sets as Figures 3.34 and 3.35, with an extended
stop in heavy traffic included in the upper plot and a short section of driving with
high currents shown in the lower plot. Now that the internal resistance is higher, the
model without a V4, term performs well at high currents — equal to the performance
of the complete model. But the V.o term is essential to correctly display the voltage
of the batteries while the car is idling. This is because of the increased charge

transfer resistance, for which a constant internal resistance value cannot account.

Some further examples are shown in Figure 3.37. These plots show sections of other
drive cycles — in the first case a trip around George Square taken on July 22, 2009
and the second case from a drive back from Lomond Street, August 4, 2009. Both
plots show periods of driving interspersed with short stops in traffic. In each case the
model without a V4 term performs poorly during periods of low discharge current,
even if it performs well during high currents. The model without a V.o, term also
performs poorly during periods of regenerative braking, which are visible in the plots
as small spikes in voltage just before periods of idling. Meanwhile the Cobra model,
including the Vgrop term, performs well at all currents, including the small charging

currents generated by the Cobra and during periods spent idling in traffic.
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Figure 3.36: The complete Cobra model compared to a model with no Vdrop term,
and with the internal resistance of the battery pack increased to 0.07Q.
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Figure 3.37: Further examples of the complete Cobra model compared to a model
with no Vdrop term, and with the internal resistance of the battery pack increased
to 0.07Q.
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3.3.3  Verification of Voltage Recovery Model

As described in Sections 3.2.5 and 3.3.2, the battery model features a constant
voltage drop of 1.5V during both charge and discharge operation. However, when
the battery is at rest, the voltage recovers to the open circuit value that corresponds to
its current state of charge. In order to ensure that the voltage drop is applied while
still permitting the voltage to reach open circuit value, the battery model includes a

voltage recovery term as shown in Equation 3-33.

The voltage recovery of the batteries depends on the magnitude and duration of the
current to which the batteries were subjected. For this model the voltage recovery
was modelled with a fixed equation irrespective of the preceding currents, yet the
results are very accurate. Some examples are shown in Figure 3.38, comparing the
Cobra model with and without a voltage recovery component to the actual voltage.
These examples show data taken on July 22 and on August 4, respectively. For each
drive cycle tested, the models follow the general shape of the actual recovery, with a
displacement in each recovery event of less than 1% from the measured voltage.
Additionally, the voltage recovery term ensures that the voltage drop will be
correctly applied during charging events and short periods (of a few seconds) when

the power output of the batteries is less than 100W.
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Figure 3.38: Two drive cycle sections showing the actual battery pack voltage and
with voltages as modelled with the new Cobra model, with and without a voltage
recovery component. The upper plot shows data from July 22, and the lower plot
shows data from August 4.
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3.4 Regenerative Braking

To recover 100% of the available kinetic energy from a regenerative braking event,
one must have active brake management on all four wheels in order to avoid the risk
of going into a skid [149]. The Cobra does not have this feature, and thus
regenerative braking is restricted to a few hundred Watts from the rear wheels, with
the remainder of the braking supplied by friction brakes. However, one important
feature of supercapacitors is their ability to accept high regenerated power. In order
to fully assess their impact in a battery/supercapacitor hybrid, it is important to
determine the amount of regenerated energy which would be available if the friction
brakes were not used. This information was extracted from a study of the Cobra

motor performance during driving tests.

To assess the relationship of power, speed and acceleration for the Cobra, a section
of the George Square trips which is fairly flat was used. The entire trip involved a
steep hill with a 9.2% grade at the beginning and end of the trip (specifically John
Street which leads to the Royal College Building cartway and the Cobra garage)
which was left out of the initial assessment so that a direct relationship between road
speed and motor power demand could be analysed. Example drive data is shown in
Figures 3.39 and 3.40. The George Square trip involves 5 sets of traffic lights —
differences in the traffic patterns and states of the traffic lights are responsible for the

power, speed and time differences between trips 1 and 2.
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Figure 3.39: A trip around George Square, performed on July 22, 2009. The section
highlighted in red shows the flat part of the trip, subsequently used for assessing the
relationship of speed, acceleration and power in the Cobra.
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Figure 3.40: The second trip around George Square performed on July 22, 2009.
The section highlighted in red shows the flat part of the trip, subsequently used for
assessing the relationship of speed, acceleration and power in the Cobra.

The power drawn from the batteries, the speed of the vehicle and the acceleration are
all related, and the relationship between these variables was taken from Figures 3.39
and 3.40, respectively, is shown in Figure 3.41. The speed and power data was used
as recorded by the Cobra data logger, while the acceleration data was calculated from

the speed assuming a linear change in speed from data point n-1 to n, such that:
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a, = 0.44704*% (3-34)
n - bl

where a,, is the acceleration (m/s?), s, is the speed (mph) and ¢, is the time (s) for data

point 7.

Total Power vs Acceleration at different speeds - Trip1
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Figure 3.41: The relationship between power and acceleration for different speed
ranges during the Cobra’s trips around George Square.
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The data was organised into segments of Smph for analysis, i.e. all data points of
speed 0 < s < Smph, 5 < s < 10mph, etc. This was chosen so that sufficient data
points would be found in any given segment to be analysed meaningfully; there were
1-7 useful data points within each 1mph segment, and 20-30 useful data points
within each 5Smph segment. A data point was considered useful if it had a power
demand higher than 140W — 140W is the typical power draw of the Cobra
accessories and any lower power demand is associated with regenerative braking,
which in turn means that some power that could have been regenerated might instead
have been lost in the Cobra’s friction brakes and hence gone unrecorded by the data

logger.

For any given speed, the relationship of positive power and acceleration is broadly
linear, as shown in the first quadrant of Figure 3.41. However, as regeneration was
limited by the Cobra motor controller, the relationship deteriorates for deceleration
events (i.e. acceleration <Om/s”) with a power value lower than 140W. These events
could potentially deliver much more power back to the batteries, if only the friction

brakes were not used.

One potential benefit from the supercapacitors is that they could enable more energy
to be absorbed from regeneration events, so it is important to be able to estimate the
full amount of power and regeneration time that could be available. Fortunately this

can be extrapolated from the behaviour of the vehicle during positive acceleration.

Consider a simulated motor, courtesy of ADVISOR. The ADVISOR simulation was
performed using the default EV architecture with rear wheel drive, featuring small
vehicle body (VEH_SMCAR.mat), lead-acid battery pack (ESS PB25.mat), 1-speed
transmission (TX 1SPD.mat), and standard power train control (PTC EV).
Additionally, the simulation used the small car wheel model, altered to feature 100%
regenerative braking at all speeds, while the accessories model was altered to feature
a constant 140W accessory power demand. The mass of the vehicle was specified to

be 855.5kg — the weight of the Cobra plus a 70kg occupant. Finally, the motor itself

119 0of 248



was chosen to be a 75kW AC motor, limited to 80% peak efficiency. This motor
does not match the Cobra motor, but nevertheless gave a reasonable approximation
of the Cobra power demand: the total positive energy demanded for the simulation
differed by 5.6% from the actual positive energy for trip 1, and by 9.1% from the
actual positive energy for trip 2. Furthermore, the peak power demand for the
simulation had an error of 1.4% for trip 1 and 4.3% for trip 2. As the simulation was
performed to create an analogous situation to that of the Cobra motor, rather than to
be used in a Cobra model, this level of error was judged to be low enough to create a

meaningful analogy.

The relationship of speed, acceleration and power for the simulated motor modelled
using the first of the two George Square trips is shown in Figure 3.42. For the
modelled motor, if the speed and acceleration demands of the vehicle are the same,
then the motor power demand will always be the same. Here each 5 mph block of
speeds has been put in a group. Within each group the relationship of power and
acceleration was defined using a line of best fit within Excel. Note that the linear
behaviour continues into the region of negative power and acceleration, indicating
that the regenerated power broadly follows the same relationship as the traction
power. It is also worth noting that the power demand is not OW when there is no
acceleration, and that this power demand is higher at higher speeds. This power is
used to overcome the rolling resistance and aerodynamic drag on the vehicle, both of
which are functions of the vehicle speed [62]. Hence, at high speeds a small
deceleration is associated with a positive power demand and is not a regenerative

event.
Unfortunately it was not possible to model the Cobra motor directly, as an electrical

failure of this motor occurred on August 10, 2009 and prevented the determination of

the relevant parameters.
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Figure 3.42: A model of a motor in ADVISOR, were it to make the first of the trips
around George Square.

Each of the lines relating power to acceleration is described with a slope and an
intercept, and these values themselves progress in a linear fashion for different
speeds. The characteristics of these lines, taken from the ADVISOR model data for

the two trips described above, are displayed in Figure 3.43.

The simulated data from ADVISOR demonstrates the concept that negative (i.e.
regenerated) power should follow the same behaviour pattern as positive power so
long as the friction brakes are not used. It also demonstrates that if the speed and
acceleration are known for a vehicle, the required power in or out of the vehicle can
be determined as long as the ground is flat. This means that the available
regeneration power for the Cobra can be determined from the power data taken
during periods of net power output — when the car is accelerating, maintaining

constant speed, or decelerating slightly (before regeneration is enabled).
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Figure 3.43: Relating speed, power and acceleration for the motor modelled in
ADVISOR for the George Square trips.

To this end, the power, speed and acceleration data for the Cobra during the two trips
was re-assessed. As with the ADVISOR simulation, the Cobra data was grouped by
speed into Smph blocks, and then fitted using a linear regression to find the
relationship of power and acceleration for all values with a power demand greater
than 140W. Then the slopes and intercepts for those lines were in turn associated
with a speed value — the average speed for each block. The relationships of slope to
speed and intercept to speed were again estimated with a linear fit, as shown in

Figure 3.44. The resulting equations are:

P=Ma+B (3-35)
M =3615+630 (3-36)
B=113s+1541 (3-37)

P (W) is the power, a (m/s?) is the acceleration, M (Ws*m) and B (W) are the

coefficients for the line relating the two, and s (mph) is the speed.
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Figure 3.44: Relating speed, power and acceleration for the Cobra on the July 22
George Square trips.

Two additional trips around George Square were recorded and the data subsequently
assessed, these having been performed on August 4, 2009. They showed a somewhat
different profile, as shown in Figure 3.45. This led to alternate equations to 3-36 and

3-37:
M=419s+1610 (3-38)
B =280s+1309 (3-39)

These two fits were used to create alternate regenerative braking profiles for the
Cobra, which are presented in Section 3.5. In addition, a third profile was created
which used 50% of the regenerative braking available using the July 22 trip fits.
This gave four regeneration profiles in total: Low Regen, from the original data,
Medium Regen, from the 50% data, High Regen, from the July 22 fits, and Super
Regen, from the August 4 fits. This allowed the availability of regenerative braking
energy to be considered as a factor in determining the usefulness of supercapacitors
in a battery electric vehicle. The different regeneration profiles and drive cycles are

described in the following section.
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Relating Power, Speed and Acceleration
for Cobra motor, Aug. 4 trips
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Figure 3.45: Relating speed, power and acceleration for the Cobra on the August 4
George Square trips.

3.5 Drive Cycles

Two speed profiles were used as the basis to create seven drive cycles for the
optimisation strategy testing. First, a drive cycle was created using driving data
collected from the Cobra during the four trips around George Square, driven on July
22 and August 4. The portions of the cycles driven on John Street were left out to
avoid the complication of the 9.2% gradient on that street. The complete cycle was
created by joining the cycles one after the other — the resulting speed profile is shown
in Figure 3.46, with dashed vertical lines indicating where the cycles were joined.
The composite power profile was likewise created by joining the cycles sequentially,
with the power values at the connection points averaged to create a smooth

connection.

The cycle was enhanced by employing the four different regeneration profiles as
described in Section 3.4. The Low Regeneration profile used the original power
information for both acceleration and deceleration. The other profiles used the
original power information only for accelerations. For decelerations, a different
regeneration power was used: the Super Regeneration profile was created using

equations 3-38 and 3-39, the High Regeneration profile used equations 3-36 and 3-37
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to determine the regeneration power, and finally the Medium Regeneration profile

used '% the High profile’s regeneration power.

In each case it is assumed that the actual deceleration of the vehicle is the same, but
the percentage of kinetic energy that is regenerated vs. the percentage that is
dissipated by the friction brakes changes depending on the regeneration profile. This
value ranges from 9% of kinetic energy captured for the Low Regeneration profile to
70% for the Super profile — a typical value for an electric vehicle is 30% of kinetic
energy [149], however for urban vehicles the percentage may be more than 87%
[150]. This is because the lower speeds of an urban vehicle result both in lower
friction losses and in smaller braking power requirements, and it should be possible
to fully capture up to 19kW of regenerated power [150]. The Super Regeneration
profile would therefore be theoretically possible for the Cobra. However, to ensure
user comfort and avoid the risk of skidding, it would also require active braking
management on both axles [149, 150], while the Cobra currently offers control of the
rear axle only. The Super Regeneration profile should therefore be seen as a
theoretical possibility, to ensure completeness of the analysis of regenerative braking
effects, rather than as a practical profile for the Cobra. The different power profiles

for the George Square cycle are shown in Figure 3.47.

A second set of cycles was developed from the ECE-15 test cycle. This is a standard
test cycle used throughout Europe for passenger vehicle of all kinds. Using this
cycle for the Cobra model allows it to be viewed and discussed in a broader context
of vehicle testing. This set of cycles was formed from four repeated instances of the
ECE-15 cycle. As with the George Square cycle, equations 3-38 and 3-39 were used
to produce the Super Regeneration cycle and equations 3-36 and 3-37 were used to
produce the High Regeneration cycle. However, unlike the George Square cycle
these equations were used to find the positive (discharging) power values as well, as
the Cobra was never actually driven on the ECE-15 cycle. Thus there are some
discrepancies in discharging power values between Super and High Regeneration
profiles. Finally, the Medium Regeneration profile was derived from the High

profile by dividing all charging power values by two. A Low Regeneration option
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was not produced for this cycle; as described above the Low profile gives the real-
life regeneration profile of the Cobra in the George Square cycles, and this
information is not available for the ECE-15 cycles. The speed and power

information for the different ECE-15 profiles are shown in Figure 3.48.

Details of all seven drive cycles are shown in Table 3.1. The percentage of kinetic
energy captured for each cycle is found from the average of the kinetic energy
captured for each braking event for that cycle. For each braking event, this value
was calculated using the total energy captured over the course of the event, divided
by the total change in kinetic energy. Thus, if a braking event began at time ¢, and

ended at time ¢,, then:

140% (1, —1,) = > P(t)
KE%captured =100% * .

(3-40)
Eﬂi(V(fl)2 -v(t,)*)

where P(t) (W) is the power at time ¢, m (kg) is the mass of the vehicle, and v(z) (m/s)
is the speed at time ¢. The value ‘140’ represents the power drawn by the
accessories; thus if a regenerative power of -100W is measured at the batteries, it is
assumed that the actual captured power is -240W, with 140W being sent to the

auxiliary battery and thence to the electrical accessories.
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Figure 3.46: Speed of the George Square test cycle. It was developed by joining four
individual trips around the square, with the joins indicated by dashed vertical lines.
Table 3.1: Properties of the drive cycles used for simulating the Cobra.
CYCLE ECE-15 George Square
Regeneration Med | High | Super | Low Med | High | Super
Time (s) 783 981
Distance (km) 3.976 3.482
Peak Power (kW) | 113 | 113 | 115 115
Peak Regen. (kW) | -1.25 -2.5 -5.1 -0.8 -2.85 -5.7 -9.7
Total E out (kWh) | 0.57 0.57 0.52 0.61
Total E in (kWh) 0.015 | 0.03 0.1 0.01 0.03 0.06 0.13
E in/E out (%) 2.55% | 5.1% | 18.5% | 1.67% | 5.07% | 9.52% | 21.47%
KE captured (%) 14% 24% 76% 9% 18% 30% 70%
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Figure 3.47: Power for the George Square cycle, with varying amounts of
regenerative braking. The lower plot shows a detail of the upper plot to highlight
the different regeneration schemes.
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Speed Profile for ECE-15 Cycle
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Figure 3.48: The ECE-15 test cycle repeated four times. The upper plot shows the
speed while the lower plot shows the power for just one iteration of the cycle,
demonstrating the different power schemes. Equations 3-36 to 3-39 were used to
find the discharging power as well as the charging power, hence the discrepancies
between the Super Regeneration and the High and Medium Regeneration profiles.

3.6 Chapter Summary
A model of the Cobra battery pack has been created using the ADVISOR Rint

battery model as a starting point. Voltage and resistance data for the existing Cobra
batteries was entered into the model, however this did not give a satisfactory fit

between modelled data and test results. It was essential to create a model that could
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be used within the ADVISOR framework that would accurately and repeatedly
calculate voltage and current from power demand information. This was achieved
with the inclusion of a modelled constant voltage drop during discharge and a
delayed voltage recovery when the batteries are not being discharged. This novel
battery model, developed by the author, combines simplicity with accuracy, and is
suitable for use in ADVISOR. The peak error of this new model was 3.1% - less
than a third of the 12% error recorded by ADVISOR’s developers for the original
Rint model, and also noticeably lower than the 4% error found by the developers for
ADVISOR’s RC model. Although this model was developed for the Cobra batteries,
the charge transfer resistance and capacitive effects which it simulates are a common

feature of batteries and the model should therefore be broadly applicable.

The model was verified using data recorded during driving tests in Glasgow. The
Cobra was driven on a 5.4 mile route with a 10 minute pause halfway through,
imitating a city commute. The Cobra was also driven on a short 0.7 mile route at a

range of states of charge.

The Cobra offers limited regenerative braking, as it is a low budget car it does not
offer the active braking control necessary to extract the full energy that might be
available. To assess the amount of energy that could potentially be extracted, the
relationship of the Cobra’s power, speed and acceleration was assessed and a
regeneration profile extrapolated. This led to the creation of four possible
regeneration profiles: Low, Medium, High and Super Regeneration. These were

subsequently used for testing the optimisation strategies.

The hybrid Cobra was developed using the battery-only Cobra as a starting point.
The additional supercapacitor pack was sized and the control strategy determined
using a hybrid battery/supercapacitor model developed by the author. The effect of
the different regeneration profiles was also investigated. The development of that

model and the sizing of the supercapacitor pack are discussed in the next chapter.
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4 Design and Model of the Hybrid System

The first stage in designing a hybrid system is to specify an appropriate pack size and
rating of supercapacitor. The ideal supercapacitor pack would be small, light, cheap,
have both high energy and high power density, and very low internal resistance.
Additionally, it should be resistant to damage, and should be fail safe should any
damage occur. However, a practical supercapacitor pack must feature some
compromises. For example, higher energy and power densities mean higher cost,
and for commercially available supercapacitors the materials with the best

performance also have a risk of producing toxic by-products [151].

This chapter discusses the current state of commercially available supercapacitors,
and sizing considerations given the available technology. It then describes the
supercapacitor model used to simulate the hybrid Cobra. The batteries and
supercapacitors in this model are both controlled with half bridge converters, and the
development and modelling of these converters is discussed. The chapter concludes

with a description of the complete hybrid model and power flow control strategy.

4.1 Commercially Available Supercapacitors

Large-scale supercapacitors range in capacitance from a few hundred to several
thousand Farads. Commercial data from five supercapacitor companies was assessed
to determine what performance is available with current technology. These
companies are Ness [152], Maxwell [42], batScap [153], Nippon Chemi-con [154]
and Epcos [155]. These capacitors range between 120F and 9000F and have
operating voltages of 2.3V to 2.7V per cell.

In general a higher capacitance device will have a lower resistance and a higher cost
per unit, while energy density remains roughly constant regardless of capacitance.
Larger supercapacitors also tend to be a bit cheaper per unit energy. Figure 4.1

shows how capacitance relates to the DC equivalent series resistance (ESR) and

" Epcos ceased manufacture of supercapacitors in 2006.
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energy density for supercapacitors from different companies. Figure 4.2 shows the
cost per unit and cost vs. energy content of selected capacitors from three of the
companies, using cost information from 2007 and 2008. In both figures, the energy
and resistance information was taken from the product datasheets, and the energy

density describes the nominal energy content of the supercapacitors at peak voltage.
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Figure 4.1: The upper plot shows the capacitance vs the DC equivalent series
resistance (ESR) for several commercially available supercapacitors. The lower plot
shows the capacitance vs the energy density for the same capacitors. Energy density
information was not available for the Nippon Chemi-con capacitors.
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Figure 4.2: The cost for selected supercapacitors from Ness, Maxwell and Nippon
Chemi-con, with price information from 2007 and 2008. The upper plot shows the
cost per unit and the lower plot shows cost per Wh for the same capacitors.

As can be seen in Figure 4.2, Maxwell and Ness show a broadly linear relationship of
cost and capacitance, but Nippon Chemi-con’s supercapacitors are much more
expensive. Furthermore, Figure 4.1 shows that the capacitors from Nippon Chemi-
con have a much higher resistance than any of the other capacitors. The difference in
both cost and resistance is down to the materials. Companies based in America or
Europe use the toxic substance acetonitrile as a solvent. Acetonitrile has been
banned in Japan because of its toxicity, and so Nippon Chemi-con uses propylene

carbonate instead [151].
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Some companies offer several options for a single capacitance. Nippon Chemi-con
offers capacitors with different operating voltages and resistances. Maxwell offers
capacitors with different resistance, although all have a peak voltage of 2.7V. A
lower voltage or higher resistance means a lower price. Choosing an appropriate
supercapacitor pack for use in a vehicle means trading off between a number of

factors including cost, resistance, voltage and size.

4.2 Sizing a Supercapacitor Pack

Sizing a supercapacitor pack means determining the amount of energy it will
need to store, the operating voltage, and the number and layout of individual
capacitors needed to provide this energy and voltage. This is partially determined by
the characteristics of the battery-powered vehicle to which the capacitors are to be
added. If the vehicle has a pre-determined battery pack and motor, as the Cobra
does, then this will apply certain constraints to the supercapacitor pack sizing. For
example, the operating voltage of the pack will need to be suitable for interfacing
with the batteries and motor, and the supercapacitor pack will need to physically fit
into the vehicle. The intended purpose of the vehicle is also important; since the
Cobra is a low-budget vehicle the supercapacitor pack and electronics will also need
to be low-budget. Finally, the ideal pack size depends on what purpose the pack is to
serve. This section will consider the pack sizing implications for two options:

e to increase the vehicle efficiency

e to extend the life of the batteries by minimising their peak currents.

Each of these options requires different considerations for selecting a pack size.
These options have been chosen out of the list of four options given in Section 1.3 as
being most suitable for the Cobra; the option to improve vehicle acceleration
performance was not investigated as the Cobra power is limited by the motor, rather
than by the batteries. The option to replace some batteries with supercapacitors was

also not investigated, as this would excessively limit the range.
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It is crucial to include the effects of the power electronics in any calculation of
optimal pack sizing. Power electronics are essential for the integration of
supercapacitors with batteries in an electric vehicle, as discussed in section 2.4. It is
easy to assess the supercapacitors as an ideal element providing and sinking a certain
amount of power, but the electronics required to achieve this introduce certain
practical limitations. These must be considered if a physically useful result is to be

found.

4.2.1 Pack Voltage

The cost per unit energy for the acetonitrile-based supercapacitors decreases as the
unit capacitance increases, as shown in Figure 4.2. It is therefore cheaper to buy a
small number of large capacitors than to buy a large number of smaller capacitors.

However, this introduces a problem — extracting the power from the capacitors.

Consider a supercapacitor pack which might be purchased for use in the Cobra.
Assume the pack will need to contain 17Wh; this could be accomplished with 30
capacitors with a capacitance of 650F, or with just 8 capacitors with a capacitance of
2600F. In 2007, high-power 650F supercapacitors from Maxwell cost £22.01, while
high-power 2600F supercapacitors from the same company cost £49.50 each. In this
scenario, the pack consisting of 650F capacitors would cost £660.30 while the pack
with 2600F capacitors would cost just £396.00. The difference in cost is stark, and
that is even without considering the fact that the eight 2600F capacitors would need

far less in the way of charge-balancing electronics to connect them.

Now consider the power output of each pack. The power provided by a pack of

supercapacitors is given by
P=V,.-IR)I, (4-1)

where Vo is the open circuit voltage of the unit, / is the current, R is the internal
resistance and P is the provided power. Driving tests with the Cobra have found a
peak power of 12kW and a typical average power of 2.5kW. The 650F

supercapacitor pack has an operating voltage of 75V, and a nominal resistance of
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24mQ. If the supercapacitors are to supply a power of 9.5kW (the Cobra peak power
minus the average power) when fully charged, this pack will need to supply a current
of 132A. The 2600F supercapacitor pack, on the other hand, has an operating
voltage of just 20V and a nominal resistance of 2.48m€. This pack must provide a
current of 507A to provide the same power. This is possible for the supercapacitors,
but would require very robust, heavy and expensive power electronics to deliver this

power to the motor.

It is important that the supercapacitor pack voltage is high enough to supply the
required power at reasonable currents. What is considered reasonable will depend on
the budget and intended market for the vehicle — for the Cobra supercapacitor pack,
the peak current has been defined as 250A, as this is the peak current possible in the
battery-only Cobra. For cost reasons, the supercapacitor pack voltage should not be
any higher than what is necessary; supercapacitor voltage is limited to 2.7V per unit,
so a higher voltage means more units, and hence a higher cost as described above. In
this case, the Cobra is an existing battery-powered vehicle to which supercapacitors
will be added, and the supercapacitor pack should be sized to fit. The supercapacitor
pack will be assumed to have a similar nominal voltage to the batteries — thirty
supercapacitors in series will have a nominal voltage of 75V, as the battery pack,
with a nominal voltage of 72V, has a typical terminal voltage of ~75V. The energy
needs of the different proposed optimisations will then dictate the capacitance of the

individual supercapacitors in the pack.

4.2.2 Sizing Considerations for Maximising Efficiency

The batteries are the ultimate source of almost all the energy in the vehicle. The
supercapacitors may also be charged while the vehicle is plugged in, but they will
contain only a fraction of the total vehicle energy. For example, a pack of thirty
5000F supercapacitors charged to 75V contains 0.13kWh, while thirty 600F
supercapacitors contain 0.016 kWh. The Cobra batteries contain 5.04 kWh, so a
single pack of supercapacitors for the Cobra would contain between 0.3% and 2.5%
of the vehicle’s total energy. Apart from this small contribution, any energy that
comes from the supercapacitors will have come to the supercapacitors during a drive

cycle, either from the batteries or from regenerative braking.
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The benefits of sending regenerated energy to the supercapacitors have already been
discussed in Section 2.2.2. The supercapacitors can receive a much higher charging
current without being damaged than can the batteries, allowing more energy to be
recaptured and increasing overall efficiency. For example, the Cobra battery
charging currents are limited to 55A, but the supercapacitors can receive the full
110A which the motor can generate. The supercapacitor pack should therefore be

large enough to capture all of the regenerated energy from a braking event.

What pack size is therefore needed for the Cobra, if the goal is to capture all of the
regenerated braking energy? The energy contained in a moving vehicle is given by

the equation
E= /2 mv’, (4-2)

where E (J) is the energy, m (kg) is the mass of the vehicle and v (m/s) is the
velocity. This is the upper limit to the energy that can be captured via regenerative

braking.

The battery-only Cobra weighs 785.5kg and has a top speed of 40mph, or 17.88m/s.
Assuming a 70kg driver, this means the maximum kinetic energy of the vehicle is
38Wh. (For further comment on vehicle mass, see Section 4.5.2.) Some of this
energy will be lost in the motor/generator and in the power electronics connecting the

motor to the supercapacitor.

According to [149], typically up to 30% of the kinetic energy of a vehicle can be
retrieved in regenerative braking, thus the supercapacitors will receive at most
11.4Wh. This is the energy that must be available in the supercapacitor pack. In the
Cobra, as in a number of other cars which use supercapacitors [19, 49, 59, 69], the
capacitors are not discharged below 50% of their peak voltage, making 75% of their
total energy available (from Equation 2-5). The ideal pack must therefore have a
total energy content of 15.2Wh. If the pack consists of thirty supercapacitors with a
peak voltage of 2.5V each, then each capacitor should have a capacitance of 584F.

This value will go up or down depending on the actual regeneration profile of the
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vehicle — more energy could be available with active braking management on each
wheel, while some vehicles will use a regeneration scheme that recoups less energy.
The battery-only Cobra typically recoups only 9% of the kinetic energy, and thus
would receive at most 3.4Wh. For a pack of thirty supercapacitors, the individual
capacitors would need to be only 131F to capture all the available regenerated
energy. On the other hand, with full traction control an urban vehicle like the Cobra
could capture more than 87% of the vehicle’s kinetic energy [150], and the

supercapacitors in the pack would need 1270F to capture this energy.

Complicating this is the fact that lower capacitance is associated with higher
resistance in supercapacitors. This means that simply sizing the supercapacitor pack
to capture braking energy is not likely to present the optimal solution for maximising
efficiency. A 600F supercapacitor from Ness has a DC equivalent series resistance
of 0.83mQ, while a 5000F capacitor has a DC ESR of 0.33mQ - less than half the
value of the smaller capacitors. This means the S000F supercapacitor pack would
have a lower resistance, improving efficiency. Additionally, a larger supercapacitor
pack would contain more energy, and therefore would increase the range of the

vehicle slightly purely by virtue of having more energy available.

In addition to receiving regenerative energy, the supercapacitors may be recharged
from the batteries. If the supercapacitors are charged from the batteries, they may be
able to provide more high power peaks; this offers an efficiency benefit as the
supercapacitors have a lower internal resistance than the batteries and hence lower
losses. For example, the Cobra battery pack has an internal resistance of 60m£2, not
counting the voltage drop effect described in Section 3.2.5. This is two orders of
magnitude higher than the resistance of the supercapacitor packs described in the
previous paragraph. However, when the batteries charge the supercapacitors, this
can have a negative effect on the vehicle efficiency. This energy must travel from
the batteries to the supercapacitors, suffering internal losses in both devices and also
in the intervening power electronics. It must then travel from the supercapacitors to

the motor, with further losses in the devices and in the power electronics. The
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optimal charging rate was examined using the control strategy described in Section

4.5.1.

4.2.3 Sizing Considerations for Constant Battery Power

The minimum battery current can be achieved by having the battery supply a
constant power equal to the average power needed for the drive cycle, and to have
the supercapacitors supplying all the excess power and also absorbing power from
the battery whenever the vehicle demand is less than the average. This is the strategy
described as ideal by Barrade and Rufer in [70]. The obvious problem with this
strategy is that every cycle will have a different average power and energy
requirement, and it is impossible to know in advance exactly when the

supercapacitors will be needed to provide or sink power.

Consider a drive cycle in which the batteries supply a certain total energy E, at a
constant power. Whenever the vehicle requires power above average, the excess
must be supplied from the supercapacitors; E...s is defined to be the total energy
supplied from the supercapacitors to the motor in this fashion. Whenever the vehicle
requires power below average, the battery will supply the required power to the
motor, and the remainder of its constant output must go to the supercapacitors. The
total energy delivered to the supercapacitors from the batteries is defined as Egporgu.
This also includes the full value of the battery output power whenever the vehicle is
braking. Finally, all of the regenerated energy from braking, E,e., 1S sent to the
supercapacitors. This classification of the energy in the system is illustrated in

Figure 4.3.

In order to discuss the losses in the energy storage system, the following efficiencies
are defined: supercapacitor pack efficiency 7, battery pack efficiency 7, efficiency
of power electronics between batteries and motor 7., between supercapacitors and
motor 7, and between batteries and supercapacitors 7. Hence the total losses in

the energy storage system can be expressed as:

Elost = Eexcess (1 - 775 )(1 - nstm ) + Eshortfall (1 - nb )(1 - nbts )(1 - 775 ) +

(43)
Eregen (1 - 775 )(1 - nstm ) + (Etot - Eshortfall )(1 - nb )(1 - nbtm )
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The losses in the motor and in later stages of the vehicle are not considered here
because they would be the same no matter what energy storage system was used,
assuming the drive cycle is driven in the same manner. The energy flow and

efficiencies are illustrated in Figure 4.4.

Power Flow for a Single ECE-15 Cycle
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Figure 4.3: Example of the energy categorisation for a single ECE-15 cycle. The red
line shows the power for the cycle and the blue line shows the average power. The
area under the blue line is therefore the total energy E. Ecycessy Eshorttan a0d Epegen
are also indicated with their respective areas.
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Figure 4.4: A diagram of the energy flow and efficiency losses in a
battery/supercapacitor hybrid vehicle.
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Consider a simplified scenario in which the efficiencies have fixed values. In this
case 75 1s 98% (as per [21]), #» 1s 82.5% [22], and the power electronics have an
efficiency of 98%. This is a typical value for the efficiency of the power electronics,
described in detail in Section 4.4, across a power range of 2-3kW. The drive cycle in
this example is the ECE-15 cycle from Advisor, a standard cycle used in Europe to
test a wide variety of vehicles. The cycle details are shown in Figure 2.1. This
power information was calculated using equations 3-35, 3-36 and 3-37, and
represents the power requested from the energy storage for given speeds and
accelerations, based on measurements of the Cobra batteries during actual drive
cycles. Thus the power and energy described here includes the losses due to friction,

air resistance, and motor efficiency.

For a small car with similar details to the Cobra, the ECE-15 cycle requires a total of
484Kk]J of energy, delivered at an average power of 2410W over 200s. A total energy
of 492KkJ is delivered at powers above the average (Eeycss) and 18kJ is delivered at
powers below the average (Egnonpi), With a further 26kJ available from regenerative
braking (Eegen), assuming the friction brakes are not used (484 = 492 + 18 — 26).
Using equation 4-3, the amount of energy lost is 1.8kJ. The vehicle travels 0.99km
in the course of the cycle, so the yield is calculated as 7.36km/kWh. The average
power output of the batteries, accounting for the losses, becomes 2431kW, and the
output current to provide this power is 33A when the batteries are fully charged,

rising to 36A when the batteries are at 30% SOC.

To achieve this performance, a sufficiently large supercapacitor pack is needed to
handle all the fluctuations in power. The supercapacitor pack sizing is accomplished
by following the process defined by Barrade [70]. The cumulative energy needs of
the cycle, as a function of time, are compared to the energy output that results from a
constant power, as shown in Figure 4.5. The difference between these two curves is
the power fluctuation that must be provided from and to the supercapacitors — shown
in green in Figure 4.5. The energy rating of the supercapacitors must therefore be
equal to the difference between the maximum value and the minimum value of the

fluctuations shown in the green curve. In this case, the difference is 146kJ.
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Assuming the supercapacitors can provide 75% of their energy content and given a

pack of thirty series-connected supercapacitors, then from Equation 2-5:
(1460001)*4/3=1/2%30%(2.5V)**C (4-4)

The supercapacitors in the pack would need a total of 195kJ and an individual

capacitance of 2076F to meet the energy demand.

Cumulative Energy Profile for a Single ECE-15 Cycle
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Figure 4.5: Cumulative energy of a single ECE-15 cycle, along with the equivalent
constant power out, ideally supplied by the batteries, and the difference between the
two, ideally supplied by the supercapacitors.

The supercapacitor must start at some SOC lower than 100%, because it starts out by
sinking power from the battery. This is indicated by the negative value of the green
line in Figure 4.5. The supercapacitor then supplies power until it reaches its original
SOC at a time of 84s, then sinks power again until it has received 76kJ — this is the
minimum point on the green line in, and occurs at 118s. After this point the
supercapacitor delivers power until it has again returned to its starting SOC, then
delivers further power until it has supplied 70kJ more than its starting SOC — this is
the maximum point on the green line. Additionally, one quarter of the total energy,

49k]J cannot be accessed.

Using this information, the starting SOC of the supercapacitor can be calculated:
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(70kJ+49kJ)/195kJ = 1-76kJ/195k] = 0.61 (4-5)

This highlights the impracticality of this method of control — how could the required
starting SOC be known in advance? This analysis remains useful as a comparison of
the different pack sizes that would be needed to achieve the maximum benefit for an
efficiency-maximising strategy vs. a battery current-minimising strategy. It also
provides a lower limit for the peak battery current value, in this case 33-36A as

described above.

4.2.4 Cost

Ultimately, the chosen supercapacitor pack must be cost-effective. For a low-cost
vehicle like the Cobra, this is a significant limiting factor. The Cobra batteries cost
£154.14 each in 2007, giving a total pack cost of £924.84. This cost must be kept in

mind when considering the cost benefit of a hybridisation strategy.

If the supercapacitors are to be added as a means of extending the battery life, then
the cost analysis is fairly straightforward. First, the expected lifetime of the batteries
in normal use, without the addition of supercapacitors, must be determined through
testing. For example, if the batteries will typically last for 3 years when used without
the supercapacitors, and if the vehicle itself is used for 9 years, then the batteries
must be replaced twice in the vehicle lifetime. Next, the typical life extension
provided by the supercapacitors must be determined. If the supercapacitors increase
the battery lifetime by 50%, to 4.5 years, then this will be a worthwhile strategy only
if the supercapacitors and the associated electronics cost less than a replacement
battery pack. In this scenario the batteries will be replaced once in the life of the
vehicle, not twice, making up for the additional costs associated with installing a
pack of supercapacitors. If the supercapacitors can extend the battery life by 200%,
to 9 years, then they and the electronics could cost up to £1850 and remain a
worthwhile investment. If the batteries have remaining life when the vehicle is
scrapped, then they may retain some resale value — in [156] this value is calculated as

70% of the original battery cost, multiplied by the percentage of life remaining.
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Assessing the benefit of hybridisation in a scheme to increase range or to improve
acceleration is more complex. One approach is to consider the benefit that would be
achieved by adding an additional battery to the pack. One extra battery for the Cobra
would cost £154.14, and the battery Cobra model can be altered to account for an
extra battery in the string, showing the benefit to range and performance. The
currents in each battery would also be reduced, so there could be life extension
benefits as well. Of course, adding a battery would also increase the voltage of the
system. The Cobra motor can accept a voltage up to 400V, so this would be
possible. Thus, the addition of one or more additional batteries is considered in this
study as an alternative to adding supercapacitors, and provides a check that the

supercapacitors have a worthwhile effect.

4.2.5 Pack Sizing Summary

Following the pack sizing methods described in Sections 4.2.2 and 4.2.3, suggested
supercapacitor pack sizes for each cycle is shown in Table 4.1. In each case it is
assumed that the pack consists of thirty supercapacitors in series, to meet the voltage

needs of the vehicle.

The first sizing method indicates the supercapacitor pack size that is needed to
capture all of the regenerative braking energy. This is the minimum pack size that is
needed for an efficiency-maximising strategy, and the amount of regenerative energy
that is available in the cycle makes a substantial difference to the pack size.
However, the methodology does not account for the increased internal resistance of
the smaller supercapacitors, nor can it optimise the charging power from the
batteries. These elements must be determined through simulations, as described in

the remainder of this chapter.

The second sizing method indicates the supercapacitor pack size that is needed to
permit the batteries to deliver a constant power throughout the cycle, assuming
perfect control of the cycle. Interestingly, the amount of regenerative braking in the
cycle does not make a substantial impact to the optimal size of the supercapacitors.

The major flaw in this method is that no drive cycle can be known in advance, and so
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perfect control is impossible. Again, the simulations described in this chapter are

used to find an effective pack size given a rule-based control strategy.

The final aspect to the sizing of the supercapacitor pack is cost. For each suggested
pack, the cost of the smallest suitable, commercially-available supercapacitors is
given. Only those supercapacitors which were used in the hybrid system simulations
are considered; a full list is given in Table 4.3. Costs in this table are given for 650F,
1700F, 2600F and 5000F supercapacitors — smaller capacitances were not considered

as such supercapacitors have DC resistance values in excess of 1mg.

Table 4.1: Theoretical pack sizes for supercapacitor packs given different cycles and
strategies. Sizing for optimal efficiency follows the method discussed in Section
4.2.2, while sizing for minimised peak battery currents follows the method detailed
in Section 4.2.3.

Sized for Cost of Sized for battery Cost of
Cycle Regen. . current
efficiency pack c e .. pack
minimisation
Medium 268F £660.3 2051F £1485
ECE-15 High 462F £660.3 2016F £1485
Super 1475F £1275 2211F £1485
Low 175F £660.3 4691F £2580
George | Medium 356F £660.3 4619F £2580
Square High S581F £660.3 4486F £2580
Super 1371F £1275 4017F £2580

4.3 Modelling the Cobra Supercapacitor Pack

The electrical simulation model for supercapacitors in an electric vehicle must be
suitable for a rapidly changing and irregular power profile, including both charging
and discharging. The Cobra model is based on ADVISOR, so the supercapacitor
model also needs to operate within this framework. The ADVISOR simulations use
electrical power as the input and output variable for each component, and any model
used with this program must take this form. A number of variables must be tracked —

of particular interest for this research are the current, voltage and power losses.
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These will vary in time increments of one second as this is the simulation time step

used by ADVISOR.

The supercapacitors were tested with a 1470E potentiostat from Solartron, which has
a peak current of 4A and a peak voltage of 30V. The test current is therefore
significantly lower than the currents the capacitors would experience in a vehicle,
which in the hybrid Cobra would be up to 250A. The literature indicates that
supercapacitor characteristics are not affected by the current magnitude [107]. To
confirm this, four 10F supercapacitors were tested with a range of currents. These
supercapacitors contain an organic electrolyte and carbon electrodes, like the 650F
supercapacitors. Unlike the 650F supercapacitors, the 10F ones have a peak voltage
of 2.3V — no 10F supercapacitor was available with a 2.7V peak voltage. The 10F
supercapacitors were cycled 15 times between 0V and 2.3V at currents ranging from
0.05A to 3.85A. The nominal charging time for a supercapacitor can be calculated

using equation 3-10, which for a constant current becomes:

AV :%(IAt) (4-6)
At
NG (4-7)

where C is the capacitance, / is the constant current, AV is the change in voltage and
At is the time for which the current is applied. If two different supercapacitors
experience two different currents such that AV and At are the same for both, then:

c, I

1 _-1 (4-8)

C2 I 2

Therefore, the nominal charging time for a 10F supercapacitor experience a current /
is the same as for a 650F supercapacitor experiencing a current of 65/, and the
current range of 0.05A to 3.85A for the 10F capacitors is equivalent in terms of

charging time to currents of 3.25A to 250.25A, respectively.
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As shown in Figure 4.6, the overall capacitance of the 10F supercapacitors during
repeated cycles, using the potentiostat at different currents showed an average
decrease of 7% as the current increased from 0.05A to 3.85A. This suggests that the
calculated capacitance of the 650F capacitors may be slightly overstated, but the
margin of error will be small. The energy efficiency of the 10F supercapacitors was
found to be >99% at all currents for three of the supercapacitors, while the fourth had
an efficiency of 97%. This confirms that the energy efficiency of the supercapacitors

is not dependent on current for the current ranges investigated.
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Figure 4.6: The overall capacitance of a nominal 10F supercapacitor after several
cycles at various currents.
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4.3.1 Test Results

Tests performed on the commercial Maxwell supercapacitors have confirmed the
relationship of voltage to capacitance, which was described in section 2.6.1. These
tests also indicated the effects of the deep pore structure on the capacitor’s
behaviour. Three types of test were performed. First, the supercapacitors were
cycled between OV to the peak voltage of 2.7V with a constant current of 3.8A to
demonstrate their behaviour throughout their full voltage range. These cycles were
repeated fifteen consecutive times in order to allow the cycling regime to penetrate to
the deep pore structures, as illustrated in Figure 2.15. Fifteen cycles was sufficient to
ensure that the calculated capacitance was stable, varying by less than 0.5% over the
last five cycles for each capacitor. Next, the capacitors were cycled between 1.25V
and 2.5V as this is more representative of the voltage range that would typically be
encountered in use in the Cobra. The minimum voltage is chosen to allow three
quarters of their stored energy to be extracted, while limiting high currents and poor
efficiency in the power electronics which would occur with a much lower pack
voltage. The maximum voltage is reduced slightly, on the advice of Maxwell, to
reduce the risk of overcharge when used with regenerative braking. These cycles
were also performed fifteen times consecutively. The final test involved subjecting
the capacitors to a variable current intended to imitate the currents they might
encounter while in use. This test was derived from models of the capacitors in the

ECE drive cycle, which is shown in Figure 2.1.

It should be noted at this point that some of the 650F supercapacitors were purchased
in early 2007, and several more were purchased in early 2009. Although the two sets
of capacitors have the same nominal capacitance and are from the same product
series, the newer set have a significantly improved performance, with an effective
capacitance 10% higher than the older capacitors. The newer set also have a
significantly increased cost of £38.54 per unit, while the older set cost £22.01 per
unit. It is not known what part of the cost increase is due to different manufacturing
techniques, and what part is due to the global economic upheaval that began in 2008.
The modelling efforts focus on the newer supercapacitors, but the older ones are

mentioned to provide an illustration of the rapid advancements that are being made in
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the supercapacitor industry, and the difficulty of fully anticipating the performance

of'a commercial supercapacitor based on the nominal qualities alone.

When a single, newer 650F capacitor is repeatedly cycled from 0V to 2.7V with a
DC current of 3.8A, its apparent overall capacitance by the end of the cycles is found
to be within 1.5% of its nominal capacitance — in other words, the amount of energy
put into the capacitor is equivalent to the energy needed to charge an ideal 650F
capacitor to the same voltage. But the apparent capacitance at each step of the

charging process is highly variable.

As an illustration, consider the test results of a specific capacitor, designated E30,
being charged from 0V to 2.7V with a constant DC current of 3.8A. A single charge
after repeated cycling at this current took place over a period of 454 seconds. An
examination of this charging event reveals the varying nature of the capacitance with
respect to voltage. Equation 4-7 can be used to find the apparent capacitance of this
capacitor as 645.1F, very close to the nominal value:

C=I§—;=3.8%=645.1F (4-9)

However, when the above calculation is performed at one second intervals, a very
different picture emerges. Rather than a constant capacitance, it shows a capacitance
that varies from 482F at the beginning of the charge to as much as 815F towards the
end. The relationship of capacitance to potential is roughly linear, and is due to the
interfacial tension between the electrodes and electrolyte, as discussed in Section

2.6.1.

Consider now the discharging event which immediately preceded this charging
event. The capacitor discharge current was also 3.8A. This discharge from 2.7V to
0V took 452.4 seconds, indicating an overall capacitance of 642.7F — slightly lower
than the value found for the charge. The lower apparent capacitance on discharge
allows a calculation of the supercapacitor’s energy efficiency: from equation 2-5,

energy content is proportional to capacitance. So:
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The discharge capacitance also varies with respect to voltage, but with a slightly
different profile than the charging capacitance. Figure 4.7 illustrates the relationship
of capacitance vs. voltage for the supercapacitor during a charge and a discharge.
The small oscillations in capacitance values at higher potentials are caused by

inaccuracies in the equipment.

900 - Apparen_t Capacitancevs Vol_lage
a50 for cycling a 650F supercapacitor

800
750
700 4 _naiig
I e g - - - - - =
600 - =

!!!!!

O Charging

Apparent Capacitance (F)

230 #+ Discharging

500 )

450 - = = Mlominal

4‘[]0 T T T T T T T T 1
1] 0.3 0.6 0.9 1.2 1.5 1.8 21 24 27

Voltage (V)

Figure 4.7: Capacitance vs. Potential calculated at one second intervals when cycling
a single 650F capacitor.

Compare these results with the apparent capacitance found at the start of the cycling.
The very first charge in this series brought the capacitor from 0.15V to 2.7V in 453.2
seconds. (This was the first test performed on this capacitor at Strathclyde, so the
small residual charge is a remnant from the factory.) The capacitance calculated
from this charging event is 674.7F — almost 5% higher than the capacitance found
after several cycles. This much higher measured capacitance is due to charge
‘disappearing’ into the deep pore structure of the capacitor. This energy is not gone
— after the capacitor is discharged to OV and left in open circuit, the ions move back
out of the pores and cause the measured voltage to rise again, as discussed in section
2.6.1. Nevertheless, the subsequent discharge showed an apparent capacitance of
642.8F. This means that this charge/discharge cycle had an apparent energy
efficiency of 95.3%.
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The supercapacitors were also cycled between 1.25V and 2.5V, to examine their
behaviour over the range which they would typically experience while in use in a
vehicle. For supercapacitor E30, these half-cycle tests found an overall capacitance
of 686.3F while charging and 685.5F while discharging. The higher overall
capacitance is down to the higher voltages used and the higher interfacial tension that
this creates. Note, though, that the relationship of capacitance to voltage did not
quite agree with the values found during the full cycles; this discrepancy is shown in
Figure 4.8. Capacitance values for this figure are calculated at 1-second intervals,

however only selected data points are shown for clarity.

Apparent Capacitance vs Voltage
for both half and full cycling of a 650F supercapacitor
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Figure 4.8: Apparent capacitance vs Potential when cycling a single 650F capacitor
between 0 and 2.7V (full cycle) and between 1.25 and 2.5V (half cycle).

These tests illustrate the difficulty in creating an accurate model of a supercapacitor.
The history of the capacitor makes a noticeable difference to its behaviour — a
supercapacitor which has been resting in a discharged state will seem to have a
higher capacitance when charged than will a supercapacitor that is undergoing
repeated cycles. Furthermore, a capacitor which is cycling over its full voltage range

shows different effective capacitance at each voltage than a capacitor cycling over a

151 of 248



part of its range. These variations can lead to a very complex model — but more
complexity generally implies a longer processing time for the simulation, and a
longer testing time for acquiring parameters. If several sizes of supercapacitors are
to be simulated for comparison, then each size would need to be purchased and
characterised, increasing costs. Thus the simulations should use the simplest
possible model for the supercapacitor which still gives an appropriately accurate
result. The battery model, described in Section 3.2, has an error of 3%. Ideally, the
supercapacitor model will be no less accurate. To assess this, a drive cycle-like
current profile was applied to the capacitors and simulated across a range of

supercapacitor models.

4.3.2 Selecting a Model

The test cycle was based on the ECE drive cycle shown in Figure 2.1. This was used
to create a current profile for a supercapacitor pack assisting the batteries during this
cycle. This profile includes periods of discharging power, when the supercapacitors
assist with vehicle acceleration, and periods of recharging when the supercapacitors
are either capturing energy from regenerative braking or being recharged by the

batteries.

The currents were scaled down by a factor of 60 due to the limitations of the test
equipment, and the time was extended by a factor of 2 so that the total energy
moving in and out of a single supercapacitor would remain approximately the same
as for that supercapacitor as part of a pack of 30 in the actual drive cycle. Time
periods in open circuit were not extended for the test cycle. Each capacitor was
charged to 2.5V and then left in open circuit for ten minutes before the cycle was
applied. This was to broadly imitate the experience of supercapacitors in an electric
vehicle, plugged into a charging unit until a few minutes before the vehicle is driven.
The voltage of the tested capacitors varied throughout the test from about 1.5V to
about 2.5V (with minor variations depending on the individual capacitor chosen)
thus experiencing most of its useful range. The current and voltage profile of a
sample capacitor are shown in Figure 4.11. The current and voltage were multiplied
at one second intervals to create a power profile suitable for use in an ADVISOR-

based model for each capacitor.
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ADVISOR calculates supercapacitor state of charge as a fraction of peak voltage, not
as a fraction of energy. For clarity, this value will be referred to as SOCy in this
thesis, as elsewhere the supercapacitor SOC is treated as a fraction of total energy
content, as is the battery SOC. The basic ADVISOR model uses the initial SOCy of
a supercapacitor to find the open circuit voltage, and then uses that, together with the
resistance and the requested power, to determine the device current and measured
voltage. The current and capacitance are then used to find the new SOCy for the

next step. These steps are performed in a similar fashion to those in the battery

model, as:

P = Vyeasl (4-11)
and

Vs =Voc —IR (4-12)

where P (W) is the power, V,..s (V) is the voltage measured at the terminals, 7 (A) is
the current, Voc (V) is the open circuit voltage and R () is the internal resistance.

Thus, power can be defined in terms of current as:
P =Voc-IR)I (4-13)

For a given power demand, open circuit voltage and resistance, the current can be

found using:

_Voc = Voo —4RP

2R (4-14)

As in the battery model, the alternate solution:

Vo +Voe” —4RP @.15)

2R

is neglected because of the higher currents resulting from it. The new supercapacitor

SOCy is found using:
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At

VOC(n+l) = VOC(n) - ]E (4-16)

V —V
sSOC, = _OC(+h  ~ 0% 4-17)

100% VO%

where At is the time step of the simulation, # indicates the time step in question, C is
the capacitance, and Ve, and Voo are the supercapacitor voltages at 0% and 100%

SOC, respectively.

If the requested power causes the supercapacitor voltage to exceed set boundaries,
then the supercapacitor will supply or sink whatever power it can handle while
remaining within the boundaries, and the discrepancy between requested and actual

power is noted. This model does not include or account for temperature effects.

The supercapacitor pack model is implemented in Matlab/Simulink, using a discrete,
fixed-step solver with a time step of one second. As with the battery model, this
enables it to be used in ADVISOR and the author’s ADVISOR-based hybrid energy
storage system model. The author’s modified Matlab/Simulink model is shown in

Figure 4.9, with a simplified flow chart representing the model shown in Figure 4.10.

The model has been modified by the author to include varying capacitance values.
Four variations of this model were tested. These were:
1) a model using the nominal capacitance of 650F
2) a model with a capacitance varying with voltage, as derived with full cycle
tests (the data shown in Figure 4.7)
3) a model using the overall capacitance found in the half cycle tests — in this
case, 686F for charging and 685F for discharging
4) a model with a capacitance varying with voltage, as derived with half cycle

tests (the half cycle data shown in Figure 4.8).
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Figure 4.11: The upper plot shows the current profile used to replicate the energy
flow that a supercapacitor could experience as part of a battery/supercapacitor
vehicle during the ECE cycle. The lower plot shows the voltage of a 650F
supercapacitor (E28) subjected to this current. Negative currents indicate
discharging, and positive currents indicate charging.

The drive cycle tests were performed with the 1470E potentiostat from Solartron, as
described at the beginning of Section 4.3. Each model used a constant resistance
based on the potentiostat channel which was used to perform the tests. The test
equipment was in use by several researchers, thus the channel chosen was based on
availability. Four channels were used at different times, with the average resistance
of the cables plus the supercapacitor ranging from 1.4m€ for channel 3 to 3.3mq2 for

channel 1. The resistance was sensitive to cable position: in cases where an
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individual supercapacitor was disconnected from the equipment and later
reconnected to the same channel for another test, the measured resistance varied by
up to 2mQ. This is much higher than the nominal supercapacitor resistance of
0.8mQ, therefore the supercapacitor resistance in the final Cobra model was taken as

the nominal resistance in all cases.

For supercapacitor E28, used as the example here, each model used a constant
resistance of 2.7mQ for discharging, the average supercapacitor plus cable resistance
for channel 6. This was chosen so that the model would conform to the test data,
which included the cables in the voltage measurements. E28 was measured by the
potentiostat to be at a voltage of 2.456V at the start of the test, giving an SOCy of
0.9824 from Equation 4-17. The modelled capacitor therefore had an initial SOCy
value of 0.9824 to ensure the starting voltage of the simulation matched the starting
voltage of the test. Other individual supercapacitors analysed in this fashion had
different values for resistance and starting SOC, appropriate to their starting voltage

and test channel used.

The results of these simulations are shown in Figure 4.12. The poorest performing
model used the nominal voltage, 650F. This model gave a peak error of 4.6%. The
next most inaccurate model used a varying capacitance based on the full cycle tests,
resulting in a peak error of 3%. The two half-cycle models performed well, with the
constant 685F capacitance model having a peak error of 1.1%, outperforming the

varying capacitance model which had a peak error of 2.2%.
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Figure 4.12: The voltage of a 650F supercapacitor (E28) in a drive cycle, and the
simulated voltage of the supercapacitor using a variety of models. The lower plot
shows the percentage error between the simulated voltage and the actual voltage.

It is worth considering why the model with a varying capacitance gives less accurate
results than the model with a constant capacitance. It is clear that supercapacitors
really do have a capacitance variation, but the exact nature of this variation depends
on both the history of the capacitor and on the chosen cycling profile. Consider
Figures 4.7 and 4.8, which show the apparent capacitance of a supercapacitor with
respect to voltage during full and half cycle tests. When the supercapacitor first
starts discharging, the apparent capacitance is depressed, although it soon rises to

match the apparent capacitance when charging. This is due to the pore effects, as
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described in Section 2.6.1, which cause the voltage of a freshly charged
supercapacitor to drop as the charge is moved into the deep pore structures. If a
discharge current is applied, then both effects will be lowering the voltage, creating a

lower apparent capacitance.

The full cycle tests have a peak value of 2.7V, so the discharging capacitance around
2.7V is lower than the overall trend would indicate. Similarly, the half cycle tests
have a peak value of 2.5V, so the apparent dip in charging capacitance for these tests
occurs around 2.5V. A similar, though less dramatic, dip in the capacitance with
respect to the overall trend can be seen when the capacitor first starts charging. This
is again due to the pore effects, in which charge is moving out of the deep pore
structures causing the measured voltage to rise. In both sets of tests this effect occurs
at the minimum charging value for the cycle, which is OV for the full cycle tests, but
1.25V for the half cycle tests. The ‘drive cycle’ current profile for the
supercapacitors features a number of short periods in open circuit, when the
supercapacitors are not being used. A charge starting after a period in open circuit
will not have the same capacitance to voltage relationship as will a charge that is
ongoing, and the same is true for discharges. The model with a varying voltage can

never be truly accurate, without the inclusion of these pore effects.

Fortunately, the simple, constant capacitance model gives very good results. This
means that the vehicle model need not be over-complicated. Although the nominal
capacitance does not give the best results, it still had an error of less than 5% for each
tested supercapacitor. This means that if several commercial supercapacitors are to
be modelled, one can expect to make a valid comparison of their performance using
only the nominal characteristics. It would be better if the capacitance in the upper
regions of the capacitor voltage range could be predicted from the nominal
capacitance, but unfortunately this is not the case. For the 650F Maxwell capacitors,
there is a significant difference between the 2007 series and the 2009 series, although
they are officially the same type of capacitor. The average half-cycle capacitance for
the set of 2007 capacitors was 624F, while the average for the set of 2009 capacitors
was 689F — a difference of 10%.
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The supercapacitor pack model is formed from a number of individual
supercapacitors in series. =~ When assembled in a vehicle, the individual
supercapacitors would be protected from overcharge by an integration kit available
from Maxwell. The kit connects the supercapacitors in series with aluminium bus
bars, with the addition of active voltage management of adjacent supercapacitors as
illustrated in Figure 4.13. The physical construction of the active voltage
management bars is proprietary information owned by Maxwell, however it should
be noted that they do not interfere with normal charging and discharging of the
supercapacitors. Instead, they trigger a discharge of a supercapacitor if its voltage
exceeds 2.7V. The active voltage management bars create a maximum leakage
current of 50puA at 25°C, rising to 100uA at 50°C. For a pack of thirty
supercapacitors the maximum total leakage current would be 1.5mA — well below the
margin of error for the data logging equipment (as described in Section 3.1). It is
therefore not necessary to add additional resistance due to the charge-balancing

electronics.

e
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Figure 4.13: A pack of four supercapacitors with aluminium bus bars shown in
grey, voltage management bars shown in green, and cables leading away from the
pack in red.

4.4 Modelling the Power Electronics

A number of power electronic architectures were described in section 2.4. Of these
options, half bridge converters were recommended for use in electric vehicles, due to
their efficiency and simplicity, and the fact that they require lower current ratings

than other architectures to achieve the same power output [78]. A
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battery/supercapacitor vehicle can use either one or two half-bridge converters. If
one converter is used, then either the batteries or the supercapacitors will act as the
effective DC bus to the motor controller; either option brings its own difficulties.
When the battery is used as the bus, it will be subjected to higher and more frequent
currents, making it very difficult to optimise the system for increased battery life.
When the supercapacitors are used as the bus then they must be kept at a high
voltage suitable for supplying power to the motor controller. This means that much

of the energy stored in the capacitors will ultimately be inaccessible.

This hybridisation scheme avoids these problems by using two half-bridge converters
instead of one. This allows a high degree of control of power flow by making it
possible to specify the exact power to come from each individual energy storage
system. However, using two converters introduces a new problem: reduced
efficiency. Two converters will necessarily result in a greater loss of energy than
would occur in a single converter, plus a higher cost and complexity of control. A
diagram of the hybrid Cobra’s power electronics can be seen in Figure 4.14, with the

existing Cobra drivetrain shown for comparison.
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Figure 4.14 a) A schematic of the hybrid Cobra drive train. b) The original Cobra drivetrain.

Two models of the half bridge converters, including the switching behaviour, have
been created in Matlab/Simulink — one with a resistive load to model output power,
shown in Figure 4.15, and one with a controlled current source to model regenerative

braking, shown in Figure 4.16. Each model features battery and supercapacitor
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subsystems. The battery subsystem is shown in Figure 4.17 — the supercapacitor
version is identically formed but with different values. The model uses a time step
size of 10”s and a discrete, fixed-step solver. This model has been used to size the
converter components, based on elements that are commercially available, and to
allow a study of the switching control required. It is not used in the full hybrid
model, as the high speed switching makes very high demands of the Matlab/Simulink
software, which runs out of memory if the converter is modelled for 1 second or
longer. Therefore the power electronic converter models have also been used to
create efficiency maps for different power demands and SOCs for both the batteries
and the supercapacitors. These efficiency maps are then used in the hybrid model to

account for power electronics losses.
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Figure 4.15: The Cobra bus with resistive load, modelled in Simulink. The
converter switches are found in both the “Scaps” and “Batts” subsystem blocks.
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Figure 4.16: The Cobra bus with regenerative braking, modelled in Simulink. The
converter switches are found in both the “Scaps” and “Batts” subsystem blocks.
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Figure 4.17: The half bridge converter on the battery side. The supercapacitor side
is identically formed, with different values for the components. Ports 1 and 2
connect to the battery subsystem block ports in Figures 4.15 and 4.16.
Measurement blocks have been removed for clarity.
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As battery/supercapacitor hybridisation is a new field, there are no standards in place
regarding the voltage and current ripples that should be permitted. Similar vehicles
reported in the literature, as described in Section 2.3, have been used as a guideline.
The vehicle in [62] used two half bridge converters, permitting a current ripple of up
to 2A, which is 1% of the maximum current on the batteries, while for the
supercapacitors the current ripple was limited to 1A, or 0.5% of the maximum
current. The DC bus voltage ripple was controlled to be less than 2%. However, the
vehicle in [51] limited the current ripple in the supercapacitors to SA - 2.5% of the
maximum. This vehicle used a single half bridge converter between the batteries and

supercapacitors, and used the batteries as the DC bus.

For the Cobra model shown in Figure 4.14, the DC bus has a nominal voltage of
90V, a value chosen to take advantage of the regeneration power which could be
possible with active braking management — up to 9.7kW for the Super Regeneration
George Square cycle as described in Section 3.5. The Cobra motor can generate a
current of no more than 110Agrwys, so the chosen bus voltage allows the full power to
be regenerated. It also ensures that the Cobra batteries may be charged without
voltage becoming a limiting factor — bearing in mind that the battery pack has a
voltage of 77.4 V when fully charged, and has a manufacturer-approved maximum
voltage of 90V when charging [40]. The Cobra model DC bus is controlled to have
no more than a 3% voltage ripple; ensuring a smaller voltage ripple would require
additional bus capacitors and hence increased costs, as no electrolytic capacitors with
sufficient voltage capability and capacitance higher than 15mF were found to be
commercially available. Finally, the batteries and supercapacitors are limited to a
current ripple of 2.5A - 1% of the maximum. This was chosen to match the battery
current ripple tolerance of the vehicle in [62]. The electronics have been chosen to
carry a current of up to 250A, as this is the peak current possible in the battery-only

Cobra.
It is important to note that the converter could not be optimised for a specific

supercapacitor pack, as several packs have been modelled using a variety of

commercially available and theoretical types of supercapacitor. This allows a full,
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model-based exploration of the possibilities of battery/supercapacitor hybridisation.
For a production car with a determined supercapacitor pack, further optimisation of
the power electronics would be possible. For this purpose, it is important to get a

sense of what equipment would be required, its cost and efficiencies.

The components of the converters have been chosen to be inexpensive, as
appropriate given the low cost of the Cobra itself. A number of appropriately priced,
commercially available components were simulated using the models shown in
Figures 4.15, 4.16 and 4.17, given a range of motor power demands (including
regenerated power) and energy storage SOCs. The voltage and current ripples
occurring at each power and SOC were determined via these simulations, and the
components were sized to ensure that these values were within the specifications
described above. Based on this work, appropriate components were selected, and

these are described in Table 4.2.

Table 4.2: The DC/DC Converter Components

Item Size Weight Cost
DC Bus Electrolytic | 2x15mF, 200V lkg £82 each [157]
Capacitor capacitors in parallel
Battery Electrolytic 4700uF, 200V 0.48kg £30.55 [158]
Smoothing Capacitor
S-Cap Electrolytic 4700uF, 200V 0.48kg £30.55 [158]
Smoothing Capacitor
Switches 600V, 300A IGBTs | ~0.15kg | £80.37 for two [159]
Battery Inductor 180uH, 300A air ~4.2kg

core inductor
Supercapacitor 300uH, 300A air ~3.5kg ~£190 total [160]
Inductor core inductor

Unlike the other components, no suitable inductor of the required inductance and
current/voltage rating can be found in mass production. The experimental
battery/supercapacitor vehicles that have been built in the past have used bespoke

inductors, created in-house [51, 56, 62]. For this model, an inductor similar to that in

" This capacitor is currently available only for mass orders. As the costs of the other items are given
for small quantities, an equivalent small quantities cost was estimated based on the costs of similar
capacitors from Farnell.
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the Cranfield vehicle [62] has been used. Their inductor was created using 70 turns
of flat enamelled copper wire with a cross-section of 16mm? around an air core, with
a peak current capability of 300A, an inductance of 392uH, and a weight of 4.8kg.
Inductance is proportional to the square of the number of turns [161], so to achieve
300uH with the same design, 60 turns of wire should be used, while 180uH would
need 47 turns. Assuming the Cranfield inductor wire weighed 4kg (83% of the total
weight), then the wire for the 300uH and 180pH inductors would weigh 3.4kg and
2.7kg respectively. This quantity of wire would cost about £190 in total from Planet
Engineers [160]. So far the power electronics would cost £495.47 and weigh 9.81kg,
not including the cables, heat sinks, fans and controller that would be needed to put it

into operation.

This Matlab/Simulink power electronic model is not suitable for use in the full
battery/supercapacitor hybrid model, as simulating the switching operation is too
processor and memory-intensive to model for longer than a fraction of a second. For
the full vehicle model the power electronics were therefore modelled using an
efficiency map. This map gives the efficiency of the power electronics with respect
to power flow and SOC for both batteries and supercapacitors, and was created using
the same Simulink model used to size the power electronics components. The maps
can be seen in Figure 4.18. Some power demands cannot be met, especially at lower
states of charge, e.g. the supercapacitors cannot deliver a power >10kW if their SOC
is below 60%, due to the high currents reducing the measured voltage of the energy
storage system in question. This creates a physical limit to the power output, and
these regions are left out of the efficiency maps. The half bridge converters have an
efficiency that is typically >90% when the energy storage elements have a high SOC
and the power output is low. The efficiency decreases as the power output increases

and as the SOC of the elements decreases.
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Efficiency vs Power for Different Battery SOCs
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Figure 4.18 Half bridge converter efficiency maps used in the hybrid Cobra model.
Negative power indicates that the converter is being used in ‘boost’ mode to charge
the energy storage device, while a positive power is drawn from the energy storage
to the motor in ‘buck’ mode. The supercapacitor pack is considered at different
fractions of their peak voltage, as this is the method used by ADVISOR.

4.5 The Hybrid Energy Storage Model
The battery, supercapacitor and power electronics models were subsequently

combined by the author to form the complete energy storage system model for the
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battery/supercapacitor Cobra. This model was then used to test different control

strategies, described in the next section.

The hybrid model is shown in Figure 4.19, and like its component models it is based
in Matlab/Simulink, using the discrete fixed-step solver with a time step of 1 second.
It uses the power and speed information for a given drive cycle, in one second
increments, as the input data for simulation. In Figure 4.19, these are shown as the
blocks ‘PReq’ and ‘Speed’, respectively. (In the full version of ADVISOR, power
required would be calculated in previous blocks based on the vehicle mass, air
resistance, wheel type, and motor efficiency, whereas this model uses the actual
power recorded from the Cobra.) This information is delivered to the ‘Power
Routing’ block which determines what part of the power demand will be met by the
batteries and what part by the supercapacitors, based on the specific control strategy
being studied. The Power Routing block also calculates the losses which occur in the

power electronics.

The power request for the batteries is then sent to a ‘Batteries’ block, which contains
the battery model described in Section 3.2 and shown in Figure 3.26. Likewise, the
power request for the supercapacitors is sent to a ‘Supercapacitors’ block which
contains the supercapacitor model described in Section 4.3 and shown in Figure 4.9.
These then output their voltage, current, power and SOC information, the latter of
which is returned to the Power Routing block to be used in directing the power flow
for the next time step. The total power delivered by the supercapacitors and batteries
is output at port Pout — this information is used in this model simply to compare
actual power to requested power. If used inside ADVISOR, this information would

be used to track power flow through the remainder of the vehicle.

168 of 248



PReq P3caps 1 I_ F

Speed Supercapasitors
pereas N ]

Speed PBatts —
batt S0C

¥
——

h 4

Currents Divide

PE lozses

scap S0C
bus voltage
Power Routing

| ={:|
P
|
Waoltages
[
] 1
Batteries
BT

PE lozses

Figure 4.19: The hybrid battery/supercapacitor model in Simulink.

The battery and supercapacitor blocks each deliver their updated SOC status which is
returned to the Power Routing block to be used in calculating the power flow for the
next time step. They also record the voltage and current information for these
systems, and the power that will be delivered to the bus (which may be less than the
requested power if the energy storage devices do not have sufficient SOC to meet the
demand). The power information is monitored to assess the performance of the
hybrid system — if used in ADVISOR then the power information would be delivered
to the motor simulation block and thence to the model of the full vehicle. The power
losses in the batteries and supercapacitors are recorded; adding these together gives
the total energy losses throughout the drive cycle, allowing the efficiency of the

overall energy storage system to be monitored.

The control strategy is implemented inside the power routing block. This block is
illustrated in Figure 4.20. In the power routing block, the battery and supercapacitor
SOCs are used to calculate the peak power demand that they can supply without
dropping below 48V for the batteries or below 37.5V for the supercapacitors.
Similarly the charging power is limited to ensure that the supercapacitors are not
charged above 75V, nor the batteries above 90V. The batteries’ charging current is
further limited to 55A, as this is the peak charging current delivered from the

EnerSys-Hawker battery charger. This ensures that the batteries do not receive
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damaging currents. This block also limits the power based on the capabilities of the

motor.
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Figure 4.20: Inside the ‘Power Routing’ block for the author’s hybrid
batter/supercapacitor model in Simulink. Measurement blocks have been
removed for clarity.

The accessory power is also calculated in this block. The accessory power refers to
any power demanded by the Cobra for a purpose other than traction: for example the
headlights, turn signals and motor cooling fan. The typical accessory demand for the
Cobra is 140W and any time the Cobra is moving it is assumed that this 140W draw
is being taken directly from the batteries, and is not delivered via the hybridising
power electronics. When the Cobra is stationary, the power actually recorded during
the drive cycle is assumed to be equal to the accessory demand, and this is drawn
from the batteries in place of the standard 140W value. The real accessory power
varied from 13W when the inverter cooling fan was off to 275W with the fan

working extra following an incident of overheating.
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The power routing block is further subdivided into two blocks, one for Charging
Power and one for Discharging Power. These blocks assign the power flow to some
combination of the batteries and supercapacitors, as described in next section. These
blocks also calculate the losses in the power electronics, as defined in the efficiency
maps of Figure 4.18. The next section discusses the control strategy that was

developed by the author and implemented in the hybrid model.

4.5.1 Control Strategy

Control of the power delivery in the vehicle involves two main elements. First, when
power is demanded of the energy storage system the control strategy must determine
what portion of the power will come from the batteries and what portion will come
from the supercapacitors. This element also determines what happens to power
delivered to the hybrid energy storage system during regenerative braking. Second,
the control strategy must determine when and how fast the batteries should charge
the supercapacitors. This element describes the energy management of the hybrid
system. A complete control strategy therefore consists of a power flow management

strategy (PFMS) and a supercapacitor management strategy (SMS).

The strategy that has been devised for the Cobra is a tuneable strategy which can be
adjusted to optimise for different factors. To get the best results it must be optimised
for each drive cycle. The optimisation and development of generic strategies is

discussed more fully in sections 5.1.3 and 5.2.3.

The control strategy is useful for assessing different optimisations with a range of
supercapacitors and drive cycles. Recall that the different optimisations investigated
are: maximising efficiency and minimising peak currents in the batteries, with
vehicle performance and cost also considered as factors. By optimising for each
situation, the following questions may be answered:

1) Does the quantity of energy available from regenerative braking affect the

optimal strategies?
2) Does the size of the supercapacitor pack affect the optimal strategies?
3) Do different optimisations lead to the same strategy, or are the strategies

in conflict?
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A diagram of the control strategy is shown in Figure 4.21.
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Figure 4.21 Flowchart showing the control strategy for a requested power PReq
from the energy storage system. PMin is the minimum power sent by the batteries
to the motor, Vscap is the actual supercapacitor voltage, Vreq is the required
supercapacitor voltage (based on vehicle speed), and PCh is the charging power sent
from the batteries to the supercapacitors.

The strategy specifies two values which can be adjusted to achieve different
optimisations. The first value describes the contribution of the batteries to the
vehicle power demands. When a request for power, PReq, is made of the energy
storage system, the power flow management strategy dictates that a certain minimum
power, PMin, should be withdrawn from the batteries. Any remaining power is
supplied by the supercapacitors if possible, with the constraint that the supercapacitor
voltage is prohibited from dropping below 50% of the maximum. If the full power
cannot be supplied by the supercapacitors then the remainder is supplied by the
batteries. For example, if the motor demands 10kW and PMin is equal to 4kW, then
the batteries will supply 4kW and the supercapacitors will supply 6kW, even if the

supercapacitors could supply more. However, if the supercapacitors can only supply
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3kW due to a low state of charge (SOC), then the batteries will supply 7kW. The
battery power may also be limited by the batteries’ SOC. If it is not possible for the
batteries and supercapacitors together to supply the power requested, then they will
supply as much power as they can and the shortfall is registered. A failure to meet a
power demand signifies a drop in the performance capability of the vehicle.
Different values of PMin were tested, ranging from 0 to 11.6kW. The peak power
required by the drive cycles was 11.5kW, so when PMin was at the maximum tested

value, the supercapacitors were not used at all.

The second value is defined by the supercapacitor management strategy is a charging
power, PCh, to be sent from the batteries to the supercapacitors. A voltage Vreq was
defined for the supercapacitors and related to the speed (mph) of the vehicle, such

that:

Voo =V ¥/l - speed *3/160 . (4-18)

req

Viax 18 2.5V for the individual supercapacitors, or 75V for a pack of thirty. This
relationship was chosen to set the supercapacitor voltage to its minimum value (50%
of the maximum) at 40mph, as this is the top speed that the Cobra is expected to
reach. The supercapacitor voltage was also set to be at a maximum when the Cobra
was stopped. This equation is broadly similar to the relationship between
supercapacitor voltage and speed given for the vehicle in [52] and gives good results
for efficiency and battery current. By keeping a lower state of charge at higher
speeds, the supercapacitors are generally able to receive more energy from
regenerative braking. Conversely, at lower speeds the supercapacitors have a high

state of charge, ready to provide a high burst of power to accelerate the vehicle.

If the supercapacitor voltage falls below that prescribed by the SMS, then the battery
sends a charging power of no more than PCh to the supercapacitors, with the actual
value depending on whether the batteries were also required to send power to the
motor at that time. The tested values of PCh ranged from 0 to 4kW, where a PCh of

0 meant that the supercapacitors were recharged only via regenerative braking.

173 of 248



Finally, during regenerative braking all power is delivered to the supercapacitors up
to full supercapacitor SOC, and any excess power is delivered to the batteries. If this
would exceed the batteries’ ability to accept a charging current, then the power is not
captured and it is assumed that friction brakes are used to slow the car. This is

indicated in Figure 4.21 as the case where PReq < 0.

By testing the strategy over a wide range of urban drive cycles, and by altering the
values of PCh and PMin, different optimisations could be achieved. The most
efficient strategy for each drive cycle was identified and so was the strategy which
led to the lowest peak battery currents. In each case the initial supercapacitor SOC

was 100%. The initial battery SOC was tested at 100%, 80% and 50%.

4.5.2  Supercapacitor Packs

A range of supercapacitors from two companies were considered for the tests. The
capacitors from Nippon Chemi-con were not included as they are much more
expensive and have a higher DC ESR than equivalent supercapacitors from other
companies — see Section 4.1 for details. The supercapacitors used in the models are
available from Maxwell and from Ness, and represent a sample of the available
products from the two companies. The chosen supercapacitors are detailed in Table

4.3. Each capacitor has a peak voltage of 2.7V.

Table 4.3: Properties of different commercially available supercapacitors

Company | Cap. (F) | Unit Cost’ (£) | ESR (mQ) | Weight (kg) | Volume (I)
Maxwell | 650 22.01 0.8 0.2 0.211
Maxwell | 2600 49.50 0.31 0.46 0.439
Maxwell | 3000 56.73 0.29 0.55 0.475
Ness 600 31.50 0.83 0.21 0.324
Ness 1700 42.50 0.65 0.385 0.594
Ness 3500 66.50 0.36 0.685 0.594
Ness 5000 86.00 0.33 0.93 0.594

* Cost information from 2007-2008.
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At this point it is appropriate to comment on the effects of mass. The addition of a
pack of supercapacitors and associated electronics will increase the mass of the
vehicle. The weight of the hybrid system will vary depending on the size of the
supercapacitors chosen. The capacitors themselves range from 0.2kg to 0.93kg — for
a pack of thirty, this gives a pack weight of between 6 and 27.9kg. Additionally, the
power electronics are expected to weigh approximately 10kg. Hybrid vehicles in the
literature typically compare the hybrid performance and battery-only performance of
their vehicles with the mass kept constant — the battery-only vehicle either contains
the supercapacitors but has them disconnected [62] or carries sandbags [59] or an
additional passenger [51] with an equivalent weight to the supercapacitors and
electronics. In this case the Cobra was tested with an additional weight of 22kg, in
the form of an empty hydrogen tank. This gives a mid-range weight for a
supercapacitor pack, similar to a pack consisting of thirty 1700F or 2600F
supercapacitors and their electronics. However, simulations in the full version of
ADVISOR revealed that the weight difference does not substantially affect the
performance of the vehicle, since the percentage difference is very small. The
addition of 30kg of weight to the battery-only Cobra changes the total energy output
by less than 1.5%, and peak output and regeneration powers by less than 300W.

4.6 Chapter Summary

Sizing a supercapacitor pack for a battery/supercapacitor hybrid vehicle requires
consideration of both the physical constraints of the vehicle and the desired effect of
the hybridisation. Physical constraints include the existing battery pack and motor
capabilities, and the physical space available in which to place the additional

components.

The hybridisation scheme could be geared towards maximising efficiency, in which
case a relatively small supercapacitor pack could be added to take advantage of the
energy available through regenerative braking while minimising cost. As shown in
Table 4.1, given a pack of thirty supercapacitors then each individual supercapacitor
would need an individual capacitance of 175-1475F to serve this purpose. However,
as shown in Figure 4.1, lower capacitance corresponds to a higher resistance, which

would reduce the efficiency of the pack. The trade-off between these aspects is
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investigated with simulations of the hybrid system and described in the following

chapter.

If the focus is on minimising battery currents, then a large supercapacitor pack may
be used to permit the batteries to output only the average power — from Table 4.1, the
individual capacitors may be 2051-2211F for the ECE-15 based cycles, or 4017-
4691F for the George Square cycles. However, optimal results for battery current
minimisation require perfect knowledge of the drive cycle, which is not realistic.
Furthermore, a large supercapacitor pack would be very expensive - £1485 for thirty
2600F capacitors or £2580 for thirty S000F capacitors. The benefits of using smaller
supercapacitor packs for battery current minimisation are explored using the hybrid

system model and are also described in the following chapter.

A model of the Cobra with both batteries and supercapacitors has been created to
assess the benefits of the different optimisations schemes. A range of options have
been proposed involving different pack sizes and voltages, and the author’s model is

therefore flexible and modular to accommodate this.

A number of 650F power type supercapacitors from Maxwell were tested and
characterised to form a supercapacitor model. The most accurate supercapacitor
model for a drive cycle-like current profile, with an error of less than 1.5%, was
found to be one using a fixed value for the capacitance and resistance, characterised
using tests over the 1.25V-2.5V per cell range. This is the typical cell voltage range
which would be experienced by the supercapacitors in an electric vehicle, making it
more suitable for parameter extraction than tests which use the full voltage range of
the supercapacitors. Testing also proved that a model created from the nominal
voltage and current gave adequate results, with an error of no more than 5%. This
shows that different commercially available supercapacitors can be modelled using

the nameplate details without needing to purchase and characterise each one.

The integrating power electronics consist of two half bridge converters; these were

simulated in the hybrid model using efficiency maps, which in turn were found by
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modelling the converters in detail in Matlab/Simulink for a range of power demands
to and from the supercapacitors and the batteries over a range of states of charge.
The converter model data was extracted from the nominal values for commercially
available power semiconductor switches and capacitors, while the parameters for the
air core inductors were determined using an analysis of the amount of copper
required as the inductor material. Commercially available high current inductors are
only produced by a few specialised companies and within a limited range of
inductance values. Therefore suitable inductors would ultimately need to be

constructed in-house.

The supercapacitor and power electronics models described in this chapter were
combined with the battery model from section 3.2 to create a novel hybrid energy
storage system model. This model was developed to simulate the behaviour of the
battery/supercapacitor hybrid Cobra over the seven previously defined drive cycles
using a novel, rule-based control strategy which may be tuned to different

optimisations.

The control strategy used two variables for tuning. The first, PMin, defines the
minimum power demand for which the supercapacitors would be used. Any
discharging power with a value lower than PMin would be provided solely by the
batteries. This was tested over a range of values of Pmin from 0 tol1.6kW. The
second tuneable variable was PCh, the power at which the batteries would charge the
supercapacitors. The supercapacitors were controlled to maintain a specified voltage
which was related to the speed of the vehicle using Equation 4-18. Any time the
supercapacitors fell below the required voltage for a given time step, the batteries
would send a charging power of no more than PCh. The charging power would be
lower if the batteries were also supplying a traction power demand at the time such

that PCh plus the traction power would exceed the batteries capabilities.

Using this control strategy, seven commercially available supercapacitors from two

different companies were chosen for simulation in packs of thirty for each of the
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defined drive cycles. These results of these simulations are described in detail in the

following chapter.

178 of 248



5 Comparing the Optimisation Schemes

Two potential optimisation schemes have been proposed in this thesis for use in a
battery/supercapacitor hybrid Cobra. The first is to maximise the overall efficiency
of the vehicle, thereby increasing the range. The second is to minimise the peak
currents in the battery pack, with the goal of extending their lifespan. Chapters 3 and
4 described the development of the Cobra model used in this investigation, while
Section 4.5.1 discussed the tuneable control strategy which will direct the power
flow between the energy storage elements. The optimisation schemes also consider
the impact of supercapacitor size and cost, considering seven different commercially
available supercapacitors. The simulation results can then be used to identify the

optimal pack size for the different optimisation strategies.

Two speed cycles have been chosen to compare the relative efficacy of the different
strategies. The first cycle is four repetitions of the ECE-15 cycle, which was
originally depicted over one cycle in Figure 2.1, with the four repetition variant
shown in Figure 3.48. The ECE-15 cycle is a standard test cycle widely used
throughout Europe to assess the performance of electric and ICE vehicles. It is
therefore ideal for acting as a performance baseline and for comparing results to
other vehicles. The drawback to this cycle is that it is not a driving pattern that
would typically be seen in real life. The acceleration and deceleration rates are both
slower than would be found in a typical drive, and the repetitive pattern could not be
replicated in any road situation, which constantly changes due to the presence of
traffic signals, other vehicles, pedestrians and so forth. Therefore, a second cycle
will be used to provide a real-life driving scenario. This was formed from four
separate trips around George Square in the Cobra, performed on July 22, 2009 and
on August 4, 2009. The four trips have been joined into a single drive cycle for
modelling purposes. Each of the two cycles was studied including a range of
regeneration possibilities, representing the amount of energy which could be
recovered during braking. The power and speed profiles for the cycles are shown in

Section 3.5.
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The base results for these cycles are the performance of the Cobra when using its six
original batteries with an initial SOC of 100%, and without any assistance from the
supercapacitors. This has been simulated with the model described in Section 3.2.
Table 5.1 shows the yield and peak battery current for each of these cycles. In each
case, the batteries were able to provide the power necessary to complete the cycle.
However, in some cycles they were not able to accept all of the regeneration energy
that was available, as the charging power was too high. As an example, Figure 5.1
shows the power requested and supplied for the George Square Super Regeneration
cycle. The dashed line indicates regeneration power available to the vehicle, while
the solid line shows the actual power into and out of the batteries. The charging
current is limited to -55A to prevent damage to the batteries, leaving some

regeneration power going to waste.

The chosen drive cycles have total discharge energies of 0.52 to 0.61kWh,
representing no more than 12% of the total energy stored in the standard battery
pack. In order to evaluate the effects that lower battery states of charge might have
in making hybridisation more or less effective, the cycles were also modelled with

battery initial SOCs of 80% and 50%.

In order to assess the efficacy of the hybridisations, two additional models of the
battery-only Cobra have been created. The first adds an additional battery, bringing
the pack size to seven batteries and a nominal operating voltage of 84V. The second
adds yet another battery, bringing the nominal operating voltage to 96V — bearing in
mind that the Cobra motor can accept an input voltage of up to 400V. This allows
the battery/supercapacitor hybrid to be compared to simpler and cheaper
modifications to the Cobra. If the vehicle with the addition of one or two batteries
outperforms the vehicle with added supercapacitors, then the supercapacitors are
clearly not a sensible option. These were also modelled across a range of different
initial SOCs. Each battery weighs 24kg, approximately equivalent to adding a
supercapacitor pack containing 35 of the Ness 3500F supercapacitors, or 26 of the

Ness 5000F supercapacitors.
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Table 5.1: The base case results: characteristics of the drive cycles as driven by the
battery-only Cobra, using a standard pack of 6 batteries with an initial SOC of

100%.
Cycle Regeneration Yield Maximum Battery | Missed Regen.
(km/kWh) Current (A) Energy (J)
Medium 7.01 176 0
ECE-15 | High 7.16 176 0
Super 8.77 179 6119
Low 5.69 178 0
George Medium 5.87 177 0
Square High 6.09 177 5335
Super 6.65 177 71909
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Figure 5.1: Power for the George Square Super Regeneration drive cycle, with
regenerated power shown as negative. The solid blue line shows the power into and
out of the battery pack with no support from supercapacitors. The dotted line
shows the additional power that is available but cannot be accepted by the batteries
lest they be damaged by the high currents.

This chapter describes the simulations in more detail, their results and the

conclusions that can be drawn.

5.1 Maximising Efficiency

Supercapacitors have the most potential to increase the efficiency of the vehicle

during high regeneration cycles. In these cycles, the supercapacitors can capture the
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high power without risking damage, while the batteries have more limited current
acceptance and higher losses. However, the supercapacitors must receive this power
via the power electronics, which have their own losses; furthermore, the

supercapacitors must discharge through these same electronics.

Optimising for efficiency can increase the vehicle’s range. The supercapacitors can
increase the range of the vehicle both by improving the yield, which means that each
unit of energy results in further distance travelled, and by increasing the total amount
of energy that is stored in the vehicle. The latter point assumes that the

supercapacitors are fully charged at the same time that the batteries are charged.

Adding an additional battery to the pack can also increase the yield, as a higher
voltage means that lower currents are needed to provide the required power, thereby
reducing losses. Much more important to the range of the vehicle is the amount of
energy stored in a single battery. Each battery contains 70Ah, thus adding a battery
to the pack increases the energy content by 840Wh. The supercapacitors by
comparison contain far less energy — the largest capacitance considered was 5000F,
and a pack of thirty of these supercapacitors contains only 130Wh. The pack would
need to contain 194 supercapacitors in order to have the energy content of just one

battery. The range-extending capability of a battery is therefore quite significant.

5.1.1 Optimised Strategy Results for Efficiency

The best performance for the battery/supercapacitor hybrid Cobra on a drive cycle
may be found by optimising the control strategy for each individual cycle, in this
case to find the highest yield possible for the control strategy. These optimised
results will be investigated first, to demonstrate the supercapacitors’ potential for
increasing the yield of the Cobra. This section will focus only on the efficiency — the

impact of this optimisation strategy on battery current is discussed in Section 5.3.

Consider Figure 5.2, which shows the effect of the supercapacitor packs on the yield
for the different cycles. The Low and Medium Regeneration cycles offer almost no
improvement at all — less than 1% in all cases, with the smallest three supercapacitor

packs actually decreasing the efficiency of the vehicle. The High Regeneration
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cycles fare a little better, with improvements of up to 1.6% on the George Square
cycle, while the Super Regeneration cycle shows improvements for all
supercapacitor pack sizes, up to 6.6% for the S000F supercapacitors on the George

Square cycle.
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Figure 5.2: Percentage change in yield for different supercapacitor sizes in each
cycle when optimised for efficiency, as compared to the performance of the battery-
only Cobra in that cycle.
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Figure 5.3: Percentage change in yield for different supercapacitor sizes in each
cycle: Maxwell 650F, Ness S000F, theoretical low ESR 650F, and theoretical high
ESR 5000F.

Contrary to what was suggested in Section 4.2.2, the larger supercapacitor
capacitances are much better at improving the efficiency of the vehicle than the
smaller supercapacitors. The reasons for this were investigated by modelling two
theoretical capacitors, one with a capacitance of 650F and an internal resistance of

0.33mQ (the resistance of the Ness 5S000F supercapacitors) and the second with a
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capacitance of 5000F and an internal resistance of 0.8m€2 (the resistance of the

Maxwell 650F supercapacitors). These results are shown in Figure 5.3.

For both cycles, a larger capacitance is helpful to increase the yield of the vehicle.
For the ECE-15-based cycle, the energy content of the large supercapacitors makes a
larger difference. Both the normal 5000F supercapacitor and the high ESR 5000F
supercapacitor outperform both versions of the 650F supercapacitor. Furthermore, in
each case the two 650F supercapacitors produce yields which are within 1% of each
other, as do the two 5000F supercapacitors. For the George Square cycles, the
difference in the internal resistance has more of an impact. In the Super
Regeneration cycle, the pack of low ESR 650F supercapacitors outperforms the pack

of high ESR 5000F capacitors.

A supercapacitor pack with a larger capacity increases efficiency not only because of
the lower resistance, but also because the SOC remains high, resulting in lower
currents and lower power electronic losses. In most cases, there are multiple
operating points from which the peak yield can be obtained. Nevertheless, smaller
supercapacitors are consistently discharged to a lower SOC than larger
supercapacitors. Table 5.2 shows the range in the percentage of energy used from
each type of supercapacitor in yield-maximising strategies. Recall that the maximum
allowable energy usage for a supercapacitor pack is 75%, as the supercapacitor packs

are controlled to have a minimum voltage that is /2 the maximum voltage.

This pattern also applies to the theoretical supercapacitors. This can be seen in
Figure 5.4 which depicts the supercapacitor voltage for the 650F, 5000F, low ESR
650F and high ESR 5000F supercapacitor packs in the two Super Regeneration
cycles. The 5000F supercapacitor pack remains at high voltage, with 30% of the
total energy content used on the George Square cycle and only 22% used on the
ECE-15 cycle. The High ESR version gets slightly more use, with 32% and 27% of
the energy content being used. Meanwhile both the standard and Low ESR 650F
supercapacitor packs are fully used, being discharged to the lower limit of 37.5V in
the George Square cycle, and 38V in the ECE-15 cycle. This pattern is repeated in

the other drive cycles.
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Table 5.2: Percentage of supercapacitor energy content used in each cycle for a yield
maximising strategy.

SUPERCAP ECE-15 George Square
Regeneration | Med High Super Low Med High Super
Ness 600F 73-74% | 68-74% | 74% 75% 75% 75% 75%
Max. 650F 73-75% | 74% 74% 75% 75% 75% 75%
Ness 1700F 43% 43-65% | 50-53% | 50-68% | 49-59% | 54-58% | 48-55%
Max. 2600F | 39-42% | 36-45% | 38-44% | 42-62% | 40-64% | 41-58% | 38-43%
Max. 3000F | 31-47% | 33-50% | 35-38% | 48-65% | 56% 37-61% | 34-42%
Ness 3500F 27-41% | 29-43% | 30-33% | 42-58% | 43-60% | 35-54% | 34%
Ness 5000F 22-51% | 28% 21-27% | 38-62% | 34-55% | 33-48% | 26-39%

Recall that the control strategy was optimised by adjusting two values: the minimum

power which is to be supplied by the batteries (PMin) and the charging power which

is to be sent from the batteries to the supercapacitors (PCh). Several combinations of

PMin and PCh were found to produce the maximum yield for a given cycle. The

values which were used to create Figure 5.4 are shown in Table 5.3, along with the

yields produced by these values.

In each column, the number in bold is the

maximum yield achieved with the control strategy. Three sets of PMin/PCh values

are used because no combination of PMin and PCh produced optimal results for all

of the supercapacitor packs. The sub-optimal yield values for supercapacitors using

the other two PMin/PCh sets are also shown for comparison.
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Table 5.3: The optimal points used for the Super Regeneration cycle data shown in
Figure 5.4. The yields (km/kWh) for each supercapacitor at the optimal points is
shown in bold, while the yields for other supercapacitors’ optimal points are also
shown for comparison.

650F 5000F Low ESR 650F High ESR S000F
ECE15 | 4GSq ECE15 | 4GSq ECE15 | 4GSq ECE15 | 4GSq

PMin 3600

8.74 6.98 9.14 7.10 8.8 7.07 9.08 7.04
PCh 1000
PMin 3800

8.70 6.99 9.13 7.09 8.76 7.06 9.08 7.03
PCh 1000
PMin 6000

8.87 6.76 8.91 6.77 8.91 6.78 8.89 6.75
PCh 0

The energy contained in the supercapacitors also has an impact on the range of the
vehicle. The battery pack has a nominal capacity of 70Ah and a nominal voltage of
72V, for a total energy content of 5040Wh. In the battery tests described in Section
3.2.4, the batteries showed a voltage collapse at about 25% state of charge. Thus,
only 75% of this energy is useable. There are 30 supercapacitors in each pack, for a
nominal voltage of 75V. The energy content of supercapacitors is given in Equation
2-5, but since the supercapacitors are discharged to no less than half their peak
voltage, again only 75% of this energy is available. Several values of capacitance
were modelled, and the additional available energy for the packs ranges from

11.72Wh for the 600F supercapacitors to 97.66 Wh for the SO00F supercapacitors.

Taking the effects of both the increased yield and the additional energy into account,
the range increase is found to be 9.4% for the Super Regeneration George Square
trips, using six batteries and a pack of thirty S000F supercapacitors. This is the
largest range increase for this trip. Similarly, the largest increase for the ECE-15
trips was 6.8% for the Super Regeneration trip and the pack of 5000F
supercapacitors. A summary of these results and those for the other cycles is shown

in Figure 5.5.
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Figure 5.5: Vehicle ranges for the different drive cycles, compared to the range of
the battery-only vehicle.

The hybridisation results have been compared to the result for the Cobra with one or
two additional batteries. Since this is a low cost and technically straightforward
upgrade to the vehicle, it may be preferable to adding a bank of supercapacitors. The
simulations showed that if a single battery is added to the Cobra, rather than adding
any supercapacitors, then the yield is increased by 1.2-2.4% depending on the

amount of regenerated energy available. Similarly, adding a second battery increases
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the yield by 2.1-4.4%. However, adding batteries also means adding energy, with a
nominal energy content of 840Wh per battery. Assuming that 75% of this energy is
useable, then adding a single additional battery to the Cobra would increase the range
by at least 18.1%, rising to 19.5% with an efficient full braking control added to take
maximum advantage of regenerative braking. The ranges of the Cobra for the

different cycles with the addition of one or two batteries are shown in Figure 5.6.
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Figure 5.6: Range of Cobra for different battery pack sizes in each cycle.

The range extension provided by the extra batteries far exceeds that provided by the
supercapacitors, and the batteries also outperform the supercapacitors in terms of
cost, while adding a comparable weight and volume. Each additional battery costs

just £154.14, while the supercapacitor pack costs range from £660.30 for the 650F
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capacitors from Maxwell, to £2580 for the S000F capacitors from Ness, plus £252.00
for the integration boards that prevent overcharging and £495.47 for the power
electronics. The individual batteries weigh 24.3kg and have a volume of 9.78 litres,
while the supercapacitor packs range in size from 6kg and 6.33 litres to 28kg and
17.82 litres, not including power electronics. The power electronics would add
approximately 10kg, although the additional volume occupied by the electronics will

depend on their physical arrangement within the vehicle.

5.1.2 Maximising Efficiency at Low Battery SOC

Supercapacitors were found to be somewhat more effective at improving vehicle
efficiency when the batteries started at a low SOC, especially for the larger
supercapacitor packs and for the higher regeneration profiles. These results are
shown in Figures 5.7 and 5.8. The 600F and 650F supercapacitors continue to offer
no benefit to the vehicle except during the Super Regeneration drive cycles. Yield
benefits increase for the larger supercapacitor packs, to a maximum of 8.2% for the
5000F supercapacitor pack in the George Square Super Regeneration cycle and with
an initial battery SOC of 50%. This correlates to an increase in range of 11%.
However, this continues to be less effective than adding a single battery to the Cobra,

as this increases the range of the vehicle on this cycle by 20.1%.
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Figure 5.7: Percentage change in yield for different supercapacitor sizes in each
cycle when optimised for efficiency with an initial battery SOC of 80%, as compared
to the performance of the battery-only Cobra in that cycle with the same SOC.
Results for the 100% SOC yield maximisation are also shown for comparison.
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Figure 5.8: Percentage change in yield for different supercapacitor sizes in each
cycle when optimised for efficiency with an initial battery SOC of 50%, as compared
to the performance of the battery-only Cobra in that cycle with the same SOC.
Results for the 100% SOC yield maximisation are also shown for comparison.

5.1.3 Developing a Generic Strategy for Efficiency Maximisation

A generic control strategy for yield maximisation would need to be developed if this
strategy was to be used in a practical vehicle. This would require data from a variety
of drive cycles, and ideally could be adjusted by the control software while the

vehicle was driving. This research focussed on two basic cycles, with a total of
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seven variations reflecting different amounts of regenerative braking. This does not
provide enough data to make definitive claims about a generic strategy; nevertheless,
a study of the results for these drive cycles demonstrates that a useful generic

strategy should be possible for effective yield maximisation.

The values of PMin and PCh which produced a yield within 1% of the highest yield
value were considered for each supercapacitor in each cycle. These demonstrated a
considerable overlap for each supercapacitor over all seven drive cycle variations,
with the overlapping region being larger for larger capacitances. Figure 5.9 shows
the combinations of PMin and PCh for which the yield was found to be within 1% of
the maximum, for the Maxwell 650F and the Ness S000F supercapacitors in all seven
cycles. The optimal PMin and PCh values for the 650F supercapacitor depend on the
base cycle more strongly than on the amount of regenerative energy available. The
ECE-15 cycle results, represented in Figure 5.9 as coloured diamonds, show overall
higher values of PMin than do the George Square cycle results, represented as rings.
Conversely, the optimisation points for the large Ness S000F supercapacitor depend
more on the amount of regenerative braking, as the Low and Medium Regeneration
values for both base cycles have several points in common for PMin > 5000W, while
the Super Regeneration values for both base cycles also share several common
points. These are shown in Figure 5.9 respectively as the yellow diamonds/pink

rings and the brown diamonds/green rings.
To make the regions of overlap clearer, Figure 5.10 shows only the points where all

seven tested cycles have optimal points in common, for each of the tested

supercapacitor packs.

194 of 248



Optimal Points for Yield - Maxwell 650F scaps

4000 O OO R —
000000 (FLELRE L LY
3500 Q00 o Ot O e RS Sstioiod
OOD@@ @ () g Qeoxoxdxtxoxo .x; ()
. OLLOG & O 3%
3000 ° 4G5q Low
C4G5qg Med
2500
g 04G5q High
5 2000 C4G5q Super
o
1500 ECE15 Med
<ECE15High
1000 <+ ECE15 Super
500
A W
0 . A
o o P T
2000 3000 4000 5000 G000 7000 8000
PMin (W)
Optimal Points for Yield - Ness 5000F scaps
4000
3500
3000 ° 4G5q Low
C4G5qg Med
2500
g 04G5q High
= 2000 \ 4G5 Super
E (]
1500 : ECE15 Med
o <ECE15High
1000 ; - < ECE15 Super
-]
o
L]

6000

Figure 5.9: Values of PMin and PCh which provide the maximum yield, or a yield
within 1% of the maximum. The upper plot shows results for the Maxwell 650F
supercapacitors for each of the tested cycles, while the lower plot shows results for
the Ness S000F supercapacitors.
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Figure 5.10: Values of PMin and PCh for which yields within 1% of the maximum
were achieved for all seven simulated cycles, for each type of supercapacitor.
These are the operating regions which are likely to be used in a generic efficiency-
maximising control strategy.

In general, achieving a high yield value for the battery/supercapacitor hybrid requires

a value of PMin between 3000 and 5000W — this represents the power demands
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which will be filled by the batteries. For small 600F or 650F supercapacitor packs,
the value of PCh should be 1000W or lower. This represents the rate at which the
supercapacitor pack is recharged by the batteries, and the low optimal charging value
is indicative of the fact that high charging powers create excessive losses in the
power electronics. This is less of an issue for the larger supercapacitor packs, due to
the fact that these capacitor packs are not discharged to such low voltages as the

smaller packs — see Section Error! Reference source not found. for details.

A real-life vehicle will most likely have a fixed regenerative braking algorithm
which will not show such wide variation in percentage of energy recovered as is
shown in these seven cycles. This will widen the optimal operating region for
maximising efficiency somewhat. However, the fact remains that even the optimal
results showed lower improvements to vehicle range than would be achievable with
the addition of a single extra battery. Since vehicle range extension is the ultimate
goal of increasing vehicle efficiency, this means that supercapacitors are not likely to

be used in this fashion in commercial EVs.

5.1.4 Comparison to Results from Literature

These simulations assume that two half bridge converters will be used to connect the
batteries and supercapacitors to the motor controller. This is not the most efficient
architecture possible, but it was chosen to allow a finer control of power flow. It is
also possible that other, more efficient strategies could be devised, and perhaps a
more efficient architecture or strategy would make the supercapacitors more useful
for efficiency maximisation and range extension. A review of the literature shows

that this is not the case.

Consider first the electric vehicle constructed at the Catholic University of Chile, and
described in Section 2.3.1 [51-53]. This vehicle used a 356V pack of 12V, 50Ah
lead acid batteries, giving a total energy of 17.8kWh. To this vehicle was added a
300V, 20F pack of supercapacitors — an additional energy of 0.625kWh, or 3.5% of
the battery energy. The batteries and supercapacitors were connected with a single
half bridge converter, and a maximum yield increase of 8.9% was achieved, using a

control strategy based on an Artificial Neural Net. The total range increase of this

197 of 248



vehicle, counting both added energy and increased yield, would therefore be 12.7% if
the supercapacitors were recharged from the grid at the same time as the batteries

were recharged.

Costs for this vehicle’s batteries and supercapacitors are not given, however a cost
analysis is performed in [51] which forecasts costs of $150/kWh for the batteries and
$5,160 for the supercapacitor pack and converter. Note that the forecast was
performed in 2005 and assumes a cost of $30 for each 2700F cell — a high power
2600F cell from Maxwell cost approximately $90 in 2007. The original battery pack
contained 26 batteries, so in order to increase the energy content of the battery pack
by at least 12.7% (and neglecting any technical issues or yield effects associated with
the increased voltage), one would need to add 4 batteries. Each battery contains
0.6kWh, so based on the cost assumptions made in [51], the four batteries would cost
$360 in total. The addition of a supercapacitor pack is therefore more than 14 times
more costly than the additional batteries needed to achieve the same benefit to range

extension.

Another battery/supercapacitor car, that built by CR-ENEA and collaborators, used
the supercapacitors in parallel with the batteries, thus avoiding the converter losses
entirely [33]. This vehicle is described in this thesis in Section 2.3.6. The vehicle
used eight 6V, 180Ah batteries and added two 48.6V packs of supercapacitors, each
with a pack capacitance of 47F. This gave an 11.1% increase in efficiency — the
method of calculation was not specified, but for the purpose of this analysis it is
assumed to be the yield. The supercapacitors contained an energy of 0.03kWh — just
0.3% of the batteries’ energy of 8.6kWh. However, as the supercapacitors were
connected in parallel to the batteries, most of their energy would not be used, and the
energy content of the supercapacitors would not have a significant impact on the
range. Although costs for the batteries and supercapacitor packs are not given, it is

worth noting that a single additional battery would increase the range by 16.7%.

Finally, consider the scooter built by the National Science Council of Taiwan, first

discussed in Section 2.3.5 [63, 64]. This scooter used four 12V, 15.6Ah batteries,
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thus the energy content of the batteries was 748.8 Wh. The addition of eleven 1700F
supercapacitors added 18.9Wh to the vehicle, 2.5% of the battery energy, and
increased the range of the vehicle by 18.5%. Cost information was not available for
this vehicle, but note that an additional battery, identical to the others, would have

increased the range by 25%.

What of the other vehicles reviewed in Section 2.3? The EVermont
battery/supercapacitor vehicle did not find any reliable increase in efficiency or range
[57]. The Karlsruhe van could not offer a comparison of battery alone to
battery/supercapacitor hybrid, as the battery was too low power to operate on its own
[60]. Finally, the Cranfield University researchers did not quantify the efficiencies
for their go-kart, as the main focus of their work was the mechanism of controlling

the hybrid system [61, 62].

The obvious conclusion for this work is that supercapacitors are not an effective way
to increase the range of a vehicle. Their energy content is so low that the additional
space and weight that they represent would be far better devoted to an additional
battery, if range extension is the goal. This would be true even if the supercapacitors

were much cheaper than they are today.

5.2 Minimising Battery Currents

In contrast to their performance as range extenders, the author’s investigations show
that supercapacitors are very effective at minimising the battery currents. High
regeneration energy is not needed for the supercapacitors to reduce battery currents.
All that is needed is for the batteries to charge the supercapacitors at a suitable rate,
leaving the supercapacitors to supply high power bursts as needed. The
supercapacitors may also be recharged by regenerative braking, but this was found to

have only a small impact on the usefulness of the capacitors.

Section 4.2.3 described the possibility for a perfectly controlled drive cycle for which
the battery has a constant power output throughout the cycle. This represents the
minimum peak battery current which can be achieved. These currents, for each of

the seven tested cycles, are given in Table 5.4.
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Table 5.4: Battery currents given a theoretical, perfectly controlled cycle in
which the battery outputs a constant power.

ECE-15 George Square

Regeneration | Med High | Super | Low Med High | Super

Battery I (A) 34 34 26 37 29 27 24

Reduction from | 81% 81% 85% 79% 84% 85% 86%
battery only (%)

5.2.1 Optimised Strategy Results for Peak Battery Current Reduction

The battery current reduction for the different cycles and supercapacitor packs,
optimised for minimising peak battery currents for each cycle, is shown in Figure
5.11. The supercapacitors do not need to have a large capacitance to be useful in this
regard. Even the smallest tested supercapacitor pack size, thirty 600F capacitors

from Ness, can reduce the battery peak currents by up to 49%

By contrast, the addition of further batteries is not particularly helpful in this regard.
The batteries do increase the voltage of the pack, and thus reduce the currents, but
this benefit is offset somewhat by the additional battery resistance. The highest
power demand for the drive cycles was 11.5kW. Using Equation 3-6, the current
needed to provide this power from 6 fully charged batteries can be calculated as
176A. Similarly, the required power for 7 batteries is 147A, and for 8 batteries is
126A. These represent improvements of 16.9% and 28.8%, respectively. But the
pack voltage has increased by 16.7% in the case of seven batteries and by 33.3% in
the case of eight. The benefits of that extra voltage diminish as further batteries are
added. In fact, in order to get the same benefit, in terms of peak battery current
reduction, as even the smallest pack of supercapacitors, the battery pack size would
need to be increased to 10 batteries. This would mean an additional battery weight

of almost 100kg.
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Figure 5.11: Percentage change in peak battery current for different supercapacitor
sizes in each cycle, as compared to the performance of the battery-only Cobra in that
cycle.
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Figure 5.12: Battery and Supercapacitor currents for 650F and S000F
supercapacitors for the Super Regeneration ECE-15 and George Square drive
cycles.
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Figure 5.13: Battery and Supercapacitor currents for 650F and 5000F
supercapacitors for the Med Regeneration ECE-15 and the Low Regeneration
George Square drive cycles.

The typical battery current profile for each cycle shows the batteries discharging at
the PMin rate, with occasional spikes upwards as the batteries recharge the

supercapacitors. Some examples are shown in Figures 5.12 and 5.13.
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The greater battery current reduction for the larger supercapacitors is due primarily
to their greater capacitance, and not to their lower resistance. This can be seen in
Figure 5.14, which shows the percentage reduction in peak battery current for the
Maxwell 650F, Ness S000F, Low ESR 650F and High ESR 5000F supercapacitor
packs.

ECE-15
Battery Current Minimisation for Theoretical and Actual Scaps

B normal 650F

B normal 5000F
| ow ESR 650F
© high ESR5000F

Percentage Change in Peak Battery
Current

Med High Super
Cycle

George Square
Battery Current Minimisation for Theoretical and Actual Scaps

M normal 650F
B normal 5000F
B low ESR 650F

M high ESR 5000F

=10 -

Percentage Change in Peak Battery Current

Low Med High Super
Cycle

Figure 5.14: Percentage change in peak battery current for different supercapacitor
sizes in each cycle: Maxwell 650F, Ness S5000F, theoretical low ESR 650F, and
theoretical high ESR S000F.
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Table 5.5: The optimal points used for the cycle data shown in Figures 5.12 and 5.13,
plus optimal points for the remaining drive cycles. The peak battery current (A) for
each supercapacitor at the optimal points is shown in bold, while the peak battery

currents for other supercapacitors’ optimal points are also shown for comparison.

650F 5000F
ECE-15 ECE-15
Med High Super Med High Super
PMin 3200
198 197 202 52 52 45
PCh 2600
PMin 3200
198 197 202 74 49 45
PCh 2400
PMin 2400
198 198 202 195 96 35
PCh 2400
PMin 6000
90 90 127 90 90 90
PCh 600
PMin 6200
198 197 93 93 93 93
PCh 0
650F S5000F
George Square George Square
Low Med High Super Low Med High Super
PMin 4000
164 164 164 163 65 65 65 60
PCh 600
PMin 3400
164 164 164 163 118 63 63 63
PCh 1000
PMin 3200
164 164 164 163 123 119 59 59
PCh 1000
PMin 2800
164 164 164 163 159 158 133 49
PCh 800
PMin 5400
926 96 96 111 88 80 80 110
PCh 1000
PMin 5400
134 93 93 111 88 80 80 110
PCh 800
PMin 5400
151 130 89 111 85 85 80 110
PCh 600
PMin 5000
164 164 143 110 82 82 82 73
PCh 600
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The values used for PMin and PCh for each of these plots are shown in Table 5.5.
There was considerable variation in the combinations of PMin and PCh which
provided the lowest peak battery currents for each cycle and supercapacitor pack.
Therefore, 13 value sets are shown. In each column, the value in bold shows the best
result achieved for that cycle and supercapacitor type. The peak battery currents for
each supercapacitor and cycle using the other 12 PMin/PCh pairs are also shown for

comparison.

5.2.2  Minimising Battery Currents at Low Battery SOC

The state of charge of the battery has very little impact on the supercapacitors’
effectiveness at reducing peak battery currents. This is illustrated in Figures 5.15 and
5.16. These figures show the percentage reduction in peak battery currents for each
drive cycle and supercapacitor pack when optimised for current reduction, and with

initial battery SOCs of 80% and 50%, respectively.

The percentage change in the peak battery currents is minimal, in spite of the fact
that peak battery currents rise as SOC decreases, due to the lower battery voltage.
Figure 5.17 shows the values for the peak battery currents at each tested SOC, for 6,
7 or 8 batteries and without any assistance from supercapacitors. Peak battery
currents are the same for each version of the George Square drive cycle and for the
Medium and High Regeneration versions of the ECE-15 based cycle. The peak
currents for the Super Regeneration ECE-15 cycle are 2-4A higher than those of the

lower regeneration cycles.

206 of 248
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Figure 5.15: Percentage change

in peak battery current for different

supercapacitor sizes in each cycle, as compared to the performance of the battery-
only Cobra in that cycle, for an initial battery SOC of 80%. The results for an
initial battery SOC of 100% are also shown for comparison.
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Reduction in Peak Battery Current (%)

ECE-15 Battery Current Minimisation
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Figure 5.16: Percentage change in peak battery current for different
supercapacitor sizes in each cycle, as compared to the performance of the battery-
only Cobra in that cycle, for an initial battery SOC of 50%. The results for an

initial battery SOC of 100% are also shown for comparison.

208 of 248




Peak Battery Currents
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Figure 5.17: Peak battery currents for the battery-only Cobra using a pack of six,
seven or eight batteries at different initial SOCs, and without any use of the
supercapacitors.

5.2.3 Developing a Generic Strategy for Battery Current Minimisation

A wide range of drive cycles would need to be assessed to ensure that a generic
strategy was effective. An investigation of the drive cycles used in this investigation
shows that the optimal operating regions for battery current minimisation are narrow
for larger supercapacitors and vary from cycle to cycle, complicating any generic
strategy development. Smaller supercapacitor packs, on the other hand, have much
broader optimal regions and offer a better chance for a generic strategy to have an

effectiveness similar to that of the optimised strategy.
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The values of PMin and PCh which produced the lowest peak battery current, and
those which produced a peak battery current within 10% of the lowest value, were
found for each tested supercapacitor in each drive cycle. Results for the Maxwell
650F supercapacitor are shown in Figure 5.18. The ECE-15 cycles have a broad
operating region, especially the Super Regeneration cycle, while the George Square
operating region is narrower. Only three points produce peak battery currents within
10% of the lowest value achieved for the 650F capacitor pack for all cycles: PMin =
6200W and PCh = 600 or 800W; PMin = 6400W and PCh = 400W.

Optimal Points for Batt Current - Maxwell 650F scaps
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Figure 5.18: Values of PMin and PCh which provide the minimum peak battery
currents, or a peak battery current within 10% of the minimum, for the Maxwell
650F supercapacitors in each of the simulated drive cycles.

For the next smallest supercapacitor simulated, the Ness 1700F, each cycle has a
more sharply defined optimal operating region, as shown in Figure 5.19. In most
cycles the peak battery current is created when the battery outputs both its controlled
minimum power (PMin) plus the supercapacitor charging value (PCh). This explains
the diagonal shape of the optimal operating regions. For some cycles, high values of
PMin create the peak battery current — the battery only charges the supercapacitors

during times of low traction power and so many values of PCh may be used during
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the cycle to produce similar peak currents. No operating point creates optimal results

for all 7 cycles.

Optimal Points for Batt Current - Ness 1700F scaps
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Figure 5.19: Values of PMin and PCh which provide the minimum peak battery
currents, or a peak battery current within 10% of the minimum, for the Maxwell
1700F supercapacitors in each of the simulated drive cycles.

As the capacitance of the supercapacitors increases, suitable operating regions for
each cycle become smaller and more distinct. Results for the Maxwell 3000F
supercapacitors and for the Ness 5000F supercapacitors are shown in Figure 5.20.
Note that for the 5000F supercapacitors in the George Square Medium and High
Regeneration cycles, there are only three optimal points: the point which created the
lowest peak battery current for the cycle and two others which produced peak battery
currents within 10% of this value. This indicates that optimising for battery current
is not a trivial task, and would require active management during a drive with
adjustments to the control strategy being made by the software to adapt to the

different driving conditions.
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Optimal Points for Batt Current - Maxwell 3000F scaps
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Figure 5.20: Values of PMin and PCh which provide the minimum peak battery
currents, or a peak battery current within 10% of the minimum, for the Maxwell
3000F supercapacitors (upper plot) and for the Ness S000F supercapacitors (lower
plot) in each of the simulated drive cycles.

5.2.4 Comparison to Results from Literature

Most existing battery/supercapacitor vehicles do not focus on battery current

reduction, although many suggest that battery life will be extended they do not offer
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a quantitative analysis [33, 62, 63]. Based on battery current plots, the EVermont
vehicle has a current reduction of approximately 25-42%, from peak currents of 200-
240A for the battery-only vehicle to peak currents of 140-150A for the hybrid [57,
58]. A single battery current plot shown in [51] shows the battery currents in the
Chilean vehicle reduced by approximately 67%, with the vehicle controlled to have a
peak battery current of no more than 40A. By contrast, the battery current
minimisation strategy described in this thesis is predicted to reduce peak battery

currents by 37-80%, depending on the cycle and the supercapacitor pack.

Whether battery current reduction is a worthwhile use for supercapacitors or not
hinges on a determination of the extent to which battery life can be extended by this
process. Recall that the batteries tested at the University of Hawaii, as described in
Section 2.7.4, had a life extension of 253%, 13 cycles to 33 cycles, following a
current reduction of 80%. This level of current reduction is possible for some cycles,
as shown in Figure 5.11. If typical lead acid batteries in regular use are expected to
last for 3 years in an electric vehicle, then an equivalent life extension would mean
they would last 7.6 years. Meanwhile, a study of experimental lead-acid battery cells
created and tested at the Bulgarian Academy of Sciences [44] found an increased life
span of the positive plates by up to 50% for a 33% reduction in peak current density,
although some of the plates did not experience a life extension. This same group
also found a life extension of approximately 137% for a plate following an 83%
reduction in peak current density. This study was based on a current profile derived
from an electric vehicle drive cycle, with an original peak current density of

300A/kg, which led to a positive plate life of 400 cycles.

However, the batteries used at the University of Hawaii were regular car starter
batteries, not electric vehicle batteries, and thus it cannot be assumed that their
performance is directly analogous to that of the Cobra batteries. Certainly a lifetime
of 13 or 33 cycles would be a pitiful performance for any electric vehicle. The
Bulgarian batteries were experimental traction batteries which focussed on the
positive plates alone, and thus can also not be taken as directly analogous to the

Cobra batteries. Conducting extensive lifetime testing of a variety of batteries is the
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only way to know for certain if the proposed magnitude of current reduction will
provide a substantial enough increase to the life of the batteries. As it is inherently
expensive and time consuming to carry out such lifetime tests, the literature is
critically limited in this regard, and thus the effects of peak current magnitude on
battery life cannot be quantified in a statistically significant fashion. Recall,
however, that life tests performed on the EVermont batteries with a peak current

reduction of approximately 35% did not result in a significant life extension [58].

The financial savings which battery life extension could provide to a vehicle depend
both on the battery costs and on the life of the car itself. Life costs for an electric
vehicle have previously been considered for a 10 year span [21] and a 12 year span
[51]. Another group, arguing that EVs are likely to last much longer than ICE
vehicles due to lower vibrations, suggest that a typical vehicle might last as long as
17 years, a value calculated based on the assumption that the vehicle is driven for

165,000 miles in its life [15].

Battery costs for the Cobra for different vehicle and battery life spans are shown in
Table 5.6. These costs have been calculated given the original cost of £924.84 for
the batteries and assuming a base battery life of 3 years, with additional rules taken
from [15], as follows:

e Replacement batteries cost 80% of the original price due to lower overheads,
thus £739.87 for replacement Cobra batteries.

e Used batteries which have not reached the end of their life may be resold at
70% of the replacement cost, multiplied by the fraction of life remaining. For
example, if the last set of batteries were used for half their total lifespan, they
could be resold for 0.5*%0.7*739.87, or £258.96.

e Batteries with less than 10% of their life remaining have no resale value.

e If new batteries would be used for less than 15% of their life before the
vehicle life ends, then the new batteries are not purchased and instead the old

batteries are used for longer than usual.

214 0f 248



Table 5.6: Battery costs for different life spans of vehicle and battery.

Car Base Case Battery Life Extension of:

%;rf:) {)32351;&) 10% 20% 50% 100% | 253%

9 £2404.58 | £2,263.34 | £2,145.63 | £1,664.71 | £1,405.76 | £1,242.21
10 £2,799.18 | £2,404.58 | £2,289.49 | £2,001.76 | £1,492.08 | £1,310.35
11 £2,971.82 | £2,799.18 | £2,404.58 | £2,116.86 | £1,578.39 | £1,378.50
12 £3,144.46 | £2,956.12 | £2,799.18 | £2,231.95 | £1,664.71 | £1,446.64
13 £3,539.05 | £3,144.46 | £2,943.05 | £2,347.04 | £1,972.99 | £1,514.79
14 £3,711.69 | £3,491.97 | £3,086.91 | £2,404.58 | £2,059.31 | £1,582.94
15 £3,884.33 | £3,648.91 | £3,452.74 | £2,799.18 | £2,145.63 | £1,664.71
16 £4,278.93 | £3,805.86 | £3,596.60 | £2,914.27 | £2,231.95 | £1,664.71
17 £4,451.56 | £4,184.76 | £3,740.46 | £3,029.36 | £2,318.27 | £2,009.34
18 £4624.20 | £4,341.70 | £3,884.33 | £3,144.46 | £2,404.58 | £2,077.48
19 £5,018.80 | £4,498.65 | £4,250.15 | £3,481.51 | £2,712.86 | £2,145.63
20 £5,19144 | £4,624.20 | £4,394.02 | £3,596.60 | £2,799.18 | £2,213.77

As mentioned in the previous section, the supercapacitor packs would cost at least
£1,407.77 for the Maxwell 650F supercapacitors, up to £3,327.47 for the Ness S000F
supercapacitors, including power electronics and integration boards.  The
supercapacitor should last at least 10 years, perhaps longer given the cold climate in
Britain [116]. The savings in battery costs based on different life extensions relative
to the base cost of a 3-year battery life are shown in Table 5.7. The base cost of the
different supercapacitor packs, including power electronics and integration kits, are
also shown with colour coding. The battery life extension savings are likewise
coloured to indicate which options would be cost-effective for different
supercapacitor pack sizes. Note, however, that vehicle life spans in excess of 10
years have an increasing likelihood that the supercapacitors themselves would need
to be replaced, incurring additional costs. Some portions of the power electronics
might also need replacing during the life of the vehicle, although this would be less
problematic for the vehicle owner as these would represent relatively small sums at

the time of replacement.

This table indicates that a battery life extension of 50% (to 4.5 years) could be
financially viable if this could be achieved with small supercapacitors and if the
vehicle has a life span of at least 17 years. This would also require the

supercapacitor pack itself to last for the full life of the vehicle. A battery life
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extension of 100% offers more possibility for success for the supercapacitors, while
the full 253% achieved by the Hawaii battery pack would make a supercapacitor
pack worth using for any vehicle life of 10 years or more. Taking a battery life
extension of 100%, the supercapacitor pack should consist of 2600F supercapacitors
or smaller. As the 2600F capacitor size is no longer available from Maxwell, this
leaves three options: 1700F, 650F or 600F. The 1700F supercapacitors were found
to reduce the peak battery currents by up to 70%, while the 650F and 600F capacitors
reduced currents by up to 50% and 49%, respectively.

Table 5.7: The cost savings of different battery life extension values, relative to the
base cost of a 3-year battery life. This is compared to the base cost of the
supercapacitor packs with power electronics, and colour-coded to indicate which
packs would be affordable.

Car Battery Life Extension of:

Life 10% 20% 50% 100% 253% S-Cap | Pack Cost
9 £14125 | £258.96 | £739.87 | £998.83 | £1,162.38 Type | (W/PE)

10 £394.60 | £509.69 | £797.42 | £1,307.11

11 £172.64 | £567.24 | £854.96 | £1,393.43 | IRER | BN | RN |
12 £188.33 | £345.27 | £912.51 | HIACHE | EEIEY | NN | SRR |
13 £394.60 | £596.01 | £1,192.02 £2,024.26 | N1700 | £2,022.47
14 £219.72 | £624.78 | £1,307.11 | XNIFEE | £2,128.75
15 £235.41 | £431.59 | £1,085.15 £2,219.62 | M3000 | £2,449.37
16 £473.07 | £682.33 | £1,364.65 £2,614.21 | N3500 £2,742.47
17 £266.80 | £711.10 £2,133.300£2,442.23IN5000llE 3,327 470
18 £282.50 | £739.87 £2546.72

19 £520.15 | £768.64 IRINEKE | £2,873.17

20 £567.24 | £797.42 IELPWE | £2,977.66

Modest battery life extensions of 10% or 20% would mean that supercapacitors
today are not cost-effective. The total cost of supercapacitors, power electronics and
integration kits would need to be reduced by an order of magnitude for this to
become a worthwhile reason for hybridisation. On the other hand, a single additional
battery for the Cobra costs £154.14 and reduces peak battery currents by up to 16.9%
- if this is sufficient to extend the battery life by 10%, then this would be a cost-

effective addition to the vehicle.
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5.3 Combining Strategies for Efficiency and Battery Current Reduction

The author has shown that supercapacitors, as part of a battery hybrid energy source,
are very effective at reducing peak battery currents, and ineffective at increasing
vehicle range. This shows that the primary goal of a battery/supercapacitor strategy
should be current reduction. However, ideally the supercapacitors would reduce the
currents while increasing the vehicle range as much as they are able — this would

create the maximum benefit. But is this possible?

Strategies which produced the minimum peak battery current and strategies which
produced the maximum yield rarely overlapped. Of the 49 cases simulated (seven
supercapacitor types in seven drive cycles), only 5 contained such overlaps (one of
which had two overlaps). The overlapping points are shown in Table 5.8 — the

George Square Low Regeneration cycle features the most overlaps.

Strategies which minimised battery current were generally very efficient. In 43 of
the 49 cases simulated, each strategy which produced the minimum peak battery
current was within 1% of the maximum yield. The six remaining cases are described
in Table 5.9. Battery current optimisation strategies most frequently produced lower
yields in the George Square Super Regeneration cycle. The results of Tables 5.8 and
5.9 show that higher levels of regenerative braking are associated with a greater
disconnect between battery current and yield optimisation strategies. Also note that
for the 600F supercapacitor pack, a battery current optimisation strategy sometimes
results in a lower yield than that which is produced by the batteries alone, even when
a higher yield is possible through efficiency optimisation. This means that
optimising for reduced battery currents may result in a net loss of efficiency for the

vehicle.

Strategies which optimised for yield, on the other hand, frequently did not create
good results for battery current, although the peak currents were always below those
which occurred when the batteries were operating alone. In only two of the 49
simulated cases did every yield optimising point create a peak battery current which

was within 10% of the minimum (as found when optimising for battery current),
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while 18 more had some of the optimal yield points producing peak battery currents
within 10% of the minimum. This leaves 29 cycles for which the optimal yield
points had battery currents that were always higher than this. These points are shown

in Table 5.10.

Table 5.8: Operating points which provide optimal results for both battery
current and yield

Cycle S-Cap PMin PCh Peak Battery Yield
W) W) I1(A) (km/kWh)

ECE-15 Med 600F 6200 400 93 6.90

ECE-15 High 1700F 3800 1400 69 7.17

4600 1200

G54 Low 1700F 4200 1600 84 5.65

2600F 4200 1200 77 5.68

3000F 4200 1200 77 5.69

Table 5.9: Operating points in which optimising for peak battery current
produced a yield which was less than 1% of the maximum value achieved by that
hybridisation on that cycle.

Peak Yield Best Yield Battery-
Cycle S-Cap Battery I Produced (km/kKWh) only Yield
(A) (km/kWh) (km/kWh)
GSq High 600F 90 6.03-6.04 6.12 6.10
600F 111 6.59-6.89 6.98
650F 110 6.90-6.92 6.99
GSq Super 2600F 59 7.00 7.09 6.66
3000F 57 6.98-7.00 7.09
3500F 56 7.00-7.02 7.09

Optimising for yield produces a marked increase in peak battery currents for most of
the supercapacitor packs and drive cycles simulated, while optimising for minimum
battery currents tends to result in only slightly reduced yields. However, this
relationship should not be assumed to hold for any drive cycle, and in particular the
smallest supercapacitor packs may produce net efficiency losses to the vehicle if

used to optimise for reduced peak battery currents.
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Table 5.10: Operating points in which optimising for yield produced a peak
battery current which was more than 10% of the maximum value achieved by
that hybridisation on that cycle.

Cycle | S-Cap | Peak Yield | Peak Battery 1| Min. Peak Oﬁ?;tlﬁgk
(km/kWh) | Produced (A) | Battery I (A) Batt. I (A)
1700F 6.99 80 70
2600F 7.03 69-72 60
E&Eegs 3000F 7.03 69-76 60 176
3500F 7.03 69-79 60
5000F 7.04 66-79 52
650F 7.09 124 90
2600F 722 66-72 58
Eg?g'ﬁs 3000F 722 66-76 58 176
3500F 722 69-76 57
5000F 7.24 72 49
600F 8.84 129 96
650F 8.87 124 93
ECE-15 | 2600F 9.12 48-54 39 17
Super 3000F 9.13 48-51 39
3500F 9.13 48-51 36
5000F 9.14 45-60 35
600F 5.64 164 99
GSqLow —csop 5.64 164 96 178
600F 5.84 164 95
GSqMed ¢ 5op 5.84 140-164 93 177
600F 6.12 164 90
GSq High | 650F 6.12 148-164 89 177
5000F 6.20 69-76 59
600F 6.98 148-163 111
650F 6.99 143-158 110
GSq 2600F 7.09 69-75 59 177
Super 3000F 7.09 66-75 57
3500F 7.09 72 56
5000F 7.10 61-69 49

5.4 Generic Methodology for Assessing Optimisation Schemes

This chapter has so far described a methodology developed by the author for
selecting an optimisation strategy for the Cobra, and sizing the supercapacitor pack
based on this optimisation. The same methodology could be used for other battery-

powered vehicles for which a hybridisation with supercapacitors was being
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contemplated as a means of either increasing vehicle range or as a way to minimise

peak battery currents.

For a battery/supercapacitor hybridisation to be a cost-effective vehicle design
strategy, it must offer greater benefits than operating the vehicle with batteries alone.
For the Cobra, the hybridisation option has been compared to the addition of a
further lead-acid battery, instead of the supercapacitors. This provides a suitable
comparison, as the additional battery adds comparable weight to the vehicle as would
a supercapacitor pack, and is much simpler to implement. In general, the comparison
between additional batteries and a hybridisation strategy must be made with similar
metrics — if the individual batteries are much smaller than the supercapacitors (as for
Li-ion batteries, for example), then the comparison should consider the addition of a
number of batteries equivalent to the supercapacitor weight. Volume constraints

may also be considered.

The comparison between addition of further batteries and hybridisation with
supercapacitors serves to determine if hybridisation is a cost-effective adaptation to
the vehicle. If the supercapacitors are to act as range extenders, then this means they
will need to provide a considerable increase to yield at a low cost. As discussed in
Section 5.1.4, this is not currently possible due to the high cost of supercapacitors.;
furthermore, the superior energy density of batteries makes them much more

effective than supercapacitors at providing range extension.

If the supercapacitors are to minimise battery currents, then this means they will need
to provide a significant battery life extension to reduce lifetime vehicle costs. This
has been shown to be theoretically possible in Section 5.2.4. For a hypothetical
vehicle using this methodology, battery lifetime information would be needed for the
battery chemistry used in the vehicle. Lead acid batteries are very cheap compared
to other types of battery — sample cost data as shown in Table 1.1 shows NiMH
batteries costing 2.4 times more per Wh, and Li-ion batteries more than 7 times more
expensive. However, Li-ion batteries also have twice the cycle life of the lead acid

batteries, and NiMH batteries almost three times the cycle life. By comparing the

220 of 248



lifetime costs of the battery-supercapacitor hybrid vehicle with the lifetime costs
associated with normal vehicle operation, the cost-effectiveness of this strategy can
be assessed. The lifetime cost benefits of adding further batteries to the vehicle may

also be assessed for comparison.

5.5 Chapter Summary

The Cobra was simulated on each of the drive cycles described in Section 3.5, with a
variety of energy storage options. As a base case, the Cobra was modelled with the
six batteries comprising its original battery pack. The simulations were performed at
different initial battery states of charge: 100%, 80% and 50%. The Cobra was also
modelled with somewhat larger battery packs of seven and eight batteries. The
performance of the Cobra with these larger battery packs provided a comparison to
the performance of the battery/supercapacitor hybrid Cobra. This allowed an
assessment of whether the benefits provided by the supercapacitors would be better

achieved with the addition of further batteries.

The battery/supercapacitor hybrid Cobra was modelled using six batteries and packs
of thirty supercapacitors, with simulations for seven different packs consisting of
different commercially available capacitors. Again, the battery pack was modelled
as having different initial SOCs. The different values of PMin and PCh allowed the
hybrid Cobra to be optimised for either minimum peak battery currents or for

maximum yield.

The yield optimisations demonstrated that the supercapacitors could be used to
improve the efficiency of the Cobra. These improvements were more effective if the
Cobra had higher levels of regenerative braking. Larger supercapacitor packs
provided more efficiency gains, partly because commercial supercapacitors have
higher internal resistance if the capacitance is lower. For example, 650F
supercapacitors from Maxwell have an internal resistance of 0.8m£2, while the 5S000F
capacitors from Ness have an internal resistance of just 0.33m€2. The greater
efficiency of the larger supercapacitor packs is also due to the fact that they use less
of their stored energy and thus maintain a high voltage. The 600F, 650F and 1700F

supercapacitors cause net efficiency losses to the vehicle in Low and Medium
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Regeneration cycles and for the High Regeneration ECE-15 cycle, even when
optimised for maximum yield. For the remaining supercapacitors, the increase in
capacitance from 2600F to 5000F produced little difference in peak yield. Lower
battery SOC meant that the supercapacitors provided greater benefits to efficiency in

terms of percentage increase in yield.

However, the ultimate purpose for efficiency improvements is to enable the vehicle
to travel farther on a single charge. For range increases, it is far more effective to
add an additional battery to the vehicle as this both improves the yield of the vehicle
and adds to the stored energy. The hybridisation offered a maximum range
improvement of 9.4%, using the 5000F supercapacitors on the George Square Super
Regeneration cycle, including both yield and additional energy from charging the
supercapacitors at the same time as the batteries, and assuming the batteries began at
100% SOC. If the batteries began at 50% then the range improvement increased to a
maximum value of 11%. However, adding a single battery to the pack instead of
hybridising the vehicle would add a minimum of 18.1% to the vehicle range, rising
to 20.1% if the battery began at 50% SOC. Given that a single Cobra battery costs
£154.14 while a supercapacitor pack plus power electronics and integration boards
costs between £1,407.77 and £3,327.47, it is clear that adding a battery to the Cobra
is the best way to increase its range, and this remains the case even with a substantial

decrease in supercapacitor price.

The battery current optimisations showed that the supercapacitor packs could be used
to reduce battery currents by as much as 80% for the S000F supercapacitor in the
ECE-15 Super Regeneration cycle (not far off the theoretical maximum reduction for
that cycle of 85%), while even the smallest supercapacitor pack could reduce battery
currents by up to 49%. Larger supercapacitor packs were more effective at reducing
battery currents, as a large capacitance is needed to handle the power fluctuations in
the vehicle. Increased availability of energy from regenerative braking typically
increased the effectiveness of the hybridisation, with the notable exception of the
600F and 650F supercapacitors used on the George Square Super Regeneration

cycle.
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Hybridisation with supercapacitors offers a much more effective method of reducing
battery currents than adding additional batteries. A single additional battery, if added
to the Cobra, can reduce battery currents by only 16.9%, while a second added
battery would reduce currents by 28.8%. However, the narrow operating region for
PMin and PCh values to produce optimal results, and the variability of optimal PMin
and PCh values, would make this strategy difficult to implement in a practical

setting.

Ultimately the purpose of minimising battery currents is to prolong the battery life.
At present there is not enough data in the literature to state conclusively whether or
not this is an effective method. Battery life would need to be extended by at least
50% for commercially available supercapacitors to be useful, and this would
additionally require the supercapacitors themselves to survive for up to 20 years in
the vehicle. A more conservative life extension of 10-20% would require the cost of
installing supercapacitors in the Cobra to be reduced by an order of magnitude in

order for this to be a cost-effective approach.

For the drive cycles simulated for the Cobra, a battery current minimisation strategy
will typically produce yields within 1% of the yields found in the efficiency
maximising strategy. However, the 600F supercapacitor packs sometimes saw a net
decrease in efficiency when optimised for battery currents. Strategies to optimise
efficiency, on the other hand, frequently saw significantly higher battery currents
than those to minimise the currents, albeit still below the currents produced when the
batteries were used alone. Lower levels of regenerative braking meant the two

different optimisation strategies were more likely to be compatible.
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6 Conclusions

This thesis has described the development of a model of a battery/supercapacitor
hybrid vehicle. The complete hybrid model consisted of three components:

1. anovel battery model

2. asimple supercapacitor model

3. apower electronics efficiency map.
The model power flows were controlled using a novel, tuneable control strategy that
allowed for different optimisations. The hybrid model and control strategy are

described in Section 4.5.

Two possible optimisations formed the focus of this work, specifically an
optimisation to maximise the vehicle’s efficiency, and an optimisation to minimise
the battery currents. This allowed an assessment of the relative efficacy of these two

strategies.

6.1 Model development

The Cobra batteries were simulated using a novel Matlab/Simulink-based model
developed by the author and suitable for use within ADVISOR — this model is
detailed in Section 3.2 and verified in Section 3.3. This model was created to strike a
balance between accuracy and ease of implementation when used in a broader
vehicle simulation system. The model calculates the voltage and current in the
batteries based on power demand information and demonstrated a peak error of
3.1%. This is a significant improvement on the models provided as standard within
ADVISOR, which were reported as having peak errors of 12% for the ‘Rint’” model
and of 4% for the ‘RC’ model [127]. The model was used to simulate the behaviour
of the battery-only Cobra, and was later combined with the supercapacitor and power

electronic models to simulate the hybrid Cobra.

The supercapacitors were simulated using a simple Matlab/Simulink model designed
to use the nameplate details of a variety of commercial capacitors, as described in
Section 4.3. This enabled the hybrid battery/supercapacitor vehicle model to be used

to investigate a wide range of hybridisation options. The supercapacitor model was
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verified using commercial supercapacitors from Maxwell with a peak error of less
than 5%. The supercapacitors and batteries were interfaced to each other using
efficiency maps, shown in Section 4.4, representing two half bridge DC/DC

converters.

Finally, the model contained a novel control strategy to direct power flow in the
hybrid energy storage system. This strategy was designed to be ‘tuneable’ to
optimise for different variables. This work focussed on two options for optimisation:
maximising vehicle efficiency and minimising battery currents. The operational
details for each optimisation were found through simulation and the efficacy of the
optimisations were compared, along with the implementation costs associated with
installing the supercapacitors. The results of this study may be found in Chapter 5,
with Section 5.1 providing details of the efficiency optimisation strategy and Section

5.2 focussing on the battery current minimisation strategy.

The choice of optimisation strategy was found to have a significant impact on the
overall effectiveness of the hybridisation. This is discussed in detail in Section 5.3.
Previously constructed battery/supercapacitor hybrid vehicles have mostly focussed
on maximising efficiency, with the assumption that battery life will be enhanced as a
result. The results of this study have shown that such a strategy will not provide the
most effective hybridisation for the vehicle. Using a tuneable control strategy as
described in this thesis would provide future experimental vehicles with a means to
assess a range of strategies and to confirm that the hybridisation will be used to the
best effect. A similar strategy could also be applied to other types of hybrid vehicle
which provide a variety of possible hybridisation benefits, and hence a variety of

optimisation schemes.

6.2 Optimal Use of Supercapacitors

The author has demonstrated that while supercapacitors may be combined with
batteries to improve the efficiency of an electric vehicle, this in itself is not a cost-
effective method of hybridisation. This is because while a more efficient vehicle is

capable of travelling further on a single charge, directly increasing its range by
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installing an additional battery is a far more effective and inexpensive method of

achieving range extension.

The addition of a supercapacitor pack was found to increase the range of the Cobra
by up to 9.4% for the investigated drive cycles, using a supercapacitor pack
containing thirty 5000F supercapacitors in series. Smaller packs produced even
smaller gains in range — packs consisting of 1700F supercapacitors or smaller
typically resulted in overall efficiency losses and a resultant decreased range. By
contrast, a single additional battery added to the Cobra would increase its range by a
minimum of 18.1%. The additional battery would cost only £154.14, while the
supercapacitors would cost £1407.77 for the cheapest pack (650F capacitors from
Maxwell) plus power electronics, and up to £3,327.47 if the most expensive pack,

that of the Ness S000F capacitors, were used instead.

Furthermore, a review of existing battery/supercapacitor vehicles described in the
literature has shown that these results would hold true for these vehicles as well. No
vehicle achieved an improvement to efficiency or range with the supercapacitors
beyond what it could have achieved by increasing the size of its battery pack. The
high cost of supercapacitors relative to batteries means that this is not likely to

become a cost-effective strategy in the future.

On the other hand, supercapacitors are very effective at reducing battery currents.
Battery current minimisation has previously been shown to extend battery life [44,
140], although a specific relationship between peak current and life span for traction
batteries has not been established. For the drive cycles investigated in this research,
the perfect control of a drive cycle, where the battery produces a constant current
output throughout, would result in a 79-86% reduction in the peak battery current.
The control strategy developed by the author, when optimised for battery current
reduction, has achieved current reductions of up to 80% for the largest investigated
pack of thirty SO00F supercapacitors, and up to 49% for the smallest pack of thirty
600F supercapacitors. This has the potential to offer significant extensions to battery

life, as comparable reductions in peak current resulted in a life extension of 253% for
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lead-acid starter batteries [140], and of 137% for experimental lead-acid traction

batteries [44].

For the Cobra, a battery life extension of 100% (to an average of six years) would
make a small supercapacitor pack financially viable, and could potentially support a
30-capacitor pack of up to 2600F each based on current costs, assuming the vehicle
is used for at least 16 years and the supercapacitors themselves do not require
replacement. Note that the 2600F supercapacitor pack was found to be capable of
reducing battery currents by up to 78%. As this size of supercapacitor is no longer
available from Maxwell, the next lower supercapacitor size of 1700F would need to
be used — a pack of 30 of these capacitors was found to reduce battery currents by up
to 70%, depending on the amount of regenerative braking. For the current, low
regeneration capabilities of the Cobra, the 1700F supercapacitors were found to
reduce peak battery currents by 53%, but with a small reduction (<1%) in vehicle
efficiency. Battery life extension would need to be at least 50% to make any

supercapacitor pack a financially viable option for the Cobra based on current prices.

Optimising for battery current minimisation results in slightly lower efficiencies than
the efficiency maximisation strategy, typically by a value of less than 1%. However,
the battery current minimisation strategy sometimes results in a net loss of efficiency
for the vehicle for small supercapacitor capacitances. Optimising for maximum
efficiency usually results in battery currents that are at least 10% higher than those
found with the battery current minimisation strategy, up to 84% higher. Such a
strategy is much less likely to produce significant battery life extensions. Therefore,
the author recommends a battery current minimisation control strategy for the Cobra,
with a supercapacitor pack consisting of thirty 1700F supercapacitors from Maxwell.
However, if supercapacitor and power electronic costs decrease relative to the cost of
batteries, then a larger supercapacitor pack would provide greater battery current

reduction.

Again, based on a review of the literature it seems likely that this would be a more

effective strategy for battery/supercapacitor hybrid vehicles in general. In particular,
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low-cost urban vehicles which use lead-acid batteries are likely to benefit from this

strategy as a means to reduce lifetime costs and increase reliability. However,

further study is needed to quantify the benefits of battery current reduction to battery

life span.

6.3 Summary of Contributions

This thesis has presented four aspects of novelty as accomplished by the author:

1) A methodology for comparing optimisation strategies for a

battery/supercapacitor hybrid vehicle. This consists of two elements: to
identify the most effective optimisation strategy for an electric vehicle, and to
identify a suitable supercapacitor pack size for that strategy from a range of
commercially available supercapacitor packs. The different optimisation
strategies have different metrics of success, namely the improvement of
efficiency and the increase in battery life. A comparison between the efficacy
of supercapacitor hybridisation and that of adding an additional battery to the
vehicle has been demonstrated as a basis for comparing these disparate
metrics. A supercapacitor pack size can then be determined by examining both
the effectiveness of the supercapacitors at achieving the desired metric and the

cost of installation of the supercapacitor pack and associated equipment.

2) Using this methodology, it has been shown that the most effective hybridisation

strategy for the Cobra is to minimise peak battery currents - the optimal pack
size will depend on the life extension which can be achieved for the batteries,
and the author has demonstrated the relationship between pack size and battery
life extension. Meanwhile, the author has shown that optimising for maximised
efficiency is not a cost-effective strategy. An examination of the literature
shows that these results would hold true for other experimental

battery/supercapacitor vehicles.

3) A novel control strategy for managing the power flow in the hybrid system,

developed to be ‘tuneable’ to allow the investigation of the different options for
optimisation, e.g. increased yield or lower peak battery currents. The

simulations of this control strategy have demonstrated that the optimal points
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for maximising yield and for minimising peak battery currents are typically not
the same, and hence that choice of optimisation strategy has a significant impact

on the effectiveness of a hybrid vehicle.

4) A novel battery model for use in the simulations of the hybrid system, created
to provide an accurate simulation of the Cobra battery pack while remaining
simple to implement within the ADVISOR framework. The model was verified
with experimental data and shown to offer an improved performance to that of

the standard ADVISOR models.

6.4 Future Work

The next step in this research should be a thorough investigation of battery lifetime
and the effects of peak current reduction. This is essential to confirm the usefulness
of supercapacitors as energy buffers in battery electric vehicles. The literature on
this topic is very limited. This research would require a high power test rig and a
large number of batteries to be tested, and thus will require a very large budget. This

is doubtless the reason for the limitations of the published literature in this area.

The control strategy described in this thesis should be implemented and tested. It
could be implemented with software designed to ‘learn’ by computing the optimal
values for PMin and PCh as the vehicle is driven, perhaps by means of a neural net.
This would allow a more practical implementation of the strategy, offering the

opportunity to examine a range of drive cycles with the Cobra.

The methodology used in this work to compare an efficiency optimisation strategy
with a battery current minimisation strategy could be extended to consider vehicle
acceleration as well. This would be suitable for a vehicle with a peak motor power
which exceeds the power capabilities of the batteries. The efficacy of the addition of
a supercapacitor pack to boost vehicle acceleration would also be comparable to the

efficacy of increasing the number of batteries in the pack.

Some other opportunities for future research are enumerated below:
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1) Hybridisation of supercapacitors with different battery types, especially
lithium-ion batteries.

2) The effects of different types of drive cycle and personal driving styles on
the effectiveness of hybridisation.

3) Different types of vehicle, such as sports cars, buses and lorries, which
have different needs and thus different possible optimisation strategies.

4) Extension of the battery model to include temperature effects and low

SOC behaviour.
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Appendix A: The Operation of Half Bridge Converters

This appendix will briefly describe the operation and control of a half-bridge DC-DC
converter, as shown in Figure A.1. Details of half-bridge converter operation may be
found in reference [162], and descriptions of the use of such converters in

battery/supercapacitor electric vehicles may be found in references [51, 62].
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Figure A.1: A half-bridge DC-DC converter.

The half-bridge converter is also known as a ‘buck-boost’ converter, because power
may flow either from V1 to V2 (boost) or from V2 to V1 (buck). When operating in
boost mode, switch S1 remains open while switch S2 is operated to control the

current flow, as illustrated in Figure A.2.
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Figure A.2: Current flow in the half-bridge converter in boost mode as switch S2
is closed and opened.

When switch S2 is closed:
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di
Vli=L—%t A-1

" (A-1)
S2 will switch at a certain frequency £, and during each time period 1/f it will have a
duty cycle ds,, which is a number between 0 and 1, representing the fraction of the

time that the switch is shut. Thus the switch will be closed for a time period of ds./f,

and Equation A-1 may be rewritten as:

71— 2 f
S2
(A-2)
=V1*6, =L*Ai, * f
When switch S2 is open, then:
a2 % _y) (A-3)
dt

Since the switch will be open for a time period of (1-ds2)/f, Equation A-3 may be

expressed as:

Ai,

Vi+ L————
(1-55,)

f=v2

(A-4)
= (V2-V1)*(1=8y,)=L*Ai, * f

Assuming the inductor current is continuous (which is to say that the current is
always greater than 0), then Aij, in equations A-2 and A-4 are equivalent, and the two

equations may be set equal to each other:

V155, =(V2-V1)*(1-3,)
(A-5)
V2 1
> — =
vl 1-5,

Similarly, when operating in buck mode, switch S1 is used and switch S2 is kept

open, as illustrated in Figure A.3.
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Figure A.3: Current flow in the half-bridge converter in buck mode as switch S1
is closed and opened.

When switch 1 is closed:

va-r1% (A-6)
dt

Switch 1 will typically operate at the same frequency f as switch 2, with duty cycle

0s;. Therefore:

N
V2:L5—lbf+V1

S1

(A-7)
=>F2-VD)*5, =L*Ai, * f
Similarly, when S1 is open:
di
Vi=L—2 A-8
& (A-8)

Given that the switch will be open for a time period (1-ds;)/f, Equation A-8 becomes:

Ai,
(1 - 581)

Vi=1L

/

(A-9)
=S VI*(1=85)=L*Ai,* [

As with the boost case, Equations A-7 and A-9 may be equated to give the
relationship between V1 and V2:
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V1*(1=8,)=V2-V1)*5,,
(A-10)
v2 1

= =
vl s
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